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ABSTRACT 

 

Smaller size of Very Large Scale Integrated (VLSI) System nowadays increases the 

on chip power densities causing the rise of temperature in the system. The high 

temperature produced will eventually affects the clock frequency of the system and 

changes the timing setup of the component. These lead to lowering the performance 

and reliability of the system. Due to the negative effects of the high temperature, 

designers have to determine the thermal profile of the systems in order to understand 

the temperature distribution, the leakage reduction and estimate the power distribution 

of the system. This research focuses on analyzing the thermal profile of a VLSI system 

under steady state condition using numerical techniques and simulation. For the 

numerical techniques, the governing heat equation for a two-dimensional (2D) model 

was solved using Finite Difference Method (FDM), Gauss-Seidel (GS) and Successive 

Over Relaxation (SOR) methods. Simulation based on ANSYS simulator has been 

conducted for validation purpose. Most commonly material used in VLSI system 

which is Silicon (Si) is tested under adiabatic condition. The results for numerical 

techniques and the simulation are compared. SOR method shows better results in terms 

of number of iterations and the computational time compared to GS method in solving 

the governing heat equation. Both methods have the same maximum temperature and 

these temperatures are comparable with the result obtained by using ANSYS. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 BACKGROUND 

Nowadays numerous usages of high performance integrated circuits are applied in 

most of the technologies. Very Large Scale Integrated (VLSI) system is known as the 

main component in building those advance technologies. VLSI is a system comprises 

thousands of transistors into a tiny chip which is known as Integrated Circuit (IC). Due 

to the smaller size and continuous scaling of Complementary Metal Oxide 

Semiconductor (CMOS) technology, performance and reliability has become two 

main factors that need attention in the design process of the VLSI systems [1]. Figure 

1.1 shows the design development process of the VLSI system. 

 

 

 

 

 

 

 

Figure 1.1: Design development of VLSI system 
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Temperature is one of the main issues related to the VLSI systems. The high 

temperature produced by this system decreases the performance, the speed and the 

lifespan of the system from time to time [2, 3, 4]. Therefore, it is important to obtain 

the thermal profile of the system to maintain its functionality.  

Determining the thermal profile for the system is considered as the most challenging 

part for most designers as VLSI circuits are getting more complex. In old days, the 

thermal profile of the system is obtained by using many sensors on the chip. The 

readings were then compared to the reference voltage called ‘overheating level’ [5]. 

However today, there are lots of ways to obtain the thermal profile and it depends on 

methods that are used to get better results. 

 

1.2 PROBLEM STATEMENT 

Continuous scaling process in VLSI system increases the temperature and causes 

overheating which usually results in slower device and reduce in performance. 

Generally, heat is produced during the operation of the VLSI system and the high 

temperature produced on an IC chip complicates the timing and reduces the reliability 

of the system [6]. Therefore, accurate thermal profiling is important to simulate the 

timing in the circuit and ensures the reliability of the system [7]. 

Table 1.1 shows the characteristics of the highest power and metal layers number for 

next generation high-performance microprocessor unit (MPU) from year 1999 to 2014 

based on the 1999 International Technology Roadmap for Semiconductors (ITRS) 

which has been the reason for the high temperature in VLSI circuits [8]. 
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Table 1.1 Characteristics of highest power and metal layers number for next 

generation high-performance microprocessor unit (MPU) 

Year 1999 2000 2001 2002 2003 2004 2005 2008 2011 2014 

Maximum 

Power 

(W) 

90 100 115 130 140 150 160 170 174 183 

Clock 

(MHz) 

1200 1321 1454 1600 1724 1857 2000 2500 3004 3600 

Wiring 

Levels 

7 7 7 8 8 8 9 9 10 10 

 

Based on the analysis discussed in [2], it shows that the increase in the temperature of 

the system is due to the increment in interconnect delays. Chen et al. [7] mentioned 

that because the electrical resistivity of metal increases linearly with temperature, the 

interconnect delay eventually causes the temperature of the system to increase. Heat is 

commonly produced by the current flow within interconnect and has the relationship 

with root mean square (rms) current density and also the temperature resistivity of the 

metal thus making these two factors to be the cause of internal heat generation of the 

VLSI system.  

There are various factors that causes heat generation in circuit. Therefore, thermal 

profile is needed to understand the behaviour of the system.  Besides, it will also help 

the designers to figure out ways to improve the performance of the system using more 

efficient methods [1]. 

 

1.3 OBJECTIVES 

1. To observe the thermal profile by implementing the numerical techniques in 

solving the governing differential equation. 

2. To obtain the thermal profile of VLSI model using ANSYS simulator. 

3. To analyze and compare the performance of the numerical results and 

simulation. 
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1.4 SCOPE OF STUDY 

Numerical technique is applied in order to get the thermal profile of the VLSI system 

and is simulated using ANSYS software to validate the results. The Finite Difference 

Method (FDM) is used to discretize the governing heat equation based on law of 

conservation of energy and is then solved using two stationary iterative methods 

namely Gauss-Seidel (GS) and the Successive Over Relaxation (SOR). 

Material properties used in this project is Silicon (Si) which is most commonly used 

in building VLSI circuits. Si is usually in the form of wafer with different number of 

dies in it. Figure 1.2 shows the structure of a silicon wafer and a close up of a silicon 

die. 

 

 

 

 

 

     

Figure 1.2 (a) Silicon wafer (b) Silicon die  

Based on the size of the die, often one node at the top is set as the inward and one node 

at the bottom is set as the outward direction boundaries of the chip which allows the 

transfer of heat in and out of the VLSI system. The boundary condition at the tiny 

surface of the silicon is set to adiabatic meaning there is no heat transfer within the 

nodes and surroundings. Whereas the top and bottom boundaries are defined based on 

the surface of the VLSI system where heat is transferred through the soldered part 

causing the heat to flow vertically through the system. Also, the system is tested 

assuming that it is under steady state condition where there will be no switching within 

devices in the system.

(a) (b) 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 BACKGROUND 

Back in the early 60’s, instead of VLSI consisting billions of transistors in a chip, there 

was a time when only few bipolar transistors and resistors were fabricated into one IC 

known as Small Scale Integrated (SSI) system. In comparison, VLSI is simpler but 

more complex than SSI mainly because of the increasing number of the transistors and 

also the improvised functionality in VLSI [9]. Figure 2.1 shows the timeline from SSI 

to VLSI [10, 11]. 

 

 

 

 

 

Figure 2.1 Scaling development of SSI to VLSI 

The first bipolar transistors was invented in 1947 by Bell Labs, while the first IC made 

of Germanium (Ge) was invented by Jack Kilby from Texas Instrument Company in 

1958. Later, Robert Noyce from Fairchild Semiconductor came up with the IC made 

of silicon that is use until now [12].  Figure 2.2 shows the first IC which is made of 

Germanium and later one which is made of Silicon. Silicon is chosen to be the most 

suitable material as it has wider bandgap compared to germanium which allows it to 

operate in high temperature. Besides, it is also inexpensive and well known as 

abundant element in nature.

Early 60's

Small Scale 
Integrated

(SSI)

Early 70's 

Medium Scale 
Integrated 

(MSI)

Late 70's

Large Scale 
Integrated

(LSI)

Early 80's

Very Large Scale  
Integrated

(VLSI)
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(a)      (b) 

Figure 2.2 (a) IC made of Germanium (b) IC made of Silicon 

 

2.1.1 Thermal Analysis 

Pedram and Nazarian [13], mentioned that half of the IC failures are due to the thermal 

issues. They also described the importance of determining the thermal profile of the 

VLSI system before it is implement in the IC packages. Figure 2.3 shows the typical 

structure of IC package consisting all main components of IC. Thermal considerations 

are important because high temperature can cause problems such as changing the 

transistor and interconnect delay, other than increases the power densities and leakage 

which affects the reliability of the system. The chip might also burn out if the 

temperature keeps on changing because of the sensitivity of leakage power [14]. 

Basically, leakage power consumption depends on temperature. The higher the 

temperature, the higher the power of dissipation [13]. 

 

 

 

 

Figure 2.3 Typical structure of IC

Balls for interconnection 

Package (FR 4) 
Integrated Circuit Silicon (SI) 

Main Printed Circuit Board 
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Heat can transfer via three ways called radiation, conduction and convection. The 

conduction and radiation method can be implemented with complete passive heat 

transfer system but convection uses the active method that needs design overhead [13]. 

Heat dissipation whether at the circuit, package or on the board is governed by the heat 

differential equation as in (1) [13, 8, 15]. 

                 

   

(1) 

  

subjected to general thermal boundary condition known as Robin’s boundary 

condition which is as follows  

              

(2) 

 

Based on equation (1), T ,  ρ , ρC , k , and g  represent temperature, density of 

material, mass heat capacity, thermal conductivity and heat energy generation. In 

equation (2), in is the outward direction normal to boundary condition, i . Meanwhile, 

ih and T),r(f i


 represents the coefficient of heat transfer and arbitrary function on the 

boundary surface [8, 15]. 

 

2.2 NUMERICAL TECHNIQUES 

To achieve accurate temperature profile, a die is simulated along with its thermal 

mounts which require solving of the differential equation. Common numerical 

methods for full chip thermal analysis are Finite Difference Method (FDM) and Finite 

Element Method (FEM).  
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FDM is usually represented by truncating the Taylor series of expansion or balancing 

the equations. In [16], it is proved that FDM can be done by both difference equation 

and energy balancing. FDM is usually designed in the form of one or two dimensional 

along the Cartesian plane and there are two approaches to solve it which are by using 

the spherical type and geometrics type [16].  

The structure of FDM scheme is usually in form of meshed rectangular cuboidal where 

the temperature region is assumed to be at the center of the cuboid [14]. FDM is used 

mainly to change the continuous derivatives with difference formula which consists of 

only discrete values that interconnects with the positions on the mesh [17]. This 

method is more stable than by using FEM due to the position of the mesh and its 

uniform grid. In fact, FEM consumes a lot of time and is not advisable for the design 

and run time of thermal analysis [1]. 

In order to solve the linear system equation obtained from the FDM, iterative method 

is used. Gauss Seidel (GS), Jacobi and Relaxation Methods are examples of iterative 

methods often used to solve any linear systems. Iterative methods construct series of 

solution approximation and improve the linear system solution involving large sparse 

system. However, it is not always applicable as there are criteria called the 

convergence criteria that need to be achieved before applying the concepts. 

Nevertheless, they are still ideal for FDM which involves solution of numerous sparse 

matrices. 

 

2.3 SIMULATION 

Thermal simulation is important in most of the design engineering application. There 

are few simulators that can perform this analysis but the often used are ANSYS and 

SOLIDWORKS simulator.  

ANSYS is one of the software that can perform thermal analysis simulation. The result 

of the heat balanced equation obtained by the principle of conservation of energy is 

the source in performing the analysis. ANSYS will compute the nodal temperature 

based on the solution that has been done using the numerical methods [18]. 
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The thermal analysis for ANSYS is able to handle the three important types of heat 

transfer which are convection, conduction and radiation. This project focused mainly 

on the heat conduction process. Therefore, the simulation will be done by designing 

and running a simple model based on the heat conduction process. In fact, ANSYS is 

also able to perform the steady state thermal analysis as well as the transient state 

thermal analysis. 

Solidworks simulator can be used to determine the thermal analysis as well. For the 

thermal analysis, Solidworks is divided into three types of thermal analysis modules 

based on the level capability. They are Linear Static-Thermal Stress, Simulation 

Professional- Thermal Analysis and Thermal Analysis in Flow Simulation [19]. Also, 

this software is able to perform either steady state or transient temperature fields by 

initializing temperature, heat power input and output and also the thermal contact 

resistance within the components. 

Both ANSYS and Solidworks do not require high cost prototype. Besides, these 

software helps to save time without redoing and delaying whatever issues related to 

thermal structural analysis [20]. 

 

2.4 APPLICATION 

Using many sensors on the chip for thermal profiling has always been as a traditional 

way of determining the thermal profile of the VLSI systems. In fact, there are many 

ways to get the accurate performance and reliability analysis for the thermal profiling 

of the VLSI chips that have been published in the literatures. However, to get the 

accurate thermal profiles for large area of VLSI chips is not an easy task [21]. 

Therefore, by discretizing the governing heat equation (1), the temperature profiles 

can be obtained for the large area chip area at particular time, provided that the 

parameter values are given. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 RESEARCH METHODOLOGY 

Figure below shows the methodology flow for this project. 

     

 

 

 

 

 

 

 

 

 

 

 

     

Figure 3.1 Methodology flow 
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3.2 MODELLING HEAT EQUATION 

A typical VLSI model consists of basic components such as heat sink, heat spreader, 

Silicon bulk, the Thermal Interface Material (TIM) and Printed Circuit Board (PCB). 

Figure 3.2 (a) and (b) shows the two representation of packaged IC chip with basic 

components [22].  

 

 

 

 

 

Figure 3.2 (a) 2D layout of packaged IC chip (b) packaged chip including heat 

spreader and TIM 

 

In equation (1), the parameter thermal conductivity, ),( Trk


 is dependent on the 

position and temperature of the chip and the heat generation rate, g  is induced by 

current flow or power consumption that were specified as body load. Power 

consumption in gates happened to be due to short circuit and leakage current in the 

circuit. However, power in ground or clock interconnects are basically due to self-

generating which is expressed as RJ rms 
2

. 
2

rmsJ  is the current density of material and 

R is the temperature resistivity of material [7].  

Setting the substrate temperature as zero allows the super positioning of solutions 

caused by the various current sources whereby the values for interconnect temperature 

should be added to the real substrate temperature later. For computational purpose, the 

two-dimensional (2D) model which is assumed in adiabatic boundary condition is used 

throughout this project. Also, the model is set to work under steady state condition 

whereby no time consideration will be taken into account.  

 

 

(a) (b) 
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3.3 NUMERICAL APPROACH 

 

 

 

    Figure 3.3 Numerical technique process 

FDM is used in order to obtain an algebraic system. The main idea of this method is 

to change continuous derivatives with difference formula involving only discrete 

values with the positions on the mesh. FDM consists three ways to discretise the Partial 

Differential Equation (PDE) known as forward, backward and centered finite 

difference method. Among these three methods, the centered finite difference is 

usually the most accurate method as the centered difference would quarter the 

truncation error. Figure 3.4 shows the mesh on the x-y plane with 𝑇 representing the 

temperature at each node [8].  

 

 

 

 

 

 

 

 

Figure 3.4 Meshes on the x-y plane where 𝑛 is replaced with 𝑘 throughout the 

calculation process 
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The first step using the numerical technique is to discretise equation (1) by using 

implicit FDM. The left and right sides of the equation (1) is replaced with backward 

and centered finite difference, respectively. The following equations represent the 

formula of the backward and centered finite difference 

 

                              (3) 

 

           (4) 

and 

           (5) 

 

By substituting all the equations from (3) to (5) into equation (1) the governing 

equation will be reduces to 

                 

     . (6) 

 

Now, let  
2x )(  and  

2y )(   as 2h , the equation (6) can be rewrite as  

           

           (7) 

 

where         and                         . 
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Generally, equation (7) can be represented in matrix form as   

                

           (8)

  

Then, the resulting algebraic system is solved by using the GS and SOR methods. This 

method consists of two main characteristics, which are the serial form of computation 

and also the sequence of the new value in the equations that is examined. GS general 

formula in terms of matrices can be formed as in (9) which then can be expanded to 

form SOR general equation as in (10) [23] 

 

(9) 

and 

          (10) 

 

where D , L- , and U-  represent the diagonal, strictly lower triangular and strictly 

upper triangular parts of 𝐴, while   in equation (10) indicates the acceleration 

parameter (0< <2). When 1 , the equation (10) will represents the GS method. 

 

3.4 SIMULATION 

For the comparison analysis, the model of the problem is designed by using ANSYS 

software. The parameter values are set and run under respective module. The model is 

assumed to be under steady state condition and also adiabatic. The simulation result 

obtained is then compared with the numerical techniques for validation.

bAT 

      bUTL-DT k1k 
 1

        bUTL-DTT kk1k 
 1
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CHAPTER 4 

RESULTS AND DISCUSSION 

All simulations are done using personal computer Intel (R) Pentium (R) CPU N3540 

@ 2.16GHz, 2.16GHz and 4.00GB RAM. Simulation for the numerical technique is 

run using MATLAB R2013 and the maximum temperature ( maxT ) in Kelvin ( K ), 

number of iterations ( k ) and computational time ( t ) in seconds were recorded. The 

simulation is done using different grid sizes which are 1616 , 3232 , 6464 , 

128128  and 256256 . The values of the parameters are based on the property of 

Silicon which is basically the material used in most VLSI systems. The 2D model 

length, L  is set to 4.75m. Under adiabatic condition, the boundary condition is 

assigned to zero and initial temperature, inT  of the system is set under room 

temperature as KTin 15.293 . Table 4.1 below shows the properties of silicon that 

has been used in this project. 

 

 

 

 

 

 

 

 

 

Material Properties (Silicon) 

Thermal Conductivity, )/( mKwk  149 

Thermal Density, )/( 3mkg  2330 

Specific Heat Capacity, )/( kgKjC  703 

Table 4.1: Properties of Silicon 
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4.1 NUMERICAL RESULTS  

Table 4.2 shows the numerical results under steady state condition and is obtained 

using MATLAB R2013. Meanwhile, Figure 4.1 to 4.3 show the temperature profiles. 

 

 

Size Method k  t   maxT  

1616  GS 353 0.313 295.7080 

SOR  

( 71. ) 

45 0.156 295.7080 

pdepe - - 295.6730 

3232  GS 1266 2.047 295.7138 

SOR 

( 81. ) 

114 0.658 295.7138 

pdepe - - 295.6950 

6464  GS 4481 23.605 295.7153 

SOR 

( 91. ) 

184 3.755 295.7153 

pdepe - - 295.7030 

128128  GS 15598 298.482 295.7155 

SOR 

( 91. ) 

792 50.902 295.7155 

pdepe - - 295.7060 

256256  GS 53138 4893.471 295.7148 

SOR 

( 91. ) 

2776 708.511 295.7148 

pdepe - - 295.7060 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2: Numerical results based on steady state condition 
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 c) Mesh size 64x64 d) Mesh size 128x128 

a) Mesh size 16x16 b) Mesh size 32x32 

 e) Mesh size 256x256 

Figure 4.1 Temperature profile based on GS method 
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Figure 4.2 Temperature profile based on SOR method 

a) Mesh size 16x16 

 e) Mesh size 256x256 

 c) Mesh size 64x64 d) Mesh size 128x128 

b) Mesh size 32x32 
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Figure 4.3 Temperature profile based on pdepe method 

a) Mesh size 16x16 b) Mesh size 32x32 

 c) Mesh size 64x64 d) Mesh size 128x128 

 e) Mesh size 256x256 
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Results in Table 4.2 shows that SOR method reduces the number of iteration from 

87.25% to 94.78% and also reduce the computational time from 50% to 85.52% 

compared to GS method. However the maximum temperature obtained by using GS, 

SOR and pdepe methods are comparable. Overall, the larger the mesh size, the higher 

the maximum temperature, number of iteration and computational time for each 

method. 

 

4.2 SIMULATION RESULTS (ANSYS) 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 shows the temperature profile of a 2D model using the ANSYS software.  

 

The condition for the model is set to a steady state thermal to synchronize with the 

results obtain using MATLAB R2013. The maximum temperature of the model is 

295.5K which is slightly lower compared to the numerical results. However, the 

temperature is still comparable to the results in Table 4.2. The maximum temperature 

trend for the model appears to be the same with the results for numerical methods 

which is at the centre of the model. Based on both numerical and ANSYS results, it 

can be conclude that the maximum temperature increases around 8% from the initial 

temperature.

Figure 4.4 Temperature profile using ANSYS simulator 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

 

In conclusion, thermal profile of VLSI system can be obtained by discretizing the 

governing heat equation and solve using numerical techniques. An implementation of 

SOR method is able to reduce the number of iteration and computational time 

compared to GS method. Also, by using the properties of Si in the ANSYS simulator, 

the thermal profile for a 2D model is almost similar as the MATLAB R2013 results. 

Also, the results of maximum temperature obtained based on numerical and simulation 

techniques are comparable. 

As for recommendations, the study can be extended into performing thermal analysis 

on a three-dimensional model. Besides that, considering the problem in an unsteady 

state condition also can be performed. The thermal profiling of the VLSI system also 

can be done using the parallel computing besides using different kinds of numerical 

technique such as Arithmetic Means (AM) [24] or Conjugate Gradient (CG) [25]. For 

more advanced study, developing monitoring tool or system also shall be able to 

perform based on the thermal profiling obtained.  
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