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ABSTRACT 

The level of coupling noise or cross talk is an important factor in the 

design of reliable VLSI packages. Coupling noise can be reduced by modifying 

the underlying conductor geometry. An expert system is developed and integrated 

into the packaging design and simulation environment UAPDSE. The system is 

provided with rules to reduce the coupling noise, and create models that satisfy 

the constraints set by the package designer. The parameter calculator UAMOM 

and the circuit simulator UANTL are used to evaluate the electrical performance 

of the model under study. The expert system is an interactive and user-friendly 

software that provides efficient method for performing the coupling noise reduction 

in interconnect systems. 
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CHAPTER 1 

Introduction 

1.1 Packaging 

In order to build superior electronic systems it is important to have a fast and 

reliable packaging technology to support fast and reliable chips. Packaging supplies 

the chip with signals and power, removes the heat generated by the circuitry, and 

provides physical support and environmental protection. In general, packaging 

plays an important role in determining the overall speed, cost, and reliability of the 

system, and electronic package designers strive for compact packages that supply 

the chips with a large number of pins, dense wiring capability and a noise-free 

environment [1]. 

1.2 Pulse Distortion and Interference 

A significant problem that the package designers face is related to pulse distortion 

and interference. There are several sources of electromagnetically generated noise 

and pulse distortions on a coupled transmission lines, and are summarized in the 

following. 

Reflections: 

Reflections are caused by the discontinuities in the transmission lines (for 

example, capacitive loading due to the package pins tied to a data bus with mul

tiple sinks on a PC board). Discontinuities are also associated with changes in 
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interconnect cross sectional dimensions and material parameters. 

Simultaneous Switching Noise: 

This is caused by the inductance inherent in the power distribution lines. 

When many circuits switch at the same time, the current supplied by the power 

lines can change rapidly, and the inductive voltage drop along the line can cause 

the power-supply level to go down. The resulting voltage glitch is proportional 

to the switching speed, the number of drivers that switch simultaneously, and the 

effective inductance of the power lines [1]. 

Crosstalk: 

Crosstalk is a result of mutual capacitive and inductive coupling between 

neighboring lines as shown in Figure 1.1. The closer the lines, the higher they 

are from the ground plane, and the longer a distance they neighbor each other, 

the larger the amount of coupling is. Crosstalk is also proportional to the rate of 

change of the voltage waveforms. 

Figure 1.1: Coupling/Self capacitance and inductance 

Crosstalk can be reduced by using application specific circuit designs, by 

changing the interconnect cross-section geometry, or by using other methods such 

as adding a ground conductor between or under the coupled lines. The option 

of additional ground conductors is not commonly used in the industry because it 
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costs more and it requires more space. Changing the cross-section geometry of the 

coupled lines has the most effect on the coupling noise; this approach is the most 

common engineering practice. 

In later chapters it is shown how an expert system can help reduce the 

coupling noise by changing the interconnect geometry. The two additional options, 

adding circuitry or introducing additional ground conductors, are not discussed. 

Noise levels at the near-end of a coupled line is more crucial compared 

to the far-end. This is because of the influence of simultaneous switching noise 

feed through the drivers. Therefore, reducing the near-end noise is studied in this 

thesis. 
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CHAPTER 2 

Expert System Design 

In the field of Artificial Intelligence we have the tendency of moving from the de

velopment of general problem solvers towards systems that apply more specialized 

expertise. 

Experience has shown that many real-world problems are not amenable 

to simple, universally applicable methods that must reason from first principles. 

Instead, task-specific information is needed, in the form of empirical associations 

or of particular chains of inference through a large body of general knowledge. The 

high level of sophistication required has led to the notion of expert or knowledge-

based systems. The process of building the expert system is called Knowledge-Based 

Engineering [2]. 

The general goal of this project is to make explicit the art of knowledge 

engineering and apply it to the VLSI package design. It is an attempt to formulate 

the knowledge that we knowledge engineers use in constructing knowledge-based 

programs and put it at the disposal of others in the form of a software laboratory 

[2]. 

2.1 Components of a Knowledge-Based Expert System (KBES) 

The features and problem domain of the existing KBES differ widely, but many 

have three components in common: a working memory, rule base, and a rule 

interpreter [3]. 
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The Working Memory Component: 

The working memory is an essential hardware component of the KBES. 

It is a collection of attribute-values that represent the current state of the design 

process. In the "C" programming language this is represented in a data structure 

such as: 

struct .model { 

< attribute 1 > = < value 1 >; 

< attribute n > = < value n >; 

}; 

Some systems also represent goals and sub-goals as named attribute-value 

pairs in working memory. 

The Rule-Base: 

The rule base is a collection of conditional statements that operate on the 

elements stored in the working memory. The rules have the form: 

IF 

objective and 

conditioni 

conditionn 

THEN 

return suggestion 

If the premise is satisfied then the conclusion is forwarded to the rule 

interpreter. 
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There are many reasons why rules are useful. Well-written rules are trans

parent, that is they allow you to see through the syntax to the meaning. They are 

therefore easy to read and understand. A rule-based expert system can provide a 

clear record of the knowledge within a domain and make it easier to understand 

than conventional programming. This makes the knowledge more accessible, eases 

development and maintenance of the expert system, and in general increases the 

productivity of those who do the development [4]. 

The Rule Interpreter Component: 

The rule interpreter matches the elements in the working memory against 

the rules, to decide which rule applies best to the given situation. The rules are 

selected when the premise is satisfied and the rule conclusion is interpreted and 

an action is performed. In our expert system, the premise and conclusion are as 

follows: 

If objective is reduce coupling noise and 

the selected parameter is spacing 

then 

increase the spacing 

The conclusion is interpreted as the spacing of the simulation model (Fig

ure 2.2) in the working memory has to be increased to meet the objective. The 

action taken is to automatically generate new model with larger spacing value 

between the transmission lines. 
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2.2 Packaging Design and Support Environment (UAPDSE) 

Over the last several years, several tools have been developed in the Center for 

Electronic Packaging Research at the University of Arizona. The programs com

prise parameter extractors that calculate inductance and capacitance for multi-

conductor, multidielectric, two-dimensional structures with lossy dielectrics and 

simulation tools that compute pulse response characteristics of uniform, multiple, 

coupled and lossless transmission lines. The programs have been integrated into a 

workstation-based system called Packaging Design System Environment [5] [6] [7]. 

The long term objective is to evolve the environment into a package compiler. The 

compiler would be based on a modeling simulation system for performance, manu-

facturability, cost, and reliability evaluation of real packaging structures. UAPDSE 

is a precursor of such a system. The strategy is to integrate database and analy

sis tools, to implement expertise in the form of design rules to address multichip 

packaging structures, and to interface the workstation environment with physical 

and electrical design data base. 

At the present time, UAPDSE consists of the following tools: Method of 

Moments Transmission Line Parameter Calculator (UAMOM), Capacitance Cal

culator (UAC), Coupled Line Simulator with Linear Terminations (UACSL), and 

Coupled Line Simulator with Non-Linear Terminations (UANTL). The modeling 

and simulation procedures assume the validity of TEM-wave approximation. Thus 

Maxwell's equations are reduced to Poisson's (or Laplace's) equation in the low 

frequency limit. The parameter extractors provide capabilities for modeling of 

inductance and capacitance for multiconductor, multidielectric, two-dimensional 

structures. The line simulator accepts the L and C matrices and computes pulse 

response characteristic of uniform multiple, coupled, lossless transmission lines, 

terminated or loaded at discrete points with R, L, and C elements as well as non

linear elements (diodes, transistors, etc.). 
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The shell also provides facilities for supporting the package design cycle. 

Such support facilities include an interface to couple UAPDSE with a CAD de

sign data base, model and simulation experiment libraries, simulation management 

procedures that guide evaluation of alternative design models, and data analysis 

support tools. The system has several design levels. The lowest level is comprised 

of the simulation tools. Facilities for model and experiment specification (i.e., 

experimental frames which define sets of conditions for running and controlling 

simulations and processing their results) allow the designers to specify alterna

tive design models and simulation experiments. The separation of models from 

experiments facilitates flexibility in organizing simulations and in evaluating vari

ous design models. More specifically, several alternative models of a package can 

be evaluated within the same experimental frame and the resulting performance 

measures can be used to select the best alternative. 

The design process in UAPDSE proceeds in three major phases: modeling, 

simulation, and evaluation. These processes are interactive, allowing the designer 

to refine a design model, modify simulation experiments, and apply various eval

uation procedures. The conceptual framework in which UAPDSE is grounded is 

termed Knowledge-Based System Design. 

The system design approach proposed by Rozenblit, termed Knowledge-

Based Simulation Design, focuses on the use of modeling and simulation techniques 

to build and evaluate models of the system being designed. It treats the design 

process as a series activities which include specification of design levels in a hi

erarchical manner (decomposition), classification of system components into dif

ferent variants (specialization), selection of components from specializations and 

decompositions, development of design models, experimentation and evaluation 

via simulation, and choice of design solutions. 

The design model construction process begins with developing a represen

tation of design components and their variants. To appropriately represent the 
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family of design configurations, Rozenblit have proposed a representation scheme 

called the system entity structure (SES). The scheme captures the following three 

relationships: decomposition, taxonomy, and coupling. Decomposition knowledge 

means that the structure has schemes for representing the manner in which an ob

ject is decomposed into components. Taxonomic knowledge is a representation for 

the kinds of variants that are possible for an object, i.e., how it can be categorized 

and subclassified. The synthesis (coupling) constraints impose a manner in which 

components identified in decompositions can be connected together. The selec

tion constraints limit choices of variants of objects determined by the taxonomic 

relations. 

Beyond this, procedural knowledge is available in the form of production 

rules. They can be used to manipulate the elements in the design domain by ap

propriately selecting and synthesizing the domain's components. This selection 

and synthesis process is called pruning. Pruning results in a recommendation for a 

model composition tree, i.e., the set of hierarchically arranged entities correspond

ing to model components. A composition tree is generated from the system entity 

structure by selecting a unique entity for specializations and a unique aspect for 

an entity with several decompositions. 

Performance of design models is evaluated by simulation. A simulation ex

periment is defined using the experimental frame concept. Briefly, an experimental 

frame defines a set of input, control, output, and summary variables, and input 

and control trajectories. These objects specify conditions under which a model can 

be observed and experimented with. It is usually realized as a coupling of three 

components: a generator (supplying a model with an input segment reflecting the 

effects of the external environment upon a model), an acceptor (a device monitor

ing a simulation run), and a transducer (collecting and processing model output 

data). . 

The simulation phase of the design framework is followed by evaluation 
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of simulation results and ranking of alternative design models in respective exper

imental frames. Design models that best conform to design' performance criteria 

serve a basis for the proposed design solution. 

2.3 The Expert System in UAPDSE 

User 

Input 
Model 

Error 
Checking 

Output 
Results 

Parameter 
Extractors 

Simulation 
T""iq 

UAPDSE 

Figure 2.1: General block diagram of UAPDSE 

As shown in Figure 2.1 UAPDSE is under the control of the user where circuits 

and transmission line model can be either loaded into the system or created within 

the shell. The errors in the model are checked and the appropriate tool is invoked. 

The output is either numerical for the parasitic extractor results (i.e. capacitance, 

inductance, ... etc.) or graphical for the waveform simulation results. The expert 

system is implemented as a separate module and connected to UAPDSE by a bridge 

with a two-way information path. There are several tools already integrated into 

the shell and more tools are on their way. The tools which are used by the expert 

system are: 
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• UAMOM (University of Arizona Method of Moments TEM Transmission 

Line Parameter Calculator) which calculates the capacitance and inductance 

matrices of a transmission line system given the cross-section geometry and 

the dielectric constants (see references [8] and [9] for more information about 

this tool). 

• UANTL (University of Arizona simulator for Nonlinearly Terminated Trans

mission Line Network) which is a computer program developed to simulate 

the transient responses of networks containing lumped circuit elements, both 

linear and nonlinear, and a class of multiconductor interconnections which 

can be modeled as systems of coupled, lossless transmission lines.. More 

information about this tool is available in references [10] and [11]. 

The expert system is a tool designed to help and direct the package de

signer in the process of achieving his/her design goal. 

2.4 UAPDSE Models 

A simulation model consists of a driver, receiver, and transmission lines as shown 

in Figure 2.2. 

Inter
connect 
cross 
section 
geometry 

Driver Receiver 

Figure 2.2: Simulation Model 
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The driver consists of any circuit containing linear and non-linear elements 

and an input pulse. The receiver may also be an electrical circuit. The interconnect 

cross-section geometry contains the property of the coupled transmission lines such 

as the spacing, width, height (from the ground plane), and the thickness of the 

transmission lines in addition to the permittivity (i.e. dielectric constant). 

Since the expert system is concerned with the transmission line geometry, 

the model base as shown in Figure 2.3 contains one driver, one receiver, and a 

number of different transmission line geometries. When a simulation is performed, 

only one of the geometries is used in connection with the driver and receiver. 

Therefore, the term model in this thesis may refer to either a complete model that 

consists of a driver, receiver, and a transmission line geometry model as shown in 

Figure 2.2 or refer to the geometry model only. 

Model 3 Model 2 Model 4 

Model 5 Model 6 Model n 

Driver 
Model 1 

Inter
connect 

Receiver 

Figure 2.3: Simulation Models in the model-base 
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2.5 Rules to Reduce Coupling Noise 

Coupling noise, or cross talk, is a complex function of the parameters under discus

sion, but it can be safely said that it is directly proportional to coupling capacitance 

Cl2 [12] (Figure 2.4), where as Ci2 increases the cross talk value also increases. 

aetlv cl2 

jMpjMS* ^"* "HlllipilllB 
I ! 

£r 

i 
— C l l  

i 
C22 

wmm wmmrn 
around Diana • 

WrnMMMMm/Mmmmm 

Figure 2.4: Cross section of TL showing the coupling capacitance 

Every one of the TL cross section's parameters plays a role in reducing 

the coupling noise. Let us look at how each parameter behaves when the others 

are held constant. 

2.6 Rule base 

The rule base consists of rules which direct the designer and the expert system 

in deciding the way in which the cross section geometry has to be changed in 

order to meet the designer's objective. The rules are defined for the following five 

parameters as shown in Figure 2.5: 

ground plane 

Figure 2.5: Cross section of TL showing the parameters 
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- Spacing (S) 

- Height (H) 

- Width (W) 

- Thickness (T) 

- Dielectric constant (er) 

Every one of the above parameters can be either increased or decreased 

if it has been selected. The direction of change depends on the objective of the 

package designer. If, for example, the objective is to reduce the coupling noise by 

changing the height of the transmission lines from the ground plane, the following 

rule will always hold true: 

If objective is reduce coupling noise using the parameter height then 

Decrease this parameter 

While the rule to reduce the signal delay by changing the height is: 

If objective is reduce signal delay using the parameter height then 

Increase this parameter 

The complete list of rules coded in the "C" programming language is in Appendix 

A. 

2.6.1 Spacing 

The spacing between the conductors plays a major role in the coupling noise,, 

where as the spacing decreases more and more interline field lines terminate on 

one another causing an increase in the coupling capacitance Cn- Figure 2.6 shows 

the relation between the spacing and the value of the coupling noise voltage at 

the near-end of the quiet transmission line. The curve is the result of simulating 

seven models where the height, width, thickness, and permittivity have fixed values 

shown in the upper-right corner of the plot and the values used for the spacing are 
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Figure 2.6: Spacing vs. near-end noise 

The rule for changing the spacing is: 

if (objective==REDUCE_COUPLING_NOISE && parameter==Spacing) 

return(Increase); 

2.6.2 Height 

Cross talk can be decreased by bringing the ground plane closer to the transmission 

lines where some of the interline field lines are absorbed by the ground plane thus 

reducing Cu• Figure 2.7 shows how the coupling noise changes with respect to the 

height. The curve is the result of simulating seven models where the spacing, width, 

thickness, and permittivity have fixed values shown in the upper-right corner of 

the plot and the values used for the height are 1,2,4,8,16,32, and 64. 
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Figure 2.7: Height vs. near-end noise 

The rule for changing the height is: 

if (objective==REDUCE_COUPLING_NOISE kk parameter==Height) 

return(Decrease); 

2.6.3 Width 

The effect of changing the width of the transmission line is more complex since 

as the width changes, the cross talk may either increase or decrease depending 

on the other parameters. If, for example, the ground plane is relatively close 

to the transmission lines, then increasing the width will decrease Cu which in 

turn decreases the crosstalk as shown in Figure 2.8. While if the ground plane is 

relatively far from the transmission lines, then the effect of increasing the width 

is reversed causing an increase in the coupling noise (Figure 2.9). The curve is 

the result of simulating seven models where the spacing, height, thickness, and 

permittivity have fixed values shown in the upper-right corner of the plot and the 

values used for the width are 1,2,4,8,16,32, and 64. 

Since there is no fixed value for the critical height or the other parameters 

where the behavior of the coupling noise with respect to the width starts to change, 

the rule for changing the width is decided at the run.time. Prior to the user 
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selection of the width as a parameter to reduce coupling noise, the system creates 

two different models based on the original model. The first model has the width 

set to 1 unit and the second model has the width set to 20 units. The coupling 

noise is calculated (estimated) for each model and the results are compared. From 

the results, the system sets the rule for changing the width. 

4.00*01 

£3 3.5O-01 -
Er-10 

>3.00-01 

.<52.5e.01 -

c 2.08-01 

1.5O-01 ~ 

1.08-01 " 
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O.OO+OO 
20 40 60 

normalized units 

Figure 2.8: Width vs. near-end noise (a) 
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Figure 2.9: Width vs. near-end noise (b) 

The rule for changing the width is: 

if (objective==REDUCE_COUPLING_NOISE && parameter==Width) 

return(width_behaviour(objective)); 

where the function width_behaviour() returns either Increase or Decrease 
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according to the behavior of the width with respect to the given model and objec

tive. 

2.6.4 Thickness 

The mutual capacitance C12 increases as the thickness of the transmission line 

increases because as the neighboring surfaces increase, more interline field lines 

terminate on the quiet line. Figure 2.10 shows how the coupling noise is effected 

by changing the thickness. The curve is the result of simulating seven models where 

the spacing, width, height, and permittivity have fixed values shown in the upper-

right corner of the plot and the values used for the thickness are 1,2,4,8,16,32, and 

64. 

<j/j7.2e-01 -
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normalized units 

Figure 2.10: Thickness vs. near-end noise 

The rule for changing the thickness is: 

if (objective==REDUCE_COUPLING_NOISE && parameter==Thickness) 

return (Decrease); 
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2.6.5 Dielectric Constant 

The dielectric constant or permittivity also plays a role in reducing the coupling 

noise. As the permittivity of the medium increases the cross talk also increases as 

shown in Figure 2.11. The curve is the result of simulating seven models where the 

spacing, width, thickness, and height have fixed values shown in the upper-right 

corner of the plot and the values used for the permittivity are 1,2,4,8,16,32, and 

64. 

The rule for changing the dielectric is: 

if (objective==REDUCE_COUPLING_NOISE &;& parameter==Dielectric) 

return( Decrease); 

—5.60-01 
£1 
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Figure 2.11: Dielectric vs. near-end noise 
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CHAPTER 3 

Expert System Levels 

3.1 Level 1 

Level 1 is designed to provide help in reducing coupling noise by modifying the 

interconnect geometry where no driver or receiver circuitry are considered. This 

level has two advantages and one drawback. The first advantage is that no driver 

and receiver models are required; therefore, the designer would only have to provide 

the cross-section geometry of the transmission lines and some information such as 

the input signal rise time and voltage. 

The second advantage is the performance of this level in terms of CPU 

time. Since this level does not invoke the simulator and it only estimates the 

coupling noise, a significant amount of time is saved. The catch is that the results 

are not very accurate because no simulation is performed and only the estimation 

of the coupling noise is used in searching for the best geometry in the search space. 

The near-end coupling noise (back crosstalk) of a symmetric coupled lines 

is estimated using the closed form formula shown in Equation 3.1. 

V(t)max — 2KbTd-=- (3-1) 
J-r 

'max 

Where: 

(l^f + ci2Zo) Kb = 4^ + C12Z0J (near-end crosstalk constant) 

Td = d^/LiiCn (time for signal to propagate a distance d) 
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(impedance of transmission line) 

(input-signal rise time) 

(input-signal voltage) 

(self inductance) 

(coupled inductance) 

(self capacitance) 

(coupled capacitance) 

The crosstalk constant Kb is a function of the geometry and materials of the 

coupled lines. This constant can be determined by a single measurement. The 

complete derivation of this equation is in reference [13]. 

In this equation it is assumed that both lines are lossless, the coupling is 

loose enough that there is negligible degradation of the driving signal as it propa

gates the full length of the line, and the lines are terminated in their characteristic 

impedance. The first two assumptions generally hold in practical applications if 

the line lengths are not excessively long [13]. 

Figure 3.1 represents a block diagram of the process of this level. 

Z° = \/fe 

Tr 

Vk 

Ln = L22 

L12 = L21 

Cn = C22 

C12 = C21 
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Figure 3.1: Block diagram of Level 1 
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The following is a description of the items in Figure 3.1: 

• objective : This is the user's objective which is either reduce coupling noise or 

reduce the signal delay. 

0 user : It is the front-end user whose model is being evaluated and his/her 

responses are requested during the process of reaching the objective. 

• modeling rule base : It is the rule base shown in Appendix A which directs 

the user in creating new models to meet the given objective. 

• modeling : This is an automatic model modifier which creates new models from 

previous models after changing some parameters. The model consists of a driver 

and transmission lines which terminate in their characteristic impedance. 

• calculation : This is the estimation of the coupling noise using Equation 3.1. 

• evaluation : The results obtained from the calculations are evaluated and 

compared with the user's constraints on the level of noise or signal delay. If the 

evaluation succeeds then the successful model is returned, otherwise new model is 

suggested and the cycle of modeling, calculation, and evaluation is repeated until 

either a successful model is found or the user gives up! 

3.2 Level 2 

This level is designed as a higher level of design evaluation and enhancement. The 

major difference between this level and Level 1 is that the value of coupling noise 

is obtained from the result of simulating the complete model. The complete model 

is the same model described earlier in Figure 2.2. 

In this level the expert system has the capability of extracting values from 

the complete model such as the input signal rise time and voltage, line length, 
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and the nodes (i.e. near-end, far-end) of the transmission lines in the simulation 

model. Therefore, the designer provides the system with the simulation model as 

in Figure 3.2, the constraints on the parameters, and the value of coupling noise. 

This level is supported with two parts to search for the "best" model. 

3.2.1 Part 1 of Level 2 

This part provides a quick way to search for a model that meets the constraints. 

The expert system creates transmission-line models using the limits on the selected 

parameters according to the rules in the rule-base. For example, if the user selects 

model with the maximum spacing value (because the rule for changing the spacing 

says that spacing must be increased) and simulates that model. If the value of 

coupling noise obtained from the simulation results is greater than the maximum 

allowable value, then a model with minimum height value is created (because 

the rule for changing the height says that the height must be decreased) and the 

simulation is performed again. This process continues until either all the selected 

parameters have been tried or a successful model is found. Figure 3.3 shows the 

process of this part of Level 2. 

Active 

Figure 3.2: Coupled line model 

spacing and height as the parameters to be changed, then the system creates a 
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Figure 3.3: Block diagram of Part 1 of Level 2 
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3.2.2 Part 2 of Level 2 

In Part 1 the expert system utilizes the whole range of values for a particular 

parameter which might not be very desirable in the practical package designs. For 

example, Figure 3.4 shows the relationship between the value of spacing and the 

value of coupling noise where the other parameters are held constant. 

Let us assume that the user has limited the value of spacing between 1 

and 20, and he constrained the maximum coupling noise value to 1 volt. Part 1 of 

Level 2 would have tried the maximum spacing (i.e. 20) and found that the model 

with spacing of 20 meets the constraints on the level of noise where for this model 

the coupling noise is found to be 0.5 volts. 

Noise 

0 . 5 "  

Spacing i 20 10 

Figure 3.4: Trade off between spacing and coupling noise 

This part is designed perform a trade off between the value of a selected 

parameter and the level of coupling noise. It searches for the best model that 

meets the constraints. The search process is described in Chapter 4. As a result 

of the search on the previous example, the best spacing is found to be 10. 
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Figure 3.5 shows how this level operates. The major difference between 

the two parts is in the design process. In Part 1, only one model is created and 

evaluated for every selected parameter. While in Part 2, the system repeats the 

process of design, simulation, and evaluation until the search for the best value 

has succeeded. 
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Figure 3.5: Block diagram of Part 2 of Level 2 
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CHAPTER 4 

Expert System Development 

4.1 Search Strategies 

We can characterize the design process as one that attempts to encounter a de

scription in the design space that maps onto some intended performance in the 

interpretation space. These spaces can be defined in various ways - that is, there 

are various ways of representing design knowledge - but the process of producing a 

design from that space seems to involve some kind of progression from an incom

plete, unresolved, and possibly contradictory description of a design to a complete 

description. In the most general sense this process can be regarded as search [14]. 

Search can be applied to the generation of designs. We can model the 

generation of designs as a process in which a design appears to pass through various 

states. Any one state may lead to one of several new states (see Figure 4.1). 

There are therefore decisions to be made, and it becomes necessary to 

select among competing courses of action. The knowledge that enables designers 

to make such control decisions about generation is called control knowledge or 

meta-knowledge. 

4.2 Search Algorithms 

There are four cases to be considered when we are performing the parameter study. 

The user would like to increase or decrease the selected parameter in order to meet 
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the manufacturing requirements, and the expert system would like to increase or 

decrease the selected parameter in order to reduce the coupling noise and meet the 

electrical performance desired. 

The cases are as follows: 

case user system 

1 Increase Increase 

2 Decrease Decrease 

3 Decrease Increase 

4 Increase Decrease 

Case 1 Algorithm: 

1. current-model <— create a model using the MAXIMUM value of 

the parameter being studied. 

2. simulate the current-model using UANTL 

3. If coupling noise is less than the maximum allowable noise then 

this model is the best under the given constraints 

else 

no successful model is found under the given constraints 

Case 2 Algorithm: 

1. current-model <— create a model using the MINIMUM value of 

the parameter being studied. 

2. simulate the current-model using UANTL 

3. If coupling noise is less than the maximum allowable noise then 

this model is the best under the given constraints 

else 

no successful model is found under the given constraints 



12.01 

— circles represent a model in some state 
— S means the model is successful (meets the constraints) 
— F means the model failed 
— the number next to a state is the value of a parameter 

(i.e. spacing) in that model 

This figure shows the process of searching for the best spacing 
in the range 1 to 29 that meets the given noise constraints. 
The user would like to minimize this parameter, while the 
expert system would like to maximize it to reduce cross talk. 
Experimental results show that best spacing is >= 12. 

Figure 4.1: Search for best spacing 
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Case 3 Algorithm: 

This algorithm is shown graphically in Figure 4.1. 

1. current.val <— MAXIMUM value of the parameter being studied. 

last_success_val <— MINIMUM value of the parameter being studied. 

last_fail_val <— MAXIMUM value of the parameter being studied. 

2. currentjnodel <— create a model using current.value 

3. simulate the currentjnodel using UANTL 

4. If coupling noise is less than the maximum allowable noise then 

save the model 

last_success_val <— current.val 

current.val <— (current.val+last_fail_val)/2 

else 

last J"ail_val <— current.val 

current.val *— (current.val+last j3uccess_val)/2 

5. accuracy *— abs(last_success_val - last J"ail_val) 

If accuracy < desired then 

goto step 2 

else 

show successful models 

Case 4 Algorithm: 

This algorithm is shown graphically in Figure 4.2. 

1. current.val <— MINIMUM value of the parameter being studied. 

last jsuccess.val <— MAXIMUM value of the parameter being studied, 

last.faiLval <— MINIMUM value of the parameter being studied. 

2. currentjnodel <— create a model using current.value 

3. simulate the currentjnodel using UANTL 

4. If coupling noise is less than the maximum allowable noise then 

save the model 
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last_success_val <— current.val 

current_val <— (current_val+last_fail_val)/2 

else 

last_fail_val <— current_val 

current.val <— (current_val+last_success_val)/2 

5. accuracy <— abs(last_success_val - last_fail_val) 

If accuracy < desired then 

goto step 2 

else 

show successful models 

4.3 Simulation and Design 

Problem solving implies search, and one of the most prominent computer-aided de

sign techniques employed in producing "good" designs is simulation. Knowledge-

based simulation design uses modeling and simulation techniques to build and 

evaluate models of the system being designed. It treats the design process as a se

ries of activities that include specification of design levels in a hierarchical manner, 

development of design models, experimentation and evaluation by simulation, and 

choice of design solutions [15]. This approach starts with a design goal or objective, 

such as "reduce coupling noise" or "reduce signal delay". Certain variables such as 

spacing, width, and thickness of transmission lines, called performance variables, 

must acquire some values, certain ranges of which will satisfy the objectives. These 

ranges may be stated in specific terms as constraints or in general directional terms 

as criteria. Then the best design is selected from the design solutions. 



— circles represent a model in some state 

— S means the model is successful (meets the constraints) 

— F means the model failed 

— the number next to a state is the value of a parameter 
(i.e. height) in that model 

This figure shows the process of searching for the best height 
in the range 1 to 29 that meets the given noise constraints. 
The user would like to maximize this parameter, while the 
expert system would like to minimize it to reduce cross talk. 
Experimental results show that best height is <= 12. 

Figure 4.2: Search for best height 
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4.4 Interface Between The Rule-Base And The Rule Interpreter 

Rule 
Interpreter Rule Base 

Figure 4.3: Communication between the rule-base and the rule interpreter 

The rule interpreter communicates with the rule-base through a communication 

bus. The communication bus carries information and delivers it to either destina

tion. The information packet is implemented in the C language as a data structure 

with two parts. The first part has the attributes and values that correspond to the 

premise of the rules, and the second part has a slot to carry back the conclusion 

of the rule which fires. 

An example of the data structure would be: 

typedef struct .packet { 

int objective; /* premise 1 */ 

int parameter; /* premise 2 */ 

int action; /* conclusion */ 

} * communication _bus; 

The interpreter assigns values to the attributes objective and parameter 

and sends the communication_bus to the rule-base, then when the bus is returned 

an appropriate action is taken according to the rule conclusion which is bound to 

the attribute action. 
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The following function shows how the attributes are loaded on the com

munication bus and how the conclusion of the fired rule is interpreted: 

Interpreter (...) 

{ 

communication-bus—^objective = Reduce_Coupling_Noise; /* set objective */ 

communication-bus—^parameter = Spacing; /* set parameter */ 

Rule_base(communication_bus); /* send the bus */ 

if (communication-bus—^action == Increase) /* execute the action */ 

value = parameters [communication-bus—^parameter], max; 

else 

if (communication-bus—taction == Decrease) 

value = parameters[communication_bus—»parameter].min; 

modify_model(current_model, communication-bus—^parameter, value); 

} 
Where: 

- Reduce_Coupling_Noise, Spacing, Increase, and Decrease are predefined 

constants with distinct integer values. 

- parameters[] is a list of structures that holds the constraints on the parameters 

(i.e. maximum and minimum values). 

- modify_model() is a function that generates a new model by setting the passed 

parameter in the current-model to the passed value. 

The implementation of the rule-base which receives the communication bus and 



45 

sets the attribute action to the appropriate conclusion is as follows: 

Rule_base(communication_bus) 

struct .packet * communication-bus; 

{ 

/* Rule 1 */ 

if (communication-bus—>objettive == Reduce_Coupling_Noise &&; 

communication-bus—^parameter == Height) 

communication-bus—>action = Decrease; 

return(l); 

/* Rule 2 */ 

if (communication-bus—>objective == Reduce_Coupling_Noise && 

communication-bus—^parameter == Spacing) 

communication-bus—taction = Increase; 

return(l); 

} 

If more rules are to be added, the system designer has to modify the rule 

interpreter to make it handle the new actions which are set by the new rules. More 

attributes may have to be added to the packet structure if the new rule's premise 

has more clauses or the conclusion has multiple actions. Finally, the new rules 

have to be added to the rule-base in the format shown above. 

4.5 Operations on Models 

There are three types of operations that can be performed on models as shown in 

Figure 4.4. 
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Figure 4.4: Operations on Models 
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round plane 

Figure 4.5: Cross section in xy coordinate 

Before explaining those operations make clear that a model here is meant 

to be the cross section geometry of the transmission line system. The current 

model is the current geometry that is described by the xy values of every vertex 
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in the xy coordinate system as shown in Figure 4.5. 

4.5.1 Model Modifier 

This function uses the current model as the base model for generating the desired 

model. It has the capability of setting any of the five parameters (spacing, width, 

height, thickness, dielectric constant) to a given value. Before setting the selected 

parameter, it first calculates the current value of that parameter and compares it 

with the proposed value. If the current value is larger than the proposed value 

then the parameter is reduced by the difference of the two values, otherwise, the 

parameter is increased by the difference of the two values. 

modify_model(current_model, parameter, value) 

{ 
if (parameter == Spacing) { 

if (current_model—>x21 - current jnodel—>xl4 > value) 

decrease.spacing(current_model,(current_model—*x21-current_model—*xl4)-

value) 

else 

increase_spacing(current .model, (current .model—>x21-current_model—»xl4)-

value) 

} 

} 

increasejspacing(current_model, value) 

{ 

current _model—>x21 += value; 
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current -model—>x22 += value; 

current_model—>x23 += value; 

current-model—>x24 += value; 

} 
decrease_spacing(current_model, value) 

{ 
current-model—>x21 -= value; 

current_model—>x22 -= value; 

current-model—»x23 -= value; 

current-model—>x24 -= value; 

} 

4.5.2 Model Decomposer 

This operation is useful when the current model is to be added to the model 

base. The current model, as described earlier (Figure 4.5), is represented using 

the vertex values and storing the vertices for every model in the model base would 

be a waste of the physical memory (i.e., RAM) and the magnetic memory (i.e., 

storage disk). In addition, this type of model representation does not help the 

expert system much where the expert system works with the properties of the 

model rather than the coordinates of the cross section geometry. Due to the above 

facts, the model decomposer decomposes the current model into its properties and 

stores those properties in a data structure describing the model. For example, 

the spacing between the two transmission lines can be obtained by taking the 

difference between the x-value of the lower-left corner of the second line (X21) and 

the lower-right corner of the first line (X14); therefore, the spacing is: 

spacing = X21 - X14 

In the "C" programming language this function can be written as follows: 
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decompose_model(current_model, new .model) 

{ 

new .model—^spacing = current-model—>x21 - current _model~+xl4; 

new .model—>width = current-model—>xl4 - current-model—•xll; 

new .model—^thickness = current-model—>y 12 - current-model—>yll; 

} 

The new .model structure can then be stored in the model-base. 

4.5.3 Model Constructor 

The role of the model constructor is to reconstruct models from the model base 

and generate a model represented by the xy vertex values using the current model 

as the basis for the construction. Generating this type of models is required by 

the simulation tools which the expert system uses to evaluate the performance of 

the model. The current model is used as a starting point for generating the new 

model where the parameters of the current model are modified to the values of the 

new model. 

construct_model(current_model,new_model) 

{ 

modify_model(current_model, spacing, new_model—^spacing); 

modify _model(current_model, height, new .model—^height); 

modify_model(current_model, width, new_model—>width); 

modify .model (current .model, thickness, new_model—> thickness); 

modify_model(current_model, dielectric, new_model—vdielectric); 

} 

The newly constructed model is now named current .model. 
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CHAPTER 5 

Illustrative Example 

The expert system is part of the University of Arizona Packaging Design and 

Simulation Environment UAPDSE. When UAPDSE is invoked, the first screen 

created is shown in Figure 5.1. The expert system tool can be reached by a 

sequence of selections from pull-down menus. From the "MAIN MENU" select 

Select Tool, from the "SELECT TOOL" menu select UAMOM, from the "SELECT 

ACTION" menu select EDIT DATA, and finally from the "GEOMETRY" menu 

select EXPERT HELP. 

Since the expert system has two levels as described in Chapter 3, the user 

will be asked to enter the level number. Figure 5.2 shows the sequence of selections 

to reach the expert system and the windows involved with this level. 

5.1 Level 1 

There are four active windows in this level. The first window is the information 

window where the system shows suggestions and displays the results of simulation 

as well as the search process. The second window is the graph window where the 

cross section geometry of the model under study is shown, the system displays the 

models created during the search process. The third window is the model base 

where the generated models are stored. A model can be loaded from the model 

base by a double click on the left mouse button where the mouse pointer points to 

the desired model. In addition, information about a particular model in the model 
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base can be displayed by clicking the right mouse button on that model as shown 

in Figure 5.3. The fourth window is the "EXPERT SYSTEM MENU" where the 

user can do the following: 

• Select Objective: The only objective available so far is Reduce Coupling 

Noise. Since Reduce Signal Delay is proposed for future work, I have included 

that option in the "ACTION" menu, see Figure 5.4. 

• Select Parameters: The user has the freedom of selecting one or more 

of the parameters related to the reduction of coupling noise. For every pa

rameter selected, the user has to provide the constraints on that parameter; 

therefore, the "CONSTRAINTS MENU" will be opened for every parameter 

selected, see Figure 5.5. The constraints menu will allow the user enter either 

the maximum or minimum value of the selected parameter according to the 

rules of reducing coupling noise. For example, if the parameter selected is 

Width then the user can set the maximum width to a value larger than the 

minimum value, where the minimum is the width value in the current model. 

The user will not be allowed to change the minimum value because that will 

result in an increase in the crosstalk. The other item in the constraints menu 

is the priority. This option gives the designer control over which parameter 

should be changed first. For example, if the user would like to have the 

HEIGHT changed first then the WIDTH then the SPACING, the priority 

for the height should be set to 1 and the priority for the width and spac

ing should be set to 2 and 3 respectively. The default priority values are 1 

through 5 in the order of the parameter in the "PARAMETERS" menu. 

• Set Max Noise: This option allows the user constrain the electrical perfor

mance of the transmission line system where the maximum allowable near-

end coupling noise can be set to a desired value using a dialog box as shown 

in Figure 5.6. 
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• Set Input Voltage, Set Wave Rise Time, Set TL Length: These are 

some values required by the system in order to calculate the coupling noise. 

• Run Test: After providing the system with the above information, this will 

start the action and the results are displayed in the information window. 

Figure 5.7 shows the results of the study done by the system on the model 

in Figure 5.6. In Figure 5.7 the expert system has changed the spacing and 

height in the previous model and the final result is positive where we see 

in the information window the statement "A successful model is found...", 

this means that the cross section geometry shown meets the electrical perfor

mance constraints and the values of the parameters are within the acceptable 

ranges. If on the other hand the constraints are too tight and no model can 

meet the constraints, the system will notify the user. 

5.2 Level 2 

The window set up in this level is similar to the one in the first level as shown in 

Figure 5.8. Since this level uses the simulator UANTL, a complete circuit model 

should be provided such as the model shown in Figure 3.2. 

As it was explained earlier in Chapter 3, this level has two parts. The first 

part can be executed by selecting the parameters and setting the limits on their 

values (as we have done in Level 1) and selecting "RUN TEST" from the menu. 

The result of studying the model in Figure 5.8 is shown in Figure 5.9. 

The the second part of this level is called Parameter Study. First, a set 

up is required where the user has to select a parameter to be studied, the direction 

of change, and the maximum and minimum values of that parameter. Figure 5.10 

shows that the designer has selected the spacing as the study parameter and asked 

the system to decrease this parameter if possible without violating the constraints 

on the electrical performance of the model. 
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After several iterations the result of the study will be shown. In Figure 

5.11 the system has found that the best spacing value between the two transmission 

lines is 8.84 mils and the best geometry model is shown in the graph window. 

The "SHOW RESULTS" selection in the menu is to display the simula

tion results at the selected probe points (nodes). Figure 5.12 shows the result of 

simulating the successful model, where the upper graph window shows the driving 

signal at nodes 1, 2, and 3, and the lower window shows the near-end and far-end 

coupling noise at nodes 4 and 5. 
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Figure 5.3: Example of displaying the model parameters 
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Figure 5.4: Selecting an action 



58 

titttrair 
m:TIM coracKf.s. 

cjiiccicf'. JJ.. 
corucro ttCtfiFi 
cm:: riw tun m,ili} 

M- Cf.iC rwf I iitULlKIC Wr,I 
Jti'hf (SI • (',*£) 

5i»!M CI.I *W-RJCt> 
MSIKTIZWCH.IN > 
DOtCIRC (OlM 
rJELKTRK CCf.jW 
P 5fWV. ' HOSTS' 
IQ1XI ULT 

To reduet the cabling nolle tM the following opttem: 
• — incrmlni the (peeing baUMn the Uo tr«w*Lnlon lliwt. 

dacruilng the height of the Uo trwrnloilon lines free the grwd. 
ino-fttlng the width of U* two trmaittlon line*, 

t — (hcmelng the thlcfcnni of the Uo trralceim iiiw. 
dscrtttlnj the dielectric peralttlvlty. 

» W I  i . l l  
p8^Tfir«3»!iST5S!Sr 
Model • 2: Iter end relte* 0.22711 
[fadtl » 3: wr end noiwr O.H?56S 

iModel • 5: ntr end ralie* 0.319549 
, 6: f»r end roiir 0.27701S 
[Model I 7: Mir end raise* 0.0770715 

tl • 8; mr end rein* O.SttU 
J • 9: mr end nolne 0.247031 

110: rear end rclacn 0.22343 
1111: ner enj Kites 0.131692 
I • 12: ner end rain: 0.215127 
1 » 13: rear erd ralM> 0.0121149 

iNodtl t 14: netr end rolie= 0.295117 

mi off hjiich arc cut. mar ttiiw cm ur. no fueu lurrm mi 

select toa 

EDIT DATA 

iiiiiiii 

Figure 5.5: Setting the constraints on the selected parameters 
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Figure 5.6: Setting the maximum allowable noise 
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Figure 5.7: The result of studying the given model 
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Figure 5.8: The level-2 screen of the expert system 
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Figure 5.9: The result of studying a model using simulation 



hWlCLbS-UlUllOli! 
At nodt*l tha mxImji voltaea it 5 

I fanl a traattful Mtial... 
At node*2 tto miIm voltaga l> 2,5 
At redt*3 the mx|u volt«o* It 2,5 
AtnodtM the miIm wlt^a It 0,002664 
At node«5 tha mi[u uolt^t It 0,002402 
At nodHl tta mxIm wlttQ* It 5 

I found a luxwtful wrtl... 
rzm 

EtfFfi CfC-jl? fVJf— litLLvlHC 
£»IMChf; CUti i-
WJtM tM «',v;.|£ri • kKWlfH-cf'Wfc; 

"DIfitFtTlZiTIO! IMS 
.UlttCClMC . 'ciu 

! S1£LCCTR IC :€tl«5Tr*t 5 
tour ccc^ncv 
EXPO! KLP 

lodil a & r»r end rolte* 0,(815904 
1odal • 89: nar and nine 0.128732 
tadel • 90: near and relto* 0.0277187 
todtl • 91: nir and nolle* 0,0412054 
todtl • 82: nir and roiw= 0.1B464 
4odel • 93: ov mi mlt* 0.074Stt 
Model » 94: «V and relw 0.0152327 
todtl * 95: nar and ncl»= 0.W19W 
fade! • 96: ne» erd raits* 0.110798 
tofc) • Vl wr and rolte* 0.156409 
todij 198: nr and raitv2 0.216574 
fcdal • S3*, mr tnd Kilt® 0.54&81 

Figure 5.10: Example of setting the parameter study function 
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Figure 5.11: The result of the parameter study 
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Figure 5.12: The result of simulation 
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CHAPTER 6 

Future Work 

The expert system is in its initial stage and it has a great potential of growing. 

At this time the system provides help in reducing the coupling noise of a two 

transmission-line system by changing the interconnect density (the transmission 

line cross section geometry). The following is a list of suggestions for future devel

opments on this useful tool: 

• The system should handle models with multiple transmission lines (more 

than two) where the user can specify which lines are active and which ones are 

quiet. Since the spacing on the package is a important parameter, the system 

should be smart enough not to waste the space if possible. For example, 

suppose we have the three transmission line system shown in Figure 6.1a 

where linel and KneS are quiet and line2 is active. Lets say that the coupling 

noise on each quiet line is 0.5volts and linel can allow a maximum of 1 volt 

noise and lineS can allow only 0.2 volts. One solution is to increase the 

spacing uniformly as shown in Figure 6.1b, but that result in an increase 

in the total area that the lines occupy. While a better solution is shown in 

Figure 6.1c where the total area is preserved unchanged. 
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Line 1 
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noise=0.8 noise=0.2 
8 (c) 

Figure 6.1: Design solutions 

• Signal delay is an important issue in the design of packages. Since the signal 

delay is related to the reflections and crosstalk, it is important to have the 

system help the designer in reducing the propagation delay. 

• The design of multi-layer packages is a "hot" new area. The expert system 

should be extended to handle multi-layer chips or packages. There may be 

a lot of work involved in this, where some of the parameters such as the 

spacing will be the vertical distance between the lines and not the horizontal 

distance, and also the effect of changing one of the parameters might be 

different from the effect in the one-layer case. Therefore, good care must 

be taken when the future system developer is setting up the rules to reduce 

coupling noise. 

• The model base has the role of letting the user store and retrieve models 

easily. The expert system should use the existing models in the model base 

as a reference in searching for a good model. For example, if the system 

generates a model that is already in the model base, there is no need for 
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repeating the simulation where the simulation results can be obtained from 

the existing model. Another use of the model base is to compare the current 

model with models in the model base and see if the current model would pass 

the constraints. For example, assume the current model has a spacing value 

of 10 and the maximum allowable noise is 1 volts, now if there is a simulated 

model in the model base with spacing value of 15 and coupling noise of 1 volt, 

then we know that the current model will not succeed because reducing the 

spacing would increase the crosstalk; therefore, there is no need to simulate 

and waste the CPU and the user's time. 

• Right now the system changes one parameter at any given time and keeps 

the other parameters constant. The result is a successful design that meets 

the given constraints. An optimal model can be found by studying all the 

selected parameters at the same time and the best model found is the optimal 

model. This feature has two complications, the first one is finding the rules 

for changing a combination of parameters, and secondly, many simulations 

will be required which will be very time consuming. 

• Finally, some useful information should be provided to the designer such as 

the maximum line length and the minimum signal rise time that can be used 

and the model stays within the given constraints. 

There are many other features can be added to the expert system and I 

believe that we are on the right track. The packaging design becomes more efficient 

and reliable by using CAD programs such as UAPDSE and its tools, and adding 

an expert system makes the package designer's life much easier! 
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APPENDIX A 

Rule-Base 

The following is the rule-base used in the UAPDSE expert system. 

Rule_base(objective, parameter) 

int objective, parameter; 

{ 

if (objective==REDUCE_COUPLING_NOISE &&; parameter==Spacing) 

return (Increase); 

if (objective==REDUCE_COUPLING_NOISE && parameter==Height) 

return(Decrease); 

if (objective==REDUCE_COUPLING_NOISE &&; parameter==Width) 

return (Increase); 

if (objective==REDUCE_COUPLING_NOISE hh parameter==Thickness) 

return (Decrease); 

if (objective==REDUCE_COUPLING_NOISE &&; parameter==Dielectric) 

return (Decrease); 

} 
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Where REDUCE.COUPLING-NOISE, Spacing, Height, Width, Thick

ness, and Dielectric are predefined constants with distinct values. 
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