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(ABSTRACT) 

Layout parasitics result from electromagnetic interaction between circuit 
metalizations used to connect devices on the hybrid circuit. Three linked programs have 

been written to calculate the capacitance and inductance between circuit metalizations. 

(1) XT Editor 

A user friendly hybrid circuit layout editor which enables the user to create 

circuit layouts and select portions of the circuit for parasitic computation. 

(2) XT Mesh 

A two and three dimensional fully automatic mesh generator. The mesh 
generator combines the quadrant/octant subdivision method and Watson's algorithm in a 
four step process. 

Initial triangulations are created and cell compatibility is ensured using an 
alternating initial mesh scheme. This method produces substantial time savings by 

avoiding the use of data tree structures and stringent cell size rules. 

(3) XT Field Solver 

A two and three dimensional finite element quasi-TEM solver which calculates 

the capacitance and inductance between circuit metalizations.
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Chapter 1 

Introduction 

1.1 Purpose 

The objective of this project is to develop a user friendly Computer Aided Design 
(CAD) program to determine layout parasitics in hybrid microelectronic circuits. Layout 
parasitics are those parasitics which result from the electromagnetic interaction between 
layout metalizations used to connect devices on the hybrid circuit. 

Why is such a program desired? The diagram on the left, in figure 1-1, represents 
a common approach to hybrid circuit design. The diagram on the right shows a design 

approach with an additional parasitic simulation. 

To reduce design time, a minimum number of prototypes must be fabricated and 

tested. Simulation of layout parasitics provides better simulation of circuit performance 
thereby reducing the number of prototypes. Further, it may provide engineering insight 
into improving circuit design methods. 

1.2 Overview of Crosstalk (XT) Software 

The CAD system for determination of layout parasitics has been written. This 

package, called Crosstalk (XT), is composed of three C programs: XT Editor, XT Mesh, 
and XT Field. 

XT Editor is a sophisticated hybrid microelectronic circuit layout editor. XT 
Editor enables the users to select portions of the circuit for parasitic computation. 
Chapter 2 details the structure of the editor. A copy of the users manual is provided in 
Appendix A. The editor uses common industrial files for input and output. These files are 
described in Chapter 3. 

XT Mesh uses geometry files, created by the editor, to produce two and three 
dimensional meshes. Chapter 4 presents a scheme to achieve rapid generation of high 
quality meshes. 

XT Field performs a two and three dimensional finite element analysis of Laplace's 
Equation. The solution of Laplace's Equation is known as the quasi-static or quasi-TEM 
solution of the electric field. From the quasi-static electric field, a capacitive and inductive 
matrix can be estimated. Chapter 5 discusses the fields analysis and matrix formulation.
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Chapter 2 

Editor 

2.1 Introduction 

XT Editor is a sophisticated hybrid mircoelectronic layout editor with numerous 
editing features. Appendix A, of this document, is a copy of the users manual for the 
editor. The users manual provide a detailed explanation of how to use the editor. This 
chapter describes how the editor works from a software engineering point of view. 

The editor runs in the unix environment and makes heavy use of X windows. 

Section 2.2 gives a very brief description of the X window system . 

The editor has two important phases of operation (1) initialization and (2) 

processing. Figure 2-1, on the next page, charts the two phases. 

In the first phase, the type of computer display available is established, a color set 

is chosen, and graphics structures, such as windows, are created. Section 2.3 describes 

the initialization phase. 

In the second phase, the mouse and keyboard are monitored. In response, 
subroutines are called to manipulated layout data and display options. Section 2.4 
describes the primary processing loop. 

The layout is contained in several important C data structures. Section 2.5 
presents information on some of these structures.
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2.2. X Window System 

The X window system enables graphics software to be used on many types of 
computers. The X window system consists of a server program, standard applications, 
and C language subroutines & libraries. 

2.2.1 X Window Server 

The X server program acts as a middle-man between user programs and the 

computer on which they are being run. This interaction is depicted in Figure 2-2. 

User programs send commands (also called requests) to the X server. The server, 

which is specific to each computer, then converts the request to the form needed by the 
computer. An example of a command is XDrawLine, which draws a line between two 

pixels on the computer screen. 

The user program does not have to wait for the computer to perform the 

command. The X server contains an output buffer which stores commands until the 
computer has a chance to execute them. Thus, the user program can call a slow graphics 
command without waiting for the result before continuing with some other work. 

The X server also monitors computer operations such as the mouse, keyboard, and 

monitor. These operations are called events. When an event occurs, the X server places 

information about the event in a buffer called the event queue. The application program 

can then receive information about computer activity. 

The X server also has a filter which can be used to restrict the type of events 

placed in the event queue. For example, if the application program does not use the 
mouse then there is no need to make information about mouse events available to the 
program. The fewer unwanted events received, the less time is wasted! 

2.2.2 X Standard Applications 

There is a set of standard X programs which are available on all computers which 

support the X window system. These programs perform useful tasks such as making 
bitmaps and performing screen dumps.
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2.2.3 X Subroutines & Libraries 

The X window system includes a large set of C language subroutines and libraries. 
These subroutines enable user programs to do everything from creating windows to 
setting the X server filter. A discussion of these routines is well beyond the scope of this 
report. A good source of information is "Introduction to the X Window System," by 

Oliver Jones [1].



2.3 Initialization 

When the editor is first envoked, many graphics structures are initialized. This 
initialization phase reduces the amount of time need to manipulate data during processing. 

The remainder of the section describes initialization of the display, colors, windows, and 

other graphics structures. 

2.3..1 Initialization of the Computer Display 

A link to the workstation display is established using XOpenDisplay. The program 

assumes that the root display is being used, unless the following command line parameter 
is used: 

-display <display_name> 

All command line parameters are passed to the XTinit subroutine. 

2.3.2 Initialization of the Color Scheme 

Most workstations have either direct color or pseudo color displays. The type of 
display determines how pixel values interact with a color map. The color map is an array 

for which every pixel value has an associated color on the screen. The intensity of three 
primary colors (Red, Green, and Blue) are needed to completely define a color. 

The constant PSUEDOCOLOR is set to 1 if the program is being used on a 
pseudo color display, otherwise a direct color display is assumed. This constant must be 
set before program compilation. 

The display type can be specified in the command line: 

-display_type [DIRECT] [PSUEDOCOLOR] 

2.3.2.1 Direct Color 

In direct color, a pixel value is decomposed into separate bit fields for red, green, 
and blue. Each bit field indexes the color map separately for each primary color. i.e. the 
color map is treated as three separate arrays containing red, green, and blue intensity 
values. The red field from the pixel indexes the red color map, the green field indexes the 
green color map, and the blue field indexes the blue color map. Most direct color 

machines use 8 bits for each of the red, green, and blue color fields. 

9



For many computers, the pixel's bit fields are arranged so that the larger the binary 
value the greater the intensity. For Example, 

Pixel A =... 0000 0100... 

Pixel B =... 0000 1000 ... 

The color represented by pixel B will be brighter than the color represented by 
pixel A. 

Note: Pixel A | Pixel B =... 0000 1100... 

The great advantage of this format is that the LOGICAL OR of pixel A and B will 
produce the pixel which is the color sum of color A and color B. 

2.3.2.2 Pseudo Color 

In pseudo color, there is only one pixel bit field which indexes a single color map 
which specifies the red, green, and blue intensity simultaneously. Most pseudo color 

displays use an 8 bit field allowing only 256 colors to be displayed at one time. 

With pseudo color displays, the same LOGICAL OR effect can be achieved by 
creating a new, sometimes called private, color map as follows: 

Pixel =OWCCCCCC where, 

0 - bit not used. 

W - Highlight bit. 

C - Color bit. 

If the W bit is 1, the displayed color will be the highlight color. Each bit C 
represents one base color. A pixel displays the color which is the sum of its base colors. 
For Example, 

if Pixel A= 00100000 = Red 

Pixel B = 00000010 = Blue 

Then A|B= 00100010 = Violet Note: | = LOGICAL OR 

if Pixel A = 00100000 = Red 

Pixel B = 00010000 = Dark Red 

Then A|B= 00110000 = Bright Red 

10



if Pixel A = 00001000 = Mauve 

Pixel B= 01000000 = White 
Then A|B= 01001000 = White (W bit is 1) 

2.3.2.3 Color Files 

Colors to be used in the program display are stored in an ASCII data file. The 
files consist of one color name per line with at least as many colors as are used by the 
program. For Example: 

Black 

White 

Mauve 

Dark Blue ... 

The first color (e.g. Black) is the layout window background. The second color is 
color of the layout highlight and most window borders. Other colors are used materials 
colors. 

The program defaults to using the file "basecir.dat" for a color scheme. Users may 

use their own color scheme by specifying the command line parameter: 

-colorfile <filename> 

A list of known colors is contained in Appendix B. 

2.3.3 Initialization of Windows 

The editor makes use of a great number of windows. When these windows are 
created, parameters such as the position on the screen, background color, and their event 

filters are set. 

Many of the program windows are used to create buttons. When the mouse clicks 

on the buttons, the X server places a notice in the event queue indicating that the mouse 
was pressed in window #<window_id>. 

To make use of the event information, the editor tracks information about each 

button in a data structure call ButtonDesc - for Button Description. See Section 3.5. 

11



2.3.4 Other Graphics Structures 

2.3.4.1 Pixel Maps 

Pixel maps are small rectangular arrays of pixels. Pixel maps (sometimes called 
pixmaps) are useful to draw repeating patterns quickly. The editor makes use of several 
pixel maps. 

One pixel map is used to draw a grid pattern in the layout window. This pixel map 
is created in the grid subroutine. An inverse grid pixmap is also created to prevent grid 
points from being removed as the layout highlight is moved. 

A second pixel map is a "stipple" pattern that is used to denote selected entity. A 
stipple pattern is a mask which shows the computer what pixels can and can't be changed. 

Also, when more materials are desired than available colors, a stipple pattern is 

applied. This makes it possible to use a color more than once to represent different 
material. 

2.3.4.2 Graphics Contexts 

Graphics Contexts (GC's) are X windows resources used to keep track of 

graphical attributes such as foreground color, background color, line width, line style, text 
fonts, and stipple patterns. Every X window graphics command requires the use of a GC. 
The editor use only one GC which is altered frequently during program execution. 

2.4 Processing 

In the processing phase the editor monitors the display, mouse, and keyboard for 
input. 

In the primary processing loop, the program: 

(1) Retrieves an event from the Event Queue. 

(2) Determines the type of event and the window affected. 

(3) Calls a subroutine in response to the event. 

12
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2.4.1 Choosing a Subroutine 

Figure 2-3 depicts the various control groups that are used in responding to 
processing events. There are three type of events the editor is concerned with: expose, 
mouse, and keyboard. 

2.4.1.1 Expose Events 

When an expose event occurs, the contents of the affected window must be drawn 
(or redrawn). The editor responds to an expose event by calling its display controller. 
The display controller determines which (if any) of the primary program windows have 
been exposed and then draws the appropriate text and or graphics. Every major program 
subwindow has a subroutine to display contents in that window. DisplayPlot, for example, 
draws the contents of the plot window. 

2.4.1.2 Mouse Events 

When a mouse button event occurs, the editor searches though a set of control 

structures to find a response. Each window has an associated ButtonDesc (Button 
Description) structure associated with it. This structure contains a pointer to the 

subroutine to be called if that button is pressed. 

So for example, if the user clicks on the REDRAW button in the function 
window, the redraw subroutine is called. The redraw subroutine blanks out the layout 

window and places a expose event in the event queue for the layout window. Then when 
the editor reads the expose event, the layout is redrawn. 

The layout window has no buttons. When a mouse button event occurs in this 
window, a sequence of code is executed directly from the main routine. 

2.4.1.3 Keyboard Events 

Keyboard Event are not processed in the primary processing loop. Keyboard data 
is processed through a special sequence of text editing subroutines. Once the text editing 

subroutines are called, no other program events are processed until the user has finished 
the data entry. 
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2.5 Data Structures 

The XT editor makes use of many data structures. The following subsections 
describe some of these structures. 

2.5.1 real 

typedef float real; 

The type real is used throughout the editor. It is equivalent to the standard C type 
float, a single precision floating point number. 

2.5.2 rpoint - real point 

typedef struct { real x,y; } rpoint ; 

Rpoint is a two dimensional real point. This structures is used as parts of larger 
structures such as Entity and OutlineDef to store gerber polylines. 

2.5.3 Entity - Layout Element 

typedef struct Entity { 

rpoint *pts; /* array of 2-d gerber points */ 
int npts; /* number of points */ 
int ap; /* aperture */ 
int mate; /* material */ 

int Z; /* layer of entity */ 
int type; /* type of Entity */ 
OutlineDef outline; /* outline of the Entity */ 
struct Entity *next; /* pointer to the next entity*/ 
struct Entity *last; /* pointer to the last entity*/ 

} Entity, *EntityPtr; 

Simply put, An Entity is a piece of the hybrid circuit layout. It can be a rectangular 
area, a spiral, a polyline, or a via. Entities are created by the user as he draws the layout. 

The editor stores entities in a GERBER like format. The GERBER format is a set 
of real points which form a polyline, and an aperture profile. The aperture profile is the 
shape which “sweeps out" the given polyline. The gerber format is used because 
GERBER files will be used as data file storage. (See Chapter 3) 

15



The Entity definition consists of: 

(1) a list of real points which are the GERBER line.. 
(2) an integer number of points in the GERBER line. 
(3) an integer number specifying an Aperture (See Aperture Structure). 
(4) an integer number indicating a set of material parameters (See PasteDef). 

(5) an integer number specifying on what layer the Entity is located. 
(6) an integer number specifying the type of Entity (i.e. VIA or LINE) 

(7) An outline used for displaying the entity (See OutlineDef Structure) 
(8) Two pointers used to create a bidirectional linked list!! 

The editor allocates memory for each entity as necessary. This is accomplished 
through the use of a linked list. 

The editor has one linked list of entities for each layer in the circuit. The array 
*entities| MAXLAYERS], is an array of pointers to the last added entity in each layer. 

This is done because gerber files can not store layer or material(s) information. As a result 

there is an associated gerber file for each layer and for every material on that layer. Using 
several linked lists, although confusing, makes data input/output more efficient. 

2.5.4 OutlineDef - Outline Definition 

typedef struct { /* structures used to store Entity outlines */ 

rpoint pts;[MAXOUTLINE]; /* list of real points */ 
int npts; /* number of point used */ 
int update; /* flag: recalculation of outline required */ 

} OutlineDef: 

OutlineDef is used to store a set of points whose linear piecewise connection forms 
the outline of a layout entity. (See Entity Structure). This structure is used primarily in 

the drawing subroutines. Entities are drawn by filling in the outline. If update=1, then 
DrawOutline subroutine first calculates the entities outline before displaying it. Any 
subroutines which alter the geometry should set update=1 for that entity. 

16



2.5.5 Aperture 

The aperture structure is used to store information on available gerber profiles. 
Each aperture is defined as being either circular or rectangular. The real numbers, a and b, 
are the dimensions of the aperture. If circular, a is the diameter. If rectangular, a is the 

width and b is the length. An array of available apertures, ap_ def, is globally available to 
all editing subroutines. 

typedef struct { 
int type; /* Type of Aperture */ 
real a,b; /* Aperture dimension */ 

} Aperture; 

2.5.6 Action 

typedef struct { 

int event; /* type of event */ 
Entity *entities[MAXSELECT]; /* pointer to affected Entities*/ 
int nentities; /* number of Entities affected */ 

real x,y,dx,dy; 

int Z; 

real refx,refy; /* reference point */ 
int refz; 
real angle; /* angle of rotation */ 

} Action; 

The Action structure is used to store information about the operation of editing 
functions. This information is then used to perform undo & redo functions. The editor 
uses two arrays, undolist and redolist, to store editing actions. The functions DoMove, 
DoCopy, etc. load the action arrays. 

Each action is defined by: 

(1) Type of Editing Function (also called event) 
(2) List of pointers to effect entities 

(3) | Number of entities effected 
(4) Reference (refx,refy,refz) used when editing function called. 
(5) Size and position of layout highlight {x,y,z,dx,dy} 
(6) Value of the angle of rotation. 

17



2.5.7 SubstrateDef & PasteDef 

The Substrate and Paste structures are nothing more than a real array. Each 
position in each array has a predefined meaning. For Example, the Ist parameter, 
paste[?].parm[1], is defined as thickness of the paste after firing. The data stored in the 
paste and substrate variables can be modified in the materials definition window. 

typedef struct { 

real parm[NUM_SUBSTRATE_ PARMS]; 

/* parameter Description 
1 thickness of fired layer 
2 dielectric constant 

3 ? 
4 ? 

*/ 

} SubstrateDef; 

typedef struct { 

real parm[NUM_PASTE PARMS]; 

/* parameter Description 
] thickness of fired paste 
2 dielectric constant 
3 slope formed by the edge of the paste 
4 ? 

¥/ 

} PasteDef: 

2.5.8 Button Description and Button Title Structures. 

Two structures which are very useful in window control are the_ button description 
structure and the button titles structure. Every primary window (ex. quit, rotate, etc.) has 
an array of button descriptions and button titles associated with it. These arrays are 
defined in the main program file. At compilation all data, except the window id, is loaded 
into them. 

18



The button description is used to (1) create the buttons at program initialization, 
(2) display button titles and (3) track all of the program buttons. 

typedef struct { 

char name[VALUEMAX+1]; /* Button name/displayed*/ 
int posx, posy; /* location of the button */ 
unsigned int width, height; /* height, width of the button */ 

void (*action)Q; /* function called when button is clicked */ 
Window win; /* X window address */ 

} ButtonDesc; 

Each primary window has a Create<window_name>Windows subroutine. This 
subroutine creates each button with the specified location and size. The window id is 
place in the array during initialization. 

In the primary processing loop, the button descriptions for every primary window 
are searched to match the button window Id with the effected window id. Ifa match 

occurs then the function address stored with each Button is called (if any). NOTE: 

    aia <4 : 4 

typedef struct { 

char title[_ VWALUEMAX]; /* Title to be displayed */ 

int x, y; /* position to display string */ 

} BtitleDef,; 

Both the button descriptions and button titles are also used in the DisplayWindow 
subroutines. The display routines are called during processing when an expose event is 
detected by the display controller. 
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Chapter 3 

High Level I/O 

3.1 Introduction 

This chapter describes the purpose and format of editor and mesh generator data 
files. Data files discussed are as follows: 

Editor Data Files: 

Section 3.2. Gerber Files 

Section 3.3 Aperture Files 
Section 3.4 Paste Materials Files 

Section 3.5 Substrate Materials Files 
Section 3.6 Plot Files 

Mesh Generator Data Files: 

Section 3.7 Geometry Files 
Section 3.8 | Node and Element Files 

3.2 Gerber Files 

The physical circuit layout is stored through a combination of gerber and aperture 
files. A gerber file contains a set of polylines. Paste is placed on the polyline in a 
pattern described in the aperture file. 

Perhaps the gerber file can be best understood if one thinks of a small ink jet 
hovering over the substrate. One can move the jet around, select a nozzle, and turn the 
jet on and off. The apertures are like a list of nozzles. The area sprayed by the jet is 
where paste is located. 

Gerber and aperture files were chosen because many hybrid circuit manufactures 
either use or can convert to gerber format. This includes DuPont Electronics and Ford 
Motor Cars who supported this project. 

20



Gerber Command Format 

File Name Format= <any_name>.g 

New Aperture Selection 

G54 D? 

Linear Interpolation, 1x scale 
(otherwise same as D 2) 
G1 D2 x Y 

Go to X,Y with Shutter Open 

D1 xX Y 

Go to X,Y with Shutter Closed 

D2 X Y 

Flash Exposure 

D3 

Go to X,Y 

xX Y 

End of Program 
M2 

Because gerber files can not select different pastes or specify a z coordinate, they 
can only store information about one paste on one circuit layer. So it is necessary to 
specify a gerber file for each material for every layer. For example, if the hybrid circuit 
had 5 layers with 4 different pastes on each layer, then 20 gerber files are needed to store 
the circuit. 

The editor creates a ascii file to store the names of all the gerber files associated 
with one circuit. The ascii file name format is <any_name>.ger. The editor will 
automatically assign names, but the users can alter them as they desire. 
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3.3 Aperture Files 

The physical circuit layout is stored through a combination of gerber and aperture 
files. A gerber file contains a set of polylines. Paste is placed on the polyline in a 
pattern described in the aperture file. A sample aperture file is show below: 

Sample Aperture File 

! 

! file.ap 
! Units: Mils 

Scale: 1.00 

Ap: Shape: round Width: 0.000 
Ap: Shape: round Width: 0.000 
Ap: Shape: rectangle Width: 10.000 Height: 10.000 

Shape: round Width: 0.000 
Shape: round Width: 99.000 

Shape: round Width: 50.000 
Shape: round Width: 15.000 
Shape: round Width: 0.000 
Shape: round Width: 0.000 
Shape: round Width: 205.000 

Shape: round Width: 5.000 

> co
 

S
O
M
I
N
D
K
N
A
W
N
H
O
 

Aperture File Format 

Ap: (# of aperture - used in geber file) 

Shape: (round or rectangular - pattern produced on substrate) 

Width: (diameter of circle pattern or length of a rectangle) 

Height: (height of rectangular pattern) 

A couple of notes: 

1) The editor supports circles and rectangle shapes. Any unknown shape 
is treated as a circle. 

2) Aperture file name format = <any_name>.ap 
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3.4 Paste Files 

Paste files are simple ascii files which define the materials parameters need by the 
mesh generator and fields solver in their calculations. A sample paste file is shown 
below: 

Two Sample Paste Files 

Paste Thickness (inmils) = 1.000 
Dielectric Constant = 0.000 
Resistivity (ohms/square) = 10.000 
Angle of Side Slope = 90.000 

Paste Thickness (inmils) = 0.550 
Dielectric Constant = 0.000 
Resistivity (ohms/square) = 0.020 
Angle of Side Slope = 90.000 

The editor allows up to 21 different pastes. Each paste is stored in a separate file, 
SO it easy to swap pastes around into different combinations. The editor can store a set of 
pastes files and substrate file to be used in a "Technology File". The Editor contains a 
set of such "technology" files to represent common pastes and substrate configurations. 

Technology files name format is "<any_name>.mat". 

S le Technol Fi 

M1 =  Dul910 

M 2 _ Dielectric_5704 

M3. Ag-Pd_6160 

M 4. defaultM4 
M 5 defaultM5 

M 6 defaultM6 

M 7 defaultM7 

S Thick_Film 

Technology File Format 

Material Command: 
M (Paste Number) (Name of paste file) 

Substrate Command: 

S (Name of substrate file) 
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3.5 Substrate Files 

Substrate files are similar to paste files, except that they store data for every 
substrate layer in the hybrid circuit. Figure 3-1 shows the position of each layer. Notice 
that layer 0 is not really a layer but defines free space. 

Format of Substrate File 

Specify Parameter 
Layer: (layer #) (parameter title) = (parameter value) 

Sample Substrate File for Thick Film 

Layer: 0 Layer Thickness (in mils) = 0.000 
Layer: 0 Dielectric Constant = 1.000 
Layer: 0 Parameter #3 = 0.000 

Layer: 0 Param #4 = 0.000 

Layer: 1 Layer Thickness (in mils) = 25.000 
Layer: 1 Dielectric Constant = 9.800 
Layer: 1 Parameter #3 = 0.000 
Layer: 1 Param #4 = 0,000 

Layer: 2 Layer Thickness (in mils) = 0.000 

Layer: 2 Dielectric Constant = 0.000 
Layer: 2 Parameter #3 = 0.000 

Layer: 2 Param #4 = 0.000 

A couple of notes on the substrate file: 

1) Thickness of Layer 0 has no meaning. 

2) A thickness of 0 for layers > 1 means that no such 
layer exists and there are no layers above that layer. 

3.6 Plot Files 

The plot window enables the user to create standard HPGL plot files. Note, the 

editor DOES NOT plot, it only make the plot file. The user must send this file to the 
plotter. 
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3.7 Geometry Files 

The geometry to be mesh is provided to the mesh generator through a geometry 
file. This file contains such information as the dimension of the mesh to be generated, 

size of the mesh area, and objects such as rectangles, cylinders, layers, etc. 

The Editor creates geometry files when fields analysis is selected in the function 
window. However, the mesh generator is a stand alone program. If a users wishes, she 
can construct a geometry manually. The users manual in appendix A details the 
geometry file format. 

3.8 Node & Element Files 

The mesh generators create a node and element files for the fields analyzer. The 
element file consists of the list of all triangle or tetrahedrons used is the mesh. The node 
file is the list of all nodes (triangle or tetrahedron vertexes) in the mesh. 

2D Node File Format 

File Name Format = <any_name>.n2 

Each line in the node file contains: 

(x position) (y position) (material node is inside) 

2D Element File Format 

File Name Format = <any_name>.e2 

1st Line 
(# of elements) 

Line 2 - 
(line # of node 1) (node 2) (node 3) (element is of material #) 

Each triangle is defined by three nodes. Each line in the element file gives the 
line number on which those three nodes are located. 

26



3D Node File Format 

File Name Format = <any_name>.n3 

Each line in the node file contains: 
(x position) (y position) (zposition) (material at node) 

3D Element File Format 

File Name Format = <any_name>.e3 

Ist Line 
(# of elements) 

Line 2 - 
(line # of node 1) (node 2) (node 3) (node 4) (element is of material) 

Each tetrahedron is defined by four nodes. The element file gives the line 
number on which those nodes are located. 
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Chapter 4 

Mesh Generation 

4.1 Introduction 

Automatic mesh generation in two and three dimensions is a fundamental tool for 
obtaining numerical solutions of partial differential equations. It is not particularly difficult 
to make a mesh generator for simple problems. But to make it automatic, fast and 
accurate for complex planar geometries is very difficult. 

In this chapter, two techniques quadrant/octant subdivision and delaunay 
triangulation have been combined to produce an automatic mesh generation scheme. 
Using these techniques mesh generation is completed in a four step process: 

1) Generation of a rectangular mesh using a quadrant/octant subdivision 

2) Converting the rectangular mesh to a delaunay mesh 

3) Fitting the delaunay mesh to the given geometry 

4) Smoothing interior nodes 

M.S. Shepherd and W.J. Schroeder have combined quadtree/octree subdivision 
and delaunay triangulation in their 1990 paper [2]. There technique demanded the use of a 
data tree structures and a 2:1 rule to ensure mesh compatibility. In this chapter, an 

approach is presented with does not require either of these restrictions. 
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4.2 Generation of a Rectangular Mesh using a Quadrant/Octant Subdivision 

The goal of this step is to fill the region of interest with a rectangular mesh. The 
density of this mesh should vary with the given geometry. Boundary regions should be 

heavily packed while empty regions should be lightly packed. 

4.2.1 Quadrant/Octant Subdivision 

The techniques works as follows: 

1) A given area of interest is first enclosed in a rectangle. 

2) The region is then examined for a geometric boundary. 

3) If a boundary is found and the rectangular region has not reached some 
predetermined minimum size, then subdivide the region. 

a) Divide into 4 smaller regions (called quadrants) in two dimensions. 

b) Divide into 8 smaller regions (called octants) in three dimensions. 

4) If no boundary is found or the rectangular region has reached the minimum 
size, then 

a) Add the corners of the region to a list of points which comprise the 

mesh. The list of points is called the node list. No entry in the list 
should be repeated. 

b) Add the rectangular region to a list of rectangular regions. 

5) Repeat the above step for each subdivided region, until all rectangular 
regions either contain no boundaries or have reached the minimum size. 

As one can observe from the above algorithm, this approach lends itself nicely to a 
recursive code. In fact, the program written for this project uses a set of recusive 
subroutines to perform this task. 

The rectangles are stored in a dynamic linked list. This allows for memory used to 
store these elements to be released as soon as the region has be triangulated. Further, 

these rectangular elements point to their corners in the node list so no redundant data is 
stored. 
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Some generators require a so called 2:1 rule, which means that a rectangular 
elements can be at most twice the size of any its neighbors. To enforce this rule data trees 
have been used to store the rectangular elements. Because this mesh generators does not 
require a 2:1 rule, no data tree must be used. Thus creating the rectangular mesh is faster. 

Mesh nodes are stored in a dynamic linked list. The nodes were ordered by 
greatest x, followed by greatest y, followed by greatest z coordinate. This storage format 
permits fast redundancy checking, as well as, node addition and removal. 

Example of Node Ordering 

x y Zz 

200 ) 100 
100 200 0 
100 100 200 
100 ) 200 
100 0 100 
0 400 100 
0 300 300 
0 0 300 
0 0 100 

4.2.2 Geometric information 

Information about the geometry to be mesh is passed to the mesh generator via 
geometry files. See Chapter 3 for detail about geometry file format and contents. When 
the mesh generator is invoked, a geometry files is input to create: (1) an array or mesh 
objects and (2) a scanning node list. 

The array of objects, also called bodies, is used to detect object boundaries and fit 
the mesh to the geometry. This array is used by the POINTINSIDE routine which returns 
the type of material located at some position (x,y,z). 

The minimum size of rectangular elements is also determined by the objects in the 
geometry file. The minimum size is taken as the smallest dimension of the objects to be 
meshed times a "weight". The lower the value of the weight, the greater the mesh density 

around objects. The weight has a default value of 1. The weight can be altered in the 
geometry file on an object by object basis if desired. 

In XT mesh, each body has its own minimum size, so the rectangular mesh 

desnsity is controlled from region to region. 
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The scanning node list is a list of nodes which lie on the surface of objects to be 
meshed. These nodes are created on objects in the geometry file. The scanning nodes are 
used to assist in the detect the presence of a boundary in the subdivision process. 

4.2.3. Detecting Boundaries 

The process of detecting boundaries clearly depends upon the how the information 
about the physical geometry is provided to the mesh generator. The mesh generator 
written for this project uses a combines a scanning method and a sampling method. 

In the scanning method, a list of nodes is examined to determine if any node is in 

the specified region. If a nodes is found, then the region contains a boundary. 

In the sampling method, the region is sampled (using POINTINSIDE) to 
determine if it contains two differing materials. The sampling distance depends on the 
minimum size. 

These methods are combined by scanning large regions and sampling small 
regions. The break point is determined by the largest dimension of all the bodies in the 
mesh domain. 
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4.3 Converting the Rectangular Mesh to a Delaunay Mesh 

4.3.1 Introduction 

To create a triangular mesh the following approach is taken: 

1) For each rectangular element, create some initial triangular 

mesh using all of the rectangular element's corners. 

2) Search the node list for a set of points which are 
located in OR on the rectangular element except for 
those used to create the initial mesh. 

3) Order the points to ensure mesh compatibility 

4) Use Watson's algorithm to add the above set of points to 

the triangular mesh. 

The following subsections describe the details of converting a rectangular mesh to 
a triangular mesh: 

4.3.2 first carefully defines a Delaunay mesh. 

4.3.3 present Watson's algorithm. 

4.3.4 addresses the effect of degenerate cases. 

4.3.5 modifies Watson's method to permit points on triangulation boundaries. 

4.3.6 discusses quadrant/octant mesh compatibility. 

4.3.7 discusses compensation points. 

The first step is to create an initial mesh in each rectangle. Figure 4-1 shows a 
possible initial mesh for two dimensional and three dimensions. Points added to create the 
initial triangulation (such as a center point) must be added to the node list. 
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4.3.2 Definition of a Delaunay Mesh 

A computational mesh is the triangulation of a set of points, P, and can be defined 
as follows [4]. 

Definition I, Computational Mesh 

Given a set P of M unique points in n-dimensional space, an n-dimensional 

triangulation T" is the set of N non-degenerate n-dimensional simplexes, s”, 

PP = £8", 905,00 Suh 

with the following properties: 

1. All vertices of each s", are elements of P. 

2. For i <> j, (interior of s”,) intersection (interior of s’,) = NULL 

3. The convex hull, C, of T’ is given by C = union of all s’.. 

4. The (n-1)-dimensional faces of s", are either on the boundary of 
C and used by precisely one s”, or in the interior of C and used 
by precisely two s”, 

Definition 2. Delaunay Triangulation 

If T" of a point set P is such that the bounding hypersphere defined by the 

n+I points of any s", contains no other points of P, then the triangulation is a Delaunay 
triangulation. In two dimensions, the mesh is formed by a collection of triangles, and in 
three dimensions the mesh is composed of tetrahedra. For many point sets, more than 
n+I points may lie on the same hypersphere. Such so called degenerate cases may be 
resolved by judiciously choosing a triangulation that satisfies the properties of Definition 
1. 

4.3.3 Watson's Algorithm 

One method to create a Delaunay triangulation is Watson's algorithm [3]. This 
straight forward procedure is shown in figure 4-2. Several difficulties arise in this use of 
Watson's algorithm such as trying to add points located on the boundary of the rectangular 
region or the presence of degenerate cases. Sections 4.3.4 through 4.3.7 further address 
these and other issues. 
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4.3.3.1 Locating the Center and Radius of a 2-Dimensional Hypersphere 

Step 3 in Watson's algorithm requires calculating the center and radius of a 
hypersphere for each simplex. The following subsection describes one method for these 
calculations. 

A two dimensional hypersphere is simply a circle. The center of the circle which 
circumscribes a triangle, is located at the intersection of any two perpendicular bisectors of 

the triangle. The radius can then be calculated by finding the distance from the center to 
any of the triangle's vertices. 

> , . >. 
From vector calculus, the dot product of a vector B with a unit vector a gives 

. DD. > 
the magnitude of B in direction of vector a . So, the vector: 

~ 9 
B-(Bea)a 

is the magnitude of vector in the direction perpendicular to the unit vector . 

Thus the equation of the perpendicular bisector for any line from point 1 to point 2 
of a triangle (1,2,3) is: 

—_ Oem 
P(t) = pj2+(V13 —- (V3 v12)¥12)t 

where p;2 __ is the midpoint of the line from 1 to 2. 
— 
Vi3 is the vector from point #1 to #3. 

vj2__ is the unit vector from point #1 to #2. 

t is a parametric parameter. 

The reason for using the vector from 1 to 3 is to ensure that the vector in the 
above equation has a component perpendicular the vector from 1 to 2. Otherwise, p(t) 
will be a point and not a line. Further, this method forces the bisector of line 1,2 to be in 

the plane of the triangle. Therefore the triangle can be arbitrarily oriented in three 
dimensions. 
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4.3.3.2 Locating the Center and Radius of a 3-Dimensional Hypersphere 

A three dimensional hypersphere is a sphere. The center of the sphere, which 
circumscribes a tetrahedron, is located at the intersection of two lines which are normal to 
two triangular faces of the tetrahedron and pass through the center of the circle which 
circumscribes the triangular face. The radius can then be calculated by finding the distance 
from the center to any of the tetrahedron's vertices. 

From vector calculus, one can show that the normal to the plane can be found 
from 

> name aaoo>m o> 
n=V19 

where 
° * eo 

Vip 1s the unit vector from point A to B. 

x is the cross product. 

Only the direction of the normal vector and not the magnitude will be used. As a 
result, it is not necessary to use the unit vectors. 

Using the method described in section 4.3.3.1, the center of the circumscribing 
circle for each triangular face can be located. Therefore, the intersection of the following 
two lines is the location of the center of the sphere. 

pl(t)=C,,, + n,,, t 

p2(t) = C,,, + n,,, t 

where 

C,,, is the center of circumscribed triangle x,y,z. 
n,,, is the vector normal to triangle x,y,z. 
t iS a parametric parameter. 
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4.3.3.3 Finding the Intersection of two Lines 

There are several ways to express the equation of a line. One method is to use a 
parametric expression. (Since it is easy to obtain information about our lines in 
parametric form, it makes sense to solve for the intersection in that from) 

Parametric form: 

X = Xi + at Y = Yi+bt Z=Zitct 
where 

(Xi, Yi,Zi) is a point on the line 
<a,b,c> is the direction/slope of the line 

Given two sets of parametric equations, the intersection of the two lines can be 
found. 

Equations: 

X=Xil+al*t Y=Y1+b1*t Z=Z1+cl*t 
X = X2+ a2*v Y=Y2+b2*v Z=Z2+c2*v 

The above 6 equations contain 5 unknowns (X,Y,Z,t,v). Therefore the problem is 

over constrained. 

To solve the above equations, simply use the X and Y equations for the unknowns 
X, Y, t, and v; Then check to see if the Z equations are satisfied. This is basically solving 
for the intersection of the XY projection of the line. If it is known that the lines must 
intersect, there is no need to check Z. 

Solving the equations for X and Y simultaneously for v yields: 

Vv = (al*(yl-y2) + b1*(x2-x1) ) / (al*b2 - b1*a2) 

However, because this equation is over constrained, the denominator of the above 

equation might be zero. When this occurs it implies that the one or both of the lines 
project to a point in the XY plane or are parallel. In this event one can similarly find v 
from the YZ or ZX projections. 
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4.3.4 Resolving Degenerate Cases 

In general, it is possible that more than n+1 points may lie on the bounding 
hypersphere and a degenerate case occurs. The presence of any degeneracy means that 
the Delaunay mesh is not unique. Resolving the degeneracy requires deciding if the new 
point should be called inside or outside the hypersphere. 

In two dimensions, the decision can be made arbitrarily. However, in higher 
dimension the choice must be made to satisfy the conditions of Definition 1[3]. This can 
be accomplish be always choosing nodes on the hypersphere as inside or outside. 

4.3.5 Adding Point on the Boundary 

When a larger rectangle bounds a smaller rectangle, several points on the surface 
of the larger rectangle must be included in the triangulation of the larger element. 
Watson's algorithm can be altered to include a triangle or tetrahedron validity check to 

ensure that all new elements have positive area. 

Figure 4-3a depicts a point being added on a rectangular boundary. If Watson's 
algorithm is followed, four new triangles are added including one with zero area, as shown 
in figure 4-3b. Therefore, to obtain proper mesh that meets Definition 1, the zero area 
element must be removed, figure 4-3c. 

The validity check can be performed in many ways besides actually calculating the 
area of each triangle. For example: 

1) calculating the angle between the old edge and a new edge. 
2) comparing slope of line segments AB and AC. 
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4.3.6 Quadrant/Octant compatibility 

In two dimensions, Watson's method automatically ensures that neighboring 
rectangular regions will produce compatible meshes, as seen in figure 4-4a. In three or 
higher dimensions, however, compatibility is not automatically insured. Figure 4-4b 
shows a set of non-compatible octants. 

To obtain compatibility in three dimensions, points must be added to the octant 
surfaces in a pattern. For example: 

The points on the right octant in figure 4-4b where added as follows: 

(1) corner points (part of initial mesh ) 
(2) mid points (points on cube edge half way between corners) 
(3) face point (point in the center of a cube face) 

The points on the left octant in figure 4-4b where added as follows: 

(1) corner points (part of initial mesh) 

(2) face point 

(3) mid points 

In previous works [2],[5], and [6], a 2:1 octant rule was enforced. Then using 

either of the two patterns described above or a large number of initial mesh formats will 
ensure mesh compatibility. 

However, no size rule is used, the pattern must recursive. That is, if several small 

octants bound a larger octant that the pattern on each smaller octant must be preserved on 
the larger octant. Three additional schemes have been developed to ensure three 
dimensional mesh compatibility: 

(1) Constant Octant Size 
(2) Repeating Initial Mesh 
(3) Alternating Initial Mesh 
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2.3.6.1 Constant Octant Size 

In this method, all octants are forced to be the same size. However, points that 

would have been used to construct smaller octants are still incorporated into the node list. 
This will result in a mesh with roughly the density expected if differing octant sizes were 
allowed. 

The advantage of this method is that ANY point ordering scheme will produce 
mesh compatibility. In the mesh generator written for this project, a dynamic linked list is 
used to store nodes. Nodes in the dynamic list are stored by greatest x,y,z position for 
speed of adding and searching. Thus no extra code was required.



2.3.6.2 Repeating Initial Mesh 

In this method, compatibility is maintained by: 

(1) Ensuring that every cube in the rectangular mesh has a self aligning initial 
mesh pattern. 

(2) Ordering the addition of points into the rectangle such the initial mesh pattern 
is repeated. 

This idea is best demonstrated by an example. Figure 4-5 shows a possible 
repeating initial mesh surface pattern. When two rectangles of the same side 
bound each other, the X patterns are automatically aligned. 

Recall that when a smaller rectangle, bound a larger rectangle, the nodes on the 
bounding face on the smaller rectangle are triangulated in the larger element using 
Watson's Algorithm. Therefore the nodes must be added to the triangulation of the larger 
rectangle in such a way that the X pattern is reproduced. 

For the X face pattern, it was discovered that the following ordering scheme 
reproduces the X pattern: 

(1) cube corners (part of initial mesh) 

(2) face center point of initial cube and neighboring cubes. 

(3) corner points of neighboring cubes in any order. 

This scheme is depicted in figure 4-6 for one case. The nodes marked with the 
same number can be in any order within that grouping. This ordering scheme can be 
implemented very simply. 

Notice that this routine does not have a maximum size ratio between neighboring 

cubes. This is an important feature of a point ordering scheme. If this feature is not 
maintained, then the creation of the rectangular mesh must be very carefully controlled to 

enforce the ratio limits. 

It is not always possible to find an ordering scheme to produce any pattern. For 
example, no ordering scheme could be found for the pattern in figure 4-7 - at least not one 
without a ratio limitation. Because extra nodes had to be added to the surface of the cube, 

more elements and nodes are need to create a triangular mesh. This will become clear in 
section 2.3.6.4. 
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2.3.6.3 Alternating Initial Mesh 

In this approach, the rectangular mesh is filled with differing initial mesh 
configurations. These initial mesh configuration provide a repeating pattern which can 
then be mimicked on larger cube surfaces using a point ordering scheme. 

The advantage of this method over the repeating initial mesh method is that each 
of the initial mesh configuration can contain a minimum number of nodes (only the 
corners) and elements. However, This scheme is very difficult to implement because, it 

requires using several different initial meshes, as well as, a complicated ordering scheme. 

Figure 4-8 shows one possible alternating initial mesh. This example requires 4 
differing initial mesh elements. When combined they form a "kite" like pattern on each 
face. Figures 4-9 through 4-12 show a set of minimum initial meshes that can be used to 
generate the "kite" pattern. 

The following point ordering scheme was found to reproduce the "kite" pattern: 

(1) cube corners (part of initial mesh) 

(2) corner of neighboring cube in face center (neighbor 1 division smaller) 

(3) corner of neighboring cube in center of each face quadrant (2 divisions smaller) 

(4) corner of neighboring cube in center of each face subquadrant (3 sizes smaller) 

(5) corners of neighboring cubes | division smaller not already included 
(6) corners of neighboring cubes 2 divisions smaller not already included 

(7) corners of neighboring cubes 3 divisions smaller not already included 

Figure 4-13 depicts this ordering scheme for one case. Nodes marked with the 
same number may be in any order within that group. 

When the rectangular mesh is being generated, rectangular regions are subdivided 
into 8 octants. The final octant that each element belongs to must be stored with that 

elements so that the correct initial mesh can be chosen for that cube. Figure 4-14 shows 

how a block should look before Watson's algorithm is applied if the front upper right 
corer is subdivided an extra level.
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2.3.6.4 Comparison of Mesh Compatibility Methods 

To compare the three methods, a simple geometry was chosen as a test case. Two 

criterion were used in the comparison: (1) number of nodes and element required 
(memory needed) and (2) speed of triangulation. The comparison was carried out while 
varying the minimum size of a subdivision and the standard octant size used in the 
Constant Octant Size method. 

r   
  

  Cylindrical Conductor (radius = 25) 

aria in box 200x200x200 

          

  

  

Constant xX Kite 

Case Octant Size Pattern Pattern 

#1a Elements= 24,064 89,760 24,064 

Minimum Size = 6.25 Nodes = 4,305 14,733 4,305 

Standard Size = 50.0 Time(sec)= 5,065.6 5,590.5 378.3 

#1b Elements= 25,888 

Minimum Size = 6.25 Nodes = 4,729 

Standard Size = 25.0 Time(sec)= 1,510.8 

#1c Elements= 42,304 

Minimum Size = 6.25 Nodes = 7,997 

Standard Size = 12.5 Time(sec)= 1,079.6 
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Constant X Kite 
Case Octant Size __—_—~Pattern Pattern 

#2a Elements = 6,400 23,042 6,400 

Minimum Size = 12.5 Nodes = 1,221 4,108 1,221 

Standard Size = 50.0 Time(sec)= 434.9 528.0 52.9 

#2b Elements = 8,224 

Minimum Size = 12.5 Nodes = 1,645 

Standard Size = 25.0 Time(sec)= 140.1 

#2¢ Elements = 24,576 

Minimum Size = 12.5 Nodes = 4,913 

Standard Size = 12.5 Time(sec)= 362.72 

Constant x Kite 
Case Octant Size Pattern Pattern 

#3a Elements = 1,344 4,784 1,536 

Minimum Size = 25 Nodes = 305 941 365 

Standard Size = 50.0 Time(sec)= 20.8 37.4 7.1 

#3b Elements = 3,072 

Minimum Size = 25 Nodes = 729 

Standard Size = 25 Time(sec)= 13.9 

Why does the X pattern produce many more elements and nodes than the other 
methods? 

When the X pattern is used, a node is placed at the center of each face on the cube. This 
means that for the same rectangles, the X pattern will use more nodes and consequentially 
more elements to connect the nodes. It takes 24 elements to construct a non-degenerate 

X pattern cube, while it takes only 6 elements to construct a cube in the kite pattern. So 
the X pattern will produce roughly 4 times as many elements as the kite or constant octant 
size methods. 

If the X pattern produces so many more elements, why not simply use an X pattern 
with a slightly larger minimum size to obtain the required element count? 

The minimum size is the length of the side of the smallest cube allowed in the rectangular 
mesh. However, this length is an extremely important factor in fitting the triangular mesh 
to the geometry. The smaller the minimum size the smaller the detail that can be meshed. 
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When using the constant octant size method, why does the time decrease but 

elements increase as the standard size decreases? 

Recall that although the octant size remains constants, the corners of smaller octants are 
still placed in the node list. So as the standard size increases, the number of nodes in each 
block increases. The time to complete Watson's algorithm goes up by almost the square 
of the number of nodes that must be added. So by having more octants, the time required 
to triangulate a region goes down along as the effective number of nodes in each block is 
decreasing. 

As the standard size decreases, however, it forces rectangles larger than the standard size 
to be divided. This of course means that unnecessary nodes and element are forced into 
the triangulation. In case 2c, the number of larger elements being forced to subdivided 
completely overwhelms the advantage of having fewer nodes in the remaining octants. 

Which is the best method? 

Which method is best depends on the application of the mesh generator. 

(1) For very simple geometries, the repeating initial mesh method produces a fast 
triangulation with out much programming difficult. 

(2) If time is not a major consideration of the mesh generator, the constant octant 
size method is very easy to implement. 

(3) The alternating initial mesh method is best for providing fast triangulation and 
minimum element counts for complex geometries. 
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4.3.7 Compensation Points 

Suppose that many smaller rectangles bound a larger region, As show in figure 
4-15a. This can results in a poor mesh being generated in the larger region. A potential 
approach to avoid this problem is to add additional points in the interior of the larger 
rectangular region. 

Figure 4-15b shows the triangulation of this region with no compensation points. 
Figure 4-15c shows the same region with the additional compensation points. Finally, 
figure 4-15d shows the same compensated region after the internal nodes have been 
smoothed. 

There are many possible compensation schemes. The scheme used in the above 
example has two steps. First, a compensation point is located at the average of two 
boundary nodes and the center of the region. No boundary node is used more than once. 
Second, for two compensation nodes generated in the first step another node was 
generated in the same fashion. 
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~~ Mesh Display 

  
Figure 4-15a 

Mesh Which Requires Compensation Points 
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Figure 4-15b 

Triangulation of Region without Compensation Points 
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~~ Mesh Display 

  
Figure 4-15c 

Triangulation of Region with Compensation Points 
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Mesh Display 

  
Figure 4-15d 

Smoothing of Region with Compensation Points 
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4.4 Fit the Triangular Mesh to a Given Geometry 

4.4.1 Introduction 

This section describes techniques used to "fit" the triangular mesh to the given 
geometry. To fit the geometry, elements sides must align with geometric boundaries. 
The purpose of the following subsections is to describe two techniques that can be used 
to adjust the triangular elements to the geometry: (1) the use of stitch points, and (2) 

shifting nodes to boundaries. 

Both fitting methods will be described in two dimensions, but can be extended to 
the three dimensional case. 

4.42 Stitch Points 

Stitching involves adding points to the mesh at geometric boundaries. Nodes are 
added at the point where mesh elements intersect a boundary. This idea is depicted in 

figure 4-16. Unfortunately, adding points to the mesh requires further use of Watson's 
algorithm which can be time very time consuming. 

4.4.3. Node Shift 

In node shifting, when a triangular element edge is intersected by a geometric 
boundary, the node closest to the boundary is moved/shifted to the boundary. This is 
depicted in figure 4-17. A node may be moved only once, so if the closest node can not 
be move the other node is moved. 

When the triangular element edge is intersected by two boundaries, both nodes are 
moved to a boundary. Examples of moving both nodes in shown in figure 4-18. 

An obvious limitation of this method, is its inability to handle more than two 
material boundaries per element edge. In effect, one is relying on initial rectangular mesh 
generated in step 1 to be fine enough to avoid this problem. 
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    Figure 4-17 

Node Shifting for a Single Boundary 
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(— Adjusting Mesh to Fit 
a Multiple Material Boundary 

Each element edge which intersect two 

material boundaries, has both end points 
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Or 

    

  

    Figure 4-18 

Node Shifting for Multiple Boundaries 
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4.5 Smoothing Interior Nodes 

Once the mesh has been fit to the geometry, nodes which have not been fixed to a 
boundary can be adjusted to improve mesh quality. One such procedure is called laplacian 
smoothing. Figure 4-20 shows a simple example of this techniques. 

Each interior node is moved to the averaged center of all of its neighboring nodes. 
This technique is called laplacian smoothing because the solution to Laplace's equation is a 
field which at any point is the average of all of its neighboring points. 
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Figure 4-19 
Smoothing 
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Chapter 5 

Finite Element Analysis 

5.1 Introduction 

The goal of the field solver is to calculate the capacitance and inductance between 
the circuit elements. From the equation shown below, we can find the capacitance 
between two conductors from the electric field. 

We=[fJe FE? 

_1W. 
C12 = 2 912 

  

where, 

C2 is the capacitance between two conductors. 
We _ isthe electric field energy density . 
E is the electric field. 
E is the electric permittivity. 
12 is the electric potential between the two conductors. 

Once the capacitance is known, the inductance can be approximated as shown 
below. This approximation is known as the speed of light approximation and is valid for 
low media. 

1 

cotC i, 

  L12= 

where, 

Lj2 _ is the inductance between the two conductors. 
Cio is the capacitance between two conductors in free space. 

Co is the speed of light in free space. 

Because the frequency range of interest for this project is relatively low (below 1 
GHz), the quasi-TEM solution of the electric field is used. The quasi-static solution is 
the electric field produced if the circuit contained no moving charges and can be obtained 
by solving Laplace's equation. 
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Finite element analysis is a well establish mathematical method for finding an 
approximate solution to a partial differential equation (PDE). It is not the purpose of this 
chapter to discuss the method, but rather to present details of its application. 

Finite Element Analysis is composed of the following steps: 

1) Develop a variational or so called “weak form" for the PDE. 

2) Develop equations for any essential boundary conditions. 

3) Choose an appropriate finite element space and basis functions. 

4) Solve the problem. 

XTFields is being written by J.He with some assistance with finite element 
theory and coding from me. J.He and I have been working on this project for two years. 

5.2. The Variational Form 

In three dimensions Laplace's Equation can be written as follows: 

V7o=0 

where, 

> is the electric potential. 

Multiplying both sides by some function, v, and then integrating over the domain. 
(The domain is the region of space the PDE is being solved over.) 

Jo vwV26 =0 

Now Integrating by Parts yields: 

Jo VovVv + Jan vVo =0 

Notice that the second integral is along the boundary. This integral provides for 
the boundary conditions. 

72



5.3. Boundary Conditions 

There are two boundary conditions we need to impose: 

1) dd/dn = 0 on outer boundary of domain 

2)  =<value>  onconductors 

The first boundary conditions is a non-essential boundary conditions. If we 
simply ignore the boundary integral in the variational form, this condition is automatically 
satisfied. 

The second boundary condition is also easily implemented by simply treating 
nodes on conductors as knowns in the system of equations that will be solved. 

5.4 Finite Element Space and Basis Functions 

There are many possible choices and reasons for choosing a finite element space. 

The XT field solver makes use of the simple Lagrange element of type 1. 

In 2D: 

Shape: Triangle 
Function Space: Linear polynomial, ax + by + c = 0 
Degrees of Freedom: Value of function at each corner 

In 3D: 

Shape: Tetrahedron 
Function Space: Linear polynomial, ax + by + cz+d=0 

Degrees of Freedom: Value of function at each corner 

It can be shown that a value at each corner of a triangle or tetrahedron uniquely 
defines a linear polynomial. 

The basis function for each node, as one might expect, is the linear polynomial 
which is 1 at that node and zero at the other nodes in the element. The XT field solver 

does not make use of a reference element, so a basis function is calculated for each node in 

the mesh. 
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5.5 Solving 

In the finite element method, solving a PDE is reduced to solving a linear system. 

This is accomplished by creating one equation for each degree of freedom. Each degree 
of freedom has a basis function. Using the basis function as the test function "v" in the 
weak form, an equation relating the degrees of freedom in each element can be obtain. Of 
course, this requires use of numerical integration. 

5.5.1 Sparse Matrix Solver 

The XT field solver use a sparse matrix solver. The sparse matrix solver is need to 
minimize the storage space and maximum the problem size that can be solved. With the 
sparse matrix, only non-zero elements in a matrix are stored. 

5.5.1.1 Sparse Matrix Storage Scheme 

Any element in a matrix can be located by its row entry and column entry. By 

storing row-entry and column-entry of all non-zero elements, one can access these 

elements. Figure 5-1 depicts an example of a sparse storage system. 

Three one-dimension arrays are used to store non-zero elements: 

1) IA 

Array IA is used to store the row entry. The dimension of array IA is (N+1), 

where N is the total number of rows. The first element at IA is always one and the 
numbers of non-zero elements at the i-th row is then given by IA[i+1] - IA[i]. 

2) JA 

Array JA is used to store the column entry. Each element of JA represents a 
column entry of one non-zero element. The value of JA[i] is the column entry of the i-th 
non-zero element. 

3)A 

Array A is used to store the value of the non-zero elements. (i.e. A[i] is 

the value of the i-th non-zero element.) Array A has the same dimension as JA. 
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Figure 5-1     \ Sparse Matrix Storage / 
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5.5.1.2 Locating Entries in a Sparse Matrix 

This storage system provides for a great reduction of store space in sparse 
matrices and simple location of non-zero elements. Suppose that one needs to identify a 
non-zero element M(i,j). The procedure is as follows: 

Find Value at Original Matrix, Mf[i][{j] 

1) For known row , find the count of the first non-zero value in that row. 

count = JA[i] 

2) Find number of non-zero entries in the row. 

n=IA(i+1)-IA(i) 

3) Assume that 

M{i][j] = 0 

4) For each non-zero entry check column match. Ifa match is 
found than set M[i][j] to the value in the A array. 

for k = 0 to n-1 and node match has been found 

if JA[count + k ] =] 

then M{[il[j] = A[count + k] 
endfor 

5.5.1.3 Advantages and Disadvantages of Sparse Scheme 

The advantage of this storage method include: 

1) There is no strict requirement for node numbering; 
2) Very efficient - memory saving 
3) Suitable to be combined with iterative solution methods 

The disadvantages include: 

1) Very difficult to use non interative matrix solution. 
2) Relatively low efficiency to access non-zero elements. 
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Chapter 6 

Results 

6.1 Introduction 

Three type of test are being used in verification of this tool. These test are (1) 

comparison to exactly known closed form test cases, (2) comparison of simple problems 
with commercial available solvers, and (3) comparison to measurement of a microhybrid 

circuit. 

6.2 | Comparison to Known Exact Test Cases 

The simplest case for which the exact solution of the capacitance is known 1s that 
of that of the infinite coax line and concentric spheres. Figure 6-1 shows these 
geometries. 

(1) 2D Exact Test Comparison 

Geometry: A Coaxial Line with Two Dielectric Layers 

inner conductor radius = 10 mils 

inner/outer dielectric boundary = 20 mils 

outer conductor radius = 30 mils 

inner dielectric constant =5 

outer dielectric constant =10 

Theoretical result! C=3.100x 10" F/M 

XT simulation: C =3.109 x 10° F/M (100 elements) 

Relative Error: 0.5% 
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Figure 6-1 

Exact Test Cases / 
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6.3 

(2) 3D Exact Test Comparison 

eometry: Concentric Spherical Shells 

inner shell's radius = 25 
outer shell's radius = 75 

dielectric constant = 1.0 

Theoretical result; C=4.17x 10° F 

imulation result, C=4.37x 10°F ly 721 tetr ns ! 

Relative error: 5% 

Comparison of Simple Geometries between XT and ANSOFT 

Another simple but valuable geometry is the parallel plate. Figure 6-2 depicts 
this geometry. 

In this section, the XT result will be compared with those of a commercially 
available quasi-static FEM solver called ANSOFT. The parallel plate does not have an 

exact solution but their is a approximate closed form solution for the 2D case so we know 
that the answers are "good". 

(1) 2D Test Comparison between XT and ANSOFT 

Geometry: Parallel plate capacitor 

Capacitor width = 400 mils 
Upper Dielectric Thickness = 200 mils 
Lower Dielectric Thickness = 200 mils 

Upper Dielectric Constant =5 

Lower Dielectric Constant =10 

Ansoft result: C = 1.003 x 10°° F/M (715 triangles) 

XT simulation: C= 1.024x 10° F/M (677 triangles) 

Relative difference: 2.3%. 
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Figure 6-2 

Simple Non-Exact Test Cases /   
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(2) 3D Test Comparison between XT and ANSOFT 

Geometry: Parallel plate capacitor 

Plate width = 100 mils 
Plate Length = 100 mils 

Dielectric Thickness =50 mils 
Dielectric Constant =20 

Ansoft result: C=3.76x 10°F (8150 tetrahedrons) 

XT simulation: C=3.478x 10°F (8500 tetrahedrons) 

Relative difference: 7% 

6.4 Comparison to Measurement 

To test the CAD software, a "generic" circuit with common hybrid structures has 
been fabricated and is currently undergoing measurement. The measurement apparatus is 

shown in Figure 6-3. 

In this test set up, the crosstalk between two (or more) circuit metalizations can 
be measured. A voltage waveform 1s applied to the edge of one conductor. The voltage 
can then be measured at the terminating resistors of all other conductor ends. Because 
of coupling between conductors, a voltage will appear across each resistor of near by 
conductors. 

If a sinusoidal waveform is used, the coupling at each frequency can be obtained. 
In the testing setup, the sinusoidal source voltage was provided by HP 3325A 
Synthesizer/Function Generator. The peak values of the coupled voltage at the near 
end and the far end were measured by Tektronix 7854 oscilloscope. The chip resistor for 
termination were chosen with a tight 1% tolerance. 

The transmission lines on the substrates were accessed by two coaxial probes, 

made from semi-rigid coaxial cable. The probes were carefully made and mounted on 
adjustable stations to ensure good contacts and introduce minimal effects on the 
measurement. S,, measurement of the probe showed less than .17 dB up to 200 MHz. 
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Figure 6-3 

Measurement Setup 
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For simple geometries, such as parallel mircostrips, the value of the capacitance 

and inductance from the fields solver can be used in simple lumped component models to 
simulate this coupling. Figure 6-4 show a simple transmission line model and boundary 
conditions for such a simulation. 

Figures 6-5 and 6-6 compare the measurement and simulation of the coupling 
between two 3.5 inch planar microstrip transmission lines separated by 20 mils with line 

widths of 20 mils. A Spice model containing 5 transmission line sections, like those 
shown in figure 6-4, was used for the simulation. 
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Simple Transmission Line Model 

  
Figure 6-4 

Simple Lumped Component Model 
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Chapter 7 

Conclusion 

7.1 Conclusion 

The objective of this project is to develop a user friendly CAD program to help 

analyze the effect of layout parasitics in hybrid mircroelectronic circuits. This objective 
has been meet with the development of three linked programs which calculated the 
capacitance and inductance between circuit metalizations. 

(1) XT Editor 

A user friendly hybrid circuit layout editor which enables the user to create 

circuit layouts and select portions of the circuit for parasitic computation. 

(2) XT Mesh 

A two and three dimensional fully automatic mesh generator. The mesh 
generator combines the quadrant/octant subdivision method and Watson's algorithm in a 
four step process. 

Initial triangulations are created and cell compatibility is ensured by using an 
alternating initial mesh scheme. This method produces substantial time savings by 

avoiding the use of data tree structures and stringent cell size rules. 

(3) XT Fields 

A two and three dimensional quasi-TEM solver which calculates the capacitance 
and inductance between circuit metalizations. 
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7.2 Future Directions 

Although the 1st phase of this project has been completed, there is still plenty of 
work which can be done to improve the CAD package. 

(1) SPICE modeling 

It 1s valuable to known the layout parasitics, but it is even more valuable to be 
able to include this information in SPICE modeling of circuits. The next module of this 
CAD software, XT Model, will create spice models from the parasitics matrices. As 
was shown in the results sections, decent models can be created for simple structures. 
The question to be answered is whether automatic generation of models for complex 
structures be achieved? And if so, how high can the frequency be pushed using a 

quasi-static solution? 

(2) Geometric Modeling 

The geometric models of the circuit layout produced by the editor are fairly 
simplistic. For great accuracy this modeling will have to be enhanced to even include 
such features as surface roughness. 

(3) Compensation Points 

Chapter 4 discussed the use of compensation points to improve mesh quality. 
Such a scheme has been implemented in the 2D mesh generator. The points do visually 
improve the mesh quality, but no comprehensive examination of their effect on output 
accuracy has been attempted. Once the relative accuracy of spice modeling has been 
determined, the cost in terms of speed of mesh generation verses solution accuracy can 
be examined. 

(4) Solution Speed 

Ideally the entire parasitic analysis would be complete in less than 10 minutes. 
Although it appears that 2D analysis will meet this goal, 3D analysis takes much longer. 

Even for some simple cases, computation has taken in excess of 1 hours. 

Several options may be explored to decrease computation time, such as: 

(a) Improve XT Fields solution time by matrix preconditioning. 

(b) Identify circuit elements which are "far enough" away to have no coupling. 

(c) Improve rectangular mesh generation and boundary fitting speed. 
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Appendix A 

XT User's Manual



CrossTalk 

Users Manual 

Version 1.0 

Chapter 1 
Introduction 

The CrossTalk (XT) program is a Computer Aided Design (CAD) tool for the 
design of multilayer thickfilm circuits. This version contains a layout editor, mesh 

generator, and finite element fields solver. 

XT Editor is a full featured hybrid circuit layout editor. Circuit layouts can be 

created, saved, edited, and selected for parasitic calculation. Chapter 2 explains how to 

use the XT Editor. 

The mesh generator and fields solver are used to calculate layout parasitics. XT 
Mesh creates 2 and 3 dimensional meshes for finite element analysis. XT Fields is a finite 

element program which solves for the quasi-TEM field. Chapter 3 explains how to use the 
XT Mesh and XT Field without using the editor first. NOTE: The XT Editor is linked to 
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Chapter 2 

XT Editor 

2.1 Getting Started 

To start the XT program simply type: XT (return). 

The XT Editor will be invoked. Four windows will appear on the screen: (1) a 
large black area titled "Layout Display", (2) a tall window titled "Functions", (3) a small 

window with up to 21 colored bocks titled "materials", and (4) a small window titled 
it data”. 

Listed below are the command line options for XT. Don't worry if you don't 
understand them now. The editor already has a complete set of defaults. 

XT Command Line 

usage: XT [-flag value] [-flag value] .... 

Flag Yalue 

aperture file name for default aperture file 
colorfile path and file name to custom color file 
display location of graphics display (default = root window) 
geometry start up size of the layout window (in X format) 

path path to default aperture and technology file 
technology file name for default technology file 

2.1.1 The Layout Window 

The Layout window is the largest part of the program display. This window 
displays the hybrid circuit. Section 2.2 describes how to add to the circuit layout using the 

editing modes. 

2.1.2 The Function Window 

The function window displays available program functions. To use a function, 
place the mouse cursor on top of the function name and click any mouse button. Section 
2.3 describes the editing, viewing, file, and other functions. 
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2.1.3 The Materials Window 

The materials window contains several small colored squares. Each square/color 
represent a different thick film paste. The currently chosen material has a White Border. 
To change the material, simple click on a different square. 

2.1.4 The Data Window 

The data window displays information about the layout. The position of the 
layout highlight (see section 2.2) is defined by x, y, dx, and dy. Z indicates which layer is 

the "active" layer. The figure on the following page defines these layers. The lower right 
hand corner displays whether the contents of the current layer are being displayed 

(VISIBLE) or are hidden (INVISIBLE). 
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/ Substrate Layer 3 

  

  

  

  

    
  
  

  

  Substrate Layer 2 
  
      

Substrate Layer 1 - Traditional Substrate Layer 

  

  
  

    
Substrate Layer 0 

"Free Space"       

  

Narmai Order 

Materiais 

  

Cireuh Layer G 
Malerial in reverse order 

          

  

Notice the location of the circuit layers. The materials are printed in the order 
they appear in the "materials" window. 
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2.2 Editing Modes 

The layout window contains a white object which is called the Layout Highlight. 
The layout highlight specifies where to add layout structures such as lines, vias, spirals, 
and rectangles. The type of structure depends on the current editing mode. 

There are four possible editing modes. Each mode enables the user to modify the 
circuit layout in a different manner. The current mode is always highlighted in the 

function window. To switch modes just click on the desired mode button in the function 
window. 

At start up, the editor is in RECTangle mode. 
2.2.1 RECTangular mode 

When in RECTangle mode the layout highlight appears as a white unfilled 
rectangle. To see the Layout Highlight: 

(1) Move the mouse cursor to somewhere in the layout window. 

(2) Click the left mouse button. 

(3) Now, move the mouse to somewhere else in layout window. 

(4) Click the right mouse button. 

A white box outline should appear. This is the RECT layout highlight. The 
"data" window displays the x, y position of the lower left corner of the highlight and the 
size of the highlight, dx and dy. 

The mouse operates as follows: 

LEFT BUTTON - moves the lower left corner of the highlight rectangle to 
wherever the mouse cursor was located. 

MIDDLE BUTTON - adds the rectangle to the layout. The rectangle will consist 
of the currently selected paste. To select a different paste, simply click on a different 

colored square in the "materials" window. 

RIGHT BUTTON - changes the dimension of the layout highlight. The upper 

right corner of the rectangle will change to the mouse cursor's current location. 
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2.2.2 LINE mode 

When the LINE button is clicked, a pop-up menu appears with a list of available 
apertures. The apertures serve as "line widths". To select an aperture, click on the left 

most number in any row. 

Notice that the layout highlight disappeared when the LINE mode was picked. In 
LINE mode the layout highlight will appear as the white outline of the polyline to be 
added. To see the outline: 

(1) Move the mouse to somewhere layout display. 

(2) Now, click the left mouse button. 

Notice a circular of rectangular shape appeared. That is the shape of the selected 
aperture. 

(3) Move the mouse to another point in the layout display. 

(4) Click the left button again. 

The "data" window displays the x, y position of the last point added and the 
distance to the previous point (dx and dy). 

The mouse operates as follows: 

LEFT BUTTON - adds a line segment fi from the last point specified to the « current 
mouse location. ape n “orthogonal” bu 

  

MIDDLE BUTTON - adds the specified line to circuit. 

RIGHT BUTTON - removes the last point. 
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2.2.2.1 The Aperture Menu 

The aperture menu displays a list of currently available apertures. The circuit 
layout is stored using aperture and gerber files. See section 2.3.3 for information on these 
file types. 

For each aperture there is an identification number, shape of the aperture, and up 
to two size values. Apertures can be either circles or rectangles. To toggle the aperture 

shape, click on the type. To change its size, click on the parameter you wish to alter and 
enter the new value. 

  

To select an aperture click on the identification number of the desired aperture. If 
their are more apertures than can be displayed at one time, the up/down buttons will scroll 
the list. 

In the lower left corner there is a button which specifies how lines can be added in 
the layout. This button toggles to three positions: Orthogonal On, Orthogonal 45, and 
Orthogonal OFF. When ON, lines are restricted to the horizontal and vertical. When 45, 
lines are restricted to 45 degree increments. When OFF, There is no restriction. 

2.2.3 Via 

When in VIA mode, the layout highlight also appears as the white outline of the 
selected aperture. NOTE: Vias marker must be placed on every layer of the circuit that 

the via passes through! 

The mouse functions as follows: 

LEFT BUTTON - moves the highlight to the location of the mouse cursor. 

MIDDLE BUTTON - adds a via designator to the layout. The via consists of the 

currently selected material. Only pastes, specified as VIA pastes in the gerber files 
window can be used. 

RIGHT BUTTON - nothing. 
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2.2.4 Spiral 

When the SPIRAL button is selected, a window which sets the spiral parameters 
will appear. These parameters are: 

1) Line Spacing - the space between spiral lines in mils. 

2) Number of Turns 

3) Starting Angle - considering the bottom of the screen as the x axis, 
the degrees counter clockwise to start the spiral. 

The layout highlight will appear as a white rectangle as in RECT mode. When the 
middle button is clicked, the spiral will be added inside the rectangle. 

The aperture window may also appear. The selected aperture determines the 

width of the spiral's turns. See section 2.2.2.1 for an explanation of the aperture window. 
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2.3 Editing Functions: 

The function menu contains numerous editing features. To use a feature simply 
move the mouse cursor to the desired functions name and click any mouse button. Some 
functions require that part of the circuit be selected prior. The following list describes all 
the editing, viewing, file, and other functions. 

2.3.1 Editing Functions 

SELECT 

This function selects all circuit entities touching the layout highlight in LINE or 

VIA mode. In RECTangle or SPIRAL mode, only entities inside the highlight and on the 
current layer are selected. Selected entities are affected by function such as Copy, 

Mirror, Delete etc. Once an entities is selected it will become brighter. 

To use select: 

In LINE or VIA mode: 

1) Adjust layout highlight so desired entities touch the highlight. 

2) Click on SELECT. 

In RECTangular or SPIRAL mode 

1) Adjust layout highlight so desired entities are inside the highlight 
(NOTE: entities must be on the current layer) 

2) Click on SELECT. 

COPY 

The copy function places a copy of selected entities at a new position in the layout. 

To use the copy function: 

1) Use SELECT to indicate which layout entities are to be copied. 

2) Move the layout highlight to where the entities are to be copied. 

3) Then, click on COPY. 
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DELETE 

This function deletes selected entities from the layout. 

To delete entities: 

1) Use SELECT to choose entities that will be deleted 

2) Click on DELETE. 

GRID 

To help in editing, it is possible to place a grid in the layout window. Click on 
GRID to toggle the layout grid on and off. When the grid is ON the highlight will SNAP 
to the grid points. SEE SNAP. 

MIRROR 

The Mirror function mirrors selected entities about the vertical center line of the 

layout highlight. 

To use the MIRROR function: 

1) Use SELECT to indicate what layout entities are to be mirrored. 

2) Optionally, move the layout highlight to position the center line. 
(NOTE: for most applications it will be simpler to mirror in place 
and then move the entities as required.) 

3) Then, click on MIRROR. 

MOVE 

The MOVE function moves selected entities to a new position in the layout. 

To use the MOVE: 

1) Use SELECT to choose entities to be copied. 

2) Place the layout highlight where the entities are to be moved. 

3) Then, click on MOVE. 
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ROTATE 

The rotate function moves selected entities around the center of the layout 
highlight. The angle of rotation is specified through a pop-up window. 

To use the ROTATE function: 

1) Use SELECT to decide which layout entities are to be rotated. 

2) Optionally, move the layout highlight to the desired reference position. 

3) Click on ROTATE. 

A pop-up window will appear indicating the angle of rotation. Move the mouse 
cursor to the ROTATE window. To change the angle of rotation, click on the value and 
then type in the new value. 

4) Then click on EXECUTE to rotate the selected entities. 

5) Click on STOP to close the rotate window. 

SNAP 

The SNAP function enables the user to change the grid resolution 

To change the snap: 

1) Click on SNAP. 

A pop-up window will appear displaying the current snap. 

2) Move the mouse cursor so that it is in the SNAP window. 

3) Click in the snap window. 

4) Type in the new snap. 

The grid will show the new grid resolution. 

5) To use the entered snap click on EXECUTE. 

6) To close the SNAP window and abort the snap change click on STOP. 
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UNDO 

The UNDO function removes the effect of the last changes to the layout. The 
UNDO function can be used up to 13 times (before you begin to undo the undo). 

REDO 

The REDO function reimplements changes that have been undone. The REDO 
function can be used to reinstate up to the last 13 changes. 

2.3.2 Viewing Functions 

The viewing functions control how the layout is displayed 

ALL 

The ALL function causes the entire circuit layout to be displayed. 

LAST 

When LAST is clicked, the layout area display is returned to the previous zoom. 

REDRAW 

The redraw function clears the layout window and redraws the layout. 

VISIBLE 

The VISIBLE function cause a layer of the circuit to toggle between being visible 
and invisible. (i.e. if you do not wish to see one circuit layer while working on another, 
you can remove the layer from the display.) The data window contains displays whether 
a layer is visible or invisible in the lower right hand corner. 

ZOOM IN 

When ZOOM IN is clicked, the layout will be displayed showing only the area of 
the layout inside near the layout highlight. 
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ZOOM OUT 

When ZOOM OUT is clicked, the layout area displayed is doubled in size. 

2.3.3 File Functions 

2.3.3.1 File Menu 

When FILE is clicked, the file menu will appear. The File Menu provides 
functions needed to store and recall program data on disk. The folowing information is 
displayed in the file menu. 

PATH gives the location in the computer directory system where the program will 
look for files. 

FILE is the file name used to store the list of gerber files, the technology file or 
the actual aperture file. See the explanation of file types below for more information. 

The DIRECTORY displays a list of files located at the current path. Clicking ona 

file in the directory selects that file, coping the name into the file field. The up and down 
arrows can be used to circulate through the directory. 

LOAD command retrieves stored data. The type of data loaded is determined by 
the file type. 

SAVE stores data of the selected type on the disk in the name specified by file. 

MERGE can be used to add a list of Gerber files to the current layout. Specify the 
name of the ".ger" file in the FILE field, and then click on MERGE. NOTE: only 
Gerber files can be merged. 

Program data is stored in three different types of files: (1) gerber, (2) materials, 

and (3) aperture. The current file type to be manipulated will be highlighted. To choose 

the file type, simply click on the type button. 
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(1) GERBER files 

The physical circuit layout is stored through a combination of gerber and aperture 
files. A gerber file contains a set of polylines. Paste is placed on the polyline in a 
pattern proscribed by an aperture. 

The gerber file can be best understood if one thinks of a small ink jet hovering 

over the substrate. One can move the jet around, select a nozzle, and turn the jet on and 
off. The aperture file is like a list of nozzles. The area sprayed by the jet is where paste 
is printed. 

Because gerber files can not select different pastes or specify a z coordinates, they 

can only store information about one paste on one circuit layer. So it is necessary to 
specify a gerber file for each material for every layer. For example, if the hybrid circuit 
had 5 layers with 4 different pastes on each layer, then 20 gerber files will be needed to 

Store the circuit. 

It would be annoying to have to specify 20 plus GERBER files every time one 
wanted to load or store the layout. To avoid this problem, the editor creates a ".ger" ascii 
file to store the names of all the gerber files associated with one circuit. The editor will 
automatically assign names, but the users can alter them as desired. The name of the 

circuit file is specified after the "FILE = " prompt in the file menu and must have a 
" ger" extension. 

When you click on GERBER in the file menu, the gerber files menu will appear. 
The gerber files menu displays gerber file for each the available materials on one layer. 
To change any gerber file name, simply click on the name and entery the new name. 

Noitice that each gerber name is followed by either the work LINE or VIA. 
Materials which are via pastes must be folowed by the word VIA for the editor to 
recognize that paste as a via paste. 

(2) Materials files 

Materials parameters are stored separately from the circuit layout in pastes and 
substrate data files. The editor can stores a set of pastes and a substrate files to be used 
as a "Technology File". The name of the technology file is specified after the "FILE 
=" prompt in the file menu and must end in a “.mat" extension. 

When MATERIALS is clicked in the File Menu, a window will appear displaying 
the paste and substrate file names in the technology file. The paste or substrates can be 
changed by simply clicking on the name, and typing the in new name. NOTE: this does 
not load or save the current paste setting. You must click on LOAD or SAVE to do this. 
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(3) Aperture files 

The physical circuit layout is stored through a combination of gerber and aperture 
files. A gerber file contains a set of polylines. Paste is placed on the polyline in a 

pattern described in the aperture file. 

Therefore, to completely store a circuit layout, be sure to save a copy of both 

the gerber and aperture files. Remember, if you change the aperture definitions and 
save to the default file, all users using the default file will be affected!! 

The name of the aperture files is specified after the "FILE =" prompt in the 

file menu and must end ina".ap" extension. 

2.3.3.2 Plot Menu 

When PLOT is clicked the plot menu will appear. This window displays a number 
of options which determine what part of the layout will be plotted. 

NOTE the XT program only creates the plot file. This file can be sent to the 
plotter in whatever fashion is standard for your system. The file created is displayed (and 
can be altered) in the file name file in the Plot Menu. 

At the top of the window is a set of buttons which describe what layers will be 

plotted. ALL indicates that all layers will be plotted. VISIBLE indicates that only visible 

layers will be plotted. UP/DOWN selects a single layer to be plotted. 

Different plotter use a different number of pens. This number must be specified 
when the number of layout pastes surpasses the number of pens your plotter can use. 

The scale determines how large a magnification the plot will have. A scale of 1:1 
indicates that 1000 (mils) in the editor will become 1 inch on the plotter. So a scale of 
40:1 means that 1000 (mils) will be 40 inches in the plot. 

On the Right edge of the plot window is a set of small rectangular boxes with the 
layout color and patterns. When a white box surrounds the color, then this material will 

be plotted. To toggle the while box, simple click on the color. 

Finally, only layout strucutes which can be seen in the layout window are plotting. 
So if you wish to plot the entire layout click on VIEW ALL before plotting. On the other 
hand, if you wish to plot a small section of the layout, then ZOOM IN to that portion of 
the layout before plotting. 
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2.3.3.3 Quit Menu 

When QUIT is clicked, a pop-up window will appear in the upper right hand 
corner of the layout window. This window allows the program to be exited or cleared. 
When cleared the current layout is removed BUT THE APERTURE and MATERIALS 
ARE NOT ALTERED. 

2.3.4 Other Functions 

DEFINE MATERIALS 

When DEFINE MATERIALS is clicked, a group of pop-up windows appears 
which allows the user to modify substrate and paste and substrate parameters. To alter 
these parameters, simple click on the parameter value and enter the new value. Paste can 
be selected in the "materials" window. 

The substrate parameters can be specified for all layers or on a layer by layer basis. 

These layers are the so called "substrate layer". See the figure on page 3. 

  

When FIELDS ANALYSIS is clicked a parasitic computation of layout structures 
will be initiated. 

In LINE mode, a 2D analysis is performed on structures which intersect the line. 
Only the first line segment is used. Note that the line forms a cutting plane for the 2D 
analysis. So cuts should be made as orthogonal to structures as possible. 

In RECT mode, a 3D analysis is performed on any structures which touch the 
highlight. 
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Chapter 3 

XT Mesh and XT Field 

3.1 Introduction 

XT Mesh and XT Field can be used independently of the editor as follows: 

(1) Create a geometry file for the mesh generator 

Section 3.2 describes the geometry file 

(2) Use XT Mesh to create node and element file 

To use XT Mesh, simply type the following command. 

mesh <filename> 

where file name is the geometry file_without the .geo extension, 

XT Mesh will then create a node and element file 

filename.n? 

filename.e? 

where ? is 2 or 3 depending on the dimension 

(3) Create a permittivity file for the fields analyzer 

Section 3.3 describes the permittivity file. 

(4) Use XT Field to obtain parasitics and field distribution. 

To invoke XT Field, simply type 

XTField <nodefile.n?> <elementfile.e?> <permativity_file> 
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3.2 Creating a geometry file 

The geometry file is an ascii file which defines the type of mesh to be generated, 
the domain, and objects in the mesh. Geometry files must end with the extension .geo. 

3.2.1 

Section 3.2.1 describes all of the geometry file commands. 

Section 3.2.2 describes how these commands should be combined. 

Geometry File Shapes & Commands 

2D Shapes 
2D [x] [y] [size] 

Notes: 

1) This command must be the first command in the file 

2) (x, y ) is the lower left corner of the mesh domain 

3) Size is the length of the side of the square domain 

circle [material] [x] [y] [radius] 

Notes: 

1) (x, y ) is the center of the circle 

quad [material] — [x] [y] [lower width ] [dx] [dy] [upper width] 

or 

quadrangle 

Notes: 

1) a quadrangle is an four sided polygon 
2) (x, y ) is the location of the lower left corner 

3) width is the length of either the bottom of top of the polygon 

4) ( dx, dy) is the distance to the upper left corner 

rect [material] [x] [y] [width] [height] 

or 

rectangle 

trap [material] — [x] [y] [base] [top ] [height] 

or 
trapezoid 
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3D Shapes 
3D —si[x)~=s[y]~=—s [z]_—Ssi[ize] 

Notes: 

1) This command must be the first command in the file 

2) (x, y, z ) is the lower left corner of the mesh domain 
3) Size is the length of the side of the square domain 

cone [material] [x] [y] [z] [bottom radius] [dx] [dy] [dz] [top radius] 

Notes: 

1) (x, y, z ) is the center of the base of the cone 

2) (dx, dy, dz ) is the distance to the top of the conic section 

cube [material] [x] Ly] [z] [dx] [dy] [dz] 

Notes: 

1) (x, y, z ) is the lower left front corner of the cube 
2) (dx, dy, dz ) is the distance to the upper right reach corner 

cyl [material] [x] Ly] [z] [dx] [dy] [dz] [radius] 

or 

cylinder 

Notes: 

1) (x, y, z ) is the center of one end of the cylinder 

2) ( dx, dy, dz ) is the distance to the center of the other end 

Octrangle [mate] [x] [Ly] [z] [bottom length] [bottom width] 

[dx] [dy] [dz] [top length ][topwidth |] 
[angle of rotation] 

Notes: 
1) An octrangle is composed of two connected plates in the xz plane 

separated by a distance in the y direction. 

2) (x, y, z ) is the lower left front comer of the bottom plane 

3) length and width are the size of the plates in the xz plane 

4) (dx, dy, dz ) is the upper left corner of the upper quadrangle plane 

5) angle of rotation is in radians wrt the x axis 

Sphere [material] [x] [y] [z] [radius] 

Notes: 

1) (x, y, z) is the center of the sphere 
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3.2.2 

Other Shapes/Commands 

all [material] 

Notes: 

1) Any area not already in a shape is consider to be in this material 

layer [material] Ly] [dy] 

[* . ¥/ 

Notes: 

1) any remark between these shapes is treated as a comment. 

Constructing a Geometry File 

The rules for constructing the geometry file are listed below: 

1) The first non-comment must be either a 2D or 3D command 

2) A list of 2D or 3D shapes should follow the 2D or 3D command. 

Shapes are precessed in the order that they appear, so overlapping 

shapes of different materials take on the properties of the first shape. 

3) The "layer" shape should be beneath all commands except the "all" command. 

4) The "all" command must be the last command in the file if it is used!! 

5) Material numbers greater than 100 are consider highly conducting materials. 

For Example, 

/* This is my 2D sample geometry file */ 

2 0.0 O00 800.0 

/* conducting object */ 
rect 109 250 250 S50 50 

/* layer #1 - note this in material #7 */ 
layer 7 200 50 
/* The all command must be at the end of the file */ 

all 88 
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3.3 Permittivity File 

The field solver needs to know the dielectric constant for non-condting materials 

in the mesh. The mesh generator allows for up to 99 dielectric materials. 

The permittivity file is a simple ascii file as follows: 

1 2.5 

2 20.1 

9 10.4 

where 

1) The first column in the material number in the geometry file. 

2) The second column is the dielectric constant. 

If any material is left out of the file, that material will be assigned a dielectric 

constant of 1. 
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Appendix B 

List of Available Colors 
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List of Known Colors 

aquamarine 
medium aquamarine 

black 

blue 
cadet blue 

cornflower blue 

dark slate blue 
light blue 

light steel blue 

medium blue 

medium slate blue 
midnight blue 
navy blue 
navy 

sky blue 

slate blue 

steel blue 

coral 

cyan 

firebrick 
brown 

gold 

goldenrod 

medium goldenrod 

green 

dark green 

dark olive green 
forest green 

line green 

medium forest green 
medium sea green 

pale green 

sea green 

spring green 

yellow green 
dark slate gray 

dim grey 
dim gray 
light grey 
light gray 

gray 

grey 
khaki 

magenta 
maroon 

orange 

orchid 
dark orchid 
medium orchid 

pink 
plum 

red 

indian red 

medium violet red 

orange red 

violet ret 
salmon 

sienna 

tan 

thistle 
turquoise 
dark turquoise 

medium turquoise 

violet 

blue violet 

wheat 

white 

yellow 

green yellow
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