DOIG, R.C. 1980. Computer aids to the design of thin film circuits. Robert Gordon's Institute of Technology, PhD
thesis. Hosted on OpenAIR [online]. Available from: https://doi.org/10.48526/rgu-wt-1993242

Computer aids to the design of thin film circuits.

DOIG, R.C.

1980

The author of this thesis retains the right to be identified as such on any occasion in which content from this
thesis is referenced or re-used. The licence under which this thesis is distributed applies to the text and any
original images only — re-use of any third-party content must still be cleared with the original copyright holder.

mAl R This document was downloaded from @ @
https://openair.rgu.ac.uk

@RGU



https://doi.org/10.48526/rgu-wt-1993242

o

Comnuter Aids To The Desien OFf

Thin Film Circuits

Robert C, Doig

This thesis is submitted to the CNAA in
partial fulfillment of the degree of PhD.

Robert Gordon'!s Institute Of Technology

Deceiaber 1980



CONTENT S

PREFACE

SUMMARY

CHAPTER 1 AN INTRODUCTION TO THIN FILM CIRCUITS 1
1.3 Introduction 1
1.2 Composition And Fabrication 2

CHAPTER 2 METHODS OF COMPUTER AIDED DESIGN 10
2.1 Introduction 10
2.2 Equipment 10
2+2.1 Mainframe Computer 10
2242 Peripherals 1C
2 Resistor Design 12
2.4 Planarity 13
265 Automatic Layout 14
2.5;1 Force Placement 15
20502 Sequential Placement 17
2e5+3 Choice Of Placement Algoritim 18
2.6 Automatic Routing Of Interconnections 18
2.6.1 Wavefront Routing Algorithas 18
2.6.2 Ray-optic Routing Algorithas 10
2:6.3 Choice Of Routing Algorithm 20
27 Computer Aided Photolithogranhy 20

CHAPTER 3 AUTOMATIC DESIGN COF HEANDERING THIN 22

FILM RESISTORS

3.1 Introduction 22
3.2 Minimum Area Resistors 22
3251 Geometric Considerations 22
34242 Simple Resistor Geometry 29
Re2e 3 Decreasing Resistance By Meander Shrinkage 33
3.2.4 Increasing Resistance By Adding rleanders 37
e 0 (O | Case (a) - Extra Whole Meander 37
i P I Case (b) - Extra Partial Meander 40

3.2.4.3 Case (c) - Straight Extension 41



CHAPTER

CHAPTER

CHAPTER

02,5
.0
6

(V8]

ro

.1

«w L

. 2.
3.2.6,2
3.2.6,2: 1
3:26:2:2
3.2.6.2.3
3.2.7
2:2.8
3.2.9

3¢ 3

o O |
Wy

bt Ui Ui Ul UL L L U
L) L] o e L] L] L]
NN U B 0o

6

6.1
62
6.3

6.4

Simple Design Of Miniaum Area Resistors
Laser Triamning

Resistance Of Untrimmed Block
Resistance Of Trimaed Block

Resistance RA

Resistance RB

Resistance K

Choosing The Number Of Trim Blocks
Effective Area Of The Resistor

Minimun Area Resistor Design Program - DESRES
Definred Area Meandering Resistors
Introduction

Simple Design Of Defined Area Resistors
Laser Trimming

Bounded Area Resistor Design Program - DEBOR

DESCRIBING AND REPRESENTING A CIRCUIT
Introduction

Master Component Libraries

Preparation Of The Circuit Topology
Representing A Two-Pad Coaponent In The
Data Structure

Multi-Pad Components In The Data sStructure
Conductor Paths

Representing Planarity In The Data Structure

THE PLANARITY ALGORITHM

Introduction

Tree Search Procedure

Formatiocn Of Regions

Non-Planar GCraphs

Conversion Of Non-Planar To Planar Grapis
Choice Of Planar Graph

Planarity Prograa - PLANAR

THE START OF A LAYOUT -~ PROGRAM "FLACE"
Geometry Of Crossover Sites

Board Dimensions

Edge Pad Positions

Initial Placement

101
101
104
104

104



CHAPTER

CHAPTER

Bedel
Bedla2
6.4.3
6.5

8.1
8.2
8.3
8.4
Bedel
8.4.2
8.4.3
8.4.4
Sedes
8+3
8.6
3.7
8.8
8.9
8.10
811

Component Orientaticn
Componsnt Rotation
Removing Components To Unper Levels

Program "PLACE"

THE PLACEMENT ALGORITHN
Introduction

Choosing The Next Region
Forming The "Slot Boundary"
Placement Tecimigques
Filling The Slots
Filling The Slots/iounds
Component Rotation

X Boundary Expansion
Component Removal

Rough Placement

Using The Placement Algorithm

THE ROUTING ALGORITHM
Definitions

Basic Algoritha
Approach Distances
Initial Shunting
Introduction

Single Shunt

Double Shunts

Shunt Selection

Shunt Distances

Final Shunting
Under-Run

Over-Run
Extrapolation
Intermediate Shunting
Following The Slot Boundary

Using The Algorithu

104
109

115
117



CHAPTER 9 TNTERACTIVE DESIGN PROGRArM "LAYOUT™ 159

9.1 Introduction 156
9.2 Command Modes 159
9.2.1 tienu Mode 1359
9.2.2 Cursor Mode 161
G.3 Facilities 164
9.3.1 "AUTOMATIC" Connection 164
9.3.2 "BOARD" - Increase Board Area 167
9.3.3 "CONNECT" Up Components 167
9.3.4 WEND" Progran 173
9.2:5 YEXPAND" Layout 173
9.3.6 "HARD COPY" Generation 175
9.3.7 WHELPY" List 176
0,38 UWIDENTIFY" Component 17¢
9.3.9 "MANUAL® Connection 180
9.3.10 "MASK™ Selection 183
G.3.11 "MOVE" Component 186
9.3.12 "NEXT" Components 186
9,3.13 "NO CONNECTIONSH 189
9.3.14 "NO NAMEST 189
9.3.15 "NO NODES™ 189
0.3.16 "PLACE" Component 160
9.3.17 MQUERY" A Component's Connections 190
9.3.18 TREDRAW" Layout 1G0
9.3.19 MREMOVE® Component/Connection 161
G.3.20 "RESTART" Program 191
9.3.21 "ROTATE"™ Component 1G1
9% 3:.22 WSHORTEN" A Connection 1G4
9.3.23 "SHRINK" Board Area 156
9.3.24 USLOTS® - Display Slot Boundary 106
9.3.25 WSPRINGS" On Cowponents 196
9.3.26 NYINDOW" Layout 197
9.3.27 WZOOM™ In Or Out 197
CHAPTER 10 PRODUCING PHOTOLITHOGRAPHIC MASKS USING A 201
TAPE-CONTROLLED PHOTOPLOTTER
10.1 Introduction 201
10.2 Co-ordinate Representation 203

10,3 Plotter Driving Codes 203



CHAPTER

RN
o O
o .

Gy

-t
®
(&N

—t
o o O O

(070 I N |

11

11.1
11.1.1
11.1.2
11.2
11.2.1
1162, 2
11.3
11.3.1
11.3.2
11.3.2.1
11..3.2.2
11.3.2, 3
11.3.2.4

11.4.2
11.4.2.1
11:4.2.2
11.4.2, 3
11.5
11.5.1

Plotter Code Producing Prograum - "PHOTO"
Straight Line Polygons On The Photovnlotter
Rectangle Forming Algorithm

Straight-Line Polygon Splitter - "CUTTERM
The Use Of Different Averture Shapes
Filling In Rectangles

Method (a) - Using Circular Track Only
bethod (b) - Using Track And Square Apertures
Method (c) - Using Slit Shaped Apertures
Filling In Triengles

Filling In Trapeziums

Conductor Track Filling

Mask Production Prograas

Evaluation Of Various Slit Ranges And

Filling Techniques

CONCLUSIONS AND POSSIBLE IMPROVEMENTS
Component Design

Conclusions

Possible Laprovements

Describing And Storing The Circuit
Conclusions

Possible Improvements

Planarity

Conclusions

Possible Improvements

Node Splitting

Re-Sequencing The Edge Pad List
Component Pad Swopping

Routing Outside The Edge Pads
rultiple Crossover Juaps

Routing Underneath Attached Components
The Placement Algorithms
Conclusions

Possible Improvements

X Boundary Expansion Limits

Edge Pad Placement

Choice Of Placement Technique

The Routing Algorithm

Conclusions

N N NN
Gy G Co G DN
O W O O W

b
(98]
O

)
I~

N
R
on W)



11.5.2
11.6
11,7

APPENDIX 1

APPENDIX 2

REFERENCES

EI BLIOGRAPHY

Possible Iaprovement
Photoplotting

Final Conclusions

EXAMPLE OF LAYOUT DESIGN USING A SINFPLE
TEST CIRCUIT

RESULTS OBTAINED FROM PRACTICAL CIRCUITS

270
273
273

307

310



PREFACE

This dissertation presents vwork carried out by the author in the
department of Electrical and Electronic Engineering at Robert

Gordon's Institute of Technology from September 1976 to December 1979.

I would like to thank my supervisor, Dr. J.D. Bades, for his valuable
help and encouragement throughout. - I would also like to express ay
appreciation to Mr., B. Davidson for his assistance in the preparaticn
of all the illustrations, my fellow post-graduate students for their
constructive criticism, Margaret Reynolds for typing the text, and the

department staff in general.

No part of the vork described in this dissertation has been submitted
at any other university, and, except vwhere othervise stated, the work

is original.



The work described in this thesis is concerned vith the ways in vhich

a digital computer can assist in the design of thin fila circuits.

One of the main advantages of thin filia technology is that very accurate
resistors can be fabricated on the slice. A set of programs have been
developed such that the resistor geometries can be synthesised entirely
automatically. The results are difficult to match by a conventional
manual aporoach because of the iterative nature of the problem - manual

oM. This

fae)

techniques tend to make over-simplifications in the desi
increases the amount of adjustment required to each resistor after

manufacture.

The user can merge resistor geometric information with additional
topological circuit data to drive the main interactive graphics programs.
These combine automatic placement and routing algorithms with general
purpose manipulative facilities, to provide a substitute for the traditional

pencil and paper.

The automatic placement facility incorporates the concept of "planarity!,
vhich attempts to minimise the number of conductor crossovers required by
the automatic routing algorithin, This is ilaportant since each crossover
has to be added by hand after fabrication. Initially developed for the
design of single-sided printed circuit boards, the planarity ccncept is
equally applicable to thin film circuits, vhich are made tith a single

layer of interconnections.

The user has complete control over the design process at each step - the
prograas allow him to adjust th> layout interactively after each placement
or routing phase, This ensures that any inadequacy in the automatic

routines is corrected before it can be compounded in further processing.

When the layout has been finalised, it is possible to fabricate a set of
photolithographic masters directly from the data structure. The programs
vhich have been written for this purpose, produce naper tapes to drive a

flat bed plotter fitted with a lizht attachment. The mask-shapes are



systematically exposed to light on photograpinic filia using a variety
of different aperture shapes.,

i 5 5 . . _ . ] o« 5 1
he design suite is completely modular in structure and may casily be
extended. Future improvements should serve to reduce the aaount of

manual interaction required at each stage.



An Introduction To Thin Film Circuits

1.1 Introduction

More and more electronic circuits are now available in aminiature
form. While printed circuit boards (P.C.B.'s) are preferred when
limited numbers are required, it is economically better to use integrated
circuits (I.C.'s) for mass production. The cost of producing photo-
lithographic masks to fabricate an I.C. is very high both in man-hours and
capital, but the cost of making the circuits thereafter is very low. It
very large quantities are required, then, the cost per circuit can be wmuch
less than in the printed circuit board case. There is also the advautage
of compactness and reliability associated with the I.C. and it is clear

that wmuch more complex circuits can be achieved.

The time taken to amake each I.C. is relatively small compared to the
P.C.B. equivalent, This is due to the fact that there is little manual A
interference other than in connecting the circuit to its package terminals. ’
In the P.C.B. case, the components must be individually attached to the
board and soldered into the circuit. While P.C.B.'s are generally
fabricated individually, I.C.'s are made in batches of several hundred or

more at once.

Thin film circuits may be regarded as a half-way house between these
two techniques. Like the P.C.B., the initial cost of producing the
circuit is much lover than the I.C. but the cost per unit is still reasonably
low given sufficient quantities, They can be described as true aicro-
circuits since their dimensions are measured in fractions of an incnh. L.C. ¥s,

of course, are generally more compact and complex.

Like the P.C.B., one can attach discrete coamponents to the substrate
and connect them into the circuit with metal bonding wires., It is also
possible, however, to fabricate devices in the film itself. By far the
most common of these is the resistor and extremely high tolerances can be
achieved. Most applications are in those areas which require very accurate
resistors, An example of this is in the fabrication of communications

anplifier circuits, where the gain is defined by resistor values and an



accurate gain is essential,

1.2 Composition And Fabrication

Figure 1,1 illustrates a simple thin filam circuit of the type which
will be considered. The circuit starts out as a small ceramic substrate
an inch or so across. The material chosen for this base layer amust be
able to vithstand high temperatures without cracking, and should take no
part in chemical reactions with other substances placed in contact vith it.
Its co—-efficient of expansion should also closely match these substances

to prevent fractures.

Several other materials are often used as an alternative to ceramic.

Anong the most common of these are glass, oxidised silicon and sapphire.

The substrate is usually glazed or polished to give a smooth surface

before deposition begins,

A resistive film is grown onto the surface of the substrate. The
actual composition of this film varies from manufacturer to manufacturer,

but Nichrome metal and Tantalum Oxide are commonly used.

A close check is kept upon the film resistivity throughout the
deposition to achieve a very accurate value. This is important since the

resictors mentioned in the previous section are made from this layer.

Gold, or a similar low resistance metal is then spread over the
resistive coating. This is used to create a set. of conductor tracks

linking the components to fora the desired circuit.

The patterns used for a thin film circuit determine both the locaticns
and the actual values of the in-slice components. They also define the
necessary interconnection tracks. There are two common methods of creating
these patterns on the substrate - the first is "Rejection Masking"™ and the
second is MSelective Remowval¥, In the former case, a positive of the
desired shapes is cut into an inert substance (usually metal, glass or
graphite) to produce a MHechanical Mask™. Both the resistive and metallic
layers are then deposited on the substrate through the mask shapes. This
method is commonly used for "“thick film® circuits but seldom for thin film

or integrated circuits.



metal \ayer
resistive layer

[<____ substrate
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Figure1-1 Thin film composition and fabrication
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"Selective Removal%, or "Photolithography™ as it is often called,
achieves the highest pattern complexity with the finest lines and the
highest accuracy. The technique is widely used in the electronic
industry for both solid state and thin film circuits, The surface to
be chemically treated is covered with a polymer etching solution called
"Photo~Resist!, These solutions can be obtained to fona either positive
or negative patterns when exposed to light through a photographic mask
and heat treated. Excess Resist is washed away using a solvent to
leave a hard protective coating in the shape of the mask elements, The

use of a suitable acid or reagent removes the untreated areas of the circuit,

In the definition given in Figure 1.1, t.o Metches" are needed to
fabricate the circuit. The first removes everything but the circuit
patterns - right down to the substrate - and the second exposes resistive

patches to form the necessary in-slice resistors.

It is also possible to fabricate capacitors and inductors on the
substrate but only small values can be obtained and extra deposition stages
ilay be required in fabrication. Small solid state devices can be attached
to the circuit, however, using an epoxy resin or similar compound and the
devices connected in using a wire bonding technique. In addition to
capacitors, transistors, diodes and inductors, very high or very low valued
solid state resistors may be used to save board size (or to prevent over-
heating effects). Since the design of in-slice non-linear components is
rather inaccurate and varies from manufacturer to manufacturer, only
resistors vill be considered in the suite cf programs to be described.

The user will, however, have the option of designing his own devices
manually then defining the shapes inside a bounding rectangle. The programs

+111l treat them as normal components until the mask generation stages.

Figure 1.2 gives an example of an industrial thin fila circuit.
This particular layocut was manually designed using the GAELIC suite of

programs (Ref. 6).

The circuit is connected to the outside world via a set of connector
pins protruding from the package - not unlike an Integrated Circuit,
Wires are bonded between these pins and a set of conductor "Edge Pads" on
the board itself, The vires are attached at the same time as the links

between components and tracks.
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The layout task is greatly eased if some of the components are
left outside the board perimeter as shouwn in the diagran. This does

not cause any extra problems since they have to be »ired up in any case.

Figure 1.3 is a further example - in this case a -ideband amplifier
(Ref. 23). This is a much simpler circuit than before but it demonstrates
that external components can actually be positioned on top of conductor
tracks. Another vay of describing this is that the connections can be
routed underneath the components in the same manner as P.C. boards. The
technique can be employed to minimise the nuamber of crossover jump vires
that are needed, A serious problem with this is that some components
will cause an unacceptable amount of interference - esnecially at high
frequencies., This facility will be neglected for the time being but is

discussed in Chapter 11 as a possible future addition to the program suite.

It is the design of the photolithographic masks that is the important
step from the computer-aided design point of view, since the geometry of
the system completely determines the nature of the electronic circuit.,
The most common method of mask production is to make a large scale draving
- usually about twenty times final size - and then to reduce it photo-
graphically., There are several G‘ays of doing this but the most common
is to use "Cut And Peel® material as shown in Figure 1.4. This consists
of an opaque material with a translucent backing. The shapes are out-
lined wvith a knife and the opaque material is peeled off leaving the desired
pattern of translucent areas. The cutting can be carried out by hand
but is more usually performed using a tape-controlled co-ordinatograph
vith a knife attachmnent. It is time-consuming to peel off all the un-
desired strips of material by hand and very often the smaller strips cause
problems due to human in-accuracy. A more direct approach is to use a
"Photoplotter®, This method uses a modified co-ordinatograph to expose
areas on a photographic film +ith a light beam and is discussed in detail
in Chapter 10. The resulting transparency need only be photographically

reduced to obtain the mask.

The most common component to be fabricated in the thin film is the

resistor, Unlike the Integrated Circuit resistor, it can be produced to
a finc tolerance, Whereas I.C. resistors can be fabricated to +/- 10%,
figures of +/- 0.1% are not uncommon in the thin film field. The reason

for this difference in accuracy is the fact that thin film resistors can be
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trimaed after they have been fabricated. There are several possible
trimming methods but the system adcpted in this case is to use a laser

bean to burn away resistive inaterial until the desired value is reached.

The uses of thin film resistors are idespread, but one particular
example is in the construction of resistor ladder networks for Analogue
to Digital Convertors vhere sets of resistors are required to be in exact
proportion to cach other, There are two main types of resistor, the
BStraight Line™ and "Meandering! cases. The first is simply an isolated
rectangle of resistive film ith metal connecting pads at each end.
Figure 1.5 shows how such a resistor can be trimmed to an exact value using
a laser beaam. The "Meandering" resistor configuration is used for higher
values of resistance to fit a long section of track onto the substrate -
Figure 1.6 shows a typical pattern. The geometric design of such a

resistor is quite complex and is explained in Chapter 3.



Lhapter 2
Methods Of Computer Aided Design

2.1 Introduction

This chapter describes ways in uwhich the numerical processiag
ability of a large mainframe coamputer can be used to assist in the design

of thin film circuits.

Very little material has been published specifically on this subject,
but there has been a lot of interest in computer aided production of
Integrated and Printed Circuits. A large proportion of this work is
directly relevant to the thin film problem and is discussed vhere

appropriate in the following sections.
2.2 Equipment
2.2.,1 Mainframe Computer

The research was initially carried out using the DEC 10 computer
at the computing centre in Edinburgh University. A G.P.0. telephone
modem was employed to link the computer with a graphics terminal in

Aberdeen.

The situation changed in 1977 when a DEC 20 computer became available
in Aberdeen itself. The machine, owned by Robert Gordon's Institute

of Technology, was used for the remaining period of research.
2.2.2 Peripherals

Figure 2.1 shows the Tektronix 4014 storage visual display terminal
used throughout. Once a shape has been drawn on the screen, it remains
visible until the whole drawing area is cleared. This makes it impossible
to selectively erase a portiocn of the screen, but a high resolution can be

obtained and the drawings need not be stored in computer memory.
The terminal is simply used as a graphical display device in ths

case of the meandering resistor design programs described in Chapter 3.

It can also be employed as a substitute for a penplotter/photoplotter to

-10-



=Ll =

Figure 2.1

The

spndbpnadbois

3 POLYQOQ $P

Tektronix

4014

Visual

Display

_e Y OXis

—_
Pty cursor
=~ control

e ———-oXAXIS
cursor
confrol

Terminal




show the output from the mask production programs developed in Chapter 10.

The user can indicate a point on the screen using a set of two
thumbwheel controls which move horizontal and vertical cursor lines,
This facility enables him to define and move shapes interactively.
WLAYOUT", the combined placement and interconnection program, uses this
technique such that the user can apply his own skill and spatial awareness

throughout the design (refer to Chapter 9).

A Calcomp pen plotter and a Ferranti flat bed photoplotter were
available to generate experimental photclithographic mask patterns. The
former was located in Aberdeen and operated directly from the DEC 20 machine,
The latter belonged to Ferranti Ltd at Crewe Toll in Edinburgh. It was,
driven using paper tapes generated by the artwork programs described in

Chapter 10.

An alternative type of permanent graphical record could be cbtained

using a Tektronix hard copy unit situated near the visual display unit.
2.3 Resistor Design

The design of straight-line thin film resistors is quite a simple
task. Meandering resistors are very much more complex, however, since
the effect of right angled bends in the track depends upon the geometry of
the resistor near the corner. This was approximated by Radley (Ref 18)
in his program to design resistors within a straight sided polygon. The
user supplies "correction factors™ in an attempt to allow for the

inaccuracies involved.

A fixed value for each corner was assumed by CRUM (Ref 4). Her
program, called "GADOR", designs resistors to fit a rectangular area
defined by the user. A figure of 0.5 was assumed for each track bend.
Research by Bell Telephone Laboratories (Ref 2) has shown that this value
can vary from 0.469 to 0.559 depending on the length of track at cither
side of the corner. This can introduce inaccuracies of up to 6% and 3%
on the higher and lower sides of the design value. In practice the
overall effect of the corners is much less than these maximum figures would

imply, but there is clearly room for improvement.,

—12=



A program was written (Chapter 3.3) using the GADOR resistor
definition but with formulae to calculate the individumal cornmer allowances.
The program, called WDEBOR", also incorporates special laser trimming
blocks into the resistor geometry. These are used to finely adjust
the resistor value after manufacture and there is no equivalent facility
in GADOR. Since the major advantage of the thin film circuit is that
highly accurate resistance values can be obtained, GADOR resistors are
usually graphically altered to include trim blocks. This is a manual
task carried out using the GAELIC suite (Ref 6) entirely at the estimation
of the engineer, DEBOR makes such an arbitrary decision un-necessary
as it automatically calculates the number required and edits the resistor

before it is displayed for verificationm.

A further refinement was to include the facility of auto-expansicn
in one or both bounding rectangle dimensions. The user can fit resistors
into narrow horizontal or vertical channels by allowing cne dimension to

be increased until a solution is achieved.

IEBOR can also be used in a completely automatic design suite by
setting a standard rectangle size and forcing a two-dimensional expansion.
This proved to be a relatively slow process, so a program was written to
design resistors with automatic placement and interconnmection in mind.

The program is named "DESRES" (Chapter 3.2) and assumes a standard resistor
shape such that physical size becomes unimportant provided that its geometry
is scaled in strict proportiocn, Trim blocks are automatically included

as before and the program chooses a resistor size such that overheating

effects are unlikely to affect its performance.

Both DESRES and DEBOR include a number of iterative loops to achieve
a solution, These would be very tedious to reproduce by hand using the
same formulae, so a manual approach would involve a number of approximatioms.
This would lead to a less accurate resistor and an increase in the trimming
required. From the manufacturing point of view alone, then, an

automatic solution is both faster and more economical.
2+l Planarity

Thin film circuits are constructed with a single layer of connections.

This makes it impossible to cross two conductor tracks without the use of



a jumping wire, Since this is added by hand, it is important to restrict

the number of crossovers to a minimum.

A similar problem was encountered by Rose (Ref 19) in his programs
to design single-sided printed circuit boards. He developed a
"Planarity" algorithm to find a solution vith the minimum of crossover
sites. This was also used by "Fletcher® (Ref 10) to design Integrated

Circuits,

A version of Rose'!s algorithm has been implemented and is described
in Chapter 5. The algorithm was extended such that crossovers were

automatically included vhere necessary.

It is very difficult to guess the number of crossovers required
simply by looking at a circuit diagram, since there are any number of ways
in wvhich it can be drawn. Indeed, this fact was demonstrated quite
well while testing the automatic crossover insertion routines. A simple
circuit with one crossover was formulated and tested. Results showed
that the circuit was completely planar - the circuit had simply been drawn
such that a crossover seemed necessary. The automatic planarity checking,

then, is an important part of the design process.

25 Automatic Layout

Many algorithms have been developed in the last two decades concerned
with component placement. The earliest work in this area was devoted to
improving existing layouts rather than generating layouts from scratch.

The most successful techniques worked on the principle of "Pair Swopping®.
Random pairs of components are interchanged to investigate the effect on
the layout. If an improvement is detected with regard to connectivity
or total conductor length, the transposition is made permanent and the

process continues with another pair.

An early algorithm of this type was written by Steinberg (Ref 22).
This was subsequently improved by Rutman (Ref 21) by increasing the
sensitivity of the success achieved in each interchange - with regard to
conductor length in particular. Several other variations were written
using the basic Pair-Swopping algorithm, notably by Nugent (Ref 16) and
Mamelak (Ref 15).
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More recent layout suites generate a rough placement automatically
and then apply the improvement techniques. The success of the post-
processing, however, is strongly dependent upon thc quality of the original

placement,

Most automatic layout methods treat the positioning of the circuit
elements as a separate task from that of routing the interconnections
although the minimisation of conductor length is an important design rule.
At the placement stage the connections are generally regarded as straight

lines between components which can intersect freely.

Two main techniques have been developed to generate a provisional

layout - "Force Placement™ and "Sequential Placement™,

2.5.1 Force Placement

This approach is also referred to as the "Rubber Band" method since
the circuit connections are assumed to be springs or rubber bands. Each
component is examined in turn, the forces due to its connections calculated,
and moved a short distance in the resultant directiom. The circuit
elements are generally considered to be points where the connecticns meet

and the length of each connection is directly related to the force it exerts.

The components are placed at random in the initial stage and allowed
to move to new positions through repeated use of the force algorithm (see
Figure 2.2). An early suite of programs were written by Rowles and Toome
(Ref 20) using this approach, and a variation was implemented more recently
by Leevers (Ref 14).

The idea of the algorithm is that components vhich are closely
connected tend to cluster together which should theoretically ease the
routing task and give a solution with minimum conductor length. The process
must periodically halt to expand the circuit since the components are made

to crush together due to the attractive forces involved.

Improved versions of this technique have been developed by Capocaccia
and Frisiani {(Ref 3) and by Fisk, Caskey and West (Ref 9) in which repulsive
forces have been added to prevent the components from crushing, and make
expansions un-necessary. The forces are calculated with regard to the

shape and size of each component.



component

—_— connection attractive forces

i) direction of motion

Figure 2-2 Rubber band placement technique
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The major disadvantage with the Force Placement method is that many
iterations may be required to reach a satisfactory solution. This makes
for a relatively slow process which may be unsuited to on-line interactive

programs.

2.5.2 Sequential Placement

In this method the components are placed individually starting vwith
a board containing only terminal pads. The components are positioned
individually with regard to those already placed. A common technique
is to place the component at the "Centre of Gravity" of the components on
the board to which it is attached. Radley (Ref 18) uses this method in
his suite to design single layer electronic circuits. He tries the
component in every possible orientation and then selects the solution

which gives minimum conductor length.

Rose (Ref 19) uses a sequential placement technique with a "Slot
Boundary® dividing the board into used and free areas. This approach is
very useful since the components may be positioned into the MSLOTS" to use

the board area efficiently.

The quality of layout achieved using a Sequential Placement algorithm
is very dependent upon the order in which the components are selected for
placement, Many heuristic rules have been implemented governing the order
of selection, but the usual technique is to choose the component which is
most closely connected to the existing layout at each step. This can
introduce an arbitrary decision into the design if several components
satisfy the criteria simultaneously. More sophisticated programs exploit
this choice by selecting the best layout from a number of different

solutions.

Given that each component is placed in an optimal manner, experience
has shown that this does not necessarily produce an optimal overall layout.
The execution time of this approach, however, is sufficiently lower than
the Force Placement method to make this technique particularly attractive

for on-line design.
A characteristic of the Sequential Placement algorithm is that the

earlier components tend to be well placed while the later ones are rather
badly placed.
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This is in contrast to the results obtained from the Force Placement
algorithm which generally produces layouts in which all the components
are equally well (or badly) placed.

2.5.3 Choice Of Placement Algorithm

The aim was to produce a suite of programs as a dcsign tool for the
engineer rather than a completely automatic system, It was felt that the
problems involved in single layer topology require the skill and intuition
of an experienced designer to produce a satisfactory layout, Using a
Force Placement type algorithm would undoubtably involve a considerable
amount of processing time vwhich is rather unsuited to on-line interaction.
It is, of course, possible to carry out the lengthy placement un-supervised,
but this would result in a completed layout vhich may be extremely difficult
to edit.

A Sequential Placement algorithm was adopted (Chapters 6 and 7) because
of its speed and the fact that the operator can interact throughout the
design as opposed to editing a completed layout. In this way he can
counteract the inherent fall in placement standard inherent in a sequential
approach. This means that the final layout should be very much better
than the equivalent un-edited Force Placement solution.

Since an interactive placement technique has been chosen,
subsequent Pair Swopping is not required. It would be rather difficult
to implement such a system in any case because there is little uniformity

in component size.
2.6 Automatic Routing Of Interconnections

This facility has been widely developed in other fields - particularly
in the case of single sided printed circuit boards. There are basically
two methods of doing this for circuits with a single layer of interconn-
ections - "Wavefront™ and "Ray-Optic™ routing,
2.6.1 Wavefront Routing Algorithms

The basic principle of this technique is to start at one component

then to search the immediate vicinity in ever widening circles until the

target component is found.
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This method was first implemented by Lee (Ref 13) in which the board
is divided into a grid of squares., Each square round the start component
is marked to indicate that it has been examined - any obstacles are
represented by special marked squares. A wave of marked squares thus
spreads out from the start position until the target is reached. It is

then a simple matter to retrace the successful path.

Although this method guarantees to find a path if one exists, it is
a relatively slow process and requires a tremendous amount of storage to
represent the individual squares, Many versions of the Lee program have
been implemented with a view to reducing the execution time and storage

required.

One variation proposed by Fisk, Caskey and West (Ref ) assigns an
Waltitude® to each square. Obstacles and board edges are represented by
"ridges" and "peaks™ and the target as a depression. The algorithm finds

the most "downhill" solution to the target component.

The author has recently implemented a version of the Lee algorithm
to route multi-layer printed circuit boards (Ref 5). Plated through holes
are marked with a special code such that the wavefront can change layer
at these positionms. In addition, each layer can be assigned a bias
orientation. In effect, the connections will prefer to run several units
along the bias direction than a single unit against it. The result is
a set of horizontal and vertical tracking planes. This makes it very

easy for the engineer to insert any failed connections interactively.
2.6.2 Ray - Optic Routing Algorithms

An alternative routing method is to project lines along the horizontal
and vertical planes in the manner of MRays®" of light. When a Ray encounters
1

an obstacle of some kind it splits into two along the opposite plane. The

target is eventually reached by one or more Rays.

A typical example of this technique is the algorithm devised by
Hightower (Ref 11). The advantage of this method is that the board need
not be divided into a large number of squares, as in the Lee algorithm,
so there is a significant saving in core storage. It is also much

faster than the wavefront algoritha.
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2.6.3 Choice Of Routing Algorithm

It is important to decide the criteria which should be used in
the routing algorithm to be adopted. The programs vritten by Agrawal
and Breuer (Ref 1), for example, place maximum emphasis on 100% routing.
Connection length and processing time are regarded to be of secondary
importance. This is reflected in the use of "back tracking" by
Kinniment and Weston (Ref 12). All connections are initially routed
to find which will fail due to congestion. The connections are then
deleted and the "stubborn® ones routed first before the algorithm is
re-applied. This increases the processing time significantly, but does

ensure that a high percentage of the connections are routed.

Having opted for a quick placement algorithm in section 2.5.3,
it is logical to pick a speedy routing algorithm for the same reasons.
The philosophy was to have a convenient tool for routing the straight-
forward connections which is quick to fail on the more complex ones.
A Ray - Optic type algorithm was developed (Chapter 8) which does not
split into two when an obstacle is found. Instead, it picks the direction
which is most likely to produce the shorter comnection. Although the
algorithm will not always find a solution, it uses minimal memory storage

and is fast enough to be used in an interactive environment.

2.7 Computer Aided Photolithography

When the layout has been decided, the computer can be used to
produce actual fabrication masks. The advantages of this over a manual

technique have been discussed in Chapter 1.

The circuit is usually input to the machine as a list of co-ordinate
data. If the design has been performed automatically then there is the

additional advantage that the circuit can be accessed directly.

Automatic mask generation using cut and peel material (refer to
Chapter 1.2) presents no particular problems to the programmer. An
incremental plotter with a knife attachment simply cuts round each circuit
element, The only restriction is that the knife must be orientated

correctly at each cutting stroke.

An altermative is to use a photoplotter to expose the desired areas
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on a sheet of light sensitive material. The programs required to do
this are very dependent upon the light source geometries which are
available. It is therefore generally difficult to write a program
which will control a large range of plotters, A program was, in

fact, developed to drive a Ferranti flat bed photoplotter (Chapter 10).

In order to expose the circuit elements in an efficient manner,
it is generally accepted that a decomposition into simple geometries is
necessary. The problem has also been encountered in the case of electron
beam exposure onto integrated circuit photoresist. Direct irradiation
is substituted for the photographic masters in this technique, Patel
(Ref 17), for example, splits complex polygons into basic three and four
sided shapes which are then processed individually. This basic idea

has been used in the photoplotter programs described in Chapter 10.
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Chapter 3

Automatic Design Of Meandering Thin Film Resistors

3.1 Introduction

This chapter describes two programs which can be used to calculate
the geometrical shape and size of thin film meandering resistors. The
first is very suitable for use with an automated layout and interconnection
suite, since it produces resistors with minimum area as the maiﬁ design
criterium, Resistors of this type are constructed such that the area
of film affected by heat dissipation is large enough to prevent damage

to the circuit caused by overheating.

The second program is particularly useful for manual layouts.
It allows the user to define a rectangular boundary then proceeds to fit
a resistor within it. This is not always possible so there is the
facility for auto—expansion in one or both rectangle dimensions until a
solution is achieved, In this program, the onus is on the designer
to ensure that the resistor occupies a large enough area to prevent over-

heating.

Both programs include a number of special "trim®™ blocks in the
resistor geometries. These are used to finely adjust the resistance
values after manufacture. Complex formulae and numerous interations
are needed to calculate the number required in each case - a similar

manual approach is therefore out of the question.
3.2 Minimum Area Resistors
3.201 Geometric Considerations

A thin film resistor relies upon geometric shape rather than size
for its resistance. To demonstrate this, consider the square of side 1
unit shown in Figure 3.1. Assume that the resistance from one face to the
other is Ro Ohms. Now consider the larger square measuring 2 x 2 units
shown in Figure 3.2. One can see that it can be split into two parallel
resistances each of 2xRo Ohms., Thus the overall resistance measured
between opposite faces is still Ro Ohms, and it follows that a square of
ANY size will have the same resistance. The resistance of the thin
film layer is quoted in "Ohms per Square® for this reason, which makes the

geometric design of a resistor a matter of counting squares.
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Figure 3.1

Figure 3.2

RESISTANCE OF A SQUARE OF SIDE 1 UNIT

RESISTANCE OF A SQUARE OF SIDE 2 UNITS
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An example of a "Straight-Line" resistor is shown in Figure 3.3.
This is the easiest form of resistor to design, since the number of
squares inherent in its shape is simply its length divided by width.

We therefore arrive at the equation:

R = RoxL/W
where R =  overall resistance
Ro = Resistivity in ohms/sq
L = Length
W = Width

For higher values of resistance, meandering shapes like the
resistor shown in Figure 3.4 are preferred in order to use board area
more efficiently. Very high resistances need large areas, and it is
sometimes better to attach solid state resistor chips to the circuit
rather than fabricating them in the film, At the other extreme, very

low resistances may be achieved using this technigque.

In order to design meandering resistors, some basic knowledge
of the mechanics of track corners is needed. Consider Figure 3.5
which shows the current stream lines round a right-angled bend (Ref 2).
It is apparent that one cannot assign a whole square of resistance to the
corner since a significant area is not used by the flow lines, Indeed,
the fraction to be considered depends upon the length of straight track
on either side of the cormer - the flow lines may not have returned to
their normal positions due to a previous bend in the track. Figure 3.0
shows three cases of a right angle bend where the length at one side of
the bend is varied (Ref 2). It is assumed that the other side of the
bend is not short enough to influence the current flow, From these
experimental results it appears that, for zero length, an allowance of
0.469 squares is adequate. This value rises to 0.559 when the length
is larger than the track width. To obtain a reasonably accurate value
for any length of track, a rising exponential was drawn to pass through
these three known points, This is shown in Figure 3.7. The general

equation of such a function can be given as:
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All = A -Bx EBp (-C x Len/W)

where All =  Allowance in squares
Len = Length of track after bend
W =  Width of track

A, B and C are constants

When Len is very much greater than W we have that:

A1l = 0,559 &~ A-0
= A = 0.559

When Len = 0, A1l = 0.469
=  0.469 = 0.559 - B
=> B = 0.09

When Len = W/2, A1l = 0.5555
= 0.5555 = 0.559 - 0.09 x EXP (-C/2)
= C = 6.4941

We now have the full equation as:

All = 0.559 = 0,09 x EXP (-6.4941 x Len/W)

This equation is needed for all right angle Bends.

3.2.2 Simple Resistor Geometry

Figure 3.8 shows the basic geometry which has been adopted.
The resistor is designed to fit a square bounding rectangle for optimal
packing and is defined by the variables N and T. N is the number
of half meanders (two in this example), and T is the track width, The
terminations are set to have a length of three times the track width
and are located at opposite ends of the resistor to counteract any mis-
alignment of the photolithographic mask used in fabrication, In the

geometry definition, N is constricted to be an even whole number.

To form an equation for the total resistance it is necessary to
break the resistor into simpler geometric shapes. Two distinct shapes
are evident here, and are shown in Figure 3.9. Shape A occurs at the

beginning and end of the resistor, while shape B occurs "N" times.
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Using the corner square formula developed in the last section, we can

derive the individual equations for the resistances of these shapes

(Ra and Rb). The overall resistance can then be calculated from:
Rt = 2xRa+ NxRb
ie. R =2x (3 i =+ 2.550) + Nx(2 x (5%“-1—) + 2.111) squares
where H = height of resistor (neglecting terminations)
Rt = overall resistance
= Number of half meanders
T = Track width

This can be simplified tos

_ H-T, (H H
Rt = (2xT)( + 0.111) + 3 + 5.118 squares

From the geometry of the square boundary we have that:
H = 2xNxT+T

Thus, by substitutions

Rt = 2 x N* + 3.111 x N + 6.118 squares

2
i.ee Rt=Rox(2xN~ + 3.111 x N+ 6.118) Ohms

Where Ro = resistivity in ohms/square.

This equation shows that the track thickness (T) does not affect the
overall resistance but merely the physical size of the component and the
area it takes up on the thin film slice. It is also apparent that only
certain discrete values of resistance can be achieved. These correspond
to N= 2, 4, 6, 8, 10 etc. (N must be even to give a solution with
terminations at opposite sides of the resistor). A table of resistances

for several values of N is given in Figure 3.10.

For any given resistance (Rg), the required value of N can be found

from the root of the above quadratic equation.
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N R (Squares) R(Ohms)
(Res = 400 Ohms/Sq )

2 20, 34 8316

4 50. 562 20224.8

6 96. 784 38713.6

8 159.006 63602. 4

10 237. 228 94891, 2

12 331.45 132580

14 441,672 176668. 8

16 567. 894 227157.6

18 710,116 284046.4

20 868.338 347335. 2

22 1042. 56 417024

24 1232, 782 493112, 8

26 1439;004 575601. 6

28 1661. 228 664490, 4

30 1899.448 739779, 2

Figure 3.10 The discrete resjstances obtainable
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i,e. N = -=-3.111 + J (3.111)2 -8x(6.118 - QQ/RQ)
4

Naturally, the value of N must be rounded to an even integer. This
means that the lower and higher discrete values nearest Rg must be examined

to see which is the most suitable to use.
3.2, 3 Decreasing Resistance By Meander Shrinkage

To reach any arbitrary resistance value, there are two techniques
which can be applied. The first is to extend a lower discrete value
by the addition of several extra meanders, and the second is to reduce a
higher valued resistance by shrinking meanders. The latter will be

explained first.

Figure 3.11 illustrates a resistor in which one meander has been
"fully shrunk® and one meander has been "partially shrunk", By reducing
overall meander length in this fashion, lower resistances may be reached.
The drop in resistance due to a fully shrunk meander is a function of N -
Figure 3.12 shows the geometry of both a fully shrunk and normal meander.
A minimum length of 3 x T has been chosen to ensure a length of at least
HTH before and after each right angled bend in the track. This means
that the formula used to calculate the corner allowances will still be
valid (Refer to 3.2.1.).

It can be seen that the loss in meander length is (H - 2xT) —( 2 x T)
=(H-4xT). ' Thus the TOTAL loss in resistance (allowing for
both sides) is 2 x (H = 4T)/T squares. Using the fact that
H=2xNxT+ T we find that:

4 x N - 6 squares

Loss

(4 x N - 6) x Ro ohms

It will often be necessary to only partially shrink a meander, so we also
require a formula to calculate the final length of a partially shrunk
meander, given a known resistance loss. Refer to Figure 3.13 which shows

the geometry involved.

Assume that the change in resistance must be dR ohms. From the

diagrams-
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\ completely shrunk meander

further reduction would
cause serious problems
in formulae and give an
inaccurate solution

Figure 3.11 Minimum area resistor with
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1 partially shrunk meander
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Length of meander

before shrinkage

= H-T = (2xNxT+T7T)-T
2xNxT

If we create a variable WIRLY to represent the required meander
length then the change in length can be expressed as 2 x N x T - IRL.
The total change in resistance must then be:
dR=2x(2x NxT - IRL)x Ro/T

Thus:

IRL = 2xNxT- dR x T/(2 x Ro) which will always give a solution for

IRL provided that dR is less than (4 x N - 6) X Ro - i.e. less than the

resistance change available from a fully shrunk meander,
3e2:4 Increasing Resistance By Adding Meanders

Consider the resistance values indicated in Figure 3.14,

R (N=2) and R (N = 4) are two discrete resistance values, and the
shading indicates those resistance values which can be reached by shrinking
the latter. This results from the fact that only N/2 meanders are
available for shrinkage in any particular resistor, Values R3 and R2
can only be achieved by extending the lower resistor, whereas value R1
can be reached from either the higher or lower discrete values., The
mid-point line usually determines whether shrinking or extension is to be
adopted, but only when the shaded region reaches this boundary. Resistances
to the left of the line are extended from the lower value and those to
the right are reached by shrinking the higher;

The mechanism of extension is illustrated in Figure 3.135. Case
(a) shows an extra whole meander added to the resistor, case (b) shows the
addition of an extra partial meander and case (c¢) shows the extension of

one termination,

3.2.4.1 Case (a) - Extra Whole Meander

Consider the diagram shown overieaf:
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The shape is made up of four corner squares, two single squares
and two lengths of straight track (each H - 2 x T long). Using the
equation given in Figure 3.7 to calculate the corner allowances, we can

formulate an equation for the overall meander resistance to be:

Rm

I

0.559 + 0.5555 + 2 x(0.5555) + 2 x (1)
+2x(H-2xT)/T

Ii

2 x H/T + 0.2255

Again, using the fact that H= 2 X Nx T + T

we have that:

Rm = 4 x N+ 2,2255 squares

= (4 x N+ 2.2255)x Ro ohms

It is usually only necessary to add one meander, and for most
values of error resistance a partial meander is all that is required.
This was verified using a short program to iterate through a large range
of resistance values and to print out the type of alteration required in each

case.
3.2.4.2 Case (b) - Extra Partial Meander
The diagram shown below is similar to that in the previous

section except that the meander length is now variable (IML) and is less

than (H - T) which corresponds to a complete meander.

S LD =



Let the resistance of the meander be dR. Using the same technique

as before we have that:

dR = 0.559 + 0.5555 + 2 x (0.5555) + 2 x (1)
+ 2x (IML - T)/T

2 x IML/T + 2.2255 squares

= (2 x IML/T + 2.2255) x Ro ohms

Thus:

IM = (dR/ Ro - 2.2255) x T/2

and so IML can be calculated to give the desired resistance increase.
3.2.4.3 Case (c) = Straight Extension

The minimum length of IML in the above equation is restricted to
3 x T (which corresponds to the same geometry as a fully shrunk meander).
This gives a minimum resistance of 8,22 squares. If dR is less than
8.22 x Ro ohms then a simple extension is applied to one of the resistor!s
terminations - as demonstrated in Figure 3.15 (c). The increase in

length is calculated from the simple formula:

- 47 -



dR = Increase/T

1e€e Increase = dR x T

It is also possible to reduce the termination length provided that
the final length is greater than the track width. This can provide

a useful drop of up to 2 squares.

3025 Simple Design Of Minimum Area Resistors

The flowchart shown in Figure 3.16 shows the Tsimple resistor®
design process. The lowest resistance which can be achieved is when
N = 2 vhich gives a figure of 20.34 squares. Any resistance smaller
than this value cannot be designed and the first step in the flowchart
is to check for this and, if necessary, initiate the design of a simple
"straight line®™ resistor (refer to section 3.2.1). The next step is
to calculate the nearest fixed "N" value resistances on either side of
the target value. Several factors decide whether shrinkage or extension
is to be applied = if the resistance is nearest the lower value then
extension will take place. Conversely, if it is nearer the higher
value, shrinkage will occur provided that there is enough "shrinkage®
available, The exception to this is when the terminations are lengthened
in preference to either of these two methods, Due to the geometry of
the resistor it is preferable to shrink the higher valued resistor rather

than incur an unusually long final termination.

A composite resistor showing all possible design parameters is
shown in Figure 3.17 for reference purposes. This resistor could
never occur.since the IM, IML and the IR, IRL parameters are mutually

exclusive.

32:0 Laser Trimming

To allow for inaccuracies in fabrication and design, it is
necessary to be able to finely adjust completed resistors to their desired
values. There are various ways of doing this, but in each case some
resistive material is removed causing an increase in resistance.
Resistors, therefore, must be designed on paper to be smaller than needed
and then "trimmed" after fabrication. The method adopted here is to
incorporate one or more Mlaser trim blocks®™ into the simple resistor

geometries described in the previous section. Figure 3.18 shows a
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resistor with a single trim block and also indicates how the block is
trimmed. As the laser burns away the resistive material in the block,
the overall resistance is continually monitored until the desired value is
reached. The number of blocks needed for any particular resistor
depends upon the accuracy required and the increase in resistance which

can be gained from each block,

3.2.6.1 Resistance Of Untrimmed Block

Consider Figure 3.19 which shows the geometry of an untrimmed
block. If we bisect the shape we can obtain two new shapes each with
resistance R1 (diagram (b)). The value of R1 can be calculated from a
formula developed by Bell Telephone Laboratories (Ref 2) to represent the

effects of a narrow track merging with a wide track. This givess
2xNxT+T T S S-1 i SZ— 1
where S = (2xNxT+T)/T = 2xN+1

The resistance of the wntrimmed block can now be calculated from:
R untrimmed = 2 x R1 - 1 squares,

The constant of 1 square represents the portion of unwanted track shown

in Figure 3.19 (a).
3.2.6.2 Resistance Of Trimmed Block

When a block has been completely trimmed out, the resulting shape
approximates that shown in Figure 3.20. To calculate the total resistance
of this complex shape it is necessary to break it up into several simple
shapes with well defined formulae. Three distinct shapes arise - a
straight section, two corner squares and two right angled track bends.

The total resistance can be found by summing the individual resistances which

have been labelled RA, RB and K in the diagram,

3.2.6.2.1 Resistance RA

The right angled bend shown in the diagram has the most complex

formula of the three. It is a direct implementation of another formula
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devised by Bell Telephone Laboratories (Ref 2) and is given by:

2 2
~ 2 X S . S*1, ..~1 5% -1
RA = 2xNxT/T2+ 1/s-_",1n (és-z:—l)+(-—xs) cos™ ()

wvhere S = T2/T ifT2 2 T
and S = T/T2if T > T2
T2 = (B-1)/2
B = trim block thickness
L = laser beam diameter

N and T as before.
362.6.2.2 Resistance RB

The resistance RB is simply that of a straight length of track
thus RB = L/T2 (its length divided by its width).

3¢2.6.2.3 Resistance K

The resistance to be assigned to the corners depends on the
shortest straight length of track on either side. Since both corners
share a length of "LY, the effective length after each corner is L/2.
Using the formula developed in section 3.2.1 we can now find the

resistance froms

K = 0,559 — 0.09 x EXP (-6.4941 x (L/2)/T2)

Having found the resistances of the component shapes it now remains to

sum them to find the total trimmed resistance:

Rtrimmed = 2 xRA+ 2xK+ 2xXRB-1

3627 Choosing The Number Of Trim Elocks

To allow for variations in film resistivity, mask alignment errors,
and other manufacturing inaccuracies, a percentage tolerance is quoted by
the designer. This figure is then used to determine the number of trim
blocks which should be included. Since the resistance can only be
increased with trimming, it is necessary to design the resistor to be

smaller than the desired value. For example, if the user specifies

o e



an accuracy of i'X%, the resistor would be designed to be exactly
X% less than required. In this way, if it turns out to be X% higher
than it should be, no trimming is needed. Altermatively, should it

be X% too small, a trim of 2X% is required to reach the target resistance.

The minimum resistance change required for resistance "R"

with percentage accuracy + X% 1is given bys
dR = 2xX xR/100 = X x R/50
Assuming that "If" blocks are needed, we require that:

(R trimmed = R untrimmed) x If 2> drR

If 2 dR/(R trimmed - R untrimmed)

where the two resistances refer to the trim block in its trimmed and
untrimmed states. It is important to note that the latter values
cannot be calculated unless the number of half meanders (N) and the track
width (T) are known. (Refer to the formulae derived in sections

3.2.6.1 and 3.2.6.2).

3.2.8 Effective Area Of The Resistor

Power rating is an important factor in the design of a resistor.
Overheating can result from a badly designed resistor, while it is
in-efficient to overestimate the safety margin required. From recent
research (Ref 7) it appears that the maximum allowable power dissipation
in a thin film resistor is governed by the highest temperature which the
film can withstand - itself governed by stability considerations.

Heat flow from the resistor is in two directions - into the
substrate and along the surface of the film. Consider the simple
resistor shown in Figure 3.21. The effective area is its own area
together with the area of film affected by the heat flow perpendicular
to the resistor boundaries. It can be seen that the flow in this
direction only affects a well defined region of distance "K" away from

the resistor. £t fas bwen shown that the value of K is constant for a
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particular microcircuit package ((Ref 7 Private CDV“WHAh(C(U%HFQ)ﬁ

Since it is only important to find the MINIMUM effective area,
we can assume that there is negligible heat flow from corner points.
This is quite acceptable since very little heat flow has been observed

from sharp points,

Figures 3.22, 3.23 and 3.24 show some of the situations which
can arise when meandering resistors are considered. Again, 1t is
assumed that no heat flow arises from corner points and that overlapping
areas need only be counted once in the total area calculation. An
algorithm has been written to calculate the overall affected film area
given any set of resistor parameters, and was tested on all possible
configurations., The bulk of the programming is concerned with the

detection and processing of overlapping areas.

A resistor which is physically too small can cause serious
overheating effects in the resistive layer and an overlarge resistor
wastes valuable board area. In the design, an estimation is made of
the maximum current or voltage which could arise - this has an associated
maximum power dissipation. Every resistive film has an inherent power
dissipation figure measured in watts per square metre, so it is a simple

task to calculate the minimum permissible area for any particular resistor.

The flowchart given in Figure 3.25 shows the iteration necessary
to increase the resistor area from its lowest (using the smallest track

width which can be manufactured), to an acceptable value,

The track width is increased by an exponentially decreasing
amount as the target value is approached. This minimises computation

time.
3¢2.90 Minimum Area Resistor Design Program -~ IDESRES

Figure 3.26 shows the complete design process needed to synthesise
minimum area meandering resistors. This has been implemented in a program

called DESRES.

The necessary input data is as follows:-



/A/./1 S\ N
_,// ///////
,/////// AN
) N\ ]
\

\
i
'\

-

\
N\

P

Ll
-

-

-

\
\

\

bl

\
N
\ NN
///// / >

- ;/// // ////// / /
AR )lfj . NN y/v/,/L NAIRNEINRNY /_
RN AN S

\

R
\

\ // // N

P = 2
p // /
—

-
#
=

S
&
o
C ©
S 2
0 Q
o BN
: 5
o
\ \l I // // / \ \ m o M
\ L // NN N / ,m S m
" /// ,,n N /)‘ o] ©
/ / . o
_////// / //// // S o 8
mu/l/V/f/ //. /r V /1/ /l/ V /V/ = s
N S :
™ - 2
v G
e
N
5 A\
L /////

Figure 3-23 Meandering resistor area

_52_



\\'

effective area

\\
N

areas lo be counfed only once

Figure 3.24 MEANDERING RESISTOR AREA

-53-



input design parameters
and minimum permissible area

set ftrack width to
minimum value

Y

colculate affected
area

k < increase frack

width Y

0/P updated paramefers
and area

Figure 3-25 AREA ITERATION

_SA_



\V

input design
specifications

Y

subtract trim percentage
from RESISTOR DESICN VALUES

SET No. TRIM BLOCKS = O
TRACK WIDTH = MINIMUM

Y

simple resiston

design
Fig 3.16

{

calculate No. of Trim Blocks
needed. Subtract resistance
D of Trim Blocks from
Resistor Design Value

Y

simple resistor
design

Z& Fig\.y3.16

Tlast =TRACK WIDTH
VY

find new track width togive
an overall ares

>MINIMUM AREA

Fig.3.25
o/P 7
—1 CALCULATED
<~ PARAMETERS /.
DRA
o1 RESISTOR RESISTOR
~J SHAPE ACCEPTABL
YES ?
ANYMORE
RESISTORS <‘r NO
NO !> ( STOP ) Figure 3-26 Design of mfn/mum
areag resistors



(a) Output data file name. This file vill ultimately contain
the resistor geometries in cc—ordinate form. It is used by

later interactive placement and routing programs.

(b) The sheet resistivity in ohms/square

(c) The laser beam diameter

(d) Trim block thickness.

(e) Affected area factor (K) as described in section 3.2.8.

(£) Minimum permissible track width.

(g) Resistor value to be achieved.

(h) Minimum allowable area.

(1) Percentage tolerance required.

(i) Resistor's origin coordinates. These are not neceded if the

resistor is to be automatically positioned on the substrate.

When the trim percentage has been subtracted from the target
value, a resistor is designed with minimum track width and no trim blocks.
From the parameters produced, the number of trim blocks can be estimated
and the resistor is immediately re-designed with the blocks present.

The track width is then calculated such that the minimum area restriction
1s satisfied. If the new track width is the same as before, then the
design is complete. If, however, it has changed, an iterative loop is
entered to ensure that the number of trim blocks has been calculated

using the latest track width.

When a compromise is reached, the parameters are displayed and the
user has the option of accepting or rejecting the design. If the resistor
is accepted, its calculated outline is drawn on the screen and a co-ordinate

description written to the data file.

Several resistors may be designed in this way and each is given
a unique name such as RES1, RES2 etc.,



Figures 3.27 and 3.28 illustrate the dialogue between user and
machine in the design of a typical resistor, This version produces
GAELIC (Ref 6) manual input language in the output file - as shown in
Figure 3.27(b). There is also a version of this program which produces
a file which is compatible with the layout and interconnection programs
to be discussed in chapters 4 through 9. In this way the program
can be used as an aid to manual layout as well as being an integral part

of an overall design suite.

3 Defined Area Meandering Resistors

(98]

3.3:1 Introduction

A second resistor design method has been developed to fit
a resistor into a defined area on the substrate. This faecility is
useful when developing a manual layout since the designer can select
his own bounding rectangle, then allow the computer to do the work of

calculating a feasible geometry.,

A solution is not always possible, of course, since it may be
physically impossible to fit the resistor into the given area. The
user nust then re-specify the rectangle or, more commonly,allow the
computer to incrementally expand the rectangle in one or both dimensions
until a solution becomes possible. This auto—-expansion feature is
very useful when one dimension is strictly limited because of other

components on the board.

This design method could also be used in the automatic layout
suite by deliberately underestimating the required bounding rectangle,
thereby forcing an expansion to result. Overheating effects would not
be taken into account, however, and the program vwould invariably take much
longer to achieve a solution than the M"IESRES" algorithm described in

the previous sections.

Figure 3.29 shows the standard geometry assumed in this design
algorithm, This is identical to that used in a resistor design
program called "GADOR" (Ref 4), but a rather different technique is used
to carry out the design. This is due to the fact that GADOR does not

automatically include Trim Blocks.



DESRES.FOR
A program to design Thin Film Resistors to
occupy an area Just larger than that specified

This version is compatible with GAELIC

Enter name for proposed DATA FILE

TEMP
Input LASER WIDTH and trim BLOCK SIZE
19,39
Input calculated AREA FACTOR for this circuid
5
Input SHEET RESISTIVITY value in ohms/sq
409 '
Input required RESISTOR ORIGIN coordinates
354,876
Input RESISTANCE required
4E4
~Input MINIMUM AREA and MINIMUM TRACK width
9 1@
PERCENTAGE +/- trim required ?
S
N= - IT= 19 IE= 30 NTRIM= i
IR= (~ IRL= 81 IM= 9 IML= 9
Do you accept this resistor solution ?
YES
(a) Program Dialogue

"POLYGON® (1) 354,876:0,39,0,10,81,10,-81,20,0,40,0,10,120, 19,
-180380'0’ 10) 180) 10,_180'80’0’ 10’ 130’30' 10’-40’-180)-10, 189,
-30)—180,_10’ 180'—30’-180,—103 120)—30,-180’-10’81'-39’_81’
-10’0;‘80,-10, 0}

"FINISH"®

(b) GAELIC data produced to describe Resistor

Figure 3.27 Operation of the program DESRES
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LASER UIDTH = 10 BLOCK SIZE = 39
. RESISTRNCE- 38000, RESISTIVITY= 0 WITH 5 X+/-
AREA = 24665 TRACK=_ 19
NO. TRIM BLOCKS s 1 IE= 30 N= 6
IR = ® 81 IM= 9 INL= 9

Resistor height is 11.500@ thous

Figure 328 Graphical output from DESRES
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3:3.2 Simple Design Of Defined Area Resistors

The resistor is defined by the number of half meanders (N), its
track width (T), the dimensions of the rectangle (H and W), and the length
of its terminations outside the rectangle (K). It also has two areas
of freedom, namely its final meander height (h) and length (1). The

formula for overall resistance (as developed in GADOR) can be defined bys

R = Rox( (1) xW+2x1+2xK+h-2xT)/T - (a)
where:
R overall resistance

Ro

sheet resistivity in ohms/square

The bounding rectangle height (H), is related to the resistor parameters

by the formula:
H = 2xNxT+h - (b)

If we initially assume that the resistor is a perfect fit - i.e. h =T,

then we can re-arrange this formula to calculate N:

N = (H/T - 1)/2

N must be an integer - if it is odd, then the terminations will be at

the same side of the bounding rectangle. An even-numbered N will result
in terminations at opposite sides. It is up to the user to decide which
option is to be preferred. (The resistor in Figure 3.29 has terminations
at opposite sides of the bounding rectangle. An example with terminations

at the same side is given in Figure 3.31).

Having determined an integer value for N using the minimum track
width, we can now calculate the final meander height by re-arranging equation

(b) to gives
h = H=-2xNxT

If this value of h is less than zero, it means that the design is impossibl:
and the user must re-define the bounding rectangle. This can either be

achieved manually or using the auto-expansion facility.

The process is completed by calculating the length of the final

meander (1). By re-arranging formula (a), we have that:

1 = RxT/Ro-(N-1) xW-2xK-h+2xT)/2



If the value for 1 turns out to be negative, it implies that the track
width (T) is too small (i.e. the resistance is too higa). When this
situation arises, the track width is incremented and the design process

repeated.

=

To obtain a meaningful solution we require that "1"™ be greater
than 2 x T, and less or equal to (W - T). The track width is initially
set to the minimum permissible value and gradually increased until the final
meander length is greater than the minimum figure. If "1" is then found
to be greater than (W - T), it is clipped to this value thereby causing an
unavoidable inaccuracy in the resistor design. This % error is given as

output data from the program.

Figure 3.30 illustrates the flowchart describing this technique
in full,

3633 Laser Trimming

Trim blocks similar to those described in section 3.2.6 are now
assigned. The formulae for the block in its trimmed and untrimmed states
still apply. The only difference is that th:z horizontal width cf the trim
block is now fixed at "W", the width of the bounding rectangle. In the

original formulae it was a function of track width and the number of half

aeanders,

Figure 3.31 shows how the blocks may be added to the resistor
patterns. The required number of blocks is calculated and the defined
rectangle height M™H" reduced accordingly. A resistor is then designed to
fit the remaining space in the rectangle. he resistance of the untrimmed

blocks must be taken into account, of course, and this further complicates

the algorithm,
3.3.4 Bounded Area Resistor Design Program - DEBOR

Figure 3.32 shows the flowchart of a program called "DEBOR"
which has been written to design Bounded Area resistors using the techniques
explained in the previous sections. The input data required is very
similar to that of "IESRES", except that the user must specify a set of

rectangle dimensions, A typical dialogue is given in Figure 3.33(a).
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DEBOR.FOR
A program to design meandering Thin Film
Resia%ora to fit a bounding rectangle

Enter name of DATA FILE to be produced
TEMP

Enter LASER DIAMETER and TRIM BLOCK size
10,30

Enter sheet RESISTIVITY in ohms per square
409

INPUT RESISTOR ORIGIN COORDINATES
867,489

Enter WIDTH and HEIGHT of bounding rectangle
409,460

Enter RESISTANCE value required
8E4

Enter trim PERCENTAGE +/- required
5

gou long do you want the TERMINATIONS to be ?
9

Do you want the terminations to be on

zhe same side of the bounding rectangle ?
0

(a) Computer dialogue

"POLYGON" (1) 867,489:0,30,90,590,0,20,389,20,-380,60,380,20,-380
60,380,20,-380,60,3890,20,-258,1390,258,30,20,-50,-258,-990,258,
-69,-380,-20,3890,-690,-380,-20,3890,-60,-380,-290,3890,-60,-389,
-200 380,-30’-380’-30’-86’ 0;

"POLYGON" (2) 867,489:400,520,-400,-529;

'FINISH® ;

(b) GAELIC" data file produced

Figure 3.33 Operation of program 'DEBOR
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There are three main stages in the program:-

(a) Calculation of thc number of Trim Blocks.
This uses the current value of track width and the bcunding
rectangle width.,

(b) Calculation of available rectangle height. This requires the
number of Trim Blocks and the track width.

(c) The simple resistor design which uses the available rectangle
height, rectangle width and the number of trim blocks to produce

new values for the track width and the number of half meanders.

Since each stage depends upon the results of at least one other, the program
must cycle through this sequence of calculations until the design parameters
reach steady values. This is shown as a simple loop in the flowchart

given in Figure 3.32.

If the program fails due to lack of space, there is the option
of auto-expansion. This involves a gradual increase in one or both
rectangle dimensions until a sclution is obtained. The increment size is
initially set high and rapidly reduced to give a result accurate tc 1 screen

unit (0.00005 inches, if photoplotting carried out at a scale of 20:1).

The calculated parameters and error percentage are displayed,
and the user has the choice of accepting or refusing the resistor, If
accepted, it is drawn on thc screen and a set of co-ordinate data written

to a GAELIC language file (an example of which is shown in Figure 3.33(b)).

Figure 3.34 shows the type of graphical output that is obtained.



DATA GIVEN BEFORE DESIGN $

DESIGN RES =  80000.09 % +/- s 5,000000
LASER BEAM SIZE = 10 TRIM BLOCK SI1ZEe 30 TERMINATIONS = 39

CALCULATED PARAMETERS?

Ne 81IFs 1 LAST MEANDER LENGTH = 278
LAST MEANDER HEIGHT = 99 TRACK WIDTH = 29
FINAL HEIGHT = 46@ FINAL WIDTH = 469

% OUT ON DESIGH =  0.2398546E-01

DO YOU ACCEPT RESISTOR ? YES
Height of resistor is 26,0099 thous

Figure 3-34 Graphical output from ”DEBORN
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Chapter 4

Describing and Representing A Circuit

4.1 Introduction

The resistor design programs, described in Chapter 3, generate
data files which can be manipulated interactively using the GAELIC
graphics suite (Ref 6). The same data can alternatively be merged
with geometric and topological information supplied by the designer
and used to create a numerical model of the circuit. Having
constructed such a model, a series of algorithms can then be applied
with a view to generating a layout automatically. This chapter
describes the formal input language which has been adopted as a means
of entering the necessary circuit information. The structure of

the model is explained in detail.

The data formats described in the following sections are
based upon the work carried out by Rose (Ref 19) in the design of

single-sided printed circuit boards.

Having designed the necessary meandering resistors, the first
step in producing a layout is to prepare the circuit data in a suitable
format for input to the computer, This consists of two distinct
stages and is best illustrated with reference to the simple circuit

described in Figures 4.1 and 4.4.
42 Master Component Libraries

The initial stage is a set of data describing the geometric shape
and dimensions of the circuit elements., Since several components
may be physically identical, these definitions are referred to as
WMASTER"™ shapes and can be applied to more than one device. The
descriptions are stored in "MASTER COMPONENT" blocks (groups of data)
which are linked together to form a list,and each is given a unique
name, For example, the geometries representing % watt and é— watt
resistors could be called RES1 and RES2 respectively.
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Figure 4-1 Master Component Descriptions
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The geometry of a component is defined by a bounding rectangle
which allows space for the component and several connection pads.
If the rectangle represents an attached device then the pads will be
used to connect the chip into the circuit using a wire-bonding technique.
In the case of an in-slice component such as a meandering resistor they

simply act as metallised terminations.

Each Master Block holds geometric information concerning the
component it represents. The bounding rectangle dimensions are
stored, together with the number of input pads and their individual
co-ordinates - the origin of which is taken as the bottom left hand
corner of the rectangle. It is important to retain the pad positions
in a consistent cyclic direction and a convention has been adopted to use,

a counter-clockwise list.

Component Master "TRAN® in Figure 4.1, for example, has been
defined as a square of side 80 units with three input pads. This
particular description assumes that the component is a solid state chip
wvhich will eventually be attached to the substrate. Thus the bounding

rectangle with its associated pads is all that need be specified. In
contrast to this, component "MRES"™ represents a previously defined
meandering resistor, The computer assumes this when no rectangle
height and width are given. It then refers to the data files produced

by the resistor design programs to obtain the necessary geometric data.

The component descriptions must be stored in computer memory in
an efficient manner. A convenient method is to use a long array and
simply to list the descriptions one after the other as shown in Figure
ds2(a)s This is very economical with regard to storage space, but,
if we assume an irregular data block size, then each and every location
must be examined in further processing. A better system is to include
an extra item of data in each block of related elements to hold the
Maddress" of the next block in sequence (refer to Figure 4.2(b)).

Such an addition is called a "Data Pointer" and can be used to jump past
irrelevant data with a significant saving in processing time. This
can be represented schematically by omitting the location numbers and
drawing each isolated group of data elements as a separate block. This
is demonstrated in Figure 4.2(c). It is, of course, perfectly
possible to include more than one pointer in each block, and a number of

interlinking "Lists" and "Rings™ can be produced to speed up access time.

TR



element

No. L
Y] n *
1] x BLOCK 1 |
of 2 5 (pointer)
2 % = relafed
dafa 3 X
3 X IR X
L % 5 X
6 9 (pointer)
5 X
] X
6 X 8 X
7 X 9 *
. 0 13 |(pointer)
*
11 *
9 X 12 X
efc. efc.
(a) Simple array (b) List data structure
x X x
e POINTER 1 = POINTER 1 ® ( END )
x X x
X X b 4
POINTER 2 x
X
X
X
x X
POINTER 2 POINTER 2 x = data
% x element
% x
P 4
(c) Schematic diagram
Figure 4.2 Data storage techniques
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A "List" is defined as a string of blocks which terminates in a zero or

negative data pointer and is demonstrated as "POINTER1" in the diagram.

The alternative is a data "Ring" where the pointers are arranged to form

a never-ending loop. This is shown as the pointer group "POINTER2"

in the diagram.

Figure 4.3 illustrates the data format employed to describe a

Master Component geometry. Each "Master Block" has exactly 6 +n

entries where "n" is the number of terminal pads incorporated within the

bounding rectangle.

The block stores:

(a)
(b)

(c)

(d)
(e)

(£)

The description name

A pointer to the next Master Block in sequence. This
forms a simple data list as demonstrated in Figure 4.2(c).
The number of terminal pads associated with the component
geometry,

The Width and Height of the Eounding rectangle.

A set of pad co-ordinates relative to the bottom left hand
corner of the bounding rectangle (Both the X and Y values
are coded into the same data word using the formula 10000X
+ Y. This technique reduces the size of the data files
considerably).

A pointer to one of a separate group of data blocks
containing information regarding the shape of in-slice
components. This pointer is zero-valued in the case of

attached devices,

The example given in Figure 4.3 refers to the component Master MTRANY

described in Figure 4.1.

4.3 Preparation Of The Circuit Topology

Having established a list of available component geometries,

the circuit topology must now be specified. Each electrical node is

first labelled with a unique positive integer, referred to as a "Node

Number?,

structure,

Each is associated with a separate "Node Block™ in the data

The connections to each component are defined by listing
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Location

LT TRAN Pointer from last master block
L8 56 Pointer fo next master block

L9 3 Number of terminal pads

S0 80 Width of bounding rectangle
51 80 Height of bounding rectangle
52 200010 Co-ord. of pad 1 (20,10)

53 600010 Co-ord. of pad2 (60,0)

54 £00070 Co-ord. of pad 3 (40,70)

55 0 Pointer to shape ggéﬁc‘ggfg if
56 RES Next master block

Figure 4.3 MASTER BLOCK

=Ml



the Node Numbers to which it is attached. Again, these must be listed
in an anti-clockwise direction round the device. An additional
constraint is that two-pin components with a marked pin of polarity such

as diodes or electrolytic capacitors are listed with the marked pin first.

To code the data from a circuit diagram, then, each component is
described by a unique name and a list of "Node Numbers'", Components
of the same type are listed consecutively in a group and each group is

preceded by the name of its Master Component description.

Two additional dummy Master names are used - "STOP" and "EDGE".
The former simply terminates the circuit data and the latter signifies
the start of a list of circuit nodes, which represent the inputs and
outputs to the circuit. These nodes, (specified once more in a counter-
clockwise direction) are the only nodes to eventually have physical
reality as "Edge Pads™",

Figure 4.4 demonstrates the topological data needed to describe
the simple circuit shown. In this case, five Node Numbers are
needed - four of which will be Edge Pads in the completed layout.

4.4 Representing A Two-Pad Component In The Data Structure

Two-pad and multi-pad components are represented in different
ways in the data structure. The former case is the simplest and can

be explained with reference to Figure 4.5.

Three new types of data block are needed to describe the
electrical circuit. The first is called a ™Node Block" and represents
a circuit node. Edge Pads, which are fundamentally Edge Nodes, need
special Node Blocks to store X and Y co-ordinates. The other nodes,

however, have no physical significance on the board.

"Branch Blocks™ are then created as topographical representations
of circuit components. Each Branch Block points to two Node Blocks

representing the Node Numbers assigned to the component?s input
terminals, '
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R1 R2
assigned
Node
Numbers

©

Q
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C) .
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TRAN il
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CAP
1, 2.1

MRES
R3, 2,1

EDGE
1

-------- defini tion of Nodes to be
Edge Pads with cyclic order
required

I__._.__.,_lll___._...

3

I

5
STOP

Figure 4-4 Circuit Description
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Figure 4-5 Data Storage of a Two Pad Component
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The next stage in the design process is the use of a "Planarity

Algorithm®, This involves creating a set of PRegions®” which could
be placed side by side on the substrate. A Region is formed by
linking Component Branch Blocks together in a ring. Since the

Regions are adjacent to each other, every Branch will appear in two

Regions.

The third block type is the WComponent Block™, which has storage
space for co-ordinate and rotational information. This block is
labelled with the component's name, and is linked to all the other
Component Blocks by a series of pointers. The Block will store the
component's X and Y position on the board, together with the angle
through which its Master description has been rotated. A direct
pointer to the appropriate Master Block allows the layout to be drawn

out simply by accessing each Component Block in turn.

Figure 4.5 illustrates how the three types of blocks are linked,

using data pointers,
4.5 Multi-Pad Components In The Data Structure

The Branches described in the last section represent individual
two-pad components, When dealing with multi-pad devices, a slightly
more sophisticated technique must be applied. Figure 4.6 illustrates
how a three-terminal device can be described using several blocks.

Each terminal of the component is first assigned a Node Block, but since
these nodes are not true circuit nodes, they are called "Pseudo-Nodes”
and are marked with a special code (PN1, PN2 and PN3 in the example).
Corresponding "Pseudo-Branch™ blocks are used to form a little sub-

circuit representing the component (PB1, PB2 and PB3)

Only one Component Block is needed, of course, and is identical

to that of a two-pad component.

A set of "Link Branches™ are created to link the circuit nodes
to the Pseudo-Nodes. These are very similar to cordinary Branches
except that they are marked with a coded word, as in the case of the
pseudo-blocks mentioned above, These are labelled L1, L2 and L3

in the diagram.
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N1
@ Q————— Node Block

L1

ol Link Branch

Pseudo Node Block
_\Q Block

Pseudo
Branch
Block

4e PB2 N3

Figure 4.6 NODE BLOCKS AND BRANCH BLOCKS

Associated with a multi-pad component
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It can be seen that while a single Branch Block describes a
two-pad component, we require 3N blocks of various types to represent

an N-pad component.
4.6 Conductor Paths

When the components have been placed on the substrate, inter-
connection paths are created to form the desired circuit. The former
process merely involves entering X and Y co-ordinates into exdisting
Component Blocks, but a new set of blocks are needed to store the

conductor patterns generated in the latter,

Figure 4.7 shows how a connection is represented using a
"Connection Block®, It is assumed that the width of all the conductor
paths is constant, so it is only necessary to store corner and terminat-
ion co-ordinates. For processing purposes it is convenient to have
the start and end points together at the start of the block. This
avoids an un-necessary search through all the corner points in later
processing, Since each connection represents a circuit node and
several may represent the same node, it is also necessary to store this
value in the Connection Block. This enables the Routing Algorithm to

cross or intersect connections of identical circuit potentials.

Another feature of this block type, is that it can be shortened,
lengthened or re-used very easily using a system of pointers. When
reading the block, a negative number denotes a jump to another data
location, while a positive signifies a legitimate piece of information.
This arrangement means that any connection can be altered as the need
arises, by jumping past irrelevant co-ordinates or adding small blocks
of additional data. Should the whole connection become deleted then
the data space is re-used when the next connection is formed. The
system effectively reduces the size of the data structure needed for any

particular circuit by re-utilising redundant memory locations.
4.7 Representing Planarity In The Data Structure
The Planarity Algorithm described in Chapter 5 forms a number of

circuit loops or "Regions™", Figure 4.8 demonstrates a simple circuit

with its associated Regions.
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Figure 4.7 THE CONNECTION BLOCK
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Figure 4-8 Planar Representation of Circuit
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Each Region is simply a series of Branch and Pseudo-Branch
Blocks linked via pointers to form a ring. The first Region links
a set of MEdge Pseudo-Branches™ together, to simulate the available
board area. This Region makes it possible to locate the Edge Pads

quickly vhen redrawing the layout.

It can be seen that every Branch Block appears in exactly two
Regions, so each is assigned a pair of "Tie Blocks". The Tie Hlocks
are linked together and to thc Branch Block in question. Figure 4.9
shows how a Region is formed by linking a series of "Tie Blocks™ to a
special "Region™ block. The latter is labelled with a unique number
and added to a data ring, This allows each Region to be examined

sequentially in subsequent processing.
In  Figure 4.9 - (vhich represents Region 2 in Figure 4.8),

components R1 and R2 have been linked with an Edge Pseudo-Branch.
The Region Block is both the start and end point of the loop.
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Chapter 5
The Planarity Algorithm

S5e1 Introduction

The main objective in designing a thin film layout is to arrange
the components and their interconnections with a view to minimising the
number of conductor crossings required. Crossovers are achieved in
practice by bonding metal wires on to special pads in the circuit in
order to jump over one or more conmnection tracks, This is a manual
process and hence to be avoided if possible - even at the expense of
a longer, more complex interconnection structure. Given a totally
planar representation, wires still have to be attached between the Edge
Pads and package terminals to connect the circuit to the ocutside world.
This is a much easier task, however, since all the pads are located on

the board perimeter - not hidden in the midst of the circuit.

The concept of planarity is also important in the case of single-
sided printed circuit boards. A suite of programs have been developed
by Rose (Ref 19) to design such circuits automatically. Although the
bulk of his work is not applicable to thin film technology due to the
inherent differences between the two circuit types, his algorithm to
determine planarity seemed equally useful to the thin film problem.

A version of his algorithm has been implemented and is described in the

following sections.

The function of the "Planarity Algorithm® is to create a set of
MRegion®™ loops of Branch Blocks which could theoretically be placed
side by side and drawn in two dimensions. Figure 5.1(a) shows a
typical circuit topology drawn as a Regular Graph. It is difficult
to know from this diagram if a planar solution exists or not. However,
by choosing a pertinent set of Regions and redrawing the graph with the
Regions adjacent-to one another (Figure 5.2(b)), it is immediately
obvious that no crossovers are needed. Had there been a branch between,
say, nodes 10 and 3 then a non-planar situation would have resulted and the
branch would be removed from the graph. A list of such non—fJanaw
branches can then be used as a basis for choosing a minimum set of

crossover sites.
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(a) Topological Representation (b) Identical representation after
Regions have been chosen

#1)
#2)
#3)
Fb)
#5)
#6)

Regions defined as :-

- —=b -] =D .2 —B 3 —D k%

b —D> 1 —> 12 o> 11 —> 5 —> 4
9 —P M =b 12 =1 =B § —b 5
62 10—2D12—> 1 —D2—D9—DE—D6

§ —> 9 —> 2 —> 3 —> 7 —> §

L—D § b —D § —DT7 D3 DY

Figure 5-1 The use of the Planarity Algorithm
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To explain the mechanics of the Planarity Algorithm, the

formation of graph (b) from (a) will be used as an example,
5.2 Tree Search Procedure

An important sub-algorithm in the process is the "Tree Search®,
which is used to find the shortest path between two circuit nodes.
Refer to Figure 5.2 which illustrates the search for a path between nodes
UAY and WL"™ in a simple Regular Graph.

The search is split into a number of "Levels", each representing
the traversal of a Branch in the circuit. It is obvious that the
fewer levels needed to complete the path, the shorter the path.

WAR, in this case, is referred to as the "Start" node and "L" as the
"Target™ node. There is only one possible route from the Start node
and this leads to node "C", Level 2. Node "C", however, is connected
to two additional nodes namely "B" and "DM, Since it is not obvious
which path will ultimately lead to the Target, both routes must be

investigated simultaneously.

By Level 4, three possible destinations could have been reached,
and this increases to five in Level 3, Nodes wEM, UG and "A" can be
disregarded, however, as they have already been encountered in the search.
The Target is finally reached in Level 6, giving the shortest path to be
A-C-B-G-~-H-L,

This system will invariably find the shortest possible route

between any two nodes.
5.3 Formation of Regions

The first step in constructing a Planar Graph is to define the
allowable board perimeter, so an initial Region is constructed linking
all the Edge Pseudo-Branches. A convention has been adopted to specify
Regions in a clockwise direction, so the first Region in the example of
Figure 5.1 would be defined as 4 - 1 - 2 - 3 - 4. This is also known
as the "Free Region", since it indicates the board space available for
placement., Consecutive nodes on the perimeter of the Free Region are
selected at random as "Start" and "Target™ nodes in a Tree Search., 1In

later stages the criterion for selection is that the node must have at
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Figure &§-2 Tree search from nodes A to L

-88 -



least one unused Branch connected to it (otherwise no possible Region
could start from it), The corresponding Target node is chosen as the
next in a clockwise (or, when this fails, anti-clockwise) direction

round the Free Region with a similar "Free Branch!,

Figure 5.3 illustrates the process using the example given in

Figure 5.1, Nodes 4 and 1 have been selected as Start and Target in
(a), and the shortest path found to be 4 = 5 - 11 - 12 - 1. It is now
possible to form a second Region ( ##2) defined as 4 - 1 - 12 - 11 - 5 - 4

'and the Free Region is re-defined to be 4 - 5 - 11 - 12 -1-2-3 - 4

(shown as a shaded area in diagram (a)). The Region which has just
been formed contains no nodes with Free Branches other than those it has
in common with the Free Region itself, so there is no doubt that it is

a planar subset of the total graph.

Since node 4 has no remaining Free Branches, the Start node is
next chosen as node 5 which is the next "Free Node" in a clockwise
direction round the Free Region. Node 12 is selected as the Target for

similar reasons and the process continues.

Eventually there are no Free Branches left in the Free Region,
as in (d), and the Free Region itself becomes the final Region.

5.4 Non-Planar Graphs

A completely planar set of Regions have been developed in this
example from the graph given in Figure 5.1(a), but this is not always
the case, Should two branches be found to conflict with one another
(i.e. prevent the formation of a planar Region), then one is immediately
removed from the graph and stored in a data list for future reference.

At the end of the algorithm this set may contain several branches which

could be re-inserted without loss of planarity. (A branch may have been
added to the list unnecessarily if all the branches it conflicts with
have themselves been removed). This is not a serious problem since

a further algorithm is used to replace legitimate branches immediately
after the Planar Graph has been formed.
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Figure 5-3 The Planarity Algorithm
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5.5 Conversion Of Non-Planar to Planar Graphs

If no completely planar graph can be generated by the Planarity
Algorithm then one or more conductor crossings are needed. In order
to determine which node connections must be crossed, it is useful to
consult the "Pseudo-Planar Graph" itself. Figure 5.4(a) is such a
graph exhibiting two non-planar branches'that cannot be re-inserted.
This can be converted to a Planar Graph using two four-terminal
components C1 and C2. These multi-pad components are, in fact,
crossover devices in which opposite pads are connected together; one
set of pads are linked with a short length of conductor track, vhile
the other pair are linked with a bonded jump wire. This is a
conveniently simple method of representing a crossover since it can

be treated as a normal component - see Figure 5.5.

Crossings can be specified in exactly the same way as other
components in the circuit description file, but there is also provision
for auto-insertion. In the latter case the program consults the non-
planar list, in conjunction with the Graph, and automatically inserts

crossovers to create a completely "Planar® solution.

Only two types of element can be found in the pnplanar list,
namely two-pad Component Branches and multi-pad Component Branches.
Each type is re-inserted into the Graph by the addition of a minimum
set of crossovers but in slightly different ways. Figure 5.6
demonstrates the technique applied to the multi-pad case.

A Tree Search is used to find a path to the nearest Region
containing a circuit node of the same number. In this example the
path would be Region 5 => Region 3 =) Region 2. A series of
crossovers are then created and incorporated into the Graph which

effectively eliminates the non-planarity caused by the branch.

A different method is employed to deal with f¢iplanar two-pad
branches. The task is to find a pair of Regions containing the two
different nodes to which the component is attached. There may be
many such pairs and it is necessary to examine all of them to determine

the shortest inter-regional path.
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Figure 5-4 Pseudo-Planar Graph to Planar Graph
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(a) representation in layout suite

(3 conductor track

B aftached wire

I

(b) how it will appear in a fabricated circuit

Pads P1 and P3 are used (o attach a crossing
wire. Pads P2 and P4 are linked by a short
length of conductor track

Figure 5-5 Crossover ‘component”
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(®) points representing the same node number

Figure 5.6 Auto-insertion of crossovers to deal with
unplanar multi-pad components
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The component is incorporated into the Graph immediately after
the first crossover has been specified, and the process then continues

as an unplanar multi-pad branch. This is demonstrated in Figure 5.7.

Each Component Branch in the unplanar list is processed in turn,
until a completely planar solution is obtained. Problems can arise,
however, with "Strings" of unplanar branches - consider component C1
in Figure 5.8 for example. There are no two Regions in the Graph
which can be used for re-insertion because one end of the component is
connected to another unplanar branch. The solution is to insert one
of the string provisionally and then to process the other in the normal
way. This involves an arbitrary choice of Region to use for the
provisional placement. In Figure 5.8, for example, there are four
possible solutions and it is not immediately clear which is best,
although the decision will obviously influence the subsequent processing

of the remaining unplanar branches.
546 Choice Of Planar Graph
The edge definitions listed below are topologically identicals

EDGE, 1, 2, 3
EDGE, 3, 1, 2
EDGE, 2, 3, 1

Each refers to a layout with three Edge Pads which have been assigned
arbitrary node numbers 1, 2 and 3 in the circuit topology description.
All three definitions imply that the order of Edge Pads is PAD 1 =)
PAD 2 ==> PAD 3 in an anti-clockwise direction round the board
perimeter - each merely starting at a different point in the chain (note
that "EDGE, 1, 3, 2" is NOT an identical topological definition).
Exactly three equivalent variations are possible in this example
involving three Edge Pads. This is a general rule in that '"a"

definitions result from "n" Edge Pads.

The Planarity Algorithm initially chooses the first Start and
Target nodes arbitrarily as the first two Edge Nodes in the description
file, This means that each definition, although topologically identical,
may generate a slightly different Planar Graph. Assuming that the
circuit is inherently planar (no crossovers are needed), then the only

advantage in examining all possible graphs would be to obtain a solution
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Figure 5.7 Autfo-insertion of crossovers to deal
' with unplanar two-pad component
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pseudo- planar graph

-solution 1
C1 put into Region 2

solution 3 solution 4
C2 put into Region 4 C2 put into Region 3

Figure 5.8 Unplanar STRING of two-pad companents
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which takes up the minimum of computer storage. The saving in

memory, however, must be weighed against the increased computation

involved,

If the circuit is inherently unplanar (socme crossovers are
needed) , then the emphasis must be switched from data structure size
to the number of crossings generated in each solution, In this case
it is usually well worth the extra processing time to minimise the

time taken to fabricate each circuit.
5.7 Planarity Program - FLANAR

The program to create a Planar Graph of a circuit is called

PLANAR. An example of its operation is shown in Figure 5.9.

Two data files are required by the program - the first contains
the Master Component descriptions and the topology of the circuit,
the second holds resistor descriptions generated by the design programs

described in Chapter 3.

If an abnormality is detected while the Graph is being constructed,
the program halts and outputs an error message. This reduces the
chance of a typing error being overlooked in the circuit file -~ a common
error to be found is the use of an undefined Master description caused

by a spelling error.

Node Mumbers must always appear in at least two entries in the
circuit topology to make sense, and a check is made to this end. This

traps both typing errors and wrongly defined topologies.

Assuming that a Graph has been formed successfully, the result-
ing data structure is written to a file with extension ",PLA" (e.g.

TEST,PLA) in the format defined in Figure 5.10.

The first item of data is simply a line of text describing the
circuit and is followed by the total number of data elements present
in the file. Pointers to the main data block lists are stored in the
first six positions. This is followed by the main bulk of the data

structure and may extend to several thousand locations.



RUN PLANAR

PLANAR.FOR

This program constructs a planar representation of a

circuit and stores it in a data structure.

Enter name of file containing circuit AMPUN

LOW VOLTAGE AUDIO POWER AMPLIFIER

Will I proceed to enter crossovers if necessary? YES

INSERTING CROSSOVERS - DON'T GO AWAY!
CROSSING NUMBER 1 INSERTED!

CROSSING NUMBER 2 INSERTED!
CROSSING NUMBER 3 INSERTED!
CROSSING NUMBER 4 INSERTED!
CROSSING NUMBER 5 INSERTED!

5 CROSSOVERS INSERTED
Do you require a PLANAR GRAPH description file? YES

The following components need a description

B
)]
= W N

Enter name of component description file AMP

Enter Data Output File Name QUTPT

END OF EXECUTION

Figure 5-9 PLANAR execution
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start
of
file

TITLE OF CIRCUIT

MAXD =( number of elements in dafa)

DATA(1) = pointer fo first master description

DATA(2) = poinfer fo first region block

DATA(3)= pointer to first node block

DARA(S)= pointer fo first component block
DATA(é - poinfer o first connection block

)=
)
)=
DATA(L») POINTER TO FIRST UNPLANAR BRANCH
5)
)
)

DATA(7

N
\

= data structure
‘ elements

DATA (MAXD) /

Figure 5-10 Format of PLANAR data structure files
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Chapter 6

1L} w
The Start Of A Layout - Program PLACE

An intermediate program is used to read in pertinent physical
data and to position the first components on to the board as a basis
for future interaction. Figure 6.1 shows a typical dialogue
produced when running the program, which is called MPLACE".

A PLANAR type data structure is needed as input, and a file
with the same name, but extension " ,LAY" will be produced. The file
TEST.PLA, for example, will cause an output file named TEST.LAY. This
can then be used by the layout and interconnection program, described
in Chapter 9.

6.1 Geometry Of Crossover Sites

Having input values for conductor width and spacing allowance,
it is possible to determine the geometry of crossover "components®,
Unless the user is convinced that the circuit is completely planar,
he will have included a Master Crossover description in the circuit data

file. This takes the form of:

MASTER CROSS, pad

vhere "pad" is the size of the incorporated bonding pads. Figure 6.2

illustrates a crossover site graphically.

Pads 1 and 3 will be connected with a short jump-wire and their
size is defined by the Master Crossover description given above. The
other two pads (4 and 2) will be replaced with a short length of track.
It is therefore sensible to make them the same size as the conductor

width itself,

Normal spacings are assumed, so the bounding rectangle dimensions
and pad coordinates can be calculated directly. These are entered into
the crossover Master Component Block (see Chapter 4.2). The crossover
now appears to be a normal four-terminal component and is treated as such

in future processing,
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PLACE.FOR

This program reads in the physical parameters required
for a thin film layout and places the first components

onto the substrate
Enter name of planar graph data structure file YUK

LOW VOLTAGE AUDIO POWER AMPLIFIER

Enter CONDUCTOR WIDTH and SPACING allowance 30, 30
Enter EDGE PAD size 100

Considering the total component area,
I suggest a board area not smaller than
D257 by 5257

Input BOARD X and Y dimensions 6000, 6000

Edge pad positions

NODE NO 4 T/B? T
NODE NO 5 T/B? T
NODE NO 12 T/B? T
NODE NO 1 T/B? B
NODE NO 9 T/B? B
NODE NO 8 T/B? B
NODE NO 2 T/B? B

CHIP XS ORIENTATED 0
COMPONENT R4 ORIENTATED 180
CHIP X3 ORIENTATED 270
COMPONENT R1 ORIENTATED 90

Enter Data Output File Name - QUTFIL

END OF EXECUTION

Figure 6.1 Dialogue from PLACE
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| S l _ N.B.
| Q , pad - bonding pad
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. specified in
desapt‘/on
padi | pad2 fie
® 2 ® .
g space- spacing
[xl.,yé.:] O [xz,y2j allowance
| , T * - | conwid-width of
<—conwid —s 8 —COonwid—> conductor
| [ S : l tracking
Q
! Lo ' width -width of
! B ! bounding
rectangle
height -height of
bounding
rectangle
‘c: pad1
I~ ®
]l E< tpt
0,0 == pad =

l:x7,y7- —— [pad/2, pad/2]
E(Z,yZ- —= [pad-conwid/2 pad+ space + conwid/2]
-

[x3,y3~ —= [pad/2, 3 x pad/2+ 2 x space + conwid]

-4

[XA,yA— ——= [conwid/2, pad + space + conwid/2 ]
width ——= [pad]
height —= [2 x pad + 2 x space + conwid]

Figure 6.2  Physical characteristics of the Crossover Master description
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6.2 Board Dimensions

The user must next select a suitable board size. Each component
in the data structure now has a definite height and width, so it is a
simple matter for the computer to add up the total area involved. This
area is multiplied by a M"packing' factor to allow for spacings and tracks,
then used as a guide to board selection. The choice of packing factor
is explained more fully in section 11.4.2.2. It should be noted,
however, that the user can change the board size interactively in later

stages of the design.
6.3 Edge Pad Positions

Having set all the necessary physical dimensions involved in the
layout, the Edge Pads are placed on the board. Edge Pads may only
exist on the top or bottom edges and are automatically positioned with
regular spacing., The computer requests the code T (Top) or
B (Bottom) for each Edge Pad in an anti-clockwise direction round the
board perimeter. Figure 6.3 gives three examples of the dialogue

involved.

Only two changes from Top to Bottom are allowed ~ this
corresponds to the left and right board edges. Example three failed
because the user attempted to specify three changes.

The Edge Pads can later be moved interactively to improve the

layout.
0.4 Initial Placement

The final function of program PLACE is to position the first
components on to the board, to provide a starting point for the
interactive layout stage. A1l the Regions containing bottom Edge
Pads are examined in turn, starting with the pads nearest the right-
hand edge and working to the left. The data pointers from the Region
loops are compiled in an array to produce a list of components which

will be placed along the bottom edge from right to left.

6.4.1 Component Orientation

Each component has so far been defined as a bounding rectangle
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COMPUTER DIALOGUE

placement
| - |
/—'7*——2
g§ —™ 13— 9
|| | il
Example 1

NODE No. 7 /B ?

NODE

NODE

NODE

NODE

NODE
NOOE
NQOE
NODE

NODE

NODE

NODE

NODE

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

8 1T/B7
13 /B2

9 £B.%

2T/B7

77/B?7?

8§ /B

.13 /B ?

9 T/8 ¢

2 1/8:7

7 1/B7

8 /B 7

No13 T/B 7

B

B

T

T

B

T

T

B

Example 3

Figure 6.3 Edge -pads,

cyclic definition

NODOE No. 9 T/B? T

you cannot define them
Like this--the cyclic
order is all wrong !
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encompassing a number of terminal pads. The first task is to decide

vhich angle of rotation is required for each member of the list.

There are exactly eight different pad positions within the
bounding rectangle - these are shown in Figure 6.4. If the co-
ordinates of a pad are equi~distant from an X or Y boundary line,
the pad is deemed a "Cormer Pad®, The four Corner Pads have been
labelled TL (Top Left), BL (Bottom Left), TR (Top Right) and BR
(Bottom Right)., A conductor track can start at a Corner pad in one
of two ways; parallel to the X axis or parallel to the Y axis.

The other four positions, namely L (Left), R (Right), T (Top)
and B (Bottom), force the track to start in one direction only. It
is good sense, then, to position pads at the vertices if possible as

this may save connection length.

The component is connected to the Region by two of its pads.
One pad, the "Incoming®" pad, will be connected to another component or
Edge Pad to the RIGHT of it, vhile the "Outgoing" pad will be connected
to the LEFT. The ease of routing the connections is obviously very
dependant upon the positioning of these two pads within the bounding
rectangle. Consider Figure 6.5 which shows a two-pad component with

its associated connections,

In the original definition, the Incoming pad is positioned on
the Left and the Outgoing pad on the Right. The component can be
orientated in one of four different positions, since the bounding
rectangle edges are restricted to lie on either the X or Y axis,
The allowable angles are 0, + 90, - 90 and + 180 degrees - where a
positive angle refers to a clockwise rotation. Figure 6.5(b) shows
the best solution for this example - a rotation of + 180 degrees. This
is only an initial orientation and may subsequently be changed to improve

the layout.

Each component in the placement list must be assigned an
orientation angle in this way. The Incoming and Outgoing pads are
first classified into one of the eight position codes, then a look-up
table is used to read off the best orientation. The table can be

seen in Figure 6.6,
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TL TR
I —=3
conductor
track
L R
BL BR
B
Figure 6.4 Possible pad locations inside
a component boundary
{-::———

-2

fa) CPorientation (b)  +18C° orientation

I = Incoming Pad ( from Right)
Outgoing Pad ( to Left)

o
"

Figure 6.5 Component orientation
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)]
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= BLI|-90|-9¢ | -of | 180" | 80" o
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Where two angles are given,
left applies if the Ingoing Pad is to the left
or lower than the OQutgoing Pad

Figure 6-6 Component

the figure on the

Orientation
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Special cases arise when the position codes of the pads are
the same - this corresponds to the main diagonal in the table. It is
_impossible to have two identical Corner Pad codings since this would imply
that the pads overlap one another, The remaining elements along the
diagonal need a further test before an orientation can be chosen.
Consider Figure 6.7 which illustrates the situation vhen both pads are on

the right edge of the bounding rectangle.

The Incoming pad in (a) is lower than the Outgoing pad. This
requires an anti-clockwise rotation of 90 degrees (-90). If the pad
positions had been reversed (shown in diagram (b)), a clockwise rotation
is needed (+90). Each legitimate position on the table diagonal, then,

has two arguments instead of just one,

When every component has been assigned an initial orientation,
the program proceeds to the actual placement algorithm shown in Figure €¢.8.
A total is first made of all component widths in the X direction.
Suitable spacing is added between components to allow the connections to
be routed and the total compared with the board width. If the board
is wide enough the components are placed along the lower board edge and

their co-ordinates entered into the relevant component data blocks.

Figure 6.9(a) shows such a case where the component string has
fitted neatly into the available space. The components are packed
from the left with minimum spacing and the user will have the option of
reducing the board width to save wasted space. It is also possible
to automatically increase the inter-component spacings in order

to take up the vhole board width.
6.4.2 Component Rotation

If the string of components do not fit the board, one or more of
them are rotated to save space. Each component's horizental width is
determined from its physical dimension and necessary connection spacings,
then compared with its corresponding vertical height. (Refer to
Chapter 8 for details regarding connection spacing allowances). The
possible saving in width is simply the difference between these two

figures.,
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I = Incoming Pad

0 = Qutgoing Pad

0
e [o]

(=<

0° Orientation
o] ]
--90° Orientation
(a) Incoming Pad lower than Outgoing Pad
=& H F——
ET

0° Orientation

e B

+90 Orientation

(b) Incoming Pad higher than Outgoing Pad

Figure 6.7 Orientation decisions for pad positions RyR
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Figure 6.8 Initial placement algorithm
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Figure 6-9 Initial placemenl technigue
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Figure 6.9(b) shows thc saving that can be obtained by rotating
component A through -90 degrees, There is obviously a limit to the
saving which can be gained from rotation, and Figure 6.9(c) is such a
case. The components are all orientated in such a way that no further

saving can be obtained.
Three basic heuristic rules have been adopted as regards rotation:

(a) Two-pad components should be rotated in preference

to multi-pad components.,

(b) Components which are connected to bottom Edge Pads
should be rotated such that the relevant connection

pad is nearest the bottom of the board,

(c) Any two adjacent components which are to be rotated

must be rotated in opposite cyclic directions.

Rule (a) has been adopted to avoid un-necessarily long connections. The
components have been provisionally orientated with a view to easing the

routing process, so it makes sense to rotate those components which will
affect the least number of conductor tracks. Multi-pad devices should

only be rotated as a last resort.

The second rule applies to components which are directly connected
to an Edge Pad. Usually it is not clear whether a clockwise or anti-
clockwise rotation will cause the least increase in connection length,
but in this case the component is rotated such that the appropriate pad is
nearest the bottom edge. This minimises the conductor length to the

Edge Pad, although the effect on the other connection is not clear.

Rule (c) is best illustrated by example. Consider Figure 6.10(a)
which shows a string of four two-pad components A, B, C and D in their
original orientations. Since each component is larger in the X direction
than in the ¥, it should be possible to reduce the total width of the
string by rotation. Figure 6.10(b) results from rotating each
component through 90 degrees in an anti-clockwise direction. The saving
in width is less than ome might have expected because extra space must be
allocated between the components for interconnections. A much better

solution is to rotate adjacent component pairs in opposite directions.
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(a) Original placement

(b)  All components rotated -90°

conductor
track

(c) Components rotated alternatively - 90°and +90°

Figure 6-10 Rotation Rule (c)
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This eliminates the need for extra spacing and produces a compact result.
The total conductor length has still increased significantly, but this is
only to be expected since the initial orientations were chosen on the

principle of minimum connection length,
6.4.3 Removing Components To Upper Levels

When the rotation method fails to reduce the component string
width sufficiently to fit the board, a technique known as "Component
Removal® is employed. A component is selected and removed from the
placement list. The orientation angles for the other components are
then reset to their original values and the placement algorithm repeated.
Several components may have to be removed in this fashion until a

solution can be found.

The components which are removed play no further part in the
initial placement algorithm and will be dealt with in the actual Placement
Algorithm mentioned in Chapter 7. The order in which the components
are removed is quite important, however, and the following rules have been

formulated as a guide to this decisions

(a) The components in the list are numbered sequentially
from the left. Only even-numbered components

can then be removed.

When all of these have been removed (excluding
end components), the remaining components are re-

numbered.

(b) Multi-pad components should be removed in preference
to two-pad components (providing that this does not
contradict rule (a)).

The first rule describes a strict removal algorithm designed to
minimise the connection length between layers, or "stacks™, of components
with the consequent saving in board area that this implies. The

algorithm is explained with reference to Figure 6.11.
Seven components have been placed in their original orientations

in diagram (a). Smaller board widths would cause rotations to occur

until a critical point is reached vhere Component Removal is required.
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Any even-numbered component can then be removed and the string checked
to see if rotation will produce a solution. Diagram (b) shows the

situation where component B has been removed and component E rotated.

A1l even-numbered components have been removed in diagram (d),
so it is necessary to re-number the string, Component C then
becomes number 2 in the string and is therefore eligible for removal.
There being no other legitimate even-numbered component in the string,

re-numbering is again applied and component E removed (diagram (f)).

A similar removal technique is applied in later processing, and
this produces a multi-tier solution. Rule (b) ensures that multi-
pad components are removed to upper levels in preference to two-pad
components, This avoids a connection originating at the bottom of the

board and having to travel through several layers of components.

The algorithm tends to produce a neatly stacked layout in vhich
components are connected to immediate neighbours with a minimal amount

of spacing and conductor length.
. 1] i
6.5 Program PLACE

PLACE produces a data structure file to be used by LAYOUT, the
program for interactive layout and interconnection. The output
format is similar to a PLANAR data structure except that it contains

additional physical dimensions (see Figure 6.12).

It is now possible to obtain a graphical representation of the
layout as it stands, since co-ordinates have been entered into the Edge
Node blocks and certain Component Blocks. Figure 6.13 shows a typical
graphical output from PLACE.

Each Edge Pad and component pad is labelled with its corresponding
circuit Node Number, and the components are named for easy identification.
These drawings provide the operator with a means of visually checking the
effects of different Edge Pad positions before a final choice is made.

Chapter 11, section 4, discusses this process.
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file

TITLE OF CIRCUIT

board width

board height

edge pad size

conductor track width

spacing allowance

MAXD = number of elements in data

DATA(1) = pointer fo first Master Description
DATA (2) = pointer fo first Region Block
DATA (3) = pointer to first Node Block
DATA(4) = pointer fo first Unplanar Branch
DATAG) = poinfter to first Component Block
DATA(6) = pointer to first Connection Block
DATAT) ™,

: L data structure

: 5 elements
DAA(MAXD) ./

Figure 612

Format of PLACE/ LAYOUT data structure

files
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Chanter 7

The Placement Alsoritha

71 Introduction

The layout at this stage consists of a rectangular board with a
nunber of Edge Pads along its top and lower edges. A layer of components
have already been placed at the bottom of the board using tihie methods
described in the last chapter. A sequential placement algorithm is now

used to fit the remaining components into the available areca.

The Algorithm chooses a pertinent Region from the topological graph,
forms a list of components to be placed, then proceeds to stack them on top
of the exdisting components, Repeated use of the Alscrithm will
generate a complete layout and it is convenient to halt after each cycle

for human interacticn.
7.2 Choosing The Next Region

The Initial Placement Algorithm described in Chapter 6 used
components from thée Regions containing bottom Edge Pads. This meant
that they could be placed along the lower edge of the board without leav-
ing space underneath them for other components. A similar argument can
now be applied to immediately adjacent Regions,in that their components

can be stacked directly above the original layer.

Every Region containing bottom Edge Pads is "Mariked" with a coded
word in its data block. The Placement Algorithm then hunts through
the Marked Regions looking for any unplaced components. This ensures
that any components which have been removed from the Edge String during

the initial placement are dealt :ith first.

Figure 7.1 shous the Region selectiocn process in the form of a

flowchart. A Region is chosen according to the following rules:
(a) The Region must be Marked
(b) It should contain the fewest unplaced componcnts of all the

Marked Regions,
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Figure 7-1 Flowchart of Region selection process
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The second rule simplifies the placement task by processing
smaller component strings first, Scme components may be common to
several strings so this may mean that the longer strings are significantly
reduced before they are selected. This is quite important since it is
much more difficult to place a long string in one iteration than to place

several short strings one after the other,

When all the components in Marked Regions have been brought onto
the board, every Region containing at least one placed component is
Marked and the process continues. The layout is complete vhen every
Region has been Marked and no unplaced components can be found in the

search,

The technique is best explained .ith reference to Figure 7.2 which

shows a simple topological graph. Regions 1 and 2 contain tle bottom
Edge Pads and have beer used at the initial placement stage. Diagram

(a) indicates that three 2- pad components have already been placed onto

the board and that a multi- pad device has been removed due to a restrictive
board width. Both Regions are Marked and the multi-pad device is
selected as the first component to be dealt with, his exhausts the
Marked Regiorns of unplaced components, so adjacent Regions 3 and 5 are
added to the list, Since the latter has the fewer unplaced couponents

it is chosen first (diagram (c)).

The process halts at Diagram (d) when every Region has been Marked

and the components have all been placed.
y Forming The "Slot Boundary"

The Placement Algorithm is designed to insert components into an
irregular louwer boundary composed of horizontal and vertical line segments.
The "Slots" are the dividing line between the free board space above, and
the occupied area below. The Slots can be displayed at any stage of the
design using the ®SLOT" command in the LAYOUT program- an example of this

is given in Figure 7.3.
A sinple one dimensional array is used to store tha co-ordinates of

each vertice in the Slot Boundary - 'hich is defined from the left side of

the Board. The "Slot Array", as it is called, is originally set up to be
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a two point horizontal line immediately above the bottom Edge Pads as
shoin in Figure 7.4 (a). This is deformed to include components by
adding points to the array (see diagram (b)). The deformation allows
space for connections round the components so it should not, in thecry at

least, matter :hether the connections actually exist at this stage.

Each placement stage uses the Slot Boundary to bring on another
string of components, then changes the definition accordingly. Figure
7.4(c) illustrates the main characteristics of the deformation technique.
Component "C" on the left has fitted neatly into a slot leaving a small
amount of extra space, This would normally cause the formation of a
small slot to the right - if the width had been large enough to be useful.
The Slot is deemed M"Inconsequential™ if two conductor tracks cannot be
routed into it (corresponding to Input and Output connections). In this
example the Slot width is too small to be of any use and the Slot Boundary

has ignored it.

Component "D" has not fitted any of the Slots but has been placed
as close to the boundary line as possible, This technique is used as a
last resort since it wastes valuable space by MMasking" potentially useful

slots,

The size of the Slot Array changes with each layer of components.
In diagram (c), for example, it fell from 14 points to 10. The formula

for the maximum possible array size is given by:

Mmax = 2 X Bw/ (2xCw + Sp)
where: Bw = current becard width
Cw = connection track width
Sp = spacing allowance (constant)

This formula assumes that the Boundary is composed entirely of Slots vhich
are just larger than the "Inconsequential® width of 2xCw. In general the

array size reaches only a small fraction of this maximum.

7.4 Placement Techniques
Having set up the Slot Boundary and chosen a Region, the prograa

proceeds to the actual positioning stage. The Region can be thought of

as a string of placed components connected across a string of unplaced
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components as in Figure 7.5. All the unplaced components «ill eventually
lie above the existing ones so it is possible to define an X range on the
5lot Boundary into which the new components should be fitted. The range
boundaries are set with regard to the t.o end components in the placed
string. In Figure 7.5, for example, the boundary lines are defined from
the Incoming pad of component A to the Outgoing pad of component C, The
general rule is that the component string should be placed within the two

points vhere it joins the existing components.

The unplaced components are assigned an orientation angle in exactly
the same way as the bottom layer (refer to 6.4.1). The string is then
fitted onto the Slot Boundary using a cowbination of the techniques
described in the next section. Figure 7.0 shows the flowchart of the

process.
7.4.1 Filling The Slots

The best placement method in terms of space utilisation and conductor
length is to place the components directly into Slots between the X boundaries.

This is demonstrated in Figure 7.7.

A Slot is defined as a horizontal section of Boundary in which at
least one of its immediate neighbours is set to a higher Y co-ordinate.
A horizontal segment with both neighbours set to a lower level than itself
is called a "Mound®, Slots are used in preference to Mounds on the
principle that the Boundary should be kept as level as possible. This
reduces the vasted space at the top of the board when all the components

have been placed.

Several components may occupy the same Slot if it is large enough
after suitable spacing has been allocated around and betueen the components
for conductor tracks,

7.4.2 Filling The Slots/Mounds
If the first method fails to fit all the components between the X

boundaries, the Slot - only restriction is relaxed. Components may now

be placed on any horizontal line segment (see Figure 7.8).
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While this technique does net actually waste space as such,
components placed on Mounds Will accentuate the irregularities of the
Boundary line. This increases the likelyhood of unused space being
trapped between the Boundary and the top board edge ~hen the layout is

complete. B
7.4.3 Component Rotation

When both methods fail, a component is rotated through +/- G0
degrees in order to reduce the overall width of the string. A component
is selected for Rotation using the same rules developed for the Initial
Placement algorithm described in Chapter 6. In this case, however, it
is no longer sufficient that the total component string width be narrower
than the available space, since the Slots and Mounds may be of inconvenient
sizes. The effect of Rotation merely increases the possibility that a
solution will be found - the components appear smaller so they have a better

chance of fitting the available Slots,

A single component is rotated each time the two placement methods
fail, This continues until a solution is found or the string has been
compacted as far as possible without success., This simple loop ensures
that Rotation, =ith its associated increase in conductor length, is kept
to an absolute minimum. It should also be appreciated that Rotation will
accentuate the irregularity of the Boundary in much the same ay as the

Mound method.
7.4.4 X Boundary Expansion

When the component string cannot be compressed enough to fit the
Slot Boundary, it is often possible to extend the X range involved. The
left and right bounding lines are gradually moved to either side until the
string can be placed. Figure 7.9 demonstrates this technique using a

string of three unplaced components.

The boundary edges are incremented at the same rate unless one side
is constricted, in which case the expansion is confined to the other side.
It is very difficult to decide vhen to abandon this approach in favour
of other techniques. At present ths algorithm is allowed to expand the

boundary range by a fixed percentage of its original size. This was
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intended as a temporary measure until the "Domain" approach shown in
Figure 7.10 is implemented. Expansion would then be limited by beoard
edges and other X range boundaries. This prevents the expansion
obscuring component connection pads from unplaced components in other

Regions, since the X ranges are prevented from overlapping.

7.4.,5 Component Removal

This technique is very simple to apply - a component is simply
removed from the string using the rules formulated in Section 6.4.3.
If this still doesn't produce a solution, another component is removed

and the process continues.

Removed components are treated as normal unplaced components in
further placement stages. Any particular Region may thus be selected
several times before all of its components are finally positioned on the

board.

7.4.6 Rough Placement

The positioning methods described in the previous sections try to
place components such that they do not lie across vertical line segments
in the Slot Boundary. This is not always possible as in the case of
Figure 7.11, for example. In this case a string of three large
components have to be placed onto the section of Boundary shown. Rotatiocn
is of no use here since the snallest dimension of any component is still
larger than any of the horiz.ntal line segments. Component Removal
is equally useless since at least one component must fit the boundary.

A technique known as "Rough Placement™ is used to position component MAM
onto the Boundary, regardless of vertical line segments. This is the
least economical placement approach as regards board space and is used

as a last resort.

Having placed component A, the algorithm ends and the Slots are
re-defined. The rest of the string are treated as removed components
and the Placement Algorithm must be used several times in succession.

765 Using The Placement Algorithm

The principle aim of the Algorithm is to bring the next components

onto the board ready for human interaction. If the components have been
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positioned satisfactorily, the user can let the process continue
automatically, but it is important to give him the chance of vetting

the layout at each step. Most Sequential Placement algoritims suffer
from the disadvantage that the first components tend to be better placed
than later ones., Manual interaction can be applied to correct this
degradation at each stage thereby simplifying the next placement task.
It is also gencrally easier to adjust the layout at each step than to

attempt major changes after the layout has been ccmpleted.

Figure 7.12 illustrates the design loop involved, The process
starts with an Edge Placement and ends when every component has been
positioned on the board. Chapter § describes the available interactive
facilities in detail and Appendix 1 demonstrates the Placement Algorithm

as applied to a simple circuit.
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Chanter &

The Routing Algorithnm

R.1 Definitions

A "ray optic" type algorithm is used to route the interconnections.
Each conductor track is constrained to be the same width and must be
orthogonal - i.e., made up of segments which are parallel to the X or ¥
axilse A connection is said to be generated between a "START" ccmponent
and a "TARGET" component, All the other components, Edge Pads, Board

Edges and connections are deemed "Obstacles®,

B2 Basic Algorithm

A "Ray" is emitted from the Outgoing Pad in the Start component
at right angles to its bounding rectangle, When the Ray is obstructed
or reaches the Target co-ordinate, it turns through 90 degrees to lie
along the other axis. The connection Yhunts" through the Board in this

manner until it reaches the correct pad in the Target component,

Consider Figure 8.1 (a) which illustrates the basic idea of the
algorithm, The Start pad is positioned on the right here, so the Ray
must start in a horizontal orientation, An obstacle is encountered
before the Target X co-ordinate can be reached, and the Ray is forced
to change direction. It is, in fact, directed upvards because the
Target Y co-ordinate is higher than the present value. This time it
is possible to reach the required co-ordinate without obstruction and the

Ray reverts to its original direction to reach the Target pad.

The Algorithm produces a string of turning points in this way, to
be stored in a Connection Block in the data structure. Figure 8.1 (b)
shows how these co-ordinates can be interpreted to draw the connection
on the screen. Since the conductor width is pre-defined, the turning
points completely define the shape of the polygon. This is a very

economical method of data storage.

8.3 Approach Distances

When the Ray encounters an obstacle of some kind it stops short of the
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barrier by a certain amount known as the "Approach Distancel, This is
calculated in each case from the conductor width (CW) and the spacing

constant (S) which have already been chosen.

Figure 8.2(a) shows the Approach Distance required :hen the
connection meets a Board Edge. The side of the conductor track is
positioned to be exactly one spacing ccnstant from the barrier. This
gives an Approach Distance of S + CW/2 since the turning point co-ordinate

is defined to be at the centre of the Conductor track,

The same Approach Distance is used vhen Edge Pads (diagram (b)) or
previously routed connections (diagram (c)) are encountered. A special
case arises, however, when the Ray meets a connection representing the
same Node Number. The two paths are, by definition, at identical

circuit voltages so they are allowed to intersect and merge freely.

The connection may sometimes meet the Slot Boundary but it will
not alwvays treat this as an obstacle (refer to section 8.10). When it

does, the Boundary is regarded in the same way as a Board Edge.

Components are the most difficult obstacles to deal with because
they have their own connections. If these have not already been routed,
the Algorithm must allocate sufficient space for them in the Approach
Distance calculation. The multi-pad ccmpoment shown in Figure 8.3

demonstrates just how much uncertainty this involves.

Every pad along the "Edge of Approach" must be allocated a channel
of width S + CW to allow for the worst case in which every connection
travels in the same direction (shown in diagram (2)). The spacing can

thus be calculated froms:

Spacing = Npad (S + CW) + S + CW/2
where Npad is the number of pads along the edge in question. The
Approach Distance can be smaller than this value, however, vhen the
comnections leave in opposite directions (diagram (b)) or from different
edges (diagram (c)). It is impossible to take advantage of this until
all the connections have actually been routed so the maximum spacing is
alvays assumed., This is acceptable for components which have been

placed automatically but may cause problems with those that have been
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moved interactively. All the Placement Algorithms set the spacings
to their maximum values as a matter of course and it is up to the user
to re-position components if he wishes to save space.Should he do so,
hovever, the connection may fail due to lack of space. When this
happens, the component connection allowances are temporarily relaxed

until the track has been routed,

The technique of relaxing Approach Distances izay cause some
connection pads to be blocked unnecessarily, When this happens, the
designer must use his experience to decide whether to move the obstacle
or to re-route the offending connection by hand. The important point
is that he is immediately aware of the problem since all connection

failures are displayed at the conclusion of the routing process.

8.4 Initial Shunting

8.4.1 Introduction

A serious disadvantage of the basic algorithm is that the Rays
are always sent out TOWARDS the Target pad. The rule is that Rays
should be directed to decrease the difference in the X/Y co-ordinates at
each step. his will certainly produce minimum length connections
but there are many situations when this strategy »ill simply not work,

A number of specialised techniques have had to be included -ith the
algorithm in order to cope with these potential failure conditions, and

the first of these is called "Initial Shunting!.

8.4.2 Single Shunt

Figure 8.4 shows the simplest example where a single "shunt! is
required. The Start pad is positioned on the Left of the bounding
rectangle here, so the initial connection segment must be horizontal.

The algorithm would try to go Right in order to reduce the distance
between the two X co-ordinates, This is quite impossible in this case,
so the conductor track is shunted to the left before the algorithm is

applied.

S8.4.3 Double Shunts

Tvwo shunts may be necessary in some cases and this introduces a
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variable into the algorithm - .hether to go clockvise or anticlockuise
round the component. Figure 8.5 (a) illustrates the former vhere a
Downwards shunt has been followed by a Left Shunt. If the second
shunt had been to the Right instead of to the Left, this would have been

deemed an anticlock ise case.

In general it is not clear which direction is to be preferred until

both have been tried and the results compared.

Figure 8.5 (b) justifies the use of the second shunt, In this
case the Left shunt has been omitted causing the Algorithm to fail.,  After
reaching the Target X co-ordinate, the vertical Ray was still obstructed |
by the Start component.

8.4.4 Shunt Selection

A set of rules have been formulated to govern which shunt (or shunts)
should be applied in every possible situation. These are listed in

Figure 8.6.

The first step is to define an M"Encompassing Boundary® round the
Start Ccmponent. This is initially set to be the Bounding Rectangle.
Each pad is then examined in turn and the relevant X or Y co-ordinate is
adjusted in the Encompassing Boundary definition to allow for connections.
When this has been completed, the four boundary lines are extended to define
eight sections or "Octants" round the component (see Diagram (a)). The
Target Pad is classified into one of these Octants and it is then possible

to read the necessary shunting requirements from the table given in Diagram (b).

An example is shown in (a) where the Target Pad is in Octant 8 and

the Start Pad is in the BL (Bottom Left) position. The connection can
either be given a single shunt downvards, or a left shunt followed by an
upvward shunt, These two alternatives are given in the table and represent
Anticlockwise and Clockwise solutions respectively. All the corner pad

positions produce two alternatives since the connection may start parallel
o either board axis. Even if no shunting is required, the connection is

attempted using both initial directions to find the best of the tvo.
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Only half of the possible &4 situations vwarrant a shunt of any

kind.
8.4.5 Shunt Distances

Having chosen the shunt direction, the actual distance vwhich the
Ray should travel is calculated from the positicning of the other connector
pads round the component rectangle. This is again best illustrated by
exanple. Consider Figure 8.7 vhich shows a set of possible LEFT shunts

from a multi-pin ccmponent,

The Target Y co-ordinate is higher than the Start Y cc-ordinate in
this case so room must be left for connections going to pads immediately
above the Start point, A general rule is that the shunt distance be:
dist = (Npad + 1) (S + CW) vhere Npad is the number of pads along the

same component edge between the Start and Target,

The double shunt situation is rather more complicated. This time
the second shunt must allow for connections along TWO sides of the
component - Figure 8.8 shows this graphically, The rule here is that
the second shunt should continue past the component edge in question
(Twax in this example) by a distance defined as:
dist = (Npad + 1) (S + CW)
where Npad is the number of pads along BOTH edges between the Start and

Target points, The first shunt is treated in the same way as before.
3.5  Final Shunting

The basic Algorithm has the disadvantage that the Ray must strike
the component on the edge bearing the Target pad. If it hits aay cther
edge, the connection will fail since the Ray is blocked by the Target

component itself (see Figure 8.9).

A series of up to three "Final Shunts" are applied to route the
connection round the component in order to reach the correct edge. This
can be done in a Clockwise or Anticlockwise direction and it is not clear

which is to be preferred until both have been tried.

The shunt distances are calculated in a similar manner to the
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Initial Shunt technique except that pads along any of the three sides must

be taken intc account, Figure 8.10 shows an example of this methed.

8.6 Under-Run

Final Shunting can sometimes be avoided using a technique known
as "Under-Run!, The Ray is said to have Under-Run the Target co—-ordinate
if it prematurely changes direction without encountering an obstacle.
This method is used instead of Final Shunting vherever possible because

it produces shorter, less complex comnections.

The two methods can be compared with reference to Figure 8.11. In
this example the Target pad is situated on the lower edge of the component
and the Ray is initially directed upvards. Under-run can ocnly be applied
vhen the nearest component edge to the Ray is also the edge containing
the Target pad. This is obviously th. case here, so the Ray is deflected
before the Target Y co—ordinate is reached, The actual magnitude of the
Under-Run is calculated from the pad positions along the Target pad edge
and is given bys

dist = Npad (S + CW) + S + P/2
vhere Npad is the number of pads between the Ray and Target co-ordinate

and P is the couponent!s pad size.
87 Over Run

When the Target edge is perpendicular to the Ray, but on the far
side of the component, an amount of MOver-Run" can be applied. The Ray
is forced to continue past the Target co-ordinate by a specified amount
(calculated from the Under-Run formula) in order to eliminate Final
Shunting, This is demonstrated in Figure 8.12.

The Over-Run technique does not generate shorter connections than
the Final Shunting method, but it does reduce the number of turning points
involved, This is important as it speeds up the artwork generation
bprocess and reduces the chance of faults in manufacture.

8.8 Extrapolation

We have seen that then the Ray meets an obstacle, it immediately
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changes direction to run parallel with it. Should the Target co-ordinate
be reached before the obstacle is cleared (allowing for Under-Run and
Over-Run), the Ray :ill still be blocked and the Algorithm «ill fail.

This can b. avoided if the Ray is shunted or "Extrapolated" to the end of
the obstruction as demonstrated in Figure 8.13. The Ray continues past
the Target co—ordinate until it has cleared the obstacle and any associated

connection space then the Algorithm is re-applied.
8.9 Intermediate Shunting

This technique is used vhen the Ray has reached one of the Target
co-ordinates and is then prevented from reaching the other, Figure 8.14(a)
gives a typical example of this where a horizontal ray at the correct

height has been obstructed by a component.

An arbitrary choice must be made here - whether to shunt the Ray
upwards or downwards. The former strategy will route the connection round
the obstacle in a clockwise manner, while the latter will route it in an
anti-clockwise direction. These tvwo alternatives are illustrated in

diagrams (b) and (c) respectively.

The shunt magnitudes are chosen such that the new conductor track
w1ll not interfere with any of the obstacle's o.n connections. In
general the two shunts will be of different sizes and the rule is that the
shorter should be selected. This can result in a considerable saving in
connection length since the track has been diverted by the least amount,
The actual saving between the solutions given in (b) and (c) can be
calculated from:

Saving = 2 (S up - S down)

”

i Lo " & ; . . . .
vhere S up and S doun'refer to the magnitudes of the shunts in question,

It should be noted that this approach does not alwvays produce the
shortest connection since the effect of subsequent obstacles may cancel
out this saving, Another disadvantage is that the Spacings'round the
obstruction are normally set such that one direction -+ill fail. If this
happens to be the direction :hich has been chosen, then the connection
attempt will fail even though it is possible to route round the component

1n the other direction.
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A safer technique :ould be to try cach direction and then select
the successful or shorter solution but this would slow the routing process
considerably as there may be any number of such decisions, The Routing
Algorithm already incorporates a large nuaber of arbitrary choices and
alternatives. Results suggzest that these will suffice to produce a
solution in the majority of cases. When a connection does fail, the

user aust interactively route the track by hand.
8,10 Following The Slot Boundary

The Routing Algorithm can be applied at any stage in the design but
it is best to connect up the components as soon as they appear on the

board. There are two good reasons for adopting this apwnroachs

(a) If a connection fails it must be due to the most recent
components which have been placed along the top edge of the
existing layout. It is much easier to re-position them at
this stage while they are easy to access, than to wait until
they have become imbedded within subsequent circuitry. In
the latter case it may be necessary to move a great many

other components in order to get at the string in questicn.

(v) The Slot Boundary can be used in conjunctiocn -ith the Routing
Algorithm to produce a much higher packing density than would

otherwise be achieved.

The second reason can be justified with reference to Figure 8.15 vhich

shovs the results obtained in a typical situation.

The connection illustrated in Diagram (a) was produced using the
normal Routing Algorithm, This is certainly the shortest solution but
it vastes a large amount of board space corresponding to the gaps between
the Slot Boundary and the track edges. The space can be conserved by
forcing the connection to follow the Boundary vherever possible as shown
in Diagram (b). Since the next components will have the opportunity of
using this extra space, it follows that the complete layout should fit into

a smaller board area.

The increased packing density is offset by the fact that the
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connection is rather longer and changes direction more frequently than
before. In general it is better to sacrifice connection length to
produce a compact layout but there are obviously cases where the extra
space 1s never actually used. The Connection Shortening Algorithm
(described in Chapter G.3.22) waust therefore be employed at the end of
the design to ensure that every connection is in its shortest possible
state. Diagram (c) shows the effect of this on the given example,
assuming that the extra space was not required. The connection is just
as short as the version obtained using the normal algorithm but incorpor-
ates a greater numnber of turning points. This is not a serious problem
considering the potential space that can be saved. The user has the

opportunity to alter the connection interactively in any case.
3.11 Using The Algorithm

The Algorithm does not make an exhaustive search for every possible
connection route so there is a finite chance that it #ill fail in any given
situation, Initial results suggest that thc percentage failure rate is
acceptably low and is confined to the longer, more complex, connections.

The emphasis here is on speed of execution rather than 1007 routeability

Any particular connection may require a number of attempts before
the best soclution can be selected. The flowchart shown in Figure 8,16

shows how these alternatives can be generated.

Only one attempt is necessary should the Basic Algorithm be
successful. Initial and Final Shunting can increase this by three,
corresponding to clockiise and anti-clockwise sel ction at either or
both ends of the connection. If the Algorithm is still unsuccessful,
the "Slot" Boundary is neglected and the uhole process repeated — this
gives a total of 2 X 4 = 8 possible attempts. When this also fails
there is the option of disregarding connection spacings round the components
(refer to Section 8.3). This produces an absolute maximum of 16 different
attempts, If the connection cannot be routed using one of these, a
failure message is written to the screen and a dotted line or "Spring"

is drawn between the Start and Target nodes.

The user can then re-nosition the relevant component and re-apply

the Algorithn. He also has the option of routing the Connection manually.
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In general the Algorithm is quite fast - the actual speed is
determined by the number of attempts which need to be made. It is
unfortunate that there is no tay of recognising potentially un-routable

connections without using the full 16 variatiocns.

The Algorithm has only recently been developed so there has been
little time for rigorous testing. There are also several other
techniques which could be added but their effect on speed and reliability

can only be guessed at this stage. They are described in Chapter 11.
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Chapter 9

Interactive Design Program - LAYOUT

9.1 Introduction

The data structure generated by the Initial Placement progran
is now used by the main interactive design program, vhich is called
LAYOUT, The latter incorporates both the Placement and Routing
algorithms discussed in Chapters 7 and 8, and the user can apply them
at any stage. In addition, a number of manual intervention facilities

allow him to adjust the layout interactively.

The process can be suspended at any time and the current board
geometry written to the same or another data file, A sequence of files
representing the layout at various stages can be built up in this way.
These enable the user to abort his present layout attempt without having

to restart from scratch.
0.2 Command Modes
9.,2,1 Menu Mode

There are two distinct methods of controlling the program flow.
These are called "Menu Mode™ and "Cursor Mode™, The default is the
former, and refers to a section of display area down the right hand edge

of the screen called the "Menu®.

Figure 9.1 gives an example of the use of Merm iode to move a
placed component to a new position. The title of the circuit
(specified in the original description file) is displayed along the top
of the screen, and the message "What Next ?" written at the top of the

Menu,

Any command string typed in via the terminal keyboard will
automatically appear after the Command Prompt "Z£F" in the menu area.
In the example given, the code-word "MOVE" has been input causing the
message "Indicate Component and New Position" to be generated. The
Command Prompt is used to distinguish between command strings and program

meSSages,
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There is only room for 34 lines of text in the Menu Area, so
the layout must be completely redrawn at intervals to allow the output of
more text. This is a completely automatic process in that the progranm
initiates the redraw facility when the nunber of remaining free lines is

insufficient for the command type requested.

A comprehensive range of operating commands is given in Figure
9.2. This list can be displayed on the screen by typing the code-word
"HELP" in Menu-IMode. The information is stored in a simple text file
called LAYOUT.HLP, so it can be listed on the lineprinter to provide a

reference document,
0.262 Cursor Mode

The time taken to redraw a layout is related to its size and
complexity. In any event it is better to avoid this time-consuming
process as much as possible, One way of doing this is to restrict the
use of the menu area to an absolute minimum, thus reducing the frequency
with which it overflows. An alternative method of program control has

been added with this philosophy in mind. It is called "Cursor Mode®.

When "CURSOR" (or simply "CUR") is typed in the menu area, a
string of MFacility Boxes™ are drawn along the top of the screen. Each
box contains a verbal description of the function it represents and can be

selected using the X/Y cursor.

Since all the boxes are positioned at the same height on the
screen, it is sufficient to ensure that the vertical curscr line intersects
with the box in question. In Figure 9.3, for example, the "WINDOW"

option would be selected when a character is typed.

The characters inside the boxes are hardware generated and are
vritten as a continuous line of text. Since the terminal is normally
working at 120 characters per second, the extra time incurred when re-
drawing the screen is negligible. The boxes take slightly longer to draw

but are ergonomically pleasing to the user.

The program compares the X co-ordinate returned from the cursor
¥ith a list of X ranges corresponding to the facilities. I€ . disia
relatively simple programming task to change the selection when the need

arises,
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*LAYOUT.FOR® Operating Commands

AUTOMATIC. . o (AUT)e0v0nsss
BOARDcsosoes(BOA)essanann
CONNECT UP..(CON)soooocoas
CURSOR:cccooo (CUR)covoonss
ENDecscososcososossossasos
EXPANDcosoco (EXP)ossocnso
HARD COPY.oo(HAR) cesoavss
HELPsooosooe(HEL)soaoanas
IDENTIFY.s oo (IDE)ecscosnn
MANUAL s e oo o (MAN) cosoosse
MASK:ooooooa(MAS)ocosocns
MOVEosoecoea(MOU)ecansoans
NEXTeooooooo (NEX)sooossos
MO CONevoooo(NOCIesoosono

Initiate an Automatic Connection
Insert extra board space interactively
Make any possibls connasctions

Move into CURSCR mode

Closs files and exit f{rom program
Expand circuit in a given quadrant
Produces a hard copy of screen

Prints out this HELP file

Coriponent is identified

Requests a MANUAL connection

Changes the o/p format to sscond mask
Mova a component

Brings on the next compenents

Forget all the connsctions

NO NODES...(NON)svsoo.os SUPPRESSES 0P OF NODE NOS (OR ENABLES)

PLACE:coeos o (PLA)osssosns
QUERY s oso000(QUEYessoanns
REDRAW. o000 e (RED Yo 0v000ss
REMOVE o oco o {REM)ecsnnasns
RESTART e s00e (RES)ssvsncss
ROTATE.eo0esa{ROT)ssosnoas
SHORTENe oo se(SHO) 0000000
SHRINKssso0a(SHR)s0000000
SLOTSceosooel(SL0)ssscsnsns
SPRINGS e ¢ess(SPR)ssssvsss
WINDOWe oo oo o (WIN)souunnss
200Meccesessl200)0uvenoss

Place a componsnt on the substrats

as SPR but for one component

Redraw the complets circuid

Remove - spacify COMponent / CONnection
Close {ilss and restari program

Rotate a component

Shortsn a connection as far as possible
Shrink the board area as aﬁoclfiod

Draw out the SLOTS

Draw out connections as dotied lines
Resst the scresn window dimensions

2oom in or out to a specifisd poindt on scree

Figure 9.2 LAYOUT operating commands
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Menu Mode is re-entered when the cursor is positioned such that
it does not intersect with any facility box, The easiest way of doing
this is to move the vertical cursor line into the Menu Area itself before

pressing a keyboard character.

Cursor Mode is much quicker to use than Menu Mode since the need
for typing command strings is reduced. Each box must be of a reasonable
size, however, so this restricts the selection to a maximum of about twelve

different facilities.
9.3 Facilities

This section gives a brief description of each facility vhich is
available to the user. In each case it is assumned that Menu HMode has
been selected. If this is not the case, then most prompt messages will
be suppressed (to save Menu area), and the onus is on the user to know what

input data is expected.

It is not necessary to type in the complete facility code in each
case -~ these can be shortened to any extent, provided that the code string

given is unique to one facility naame.,
9.3.1 "AUTOMATIC" Connection

When this facility is selected, the message:
Indicate START and END pads

is given and the cursor appears.

The user must now point to the pad at which the connection should start.
Assuming that the cursor is positioned within a component boundary, the
nearest pad will be selected as shown in Figure 9.4(a). Failing this,

an error message will be output and the attempt is abandoned.

A cross is drawn at the START pad position to indicate that the
program now requires the location of the second pad. This is defined
as before (diagram (b)), and the program proceeds to apply the automatic
routing algorithm. If this is successful, the connection is drawn on
the screen and the "yhat Next ?" prompt given. Should the algorithm

fail, a message is written to this effect and the attempt is abandoned.
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(@)  Cursor is positioned near required pad in first component
and a character pressed.
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[b)  Computer indicates pad and cursor is positioned over

TARGET component, near relevant pad.

Figure 9.4 Instigating an automatic connection
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(c) Computer indicates TARGET pad and routes connection

Figure 9-4 Instigating an automatic connection (continued)
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9¢3.2 "BOARD" - Increase Board Area

This facility allows the insertion of horizontal and vertical
nstrips" of board space - effectively increasing the size of the layout
area. It is best explained with reference to Figures 9.3 and 9.6
vhich show the same circuit before and after this technique has been

applied.

The cursor is positioned at the desired location and a character
is pressed. Thick lines are drawvn along the current cursor segment

positions as a reference for the next stage, which is to move one of the

thumbwheel controls. If a horizontal strip is to be inserted, then the
horizontal cursor segment must be moved. Vertical strips can likewise
be defined using the vertical control, The thickness of the strip to be

inserted is indicated by the distance between the new and old positions of

the relevant cursor segment.

The layout is next adjusted and the graphical output re-scaled
to fit the screen - as shown in Figure 9.0« A vertical strip has been

inserted in this example.

A very similar technique is used to remove unwanted strips of
board area. This involves the use of the MSHRINK" facility which will

be discussed in section 9.3.23.
9.3.3 "CONNECT" Up Components

This command causes the Routing Algorithm to be applied in a
general fashion, It is equivalent to using the MAUTOMATIC" (Automatic
Connections, section 9,3.1) command between every pair of terminal pads
bearing the same Node Number. Figure 9.7 gives the strategy required
to do this in the form of a flowchart.

The first task is to find a list of component pairs which require
to be connected together. The most convenient way of doing this is to
consult the Planar Graph of the circuit. Since each "Region" in the
graph is actually an interconnected loop of components, every coumponent

must be connected to its immediate neighbours in the definition.

It is therefore quite straightforward to follow round the Region

definitions, picking out adjacent pairs to add to the list. Bach Region
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Figure 9.7  Flowchart of the 'CON" facility algorithm
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will produce "n" pairs if it contains "n" Branches. The only

exception to this is Region number 1 which links all the Edge Pads

togethér to simulate the allowable board area. Since each pad represents
a different Node Number, it is meaningless to use this Region as a basis

for interconnection,

An alternative method of generating the pair list is to carry
out an exhaustive search for terminals of similar Node Number. This
would involve picking one component pad then looking at every other
in turn to find a match - obviously a much slower technigque. It can,
however, be used in conjunction with the Planar Graph approach to
significantly reduce connection length., This is discussed further in
Chapter 11.5.2, but has not been implemented due to the increased execution

time involved.

The "CONNECT UP" facility can be used at any time throughout
the design process, so it is not certain whether every component has
actually been placed on the Board. Having found a legitimate pair, the -
algorithm must first check that they both appear on the substrate before

applying the routing process.

Given that this is so, there still remains the possibility that
they have already been connected together. This presents a problem,
since they may be indirectly linked in a "Component String®" through any
number of intermediate components, In Figure 9.8, for example, components
A and B are electrically connected through C and D although there exists
no direct link between them. A "Tree Search" of all the Connection Blocks
is used to check this. The program starts at the first component pad
and computes the pads which have been connected to it. It then starts
from each of the new positions generating a new list of possible destinations.
The process continues until all the connections have been exhausted or the
target pad is reached. If the latter is the case then the pair are
already connected and the Routing Algorithm need not be applied. This
technique is very similar to the Tree Search used in the Planarity

Algorithm (Chapter 5.2).

Each time the Routing Algorithm is successful, the new connection
is immediately drawn on the screen. - When it fails, a dotted line is
drawn between the two component pads in question (refer to the "SPRINGS"

facility in section 9.3.25).
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Figure 9-8 Connection string




After every connection pair has been attempted, the progranm
writes a message in the menu area and requests another command. If
every component has been placed on the board and every connection pair

is now linked, the message:

THE CIRCUIT IS COMPLETE
is output, If every connection attempt succeeded, but there are still

some unplaced components, the following will appears:

NO FATLURES

A count is kept of any failures which may have resulted during the process

and this may also be displayed as, for example:
3 HAVE FAILED !
9.3.4 WEND" Program

As the name suggests, this facility causes the program to
terminate and update the data structure file with the latest information.
An alternative to this is to use the job control language halt commnand
(CNTRL/C), which stops the program running. The data file would not
then be altered, and the user could start from the point at which he last

filed the layout data.

The "RESTART" facility (section 9.3.20) has the same effect as
the "END" facility, in that it updates the layout file. Instead of
terminating, however, the user is then invited to enter a new data file

name and the program is restarted,
9.3.5 "EXPAND" Layout

The MExpand™ facility automatically increases spaces, and alters
connection tracks, in order to map a small rectangular window of the

layout onto a larger, It is best illustrated by example.

Figure 9.9(a) shows a layout in which the substrate has been
increased interactively using the "Board® facility (9.3.2). The cursor
is used to define the smaller rectangle. Any of the four quadrants

generated by the intersection of the two cursor lines can be selected.
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In this case the bottom left (BL) has been chosen. The others are
referred to as BR (Bottom Right), TL (Top Left) and TR (Top Right).

Having defined the larger rectangle in a smaller manner, the
program indicates both rectangles using dotted lines (see Figure 9.9(b))
and asks the operator if he still intends to expand the circuit with the
rectangles shown. He can abort the process by typing "NO" at this

point,

Assuming that he allows the program to proceed, the adjusted

layout is redrawn as in Figure 9.9(c).

Connections crossing the boundary betveen the two rectangles
are deleted, since it is not clear where the corner points on either side

should go.

Edge Pads cannot be moved in a Y direction since they are
constrained to lie along the top and bottom edges. Connections to

Edge Pads which lie within the smaller rectangle are therefore deleted.

It is now up to the user to move Edge Pads and reform any
connections which may have been deleted. The latter task may be manual
or automatic as required. Figure 9.9(d) shows the final expanded layout

after subsequent alteration.

The "EXPAND" facility is also very useful when applied to the
Initial Placement string along the bottom of the Board. If it is known
that the board width is not going to be reduced, it is best to expand the
Ccomponents to take up the available space. This eases the task of the

Placement Algorithm.
9.3.6 "HARD COPY" Generation

The terminal used was coupled to a Hard Copy device which takes
& bermanent copy of the drawings on the screen. The paper diagram which
is obtained gives a very good representation of the layout and is a quick
substitute for a pen-plotter drawing. Typing "HARD COPY" will cause a

COpy to be produced. The duplicator can also be operated using a push
button.,
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The advantage of this facility lies in the fact that the
computer job control language is buffered, This means that the user
can type in several commands without having to wait until each has been
executed. It is therefore perfectly possible to copy several layouts
without having to sit idly waiting for each to be drawn before pushing
the "copy" button. ) '

9.3.7 "HELP" List

A complete list of the facilities available to the user can
be displayed by typing the word "HELP"™ in the menu area, After erasing

the screen, the program will list the commands as shown in Figure 9.2,
9.3.8 - MIDENTIFY" Component

Two distinct methods of chafacter output are used on the
graphics screen, The first is called "hardware generation", which means
that the terminal automatically writes the character using a dot matrix.
An alternative is to use "software generated" output. In this mode the

characters are drawn using a series of straight lines set up in the program.

The former is a very speedy way'of generating text and is used
to write all command prompts and messages. It has the disadvantage,
however, that only certain discrete character sizes are possible. Since
the layout may be scaled up or down using the ZOOM (9.3.27) and WINDOW
(9.3.26) facilities, it is obvious that the component names and Node
Numbers will also have to be infinih#y variable in size. Software
generated characters, being a series of straight lines, may be scaled in

an identical manner to the component shapes and are necessary in this case,

Software generated characters are literally hundreds of times
slower to draw than their hardware generated equivalent. The time
needed to re-draw the layout can therefore be significantly reduced by
omitting character names and Node Numbers (NO NAMES" section 9.3,14 and
"NO NODES" section 9.3.15). If this is the case then the user must
be provided with a means of finding out the name of a particular component
without having to re-draw the complete circuit. The facility to .do this
is called "IDENTIFY". | |
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After typing the code mnemonic, the couputer responds

withs

"Indicate Component™
and sets up the cursor segments. The user must now position the
cursor within the boundaries of the component rectangle vhich he
wishes to identify. One of several responses may now be made. If
the cursor has not been positioned inside a coamponent definition, the

message:
COMPONENT NOT FOUND

will be given and the attempt terminated. If a component is found,

its name and rotation angle are supplied e.g.:

COMPONENT "TRO™ANGLE 270

The "IDENTIFY" facility is also very useful when the scaling

is such that the component names cannot easily be read.
9.3.9 "MANUAL" Connection

When the Routing Algorithm fails, or the user uishes to iaprove
the result, he can define a connection path interactively using the

"MANUAL" facility. This is demonstrated with reference to Figure 9.10.

The first stage is to indicate the component pad at which the
Cconnection is to start. This need not be a very exact operation, since
the nearest pad will be selected providing that the cursor is actually

inside a component definition. Failing this, the message:

COMPONENT NOT FOUND

will be displayed and the connection attempt aborted.

The pad is marked with a cross as shown in diagrain 6.10(b),
and the first corner point can then be defined. Connections are
restricted to be made up of horizontal and vertical segments, so the
Program checks to see vhich co-ordinate has changed the amost. It then
assumes that the other remains unchanged. In this case the X change
is greater than the Y, so a horizontal segment is assumed. The Y co-
ordinate is reset to be the same as the last value and another cross

drawn on the screen as in Figure 9.10(c).
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(b)  First corner point is then indicated

Figure 9.10 Defining a connection manually
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Figure 9-.10 Defining a connection manually [ continued )
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To aid the user in positioning the edge of the connection, the
true corner position is set to be half a track width back from the cursor
position in the direction of movement. In Figure 9.10(c), the direction
is to the RIGHT, so the corner position will be set slightly to the left

of the cursor.

When all the corner points have been defined, the user can
terminate the connection by positioning the cursor near a coaponent pad
and typing the letter "F" (for FINISH). The program first ensures that
the last corner point is in a legal position to give a non-sloping end
segment, In Figure 9.10(d), the last direction of movement is along

the Y axis, so the penultimate X co-ordinate has been adjusted.

The connecticn is then drawn onto the screen and the process

terminated.

An additional option is to abort the process at any stage in
the connection attempt. This is achieved by typing an "X" (for EXIT)
character while defining a Start, Cormer or End point. In this event,

the process is terminated immediately.

It may be convenient, in some situations, to use part of an
existing connection while defining the new connection. This is called
"Latching®, and can be employed by typingz the character "L", If the
cursor is positioned within a connection boundary, the relevant cursor
co-ordinate(s) are adjusted to those of the connection, Consider the

situation shown in Figure ¢.11(a).

A connection is to be made between components R1 and D4. Having

1

specified the start pad in R1, the user has latched onto an existing

connection between D4 and R3. He then latches onto an existing cornmer
point in Figure G.11(b) by placing the cursor within the corner "square”.
When the connection is drawn onto the screen, both conductor tracks will
3 - . ~ . e - - . - N 3 S
0¢ co-incident for some way. This saves in plotting time and, of
course, reduces the effective overall conductor lenzth (Figure 9.11(d)).
9.3.10  MMASK" Selection

Components and crossovers are generally represented by a rectangle
€ncompassing a number of terminal pads. It is a2lso possible to view the

-
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(a) Cursor positioned within connection boundary
after start pad has been indicated
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(b) Corner point is adjusted to lie within
connection and lo have the same y-co-ord.
as the START pad

Figure 9.11°Latching” on lo an existing connection
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(c) Second cormer point is marked and cursor is positioned over TARGET pad.
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(d)  Connection complete.

Figure 9.17 ”Lafching” on lo an existing connection (continued)
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layout as a set of two superimposed photolithographic masks which will
be produced to fabricate the circuit. This mode of output is selected

by typing "MASK", and rejected by a further call to this facility.

In "Mask }Mode", lines drawn in solid are on Mask 1 and dotted
lines are on Mask 2 (Refer to Chapter 1.2 for further information).
The only exception to this are Component Names, Node Numbers and
perimeter boundaries round attached devices which will not appear on
either mask. Figures 9.9(c) and 9.9(d) shown the same layout in

normal and M"Mask Mode™ respectively.
9.3.11 "MOVE® Component

The user can reposition components and Edge Pads with the
"Move! facility. The latter are restricted to lie along horizontal

board edges, however, so their Y co-ordinate cannot be changed.

After receiving the command string,the program gives the proupt

messages

INDICATE COMPONENT AND NEW POSITION
and sets the cursor lines up. The user must now position the cursor
inside a component or Edge Pad rectangle and hit a character button.
This is demonstrated in Figure 9.12(a). The program then selects the
nearest rectangle corner and marks it with a cross as shown in 9.12(b).
This point can now be re-defined with the cursor using any button except
the "space™ button. A dotted outline is drawn to represent the

component's new position and the cursor re-appears as in Figure G.12(c).

Any number of trial positions may be specified in this way
until a "space™ is typed. On receiving this command, the old
definition is marked with an angled line to show that it has been deleted,
and the component is re-drawn at the last trial location. In Figure
9.12(d), for example, three trial attempts were made before the space

button was pressed.
A component may be "picked up" by any of its four corners.

This simplifies the re-positioning task since the cursor segment lines can

be regarded as two of the bounding rectangle edges.

-186 -



K9

(a) Cursor s positioned over a component and a character pressed
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(b)  Computer responds by marking nearest corner and cursor
is re-positioned

Figure 9.12 Moving a component interactively
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(c) Dotted outline marks temporary position and cursor re-appears
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(d)  Last temporary position is confirmed when the space
button is pressed.
The old definition is deleted and the component re-drawn
in the new position.

Figure 9.12 Moving a component interactively (continued)
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9.3.12 "NEXT" Components

The "NEXT" Command is used to initiate the Placement
Algorithm described in Chapter 7. If all the components already

appear on the board then the message:

 NO REGIONS
is printed and the placement attenpt abandoned. Should there be
any unplaced components then a pertinent Region is selected and the
Placement Algorithm applied. The new components are then dravn on

the screen.,
043+13 "NO CONNECTIONSH

When "NO CONNECTIONSM" is typed, all connection data is deleted.
This facility can be used in conjunction with the WCONNECT UP" facility
(9.3.3) to ensure minimum connection length after a board expansion

using "EXPAND" (9.3.5).

There appears to be no effect on the layout, but all the
connections have been deleted and will nct appear when the circuit is

re=dravwn,

Once this facility has been used, the connection data is

irretrievably lost.
9.3.14 "NO NAMESH

It has already been mentioned that all component names are
"Software" generated and, as such, take a long time to draw out. The
"NO NAME" facility suppresses all component names and so reduces the
time taken to redraw the layout. A further call of "NO NAMES" res-sets

the option such that they re-appear.
9.3.15  "NO NOIES"

Node Numbers are also "Softvare" generated and can be suppressed
using the "NO NODE" command. As with the "NO NAMES" facility (described

in section 9.3.14), it can be reset with a second call and the Node

Numbers will re-appear at the next re-drawing phase.,
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9.3.16 "PLACE" Component

The user can chcose to bring an un-pnlaced component onto the
board at any stage in the design. He simply types the command

"PLACE" and receives the message:
NAME AND ORIENTATION ?

He must then enter a component name and rotation angle (in any order)

separated by a space or comma. The computer may respond with:
COMPONENT ALREADY PLACED !

in which case the attempt is terminated. Alternatively, the cursor
segments are set up and the user indicates the position which he
wishes the centre of the component rectangle to occupy. This is not
crucial since he can later re-position the component with the MMOVE®

facility (9.3.11).

When a character is pressed, the component is drawn onto the
screen in the desired orientation and itsS new co-ordinates entered into

the data structure.

If an invalid component name or rotation angle is entered,
the computer will inform the user of his error. Another feature is
that the rotation angle is taken as zero if it is not specified by the

user, This saves time when using the facility.
9.3.17 "QUERY" A Component's Connections

Typing "QUERY", and indicating a component with the cursor,
will cause all unformed connections to and from the component to be
shown as dotted lines. This aids the user in deciding where to
position the component to give a minimum connection length. The
"SPRINGS" facility (section 9.3.25) can be regarded as automatically
applying "QUERY" to every component on the board. Figure 9.16

demonstrates the output obtained in such a case.

9.3.18 "REIRAW" Layout

Since the screen cannot be selectively erased, it is necessary

-190 -



to redraw the layout at intervals to free Menu area. This is done
entirely automatically, but the user also has the option of refreshing
the screen by typing the command "REDRAW" at any stage in the design.
This facility is used to erase out of date information in order to un—

.clutter the screen.
9.3.19 "REMOVE" Component/Connection

The user can remove a component at any time by typing
"REMOVE COMPONENT" and indicating the relevant bounding rectangle with
the cursor. A diagonal line is drawn across the rectangle and the
component will disappear when the circuit is next redrawn. This is

demonstrated in Figures 9.13(a) and (b).

The component may be brought back onto the board at a later
stage using the WPLACE" (9.3.16) or "NEXT" (9.3.12) facilities.

It is also possible to delete a conductor track by typing
"REMOVE CONNECTION" and placing the cursor anywhere within the
connection's boundaries. In this case (illustrated in Figure 9.14),
a line is drawn up the centre of the track to indicate that it has
been deleted. The connection is now irretrievably lost and its data

space will be re-used by the next connection to be formed.
9.3.20 "RESTART" Program

Like the "END" command (9.3.4), this facility updates the
data structure file representing the layout. Instead of terminating
the program, however, it requests the name of a new data file. Upon

receipt of this data it copies the new layout intc store and re-enters

command mode, The user has effectively switched to another layout.
9.3.21 "ROTATE® Component

Any component appearing on the board may be re-orientated
using the "ROTATE" facility. Upon receipt of this command, the

Ccomputer responds with:

ORIENTATION/NAME ?
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(a) Cursor is positioned within components bounding rectangle
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(b) Tramsverse line is drawn in to indicate that component
has been deleted

Figure 9-13 Removing a component
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(b)
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(a)

Cursor is positioned
anywhere within the
connection outline,

1 DIOD ¢

Centre line is

drawn in to show

TRAN

that the connection
S deleted.

Figure 914 Removing a connection
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and the user must enter the name of the component together with a
rotation angle. Since the component must have all its sides
perpendicular to the axes, only 0, + 90, + 180 and + 270 degrees are
valid. The computer will also check that the component name is |

valid, and appears on the board, before the user is allowed to proceed.

The cursor is next used to indicate the componecnt'!s new
location. When a character is pressed, the old component definition
and any associated connections are immediately deleted. The
ccmponent is then drawn in the desired orientation with its centre

positioned at the point marked by the cursor.
043022 " SHORTEN" A Connection

An algorithm has been developed to automatically reduce the
overall length of a connection where possible. There are two distinct

reasons for the existance of in-efficient connactions:

(a) The user has the ability to define conductor tracks
interactively using the "MANUAL" facility (9.3.9). There is no

guarantee that his effort is the shortest solution.

(v) Although the Routing Algorithm is designed to generate
@minimum length connections, the user may have subsequently moved components
on the board. The result of this is that some of the "obstacles™
encountered in the routing stage will no longer exist. There will be,
in effect, a number of connections which avoid imaginary obstacles and as

such cannot be defined as minimum length.

The Shortening Algorithm uses a similar technique to the
Routing Algorithm., Consider Figure 9.135 vwhich shows the effect on a
connection which has been automatically routed round a beoard obstacle.
When the obstacle is removed from diagram (a), the connection may be
shortened to that shown in (c). Bach horizontal and vertical line
segment is examined in turn and "Rays" sent out in opposite directions
along the relevant axis. If any Ray hits another segment then the

Comnection can be reduced in length, Diagram (b) shows this graphically.

In this example, the Ray emitted to the left from corner C5

intersects with the vertical line segaent between C2 and C3. It is now
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possible to re-define the conductor track as shown in Diagranm (c)

by omitting corners C3 and C4.

The algorithm is continually re-applied until none of the Rays
intersect with the connection. While this doesn't guarantee an
absolute minimum length connecticn, it does provide a quick and fairly

satisfactory solution.

To use this facility, the user types in the coamand "SHORTEN
and the cursor is immediately set up. He can then indicate the
connection of his choice by positioning the cursor within the boundaries
of the conductor track in questicn. When the algorithm has been

applied, the connection is re-drawn over its original definition.
0.3.23 "SHRINK"™ Board Area

Unwanted strips of board area can be deleted using the "SHRINK"
facility. The user does this by positioning the cursor, pressing a
character, then moving a single cursor control wheel and pressing another
character. If the X control is selected, then the vertical strip of
board between the two X co-ordinates is deleted and the layout re-drawn.
Horizontal strips can be deleted in a similar manner using the Y control
wheel,

The program will only delete a strip if there are no components,
connection turning points or Edge Pads contained within it. When a
legal strip has been defined, the board size is reduced in the relevant
dimension, Each component, Edge Pad and connection is then examined

and re-positioned if necessary before the layout is re-drawn.

9.3.24 "SLOTS'™. Display Slot Boundary

o~

/

"Slot Boundary" line to bring the next components onto the board. This

The Placement Algorithm described in Chapter 7 uses a co-ordinate

can be displayed as a dotted line dividing the board intc free area above
and occupied area below. Figure 7.3 shows the type of graphical ocutput

Obtained when the command word "SLOTS" is typed.

943425 "SPRINGS" On Components

Each unrouted connection is displayed as a single dotted line
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between the two components when "SPRINGS" is typed. Figure 9.16

gives an example of this,

The "SPRINGS" facility is very useful throughout the design.
It gives a good guide to manual positioning and overall placement
efficiency. It is also convenient in that it provides a speedy method
of finding any un-routed connections that may othervwise have been over-

looked.
9.3.26 NWINDOW!" Layout

When the circuit is displayed on the terminal, the co-ordinates
involved are automatically scaled up or down such that the whole layout
fits the screen, For very large circuits it is necessary to view only
a small portion of the layout at a time if the detail is too small to be

seen., This can be achieved using the "WINDOW" or "ZOOM" facilities.

When the command word "WINDOWM is typed, the program clears

the screen and returns with a message of the type:

"WINDOW DEFINED AS:

BOTTOM LEFT CORNER 0,0

TOP RIGHT CORNER 5000, 6000

RE-DEFINE WINDOW OR RETURN FOR ORIGINAL SETTINGS"

The figures given are in screen co-ordinates,each of which represent

)
(un-scaled) 0.00005", The user can specify new co-ordinates or type

a return, In the latter case, the window is set such that the whole

layout is displayed.

Upon receipt of the new window values, the layout is re-drawn

and control returns to command mode.
043627 "Z0QK"™ IN OR OUT

The window can also be reset using the "ZOOM" facility. When

the program receives this command, it responds with:

"Enter Zoom Factor'

B a0
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and the user must type in a positive or negative number. The cursor

is then set up and a point indicated by typing any character.

The layout is now re-drawn with the part of the layout which
was indicated appearing at the centre of the screen. If the number
was positive, the co-ordinates are all scaled up and the components will
seem bigger -the user has apparently "ZOQMED IN" on a part of the layout.
Conversely, a negative number 1ill cause the co-ordinates to be scaled
down and the components will seem smaller., In this case the user has

apparently "Zoomed Out™ to look at a larger section of the circuit.
Figure 9.17 shows an example using a positive zoom factor.

This portion of the layout could also have been selected using the

WINDOW facility described in Section G.3.26.
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Chagter 10

Producing Photol&thograghic Masks
Using A Tape-Controlled Photoplotter

101 Introduction

A suite of programs to design thin film circuit layouts. has already
been described in previous chapters., The layouts produced by this
method are stored as sets of co-ordinates in computer memory, and there
remains the problem of fabricating the corresponding photolithographic
masks needed to actually make the circuits. There are two main methods
of doing this under computer control - the first uses a tape controlled
co-ordinatograph with a knife attachment to cut out the required shapes
in opaque plastic sheeting, This is a fairly simple programming task
and there exist several plotter programs which ensure that the knife is
correctly orientated at each cutting stroke. The major disadvantage with
this method is that the unwanted strips of plastic must be manually removed,
and there is also the possibility that the strips have not been entirely
freed by the knife. Sometimes very fine strips are produced vwhich are
extremely difficult to remove by hand. This is, in any case, a time-

consuming task better avoided.

An alternative method of mask generation is to use a plotter with
a light beam attachment to expose selected areas on a sheet of photographic
material., This eliminates the need for manual intervention and is

the technique adopted in this case.

The equipment used was a Ferranti flat Bed Plotter (Ref 8) with a
light beam fitted in place of a pen - Figure 10.1 shows a sketch of such

a system.,

A sheet of light-sensitive material is placed onto the flat plotting
surface and exposed to light in the desired places. When developed, a
translucent plastic sheet is obtained with black opaque patches where it has
been exposed to the light. The size and shape of the beam can be altered
at will by selecting one of the sixty-three apertures contained in a
rotatable cartridge. Shapes may either be "flashed" in a particular
location (as in the case of letters and numerals for example), or moved
with the shutter open., Moving the light source with an open shutter,

however, may cause problems of over-exposure for some aperture shapes.
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flat bed or table
Figure 10-1 Elements of a Photoplotter
HEXADECIMAL PRINTING
DIGIT CHARACTER

0 0

7 7

2 2

3 3

4 4
5 5

6 6

7 7

8 8

9 9

10 ;

11 ;

12 <

13 =

14 ~

75 ?

Figure 10-2 Table of co-ordinate printing characters
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The plotter can be driven on-line by means of a dedicated
support computer, or off-line by either 7/9 track magnetic tape or §
hole paper tape. The latter method is used in this case, the coded

paper tape being produced by the programs described in this chapter.
10.2  Co-ordinate Representation

The plotter has a co-ordinate range of -32,763 to +32,763 units.
Each unit represents a thousandth of an inch, but the largest sheet of
photographic material available is 37" x 507, Masks drawn on the
plotter are usually photographically reduced to a twentieth of their
original size, so the plotter unit is effectively 1/20th of a thou!.
For this reason, the screen unit of the resistor design and automatic
layout programs has also been chosen as 1/20th of a thou' so the resulting

co-ordinate data can be used to drive the plotter directly.

The origin or "datum™ of the co-ordinates inay be positioned

anywhere on the drawing area, but is usually set to the bottom left

hand corner. Co-ordinates are represented on tape by a four digit
hexadecimal number, In the hexadecimal system, the numbers in each
column are in the range O to 15 instead of the usual O to 9. This

enables the large co-ordinate numbers to be represented with only four
digits. Single printing characters representing the numbers 10 to 13
are used according to the table in Figure 10.2. The conversion from
a decimal co-ordinate to a four digit coding is demonstrated in Figure 10.3.
This process is carried out automatically in the paper tape generating

program to be described in Section 10.4.
10.3 Plotter Driving Codes

This section describes the code strings needed to drive the
photoplotter, These are simply punched onto paper tape and fed into the

machine,

All plotting commands consist of three characters and may or may
not be followed by X and Y co-ordinate data. The first character is
always a backslash "\!!' to indicate the beginning of a fresh set of

instructions.
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Negative Number

e.g. -5768

Step 1 : Decrease modulus by 1

5768 —» 5767

Step 2 : Find Remainders
16/5767
360 r 7
16/360
22 r 8
16/22
1ors
Step 3 : Subtract remainders from 15 to get hexadecimal
equivalent ?

15 -1 —=14 (MSB
15 - 6 = 9
15 - 8= 7
15 - 7 —= 8 (LSB)

From Table in Figure 70.2 :.
CODING NEEDED = 879>

Postive Number

e.g. + 600
Step1 : Find Remainders
16/600
37 r 8
16/37
2 r 5

Step 2 : From Table in Figure 70.2 :
CODING NEEDED = 0258

Figure 10.3 conversion of a Decimal Number to a four-digit
hexadecimal coding
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The next character determines whether the plot is to be ABSOLUTE
or INCREMENTAL - i.e. ~hether the co-ordinate codes represent an actual
point on the film, or whether they are siamply increments in the X and Y
directions. If the character is a "B" the plot is ABSOLUTE, and if it
is an "@" the nlot is INCREMENTAL,

The last character controls the light source. If it is MO8,
the light is OFF during the umove, If, however, the character is a "2%,
the light is left ON. There is one more case=if it is an "= ", then
the light will be WFLASHED" after the .ove has been completed. The four

digit co-ordinate codes are then added to the three control characters,

The firal comamand string to be explained is the "change symbol"
code., "\P2" followed by a symbol causes the aperture cartridge to be
rotated until the desired share is reached. A table of aperture codes
can be found in Figure 10.4 together with the command strings explained

above,
10.4 Plotter Code Producing Program - "PHOTO"

Compiling a paper tape to drive the plotter is a long and tedious
task if done by hand. A program called "PHOTO®™ has been :'ritten to
automatically produce a data file containing the relevant plotting codes.

A simple plotting language is used as a starting noint for the translation
to plotter code. Although these commands can be typed in during the
program execution, it is better to make up a data file with the same infor-
maticn, In this way, should any mistakes be detected by the program, it
is a simple matter to edit the data file. The coumnands used in the data

file are explained below:-

ABS,X,Y DARK Move to point X,Y

ABS,X, Y,LIGHT Draw to point X,Y

ABS,X, Y, FLASH Flash at point X,Y

REL, X, Y, DARK Move by X,Y displaceaent

REL,X,Y,LIGHT Dravw by X,Y displaceaent

REL,X,Y, FLASH Flash by X,Y displaceaent

SYM,N Change to symbol no. N
COM Comment on next line
BRD,X,Y Definition of Board Size
END End of Plot
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command
code string

\ BO xXXX yyyy DARK MQVE to point xxxx,yyyy

meaning

\ B2 xxxx yyyy BRIGHT MOVE to point  xxxx,yyyy

\ B= XxXXx yyyy FLASH at point xxxx,yyyy

i 1

coding "¢ (see Table below )

\@O xxxx yyyy DARK INCREMENTAL move of xxxx, yyyy
| \@2 xxxx yyyy BRIGHT INCREMENTAL move of xxxx, yyyy
\(@=xxxx yyyy DARK |INCREMENTAL move of XxxxX,yyyy,
) then FLASH

\P2c change aperture to that with

SMSOLL rype | cail [posiTronPIMEOL|  tvee | cauL |posiTronfSiZE|  TYPE | cALL |POSITION
g87 | J2rSet INpze |- o v | NP2y 21 100 | §a03%. T N pen Y
A \p2a 1 V| |Reverse | NP2V 22 020 | Track | NP2+ 43
8 \p2B 2 W Char. Npow 23 .025 Track Np2, 14
¢ Npac 3 X ré?’ﬁ N p2x 24 030 | Track | p2- 45
0 \pP2D ‘I ? N\ p2y 25 .040 | Track | NP2, 16
£ N\ p2E 5 7 N\ p2z 26 .050 Track | NP2/ 37
F \p2fF 6 .005 |) - | Nr2c 27 o | N\ p20 48
8 N P26 7 .010 || Land | NP2\ 23 1 \ P21 19
“ N P2y 8 0125} and | Nr23 29 2 N P22 50
ol Np2l 9 015 N\ p2¢ 30 3 N\ p23 51
J RE;i:“ (N r2g 10 -§ .030 | \ P2 31 s | [Reyerse N p2a 52
R A N p2x 1 .050 N p2 32 5 |p.070 |MP2s 53
L] Hieh Ny 12 .060 \ P2 33 6 High I\ p2g 54
M N p2M 13 .075 [} tands | p2t 34 P 7 N p27 55
K \ P2 14 100 f[Circular) N oo 35 8 \ p2g 56
v N p20 15 .125 N p2s 16 9 N\ p29 57
L Np2p 16 ,150 % pay 37 2050 |7 Track |Nez: | 38
0 N p2Q 17 .200 | \ P23 38 .075 Track | P2: 59
’ N P2R 18 .050 N p2e 39 .100 Track | P2< 60
S Neas |19 .060 gaﬁgie N P2y 40 1261 Track [N P2ayy 61
Ty \ P2t 20 L .075 ! N\ P2) 41 .150 Track | F2> 62
e L o b 200 Track | P22 63
e.
B & O =
character circular track square target
land land dowel

Figure 10.4 Tables of command strings and aperture codes
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If a line is encountered within the data file which fits none of the

above commands, a message of the type:-

ERROR IN LINE NUMEBER 7
is printed and the program halts. This prevents a typing mistake
producing an error in the resulting paper tape. In this example the

user would check line 7 for an error.

A typical data file is shown in Figure 10.5 together with the code

file produced. It is obvious that the compilation of even this simple
code file would be time consuming without the use of the program. The
on-line method is shown in Figure 10,6 for comparison. Note that much

more computer time is used compared to the data file method.

When the required code file has been produced, a paper tape can
be made by simply listing the file with the tape punch switched on.
An "end of plot" character (CNTRL/D) is automatically added at the end of
the tape to tell the plotter that the drawing is finished. )

10,5  Straight Line Polygons On The Photoplotter

When making a thin film mask using the photoplotting technique,
it is necessary to produce quite complex geometric shapes. This should
be achieved by systematically exposing the shape to light employing the
minimum number of aperture changes in the fastest possible time. Since
there are an infinite number of possible shapes, it is sensible to break
each one into its component triangles, rectangles and trapeziums.
These simple shapes can then be individually processed and "filled in™ by

the light beam in an optimal manner.
10.6 Rectangle Forming Algorithm

The rectangle is by far the easiest shape to process when
photoplotting, and any "paraxial®™ polygon may be completely defined by
this shape. "Paraxial® implies that all the edges are parallel to either

the X or the Y axis like the meandering resistors described in Chapter 3.
A program to automatically break a paraxial polyson into constituent

rectangles was written and tested on a wide range of shapes - Figure 10.7

shows a flowchart of the algorithm involved. To illustrate the process
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>EXAMPLE OF PHOTO.FOR OPERATICN

SYM, 36
com
5\ THIS IS A COMMENT !
S| ABS,500,620, DARK A
S | REL,100,0,LIGHT Input
2 | ABS,100,200,FLASH .
=/ END file
PHOTO-PLOTTER TAPE GENERATOR use of
- COMMANDS ARE = "END","SYM","REL" AND *-
ABS*® Program
INPUT NAME FOR DATA OUTPUT FILE - TAPE "Photo”
INPUT NAME OF SOURCE FILE OR RETURN
DRIVE ‘
END OF EXECUTION
CPU TIME: 0.Q1 ELAPSED TIME: 00.02
EXIT .
Bara

EXAMPLE OF PHOTO.FOR OPERATION Output
\P2$\B047198520\8246000000\B=46003<00

file

Figure 10.5 Use of "PHOTO., FOR" with g data drive file
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FHOTQ-PLOTTER TAFE GENERWTAR
= COMMANDS &RE t= “END®,*SY¥M*,*REL' AND *ABS®

INPLT N=ME FOR DRTR OUTPUT FILE - TAPE
INPUT NAME OF SOURCE FILE OR RETUPN
TYPE IN DESCRIPTIVE TITLE

EXAMPLE OF PHOTO.FOR OPERATION

COMMRND 2 SYM
ENTER SYMBOL NUMEBER - 36

COMMAND 2 ABS
INPUT X »ND Y UALUES ? 5€9,800
DARK OR LIGHT LINE OR FLASH ? DARK

COMMAND ? REL

INPUT X AND 'Y UALUES 7 199,90

DRRK OR LIGHT LINE OR FLRSH ? LIGHT
COMMAND ? ABS :

INPUT % AND Y UALUES 7 109,209

[RRK OR LIGHT LINE OR FLASH ? FLASH
COMMAND ? FUTTR

INPUT X AND V' VALUES 7?

DARK QR LIGHT LINE OR FLARSH ?
COMARAND HOT UNDERSTOCD

COMMAND ? END

END OF EXECUTION

CPU TIME: 1.52 ELAPSED TIME: 1:18.11
EXIT

EXAMPLE QF PHOTO.FOR QPERATION
\P2$§\BR47108520\ 8246202000 \B=46028¢3¢@

Figure 10-6 On-line use of the program *“ PHOTO.FOR"
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Figure 10-7 Rectangle forming program
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an arbitrary shape is shown in Figure 10.8 and redrain as the rectanglss

are formed.

The polygon is initially stored as a set of corner points in the

@]
Hh

nShape Array". The next step is to find the lowest pair (or pairs)
co-ordinates in the shape description. Having stored these values in

a matrix called "The Pair Array™, the next hizhest pcints are found. This
stage is shousn in diagram (a). There are two cases winere a rectaugle

can be formed - the first is vhen cne of the newly found points is directly
above a point in The Pair Array (diagram (b)), and the second is vhen

two new points lie ccapletely within two points in The Pair Array (as in
(a)). In both cases the rectangle co-ordinates are entered into a

matrix called "The Rectangle Array", and The Pair Array is re-defined.

The process repeats itself and new rectangles are foraed. Figure
10.8(c) shows the situation where redundant corner points have appeared
in The Pair Array. These points must be deleted from the array before
continuing, The process halts when all the co-ordinates in The Pair
Array become redundant - diagram (f) shows the completed process where all

possible rectangles have been formed.
10.7  Straight-Line Polygon Splitter - "Cutter®

The program discussed in the last section can only break up polygons
whose sides are parallel to the X or Y axis. Shapes with sloning sides
are quite common in thin film masks, so we need to extend the program to
deal »ith any straight-lined polygon. Program RCUTTERY tas written for
this purpose and tested on a wide range of shapes - concentrating mainly
on patterns which are commonly found in thin fila circuitry. The prograa
incorporates the rectangle forming method but is overall rather more
complicated. The flowchart for the basic splitting process is given in

Figure 10.9.

The first step is to read the co-ordinates of the polygon into thae
"Shape Array" as before. Due to the processing methods adopted, it is
necessary to define the polygon in a CLOCKWISE direction, although the
Starting point can be any vertex. All the sloping lines are examined
in turn, If a triangle can be formed, it is added to a "Triangle Array"
and the shape description altered to exclude it. Should it be impossible
to form a triangle, the sloping line segment is stored and the shape

description converted to be paraxial at that point. Figure 10.10(a).
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illustrates this technique where triangles are generated or sloping
lines are stored for later processing. It can be seen that the

converted shape description is now in paraxial form.

The rectangle splitting method is next applied, resulting in
Figure 10.10 (b). In this example there’ are now 1 triangle, 1 sloping
line segment and 4 rectangles in storage. To deal vith the remaining
sloping lines, it is necessary to compare the "Rectangle Array™ with the
Mine Segment™ array. There are 10 ways in which right-angled triangles
and trapeziums can be formed from these arrays and they are demonstrated

in Figure 10.11,;This part of the program is by far the most complex.

Figure 10.10 (c) shows the situation where 4 rectangles and 3
triangles have been created to define the polygon in question. This is
an acceptable solution, but a consideration of the ®filling" methods to be
used suggests that trapeziums are much easier to process than triangles
and, indeed, take less plotting time. Further processing is therefore
used to combine triangles and rectangles where possible into trapeziums.

Figure 10.12 shows four examples where this technique can be applied.

A further process is used to combine stacked or adjacent geometries
which are produced as peculiarities of the splitting algorithm. This
is demonstrated in Figure 10.13. A flowchart showing the complete

splitting program ®CUTTER" is given in Figure 10, 14.

The user has the choice of "Numerical™ or "Graphical® output.
In the Numerical output mode (see Figure 10.15), the component shapes are
defined by the co-ordinates of their corners. To avoid unnecessary data,
the rectangles need only be defined by their bottom left and top right corners.
Similarly, the trapezium's top and bottom Y co-ords need only be defined

once,

When using Graphical mode on the V.D.U., the shape is automatically
scaled to fit the screen, and is shown in both its processed and un-
processed forms. Figure 10,16 shows a typical set of results from the
algorithm using a non-paraxial polygon as an example.

10.8 The Use Of Different Aperture Shapes

Several test tapes were compiled and run on the Ferranti flat bed

Photoplotter to gauge the usefulness of each available aperture shape.
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>/

(a) triangle + rectangle —— trapezium

—

(b) rectangle+ triangle —=  trapezium

-/

[ c) triangle +rectangle + triangle —=  trapezium

22N

(d) triangle +rectangle+triongle —=  trapezium

Figure 10-12 Combining rectangles and triangles
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Figure 10-15 Numerical output from “CUTTER.FOR "
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Figure 10.16 Graphical output from CUTTER
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Figure 10.17 shows a series of passes at different angles using a
variety of apertures.

Group (a) was produced using a circular "Land" of light. This
produced considerable "Flaring" (over-exposure) at the edges of the track.
The Flaring becomes more pronounced if more than one pass is made over the
same area of film. Clearly this shape is useless for anything but

nFlashed® circular pads.

Group (b) is the result of using a circular "Track™ aperture —
this is similar to the Land, except that the middle is blanked out. A
significantly lower concentration .of light results from this aperture
and Flaring is consequently reduced. Indeed, no Flaring could be
detected under a 300X microscope. The only problem with this shape is that
the _aperture must be moved further than its own diameter - if it were moved

less, a space would be left in the track due to the blanked-off centre.

A square Land was tested in group (c) and exhibited an unacceptable
amount of flaring. An interesting phenonomen is that passes at an angle
of 45 degrees produce very little flaring compared to those at O or GO
degrees. This can be explained by the fact that the sharp cormers of the
square effectively reduce the light concentration and hence the resulting
Flaring. The corners will have minimum effect when the direction of motion
is parallel with one of the axes. This aperture is again only useful

when used in a "Flashed" mode.
Group (d) has been produced using the symbol #1" to simulate a small
split-shaped aperture, his shape has a small encugh area to prevent

flaring and has the advantage that it can reach into right angled cormers.

The conclusion drawn from these tests is that only circular Track

and slit -shaped apertures can be used in motion.
10.9 Filling In Rectangles
10.9.1 Method(a)— Using Circular Track only
Figure 10.18 shows the result of moving a small diameter track

aperture round the inside of a rectangular perimeter. This causes an

wnavoidable rounding of the outside corners, the severity of wvhich depends
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Figure 10-18 Circular Track used for Rectangular filling
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Figure 1020 Stacked rectangles with filling overlap
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upon the diameter selected. In general a little rounding is quite
acceptable since there is little current flow in sharp verticles in any
case. Trouble can result, however, vhen rectangles are stacked together
- as in the case of a meandering resistor pattern. Figure 10.19
illustrates such a case vhere the rounding phenomenon has effectively
increased the resistance by creating a bottle-neck in the current flow,
This can be eliminated in practice by overlapping the filling of one
rectangle into an adjacent one as in Figure 10.20, Such a system ensures
that only true perimeter corners are left in a rounded state but it
significantly increases the computer processing time required. This could

be significant for very large plots.

Having plotted the rectangle perimeter, the next stage is to fill
in the area left in the centre, One method is to use a series of straight
adjacent passes as demonstrated in Figure 10.21. The passes are made
parallel to the rectangle!s largest dimension to minimise plotting time,
and the same aperture is used as before, Each pass must overlap at each
end by a value equal to the aperture radius in order to prevent gaps
betieen pass ends (refer to dizgram). The overlap, then, restricts the
aperture diameter to an absolute maximum equal to tiwice that of the
perimeter pass. Since a small aperture will initially be selected to minimise

the rounding effects, this method tends to be rather slow.

A better approach is to use successively larger diameters to save
plotting time. Figure 10,22 shovs the result of such an approach, and it
can be seen that the diameter increase is directly related to the diameter of
the initial perimeter aperture. This example needed only one change, but

larger rectangles may require a steady increase to the largest aperture size.

The geometry associated with reaching the inner right angle is given in
Figure 10.23. From the right-angled triangle shown in (b) it is obvious
from Pythagorean theorea that:

(R—L)2+ (R-—L)2=R2
vhere R = new aperture radius

L = overlap required to reach into corner

i.e, R2 - 4RL + ZL2 = 0
Thus R = 4L + JT(;LZ - 8L

2

2
> R=2+ [ (since R > 1)
2 L = R/3.414214
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overlap > =radius

—+= gap results ——= no gap

Figure 10-21 Filling using adjacent passes
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The amount of overlap required for any particular aperture diameter
can novw be calculated. A table showing the available aperture diameters

with their corresponding ¢verlaps is given in Figure 10.24.

Assuming an initial selection of 0,005", vhich is the smallest
available aperture size, it is possible to immediately jump to 0.0135%
by allowing a 0.0022" overlap. This avoids the use of intermediate
sizes 0.010".and 0.0125" wnich would merely prolonge the filling process.
Using the same argument the next logical steps are 0.060" and finally 0.200"
vhich is the largest symbol diameter in the plotter cartridge. It is
apparent that any rectangle can be processed using a maximum of four
different aperture sizes. This method is generally faster than that
proposed in Figure 10.21, and the difference is more pronounced in larger
rectangles. Tests were carried out using both techniques and equally
good definition results were obtained - plotting time apart. No flaring
could be detected, but the rounding effect was clearly visible under a

microscope.
10.9.2 Method (b) - Using Track And Square Apertures

An improvement to the methods described above is to use square Land
apertures to form the rectangle corners. Figure 10,25 shows how the land
can be flashed at each corner to give a good representation of the required
rectangle, The square size must be greater than, or equal to, the
outside track radius to ensure that no gaps are left. Since the smallest
square available is 0.05", rectangles with dimensions smaller than this

cannot be treated in this way.

A large diameter track can now be used for the perimeter pass which
means that the simple adjacent pass method is better suited than the

increasing diameters method.

The technique of overlapping passes in adjacent rectangles is still

used in preference to the flashed square method where applicable.

10.9.3 Method (c) - Using s1it Shaped Apertures

Methods (a) and (b) have had problems in reaching the right-
angled corners of the rectangle due to the circular aperture shape involved.
The use of horizontal and vertical slits solves this problem and greatly

reduces the processing time needed in each case.
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aperture diameter required overlap
(ins) (ins)
* 0-005 0-0007
0-010 0-0015
0-0125 0-0018
* 0-015 0-0022
0-030 0-004L4
0-050 0-0073
* 0-060 0.0088
0-075 0-0110
0-100 0-0146
0-125 0-0183
0-150 0-0220
* 0-200 0-0293

Figure 10-24 Table of Aperture overlaps showing
a possible set of increment jumps
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In Figure 10.26, a rectangle has been processed in two distinct
ways — first using a horizontal slit and then a vertical slit. The
largest horizontal slit to fit the rectangle :idth is used in (a) to
produce a number of adjacent passes. If the rectangle is not an
integer number of passes wide, the last pass is inade to overlap the
penultimate one. A similar technique is adopted for the vertical slit.

case shown in (b).

It is not immediately clear :hich method is best since a small
vertical slit may be very much faster than a large horizontal slit, or
vice-versa. The algorithm which has been developed simulates both
ways for each rectangle using the largest possible slit in each case,

It then chooses thc faster of the twvo, An additional consideration is
the time taken to change the aperture. It may be more expedient to use
the same, or a closer aperture than to select a distantly placed aperture

which will fill the rectangle in a shorter time.

In the example given there is more chance of mis-alignment error
in (b) than in (a). This is due to the increased number of positional
moves required. Case (a) is called the "Best Contour®" representation
for this reason - this may or amay not be the fastest of the two depending

upon the slit sizes that are available.
10,10 Filling In Triangles

The right-angled triangles generated in the polygon splitting
algorithm have one side parallel to the X axis and one side parallel to
the Y axis. No satisfactory filling technique could be implemented using
circular apertures due to the shape's inherent sharp vertices. A slit

based approach met with considerably more success.

Both Horizontal and Vertical slits are used to process the triangle,
although the overlapping technique mentioned previously can be employed to

eliminate one orientation in a limited number of cases.

The first step is to plot overlapping passes along the hypotenuse
using both orientations as demonstrated in Figure 10.27 (a). This gives
a very good representation of the angled line, but necessitates a certain

amount of overshoot to reach the sharp vertices. The slit width has been
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Figure 10.27 Filling triangles - Angled passes
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emphasised to illustrate the filling method but the overshoot is
negligible in practice. There is also the probability that there «ill
be an adjacent rectangle present and the overshoot would not matter at all

in that case.

The point where the tvwo orientations overlap is usually set to the
middle of the hypotenuse but this may have to be varied for acute angles
to prevent the slit intersecting the other triangle boundaries. This
problem is illustrated in Figure 10.27 (b). It may be impossible to find
a suitable position - in which case the slit size is deemed too large, and
the process fails, The triangle filling algorithm initially selects
the largest slit size and changes to a smaller one each time it fails.
This ensures that the plotting time is kept to a minimum, The smallest
allowable triangle is closely related to the smallest slit size for this

reason.

The next stage is to fill in the main bulk of the triangle as
efficiently as possible, Adjacent passes are nade perpendicular to the
longest paraxial side employing the same slit size. In this aethod,
shovn in Figure 10.28 (a), th: number of passes is equal to the ratio of
side length to slit size. One would assume, then, that by using the
small side in preference to the larger, a smaller number of passes would
be needed. This saves plotting time by eliminating un-~-necessary dark
positioning moves., The problem with this approach is that the slit size
is always larger than the width of the hypotenuse pass (umeasured in the
same orientation). This causes spaces to be left in the triangle which
cannot be reached without overshooting the hypotenuse. A smaller slit
must be used to eliminate this effect - the size calculated from the angles
involved, The choice between methods (a) and (b) is made on the grounds

of speed in each particular case.

An amount of overlap is allowed between adjacent passes to prevent
the slit vertices crossing the hypotenuse due to slight positional errors

in the photoplotter. This overlap can be set up by the user as required.

Figure 10.29 illustrates the algorithm using triangles in each of the
four possible orientations. The program deals with first quadrant cases
only, but uses reflection in the X and Y axes to process the other

Orientations.
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(a) Filling along longest side
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(b} Filling along shortest side

Figure 10.28 Triangle filling - processing main bulk
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10,11 Filling In Trapeziums

The trapeziums produced in the splitting algorithm are defined
as having tvwo edges parallel to the X axis. Like the triangle case,
it is difficult to process the trapezium using circular apertures due
to the acute angles involved, The shape lends itself, however, to a

slit filling method.

Figure 10.30 (a) demonstrates the technique, thich uses a Horizontal
slit. The idea is to have a step size equal to the slit width for the
long horizontal edge and a suitably smaller step size for the short
horizontal edge. This produces a certain amount of overlap vhich is
directly proportional to the ratio between the tvo edge sizes. There
w1ll be a critical ratio where flaring becomes a problem along the
shorter edge — this ratio is difficult to predict but should become

evident in practical tests.

The trapezium can be split into a number of triangles and a
rectangle. Figure 10.30 (b) shows hou these shapes can be processed
individually to fill in the trapeziua. This is a much slower technique
but produces less overlap. Should thc rativ between horizontal edges
be unacceptably large, then this method can be employed to guard against
flaring, The mechanics of this, in practice, is that the splitting
algorithm will not form trapeziums with a ratio larger than a figure

specified by the user.

Figure 10.31 shows the range of trapezium types which can result.
Note that a slight degree.of overshoot is required in each case to reach

the acute angled vertices.
10,12 Conductor Track Filling

Rather than treat each conductor track as a separate polygon, it
is more efficient to process them in a slightly different way. Consider
Figure 10,32 which shows two methods using slits and circular track

respectively,
The slit method shown in (a) must continually alternate between

horizontal and vertical orientations, This involves a considerable

amount of aperture selection time and also requires re-positioning moves
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Figure 10-31 Examples of trapezium filling
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(a) Slit method:
3 symbol changes ( vertical <> horizontal ] teeeeeeeeees
+ 3 dark moves [ to start point and repositing slit )
+3light passes

= 9 operations

(b) Circular track method: e i
1 symbol change ( to select track aperture)
+ 1 dark move ( to start point)
+ 3 light passes

= 5 operations

Figure 10-32 Track filling methods
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betieen each pass. A much faster technique is to use a circular track
aperture to eliminate re-positioning and selection times. In the example
given, only 5 operations are needed using the circular track method

compared to the 9 required in the slit equivalent. The plotting time
difference between the two methods depends upon the relative position of

the apertures in the cartridge and the length of the conductor track

under consideration,

The outside corners are rounded slightly in (b) but this is actually
preferable in conductor tracks. Another effect of using a circular
aperture is that it must overshoot the track ends by an extent equal to its
own radius. Since all conductors are constrained to end in terminal

pads, this is of little importance.

The conductor width in this example was chosen to coincide with
one of the aperture dimensions. This saves plotting time since only cne
pass need be used for each conductor track. It is perfectly possible,
however, to process any track width using two or more overlapping passes.
Since the choice of conductor width in the layout stage is not too critical,

it is obviously good sense to favour the nearest aperture size.
10.13 HMask Production Programs

Two programs have been developed using the splitting and filling
algorithms which have just been described. The first is compatible
with the "GAELIC" suite of programs (Ref 6) and is called "PHOT". It
operates directly from a GAELIC ring data structure and produces data files
containing plotting language commands - one data file for each mask required.
The second program, WSHADE", is used with the Layout and Interconnection
suite itself., This program creates a similar set of plotting files from

a "LAYOUT" data structure.

Figure 10.33 shows how these plotting files can be used to produce
visual checking diagrams (on the V.D.U. /Pen Plotter) or to produce tapes

to drive the photoplotter itself.

The program "VIDEO" shows the filling methods by drawing each
aperture pass separately. Figure 10.34 shows a typical line dra.ing
of this type. This is used as a final check before the expensive

Process of photoplotting is initiated and can be displayed on the terminal
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Figure 10-34 Photoplotter testing drawing produced by ‘VIDEO"




screen or drawn by a pen-plotter. It is also useful to compare this
drawing with the actual photoplotter output in order to determine which

passes, if any, resulted in flaring,
10.14 Evaluation Of Various Slit Ranges And Filling Techniques

The slit apertures discussed in previous sections are not, as yet,
available. Ferranti Ltd expressed interest, however, in fabricating
a set of slit apertures and provided a typical thin film circuit
description in GAELIC language for examination, The circuit is given
in Figure 10.35 together with its associated packaging. The two masks
needed to fabricate this circuit (shown separately in Figure 10.36)
are totally paraxial. This allows a comparison to be made between the
various rectangle filling algorithms with regard to plotting time and

quality of reproduction.

A program has been written to calculate the total plotting time
required by any data file containing a set of plotting commands (as
described in Section 10.4). The program, called "TIMING", gives the
aperture selection time and plotting time separately for evaluation

purposes.,

The slit width should be as small as possible to minimise the
overshoot effects discussed in previous sections. Practical tests
vith circular land apertures, however, have indicated that apertures with

dimensions less than 0.010" do not give a satisfactory sheet exposure.

The range of slit sizes to be adopted is a compromise between
expense of fabrication and the possible saving in plotting time that can
be achieved. To examine the effect of different slit ranges, the test
circuit was processed in a number of ways. The table given in Figure
10.37 shows a selection of results, (calculated by "TIMING") using five
different ranges. In addition, each range was tested in four distinct

vays.,

Column (a) shows the results of the fastest slit filling method,
vhere the computer determines whether horizontal or vertical filling is
best for any particular rectangle. The number given after the word

"SIZE" refers to the size of the plotting file produced. This is
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Figure 10.-36 Masks required to fabricate circuit
shown in Figure 10-35
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VERTICAL SLITS
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J SLITS
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SIZE = 39 pages
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SYMBOL= 18s
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directly proportional to the length of paper tape produced to drive the
photoplotter, so large plotting files will result in long tapes. The
timing program does not take into account the time needed to physically
read the tape, but the length of tape must be considered as an important
factor in guaging the efficiency of a plotting method. The aperture

selection time is given separately from the overall processing time.

All slit sizes must lie within the boundaries 0.200" - 0,020",
The latter figure is governed by the tolerances vhich can be achieved in
circuit fabrication, while the former is the largest aperture size that
will fit the machine, If we assume that the 0.200" aperture is available
then the largest rectangle which could not be processed would have a
dimension just less than this figure. The next smallest slit size
should be able to fill this rectangle using no more than two overlapping
passes. It should also be as small as possible, such that it can
process a maximum number of rectangle sizes. The obvious choice, then
is Q. 100%. Using the same reasoning we can choose the other aperture
sizes to be 0.050" and 0.025%. After due consideration it was decided
that a slit of 0,020" would be used instead of the 0,025" value to allow
the plotter to process the smallest rectangle dimensions that can arise
in practice (Ferranti standards). This means that rectangles in the
range 0.040" to 0.050" (exclusive) will need three passes instead of the
usual two overlapping passes. Adding a slit size of 0.030" to the range
did not reduce the plotting time significantly and actually increased the

aperture selection time due to the increased nuaber of slits.

The same slit ranges were tested in column (b), but only the
horizontal orientation was allowed. A similar set of results were
produced in column (c) using vertical slits. It can be seen that the
plotting times are within 6% of the fastest method vhen large slit ranges
are available, but are much longer for small ranges. It must be
remembered that only half the number of apertures are needed for this
method, and this will save the cost of slit manufacture. Much longer
tapes are produced, however, and this could be significant. There 'is
also the problem that triangles could not be processed using a single

orientation,

Column (d) is the result of the ®BEST CONTOUR" method discussed

earlier, Each rectangle is filled using passes parallel to the longest
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sides thus minimising the number of possible mis-alignment errors which
could be produced. The plotting times needed in this technique are
again comparible to the fastest method for larger slit ranges. Small
ranges on the other hand produce significantly slower plots, The 2

slit case, for example, takes 50% more time than the fastest method.

An anomaly is found in the single slit case where both the fastest
and BEST CONTOUR methods take exactly the same time, but this is easily
explained. Since only one slit size is available, it is alvays faster
to fill a rectangle using passes along the longest sides, This is, in
effect, the techniqu: used for the WBEST CONTOURM" result so it is not

surprising that identical plots are produced.

Since the aim of the "BEST CONTOUR" approcach is to minimise
unnecessary positioning moves, it follows that fewer plotting commands
are generated. This makes for shorter data files and correspondingly

shorter tapes than in any of the other methods.

The circuit was also processed using circular track and square land
apertures, but the fastest plotting time that could be achieved was 24
minutes and 15 seconds. When we compare this vith the results using
slits we see that a range of only two sizes is still faster, It is also
important to notice that 19 apertures are being used in the first case

compared to only 2 slit apertures.

The results indicate conclusively that a range of slit apertures
would be the fastest and therefore cheapest way of producing masks on the
photoplotter. Ferranti Ltd agreed with this and suggested that an
experimental set should be made. A range of four slit sizes was chosen

as the optimal case from the test results.

The photoplotter itself was used to produce transparancies of the
slit shapes which will be photographically reduced to form the aperture
masters, Circular track and square lands were used to plot the slits
vhich were chosen to be 0.200%, 0,100", 0.050" and 0.020" X 0,010%, At

the time of printing, the slits are still in the fabrication stage.

- 251 -



ChaEter 11

Conclusions And Possible Improvements

This chapter indicates the degree of success achieved in each of
the separate design stages described in Chapters 3 to 10, It also

outlines the areas in which the programs could be extended and improved.
11.1 Component Design
11.1.1 Conclusions

The resistor design programs outlined in Chapter 3 have been fully
tested in all but fabrication. This is not a serious omission since
it is possible to check the resistance of the final resistor patterns to
a reasonably high accuracy without actually making them. The basic
formulae used to derive the resistor equations , of course, have

been verified by practical experiment.(ﬂeg.ﬁ).

Run times have proved to be very variable - they depend upon the
number of iterations needed in each case which is rather unpredictable.
Invariably they have been very much less than one minute of c.p.u. time
on a DEC system 2040,

11,1.2 Possible Improvements

At present the suite is limited to resistor design. The automatic
design of active components such as capacitors and inductors is an obvious
area of interest, It would also be useful if the user could define
component geometries himself - perhaps using a data description file
similar to the output from the resistor programs. This would allow him
to design in-slice components by traditional methods but still have the
advantage of computer aided placement and routing. An additional benefit
of this is the ability to use crossover sites as capacitors - two conductor
tracks being separated by a dielectric. This is often preferable to the

jump wire technique and generates an in-slice ccmponent at the same time.
Another area of interest concerns the trimming of resistors after

fabrication. At present the laser beam or equivalent mechanism is

positioned by hand (or co-ordinate data prepared by hand) prior to each
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trimming pass. It would be much more efficient to produce this
information directly from the data structure. It would also be possible
to provide information regarding the maximum trimming distance available
in each block. This would eliminate human errors such as overtrimming,
trimming from the wrong side of the block etc., and would reduce the

overall fabrication time,

When the circuit is being designed manually, the engineer is
often left with irregular shapes in which to place his in-slice
resistors. The automatic design programs can only cope with rectangular
boundaries so they may consequertly waste useful space. Radley
(Ref 18) has attempted to ease this problem with his program to design
resistors inside any straight-edged polygon. There is no provision
for the addition of trimming blocks, however, and each corner square has
been approximated to a constant supplied by the user. It may be useful
to implement a version of his algorithm incorporating formulae to allocate

trim blocks and calculate corner allowances individually.
11.2  Describing And Storing The Circuit
11,2.1 Conclusions

The system of rings and pointers which has been used to represent
the circuit in the data structure was chosen to speed the interrogation
time at the sacrifice of memory storage. It has proved versatile in
all aspects of processing and was changed very little from its original
form during the development phases., It is based on the structure

developed by Rose (Ref 19) in his original Planarity Algorithm program.
11.2.2 Possible Improvements

It would be very useful to have separate files containing the Master
Component Libraries and Topological data respectively. Since the
former can be common to a number of layouts while the latter is particular
to one, it would be much better to segregate the two. This would slow
the Planarity program, however, since it would cause the library file
to be searched each time a new component type is encountered. Another
problem is that rare component types would have to be added to the library

even though they might never be used again. A compromise would be to
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allow the user to define his own Master descriptions in the normal vay

but cause the program to refer to the library for any missing descriptions.

It has already been mentioned in section 11.1.2 that it would be
useful if the user could define his own in-slice components. This would
require a special data description format not unlike the GAELIC manual

input language (Ref 6) which could be stored in a separate file.

The proposed system, then, would be driven from four separate

data files:

(a) A Master Description library file which is only altered when a

new component type comes into general useage.

(b) A Topology file containing the circuit topology together with

additional Master Descriptions and a list of nodes representing Edge Pads.

(c) A Resistor Description file generated by the automatic design

programs described in Chapter 3.

(d) An In-slice Component data file - compiled by the user himself.
11.3 Planarity

11.3.1 Conclusions

The Planarity Algorithm described in Chapter 5 and incorporated
into the layout suite was written by Rose (Ref 19) to design single-sided
printed circuit boards. Alterations have included adjustments to the
description/storage formats and the addition of automatic crossover

insertion algorithms,

The basic algorithm is very fast indeed but the crossover insertion
stage can be rather slow as it involves a number of tree searches and
design loops. At present the algorithms do not necessarily find the
solution with the minimum number of crossovers and all the improvements

listed in the next section are concerned with this problem.
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11.3.2 Possible Improvements
11.3.2.1 Node Splitting

The crossover insertion algorithms have been implemented using
the principle that it is possible to reach one Region from another if
they have a common Branch in the topological graph. In general it is

also possible to cross between Regions which have a common Node.

Figure 11.1 (a) shows a situation where component "Bup" has to be
inserted between ncdes 1 and 3. Two crossovers would normally be
inserted here since there exists no common Branch to both Regions.

A technique known as "Node-Splitting™ can be applied to reduce this to
one, however. In this method the two Regions need only have a common
Node - either an Edge Pad or a circuit Node as in (b). Using this
approach in conjunction with the existing.algorithm will guarantee a

solution with the absolute minimum of crossover sites.
11.3.2.2 Re-sequencing the Edge Pad List

If the circuit requires many crossovers it is advisable to run the
planarity program as a batch job overnight, say, due to the extended
processing time required. Should this be the case it would then be possible for
the program to investigate the effect of re-sequencing the Edge Node list.
This would enable the user to select the order which resulted in the

fewest number of crossovers (Refer to section 5.6).

It is important to note that this is different from simply starting
the cyclic order description at a different place. It is true that this
will cause different graphs to be generated but, assuming an efficient
algorithm, the number of crossovers needed should be the same. Altering
the cyclic order, on the other hand, affects the planarity of the circuit
directly.

Each Edge Node in the Topography description could be marked in some
way to indicate whether re-ordering is allowed. The computer would then

generate a series of graphs by swopping moveable pairs.



(b) Single node common




11.3.2.3 Component Pad Swopping

The technique described in the last section could be taken a
stage further by introducing pad-swopping in multi-terminal devices.
Consider Figure 11.2 (a) which shows a graph with an unplanar branch
Bup. If pads 3 and 2 are interchanged then the crossover can be
avoided (diagram (b)). This technique can be applied to devices
which have electrically identical terminals such as the inductor shown
in (¢). Note that pin | could not be svwopped with either of th: other

two, but that pins 3 and 2 are completely interchangeable.

A similar philosophy could be adopted with SETS of pins. Figure
11,2 (d) illustrates an I.C. containing four identical three-pin devices.
As before there are cases where two pin groups may be swopped - 1 and 2,
4 and 5 etc. In addition to this there is the possibility of inter-
changing complete sets such as Pins 1, 2, 3 and Pins 4, 3, 6.

11.3.2.4 Routing Outside The Edge Pads

During fabrication,the Edge Pads are comnected to package leads
using jump wires. It is sometimes possible to take advantage of this

physical characteristic in order to avoid a crossover,

Consider Figure 11.3 (a) which shows a graph containing a single
unplanar branch (R2). The important thing to notice here is that both
ends of the component are attached to Regions containing Edge Pseudo
Branches. If the corresponding Edge Pad(s) between the two Regions are
moved away from the board edge (as shown in (b» then it is possible to
route a connection topologically outside the graph boundaries. The
inevitable crossover is then formed when the Edge Pads are ccnnected to the

outside world.
11.3.2.5 Multiple Crossover Jumps

The definition of a crossover has so far been taken as the insertion
of a jump wire across a single conductor track, but there is no reason why
the wire should not bridge several tracks at once. It would be very
difficult to program this technique into the Planarity Algoritham directly,
but the addition of a post-processor to combine single jumps would be much
easier to implement. Consider Figure 11.4 which illustrates how this could

be carried out.
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(a) original definition [ b) after pad swopping

T
PIN 1 {PIM%‘PINZJ

PIN2 PIN2= PIN 3

(c) multi-pin device specification

N N - PINS123 = PINSLS,6
PINSLS 6 = PINS78,9
PINS789 = PINST01112
e - e e e PINS10/112 = PINS 123

= electrically dissimilar

= electrically identical

Figure 11-2 Topological pad swopping
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(a) Topological representation

R3 I.—.I_L/_?A_ ”:‘RS ] R6 [

o
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(b) Layout egquivalent

Figure11-3 Routing round edge pads
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(2)
\

(a) Topological replacement

0 times 2 >

(b) Programmed representation

U1

O

>
| R

(c) Physical characteristics

Figure 11-4 Replacing a sltring of crossovers by
a single Mulli-crossover device

=260~




The two crossovers "X1" and "X2% shown in (a) are simply replaced
by a single multi-crossover device "X", This is similar to a normal
crossover except that it incorporates more "shorted pairs" of pads. When
the wire is attached (diagram (c)), both crossings are formed simultaneously.

There is also a saving in board area and connection length.
11.3.2.6 Routing Underneath Attached Components

A further technique to avoid crossovers is to route conductors
through the bounding rectangles of attached devices. The cocmponent would
then be placed immediately on top of the tracks. This may not be possible
or desirable in every case because of interference problems or simply due
to the component's physical characteristics. The designer would have to

indicate this in the Master Description file.

Figure 11.5 demonstrates how this technique would be achieved in the
topological graph. In this example the component Bup can be inserted
without using a crossover if an extra pair of "shorted" pads are added
to the device called TRAN. This is equivalent to incorporating pads

into the Master Description as demonstrated in Figure 11.6.

The number of tracks which can be routed under any particular
component depends upon the conductor width relative to the size of the
bounding rectangle and terminal pads. This could be calculated
automatically.

11.4 The Placement Algoritlms
11.4.1 Conclusions

The Initial Placement Algorithm which is used to generate a base
layer of components has proved to be very fast and reliable. This was
to be expected since it is relatively easy to fit a string of components
onto a level section of boundary - especially when troublescme members

can simply be discarded for later processing.

The main Placement Algorithm has not been quite so successful.
This was one of the final areas to be tackled and has consequently been
subjected to fewer tests. The result is not always predictable and
a certain amount of fault-finding is still required before the algorithm

could be used to its full potential.
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( Byp= unplanar branch )

(b)

Figure 11:5 Going underneath an attached device — topological _represeniatian

- 262 -



[3] 13]

TRAN > 7 TRN (3]

(a) Program representation

position of attached component

]
|
|
e e 22

conductor material

(b) Physical characteristics

Figure 11.6 Going underneath an altached device
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Although the algorithm may not always produce a totally
satisfactory solution, it serves at the very least to bring the next
components onto the board in the correct order (refer to Chapter 7).
Any improvement will simply reduce the amount of human interaction at

each stage.

Run times have proved to be very variable but are consistently low

enough for "hands-on' design.
11.4.2 Possible Improvements
11.4.2.1 X Boundary Expansion Limits

One of the techniques used by the main Placement Algorithm is that
of X Boundary Expansion (section 7.4.4). It is difficult to decide
when to abandon this approach in favour of other methods, and at present
the expansion is limited by an arbitrary factor supplied on the intuition
of the user. A much more satisfactory limit has been postulated in
section 7.4.4 which guarantees to prevent the expansion obscuring pads
belonging to previously placed components. The implementation of an

algorithm to make this decision would be highly advantageous.
11.4.2.2 Edge Pad Placement

When using the Initial Placement program PLACE, the operator is
required to specify which Edge Pads are to lie along the bottom edge of the
board (refer to section 6.3). Since the number of components in the
base layer depends entirely upon this decision, the horizontal width of the
layout is largely determined at this stage. Consider Figure 11.7 which
shows several possible layout dimensions which could result from the same
circuit given different Edge Pad assignments. The number of alternatives

is limited by the number of Edge Pads in the layout definition.
The total board area (Ba) must be at least as great as the total
component area (Ca). Clearly some additional area must be allocated

for conductor tracks and spacings - this is represented by a Packing

Factor (Pf) in the equation:

Ca = BaXPf rf < 1)
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(a) (b) (c)

(d) (e)
Ca = Pf(HxW) Ca = total component area
. Pf = packing factor(<1)
te. H = C(CaxPf

W = board width

W
= board height

Figure 11.7 Effect of edge pad assignment on board dimensions
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The board area can alsc be calculated from its horizontal width (W)

and vertical height (H) using the simple formula:
B = HzxW

If Wis known (from an initial placement in which none of the base
components have been rotated or removed) we can thus calculate the

expected height to be:

Ca

H = §x7r

The Packing Factor will, of course, vary from layout to layout but an

approximate value can be assumed.

This formula was applied to all three of the test circuits
documented in Appendices 1 and 2. The results which were obtained
are tabulated in Figure 11.8,

The layouts were found to have Packing Factors of 0.4063, 0.2940
and 0.3228 respectively. The average value (0.341) was then used to
estimate the board height from the component area and board width. It
can be seen that the % error ranges from + 19,149 to - 13.77%. This is
quite encouraging but there is no guarantee that this is a typical range

of Packing Factors,

The user, then, has the ability to choose an Edge Pad assignment
which appears to produce the most promising board shape. A list of
possible board sizes can be generated automatically and listed for his
consideration but this would mean using the Initial Placement Algorithm
many times., It is not clear whether this would increase the run time

sufficiently to necessitate a batch processing approach,

A formula has been developed relating the number of iterations
required to the number of Edge Pads in the layout (the derivation is
illustrated in Figure 11.9). If Npad Edge Pads are present, the
Algorithm will have to be applied Npad2 - 2Npad +1 times., In general
the number of Edge Pads will seldom exceed 30, which necessitates 841
iterations, This would certainly require the program to be run in a batch

mode,
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J:—a circuit under consideration

(

W

(a) (b) (c)
width of 1 460.5 | 1585 | 160 | (W)
layout
fotal
component | 8803-25 | 6105 7387-25 | (Ca)
area
final
height of 135 131 143 (H)
layout
calculated :
packing  10-4063 | 0-2940 | 0-3228 (_9_) =
fFactor wh =
eshimated
height using .
packing 160-84 | 11295 | 13540 (—“.—\,,)=H2
factor
- Pf = 0341
% out on
height A% | 13-77%| -5-31% (HZ—‘H) %o
estimation H
(c) Voltage regulator
— (Appendix 2)
(b) Low voltage audio power
— amplifier (Appendix 2)
(a) Simple test circuit
—  (Appendix 1)

Figure 11-8 Results from packing factor estimation experiments

~ 267 ~



| Number o edge pads Variations Number of

on botfom edge combinations
0 not allowed —
1 not allowed R
2 AB,BC,CD,DE, EA Npad
3 ABC, B(D, CDE,DEA,EAB Npad
L AB(D, BCDE,CDEA, DEAB,EABC Npad
5(=Npad) ABCDE 1

/ Assumptions:

5 edge pads ( Npad =5 ) /

named ABCDE, F

=> Number of combinations

= Number of calls to initial placement algorithm

= (Npad - 2)Npad + 1
= Npad - 2 Npad + 1

Figure 11.9 Egquation relating the number of calls to the

initial placement algorithm with the number of

edge pads in the layout
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It would be unusual, however, to allocate a large number of Edge
Pads to the bottom edge and a small number to the top edge (or vice-versa).
If the user were to specify a maximum (Nnax) and a minimum number (Nuain)
of allowable bottom Edge Pads, the computation time would be cut
considerably., It can be shown that the number of iterations (Nit) is

now given by th:e formulae:

Nit = (Mmax - Nmin + 1) Npad if Nmax & Npad

and

Nit = (Npad — Nmin) Npad + 1 if Nmax = Npad

Taking the example of 30 Edge Pads, and max/min values of 18 and 12

respectively, the number of iterations falls to 210.

11.4.2.3 Choice 0f Placement Technique

The Main Placement Algorithm described in Chapter 7 uses a number
of different placement techniques in a rigid order of preference. It is
clear that filling the Slots (section 7.4.1) will produce the most compact
layout. The next best methods are to use mounds as well as slots

(7.4.2), or to perform component rotation (7.4.3).

When all three fail it is not at all clear which of the remaining
three (X Boundary Expansion, Component Removal and Rough Placement) should
be attempted next. An improvement to the layout suite would be to allow
the user to select the approach which would appear to be the most appropriate
in each situation. It may be possible to develop an algorithm to do this

selection automatically but this is, in itself, a complex problem,
11.5 The Routing Algorithm
11.5.1 Conclusions

The Routing Algorithm has proved to be fairly successful and
generally very speedy. This was one of the later areas of research and
has not been in use long enough to locate every minor fault, Nevertheless,
it serves in its present state to free the designer from the simpler
connections and gives him consequently more time to spend on the longer more

complex ones.
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11.5.2 Possible Improvement

Even if we assume that the Algorithm will always find the best
path between any two components, there is still no guarantee that the
layout will be constructed with an absolute minimum conductor length.

This can be explained with reference to Figure 11,10,

Diagram (a) shows a small section of a larger topological graph.
Using the Region process of generating connection pairs (see section 9.3.3),
the Routing Algorithm would be applied between components A and B then
B and C etc as shown, Assuming that the first three attempts are
successful, the final connection between D and A already exists as a
string through B and C. This could give a physical layout as shown in
diagram (b).

It can be seen that each connection is of minimum length but the
overall string could be improved simply by selecting a different set of

component pairs,

A better way of generating component pairs would be to process the
components sequentially rather than following the Regions. The program
would be designed to ensure that each cocmponent was connected to its

nearest neighbour in the string.

This would involve a good deal more processing time than the
simple Region method but would produce much simpler metallisation patterns.
Diagram (c) shows the improvement which would result in this example.
One major problem, however, is that "isolated groups" can be formed.
Consider diagram (d) in vhich component C has been meved such that it is
now closer to A than component B. Only two connection attempts would
now be generated namely D to B and A to C. In this example every
component is indeed connected to its nearest neighbour but the string is

not continuous,

The solution would be to apply the Region method in conjunction
with the "nearest neighbour" method. Having produced the network shown
in diagram (d), the Region method would join components A and B. The
other three attempts (namely B to C, C to D and D to A) would then be

abandoned since the paths already exist directly or indirectly.
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Connections:

Region 1

Region 2
Region 3

Region 4

Component A to

Component B to
ComponentC to

ComponentD fo

(a)  Section of Topological Graph

Figure 11-10

Minimum

connection neot

Component B

Component C
Component D

Component A

technigques
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D A
l |
B A—B
B—(
C—=0
D— A%
(b) Comnection string produced by region method
C
]
D A
[ ] A—oB
—- [
C—A
D—Bx*
B
(c) Connection string produced using closest pairs
»
B
A—>C
D A B—>D
C— A%
[ | D—oB*

* denotes connections
which already exist
by the time theyare

) (d) attempted
B
Figure 11.10 (cont.)
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11,6  Photoplotting

Although the photoplotting algorithms have not been used to any
great extent due to the delay in manufacture of slit apertures, they have
been exhaustively tested using a graphical simulation program (refer
to section 10,13). The suite also includes a timing program which can
calculate the total plotting time of a particular layout and thus evaluate
the merits of different filling strategies without actually having to
do the plotting.

117 Final Conclusions

From the results described in earlier chapters it is clear that
a feasible method of designing thin film circuits by computer has been
developed. The layout examples given in Appendices 1 and 2 compare
favourably with manually generated solutions, but the design process is
very much faster, There is also the advantage that numerically
controlled fabrication devices can be driven directly from the data
structure. This eliminates the process of coding up the layout from a

production drawing.

One improvement would be to use a refresh graphics terminal rather
than the storage terminal. This would enable the user to move components
and connections dynamically without having to redraw the layout at each
step., It is also possible to obtain flashing and different intensity
lines, This would be much better ergonomically speaking, but the cost
of refresh equipment is much higher than the storage tube equivalent.

There is also the problem that the refresh screen cannot display nearly

so much detail as the storage terminal.

If a dedicated mini-computer were to be used instead of a multi-
access mainframe, then it would be possible to operate at much higher
transmission speeds and faster response times. The time taken to re-draw
the screen would then be considerably reduced, and the ergonomics of the

system would therefore improve.

In conclusion, the suite should provide a very useful tool to the
designer. Being totally modular in structure, it can readily be

extended and improved.



Appendix 1
Example Of Layout Design Using

A Simple Test Circuit

The use of the "LAYOUT" suite as a design tool is best illustrated
by example. Consider Figure Al.1 vwhich shows a simple circuit
comprising three transistors, nine resistors, two capacitors and a diode.
This circuit was specifically designed with the object of testing the

design programs, and contains the complete range of circuit types i.e.:

(a) Multi-pad attached components (TR1, TR2, TR3).

(b) Two-pad attached components without a marked pin of
polarity (R1, R2, R3, R4, Cl, C2).

(c) Two-pad component with a marked pin of polarity
(IIoD).
(d) In-slice meandering resistors (R5, R6, R7, R8, R9).

Several of the resistors were chosen to be in-slice components, so the
first task was to design them using the program "IESRES", A full

description of this program is given in Chapter 3.2.

Two distinct resistor patterns were generated and stored in a
temporary data file (called MR1 and MR2 respectively). The track
width was set to 20 screen units and resistances of 30 and 60 squares
were requested. This gave patterns measuring 115 x 170 and 150 x 208

units respectively.

Physical sizes and pad positions were then chosen for the discrete
components which were called ®RES", WTRAN", "CAP"™ and "WDIODE®, These

are illustrated in Figure Al.2.
The next step was to assign arbitrary Node Numbers to each

electrical node in the circuit as shown in the circuit diagram in

Figure Al.1.
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Figure A1-1 Simple test circuit
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PAD1 af (10,30)
PAD2 af (150,30)

CAP

1] [2]
00~—80—

~=—00—

CAP

width = 80
height = 90
PAD1 at (10,10)
PAD2 at (70,10)

Figure A1-2  Master component definitions for attached devices

1] RES [2]
0,0=~——160 ——=
RES .
width = 160
height = 60

:

¢

=1
TRAN |&
T 2114

00=-80—

TRAN

width = 80
height = 80
PAD1 at (20,10)
PAD2 at (60,10)
PAD3 at (4070)

4
DIOD |8
] i
0, <—‘](X)—>
DIOD
width = 100
height = 100

PAD1 af (10,70)
PAD2 at (90,90)




A data file was then formulated to describe the component
geometries and circuit topology as illustrated in Al. 3. The
compilation of such a description is explained in Chapter 4 secticns
2 and 3. Note that components R5, R6, R7, R8 and RO have been
assigned to the in-slice resistor descriptions "MR1M and "MR2" which

are stored in a separate data file.

The program "PLANAR" (see Chapter 5.7) is used to generate a
topological graph of the circuit from the two data files mentioned above.
An optional print out of this graph is given in Figure Al.4. Each
"Region™ is listed in turn, giving the component names (and associated
Node Numbers) in the order in which they appear. This can be used to
draw a graphical representation of the topology as shown in Figure Al.5 -
a very useful technique for trapping program errors while the suite is being
developed. With medium and large scale circuits it would be unusual
to produce such a drawing unless the program was malfunctioning in some

way.

The program WPLACE" was next used to generate an initial board
placement (refer to Chapter 6 for more details). At this stage it
was necessary to decide upon values for board width and height,
conductor width, spacing allowance and Edge Pad size. Values of
1000, 1000, 20, 20 and 30 were chosen respectively. It was also
necessary to decide where to position the Edge Pads. After a number
of trial runs it was found that the most promising results were obtained
by placing Edge Pads 4, 9 and 12 along the top edge, and Pads 2, 1 and
15 along the lower. Figure Al.6 shows the layout obtained in this way.

At this stage the main design program called "LAYOUT® was employed.
Working directly from the initial placement, it incorpcrates a number of
facilities designed to carry the design to a successful conclusion

(refer to Chapter 9).

The design can now be split into a number of distinct stages.

A brief description has been given in each case.

Stage 1 (Figure Al.7)

(a) A1l possible connections have been routed using the "CONNECT"
facility.
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Thin Film Circuit with Pre-defined Resistors

MASTER RES,2,160,60
10, 30
150,30

MASTER TRAN, 3, 80,80
20,10
60,10
40,70

MASTER CAP 2,80,90
10,10
70,10

MASTER DIODE,2,100,100
10,10
90,90

MASTER MR1,2
MASTER MR2,2

STOP

RES
R1,6,1
R2,4,5
R3,5,7
R4,9,8

YR1
R5,10,1
R6,10,11

MR2
R7,12,13
R8,13,15
R9,14,1

TRAN
TR1,3,6,5
TR2,7,10,8
TR3,11,14,13

CAD
c1,2,3
C2,10,1

DIODE
DIOD, 3, 1

115 12 9 4 2

n
Q
s
©
T

7.3 Component




PLANAR GRAPH FOR MCIR1.CIR
THIN FILM CIRCUIT WITH PRE-DEFINED RESISTORS

..................................................

..................................................

EDGE PSEUDO BRANCH - NODES (1) TO (2)
EDGE PSEUDO BRANCH - NODES (2) TO (4)
EDGE PSEUDO BRANCH - NODES (4) TO (9)
EDGE PSEUDO BRANCH - NODES (9) TO (12)
EDGE PSEUDO BRANCH - NODES (12) TO (15)
EDGE PSEUDO BRANCH - NODES (15) TO (1)

..................................................

..................................................

EDGE PSEUDO BRANCH - NODES (12 TO (15)
2 PIN COMPONENT "R7'" NODES (12,13)
2 PIN COMPONENT "R8'" NODES (13,15)

--------------------------------------------------

--------------------------------------------------

2 PIN COMPONENT "R7" NODES (12,13)

EDGE PSEUDO BRANCH - NODES (9) TO (12)
2 PIN COMPONENT "R4'" NODES (9,8)

PIN 3 OF "TR2" (NODE 8)

LINK BRANCH : TR2Z PIN 2 TO PIN 3

PIN 2 of "TR2" (NODE 10)

2 PIN COMPONENT '"R6'" NODES (10,11)

PIN 1 of "TR 3" (NODE 11)

LINK BRANCH : TR3 PIN 3 TO PIN 1
PIN 3 of "TR3" (NODE 13)

..................................................

..................................................

LINK BRANCH : TR3 PIN 3 TO PIN 1
LINK BRANCH : TR3 PIN 1 TO PIN 2
LINK BRANCH : TR3 PIN 2 TO PIN 3
REGION NUMBER S

LINK BRANCH : TR2 PIN 2 TO PIN 3
LINK BRANCH : TR2 PIN 3 TO PIN 1
LINK BRANCH : TR2 PIN 1 TO PIN 2

--------------------------------------------------

..................................................

EDGE PSEUDO BRANCH - NODES (15) TO (1)
2 PIN COMPONENT '"R8" NODES (13,15)

PIN 3 OF "TR 3" (NODE 13)

LINK BRANCH : TR3 PIN 2 TO PIN 3
PIN 2 of "TR3" (NODE 14)

2 PIN COMPONENT '"R9'" NODES (14,1)

--------------------------------------------------

Figure ATl.4 Print-out of Planar Graph
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REGION NUMBER 7

..................................................

2 PIN COMPONENT "R9" NODES (14,1)
PIN 2 of “TR3" (NODE 14)

LINK BRANCH : TR3 PIN 1 TO PIN 2
PIN 1 of "TR3" (NODE 11)

2 PIN COMPONENT "R6" NODES (10,11)
2 PIN COMPONENT '"C2'" NODES (10,1)

...................................................

--------------------------------------------------

2 PIN COMPONENT "C2'" NODES (10,1)
2 PIN COMPONENT "R5" NODES (10,1)

..................................................

oooooooooooooooooooooooooooooooooooooooooooooooooo

2 PIN COMPONENT "R5'" NODES (10,1)
PIN 2 OF "TR2" (NODE 10)

LINK BRANCH : TR2 PIN 1 TO PIN 2
PIN 1 OF "TR2" (NODE 7)

2 PIN COMPONENT "R3" NODES (5,7)
PIN 3 oef "TR1" (NODE 5)

LINK BRANCH : TR1 PIN 2 TO PIN 3
PIN 2 OF "TR1" (NODE 6)

2 PIN COMPONENT "R1" NODES (6,1)

..................................................

REGION NUMBER 10

..................................................

LINK BRANCH : TR1 PIN 2 TO PIN 3
LINK BRANCH : TR1 PIN 3 TO PIN 1
LINX BRANCH : TR1 PIN 1 TO PIN 2

--------------------------------------------------

REGION NUMBER 11

--------------------------------------------------

2 PIN COMPONENT "R3" NODES (5,7)

PIN 1 OF "TR2" (NODE 7)

LINK BRANCH : TR2 PIN 3 TO PIN 1
PIN 3 OF "TR2" (Node 38)

2 PIN COMPONENT "R4" ©NODES (9,8)

EDGE PSEUDO BRANCH - NODES (4) TO (9)
2 PIN COMPONENT '"R2'" NODES (4,5)

--------------------------------------------------

REGION NUMBER 12

oooooooooooooooooooooooooooooooooooooooooooooooooo

EDGE PSEUDO BRANCH - ©NODES (1) TO (2)
2 PIN COMPONENT "DIOD'" NODES (3,1)
2 PIN COMPONENT "C1" NODES (2,3)

--------------------------------------------------

--------------------------------------------------

2 PIN COMPONENT "DIOD" NODES (3,1)
2 PIN COMPONENT "R1'" NODES (6,1)
PIN 2 Of "TR1" (NODE 6)

LINK BRANCH : TR1 PIN 1 TO PIN 2
PIN 1 OF "RE1l" (NODE 3)

--------------------------------------------------

Figure At1.4 (continued)
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REGION NUMBER 14

..................................................

LINK BRANCH : TRl PIN 3 TO PIN 1
PIN 3 OF "TR1" (NODE 5)

2 PIN COMPONENT “R2" NODES (4,5)

EDGE PSEUDO BRANCH - ©NODES (2) TO (4)
9 PIN COMPONENT "Cl" NODES (2,3)

PIN 1 of "TR1" (NODE 3)

Figure A1-4  (continued)
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E(9)
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El ) Edge pad
( node number)

® Node

FigureA1.5 Planar graph of circuilt
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Thin Film Circuil with pre-definod Rasistors

C1
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in ‘LAYoOUT

Stage 1

Figure A1-7
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(b) The next component (R7) has been brought onto the board using
the WNEXT" facility.

(c) Un-formed connections have been indicated as dotted lines as a

guide to interaction ("QUERY" facility).

Stage 2 (Figure Al1.8)

(a) R7 rotated and re-positioned to improve layout.

(b) One connection auto-routed. The other has been left since it
goes to an Edge Pad on the top of the board (to avoid congesting
further calls to the placement algorithm).

Stage 3 (Figure Al1.9)

(a) Next components brought onto board (R6 and C2).

(b) Connections indicated by ®SPRINGS" facility.

Stage 4 (Figure Al.10)

(a) Vertical strip inserted between components RO and RS using the
"BOARD" facility such that R6 will fit slot.

(b) R6 and C2 rotated and re-positioned.

(c) Connection auto-routed,

Stage 5 (Figure Al.11)

(a) Next components brought onto board (TR2 and R4).
(b) Connections indicated by "SPRINGSY,

Stage 6 (Figure Al.12)

(a) Component R4 re-positioned.
(b) Component TR2 rotated and re-positioned.
(c) One connection routed, one left (to avoid interference with

future placements).
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Thin Film Circuit with pre-defined Resistors
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Thin Film Circuit with pre-defined Resistors
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Thin Film Clrcult with pre-defined Resistors
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(d) Next component brought onto board (R2).

(e) Connections indicated with "SPRINGS"

Stage 7 (Figure Al.13)

(a) R2 rotated and re-positioned.

(b) One connection routed, one left (to avoid congestion).
(c) Next component brought onto board (R5).

(d) Connections indicated by "SPRINGS® facility.

Stage 8 (Figure Al.14)

(a) Component R5 rotated and re-positioned.
(b) Connections auto-routed.

(c) Next component brought onto board (R3).
(d) Connections indicated by ®SPRINGS",

Stage 9 (Figure Al.15)

(a) Component RS re-positioned.
(b) Component R3 re-positioned.
(c) A1l connections routed.

The circuit is now complete - all components appear on the board

and every necessary connection has been made.

Stage 10 (Figure Al.16)

(a) Horizontal strip of wasted space removed from top of board
(using "SHRINK" facility).
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Thin Film Circuit with pre-defined Resistors
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Thin Film Circuit with pre-defined Rosistors
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(b)

Vertical strip of wasted space removed from right hand edge

of board, again using "SHRINK" option.

Stage 11 (Figure A1.17)

(a)

(b)

(c)

(d)

(e)

Drawing mode changed to show in-slice componentsQ'MASK"

command) .
Node Numbers restored ("NO NOIES" facility).
Components R7 and RS rotated to save space.

Vertical strip of wasted space removed from right hand edge

of board.
R L. repos‘.wlioﬂ\'«‘&_

Stage 12 (Figure Al.13)

The layout is now complete and can be scaled to fit any size

of board or left in its most compressed form.

(a)

(b)

(c)

(d)

(e)

Horizontal strip inserted at right hand edge of board ("BOARD"

command) .

Vertical strip inserted at top of board.

Circuit scaled up to fit new board ("EXPAND" facility).
Any broken connections re-formed.

Node Numbers suppressed.

The layout file can now be passed to the photoplotting suite

for manufacture (Chapter 10).
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Figure A1.-18 Stage 12 in LAYOUT (Expanded form)
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Appendix 2

Results Obtained From Practical Circuits

This appendix illustrates the results which can be obtained when
practical circuits are considered. Both of the examples are inherently
un-planar, and are therefore difficult to design. The first layout
has been achieved by inserting a set of crossovers into the topology
file before implementing the programs. In contrast to this, the second
circuit has been left un~planar and a set of crossovers have been

generated completely automatically.
Circuit 1 - A Low Voltage Audio Power Amplifier

The circuit diagram for this example is shown in Figure A2.1. Four
crossovers have been included to achieve planarity and these have been
named CR1, CR2, CR3 and CR4.

After assigning appropriate Node Numbers and defining the necessary
component geometries, the description file shown in Figure A2.2 was
compiled. Notice that the crossovers are treated as normal four-

terminal devices.

The final layout produced for this example is given in Figure A2.3.
A comparible solution would take a considerable time to achieve using a
manual layout approach. It would then, in any case, have to be

transcribed into computer memory for fabrication,

CGircuit 2 - Voltage Regulator

This network (shown in Figure A2.4) is again inherently un-planar.
This time the crossovers were inserted automatically - a total of eight
were needed. When the auto-insertion algorithm creates a crossover
device, it names it "Xn® (where n is the total number of crossovers used

to date). The set X1 to X8 have been generated in this example.

The definition file given in Figure A2.5 contains a "Master

Crossover® description which defines the bonding pad size involved.

Figure A2.6 shows the layout produced for this example. This

is more complicated than circuit 1 but has achieved a high packing density.
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A pencil and paper approach is clearly a poor substitute in this
case.
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ref.-Linear Data Book National (1976)
circuit LM386
low voltage audio power amplifier
page 10-55
FigureA2.1 Circuit example 1



TY AMP.CIR DIODE 2

1OW VOLTAGE AUDIO POWER AMPLIFIER D2,3,4
D3,4,7

MASTER RES 1,2 R

MASTER RES 2,2 CR1,9,19,20,17
CR2,8,2,18,19

MASTER RES 3,2 CR3 14 5 21,22

MASTER RES 4,2 CR4,21,5,23,24

MASTER TRAN 1,3,400,200 EDGE

200,175 12,5,4,2,18,20,1

25,25 STOP

375,25

MASTER TRAN 2,3,600,500

300,460

40,40

560 , 40

MASTER DIODE 1,2,800,200

50,100

750,100

MASTER DIODE 2,2,600,160

40, 80

560, 80

MASTER CROSS, 100
STOP

RES 1
R1,17,1
R2,1,10

RES 2
R3,10,9
R5,8,4

RES 3
R4,9,8
R6,12,5

RES 4
R7,15,24

TRAN 1

TR1,12,5,11
TR2,11,13,10
TR5,16,8,14
TR6,15,16,22

TRAN 2
TR3,13,13,5
TR4,13,5,14
TR7,23,5,7
TR9,6,5,4
TR10, 3,4,2

DIODE 1
D1,2,3

Figure A2.2 Description file for Circuit 1




Uhat Next ?
$HARD COPY

Figure A2-3 Layout produced for Circuit 1
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ref Linear Data Book National (1976)

circuit LM100 voltage regulator

page 1-1

FigureA2.4 Circuit example 2
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TY C2.CIR RES2
VOLTAGE REGULATOR SPEC. 87654321 R5,7,16

R6,15,7
MASTER RES1,2 R7 419
MASTER RES2,2 R8,22,21

MASTER ZEN,2,500,300 ZEN
25,150 71,19,1
475,150 72,8,11

MASTER DIOD,2,500,400 DIOD
25,200 D1,3,5

475,200 —

MASTER MTRN1,3,700,700 87654321
Gy STOP

675,25
350,675

MASTER MTRN2, 3,600,600
25,25

575,575

25,575

MASTER MTRN3,5,800,800
200,25
400,25
600,25
600,775
200,775

MASTER MTRN4,4,800,800
200,25

600,25

600,775

200,775

MASTER CROSS,100
STOP

MTRN1

TR1,13,12,12
TR4,14,10,11
TR5,15,14,14

TR6,8,16,16
TR7,17,18,7
TR10,22,1,5
TR11,3,2,22
MTRN2
TR3,13,10,1
TR9,17,6,5
TR12,4,21,5
MTRN 3
TR2,11,10,5,1,12
MTRN4
TR8,15,18,13,14
RES1

R1,19,13
R2,8,17

R3,3,21

R4,1,2

Figure A2.5 Description File for Circuit 2
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VOLTAGE REGULATOR SPEC. 54321876

What Next ?
3

for Circuit 2

produced

Layout

Figure A2-6
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