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Abstract

Since the development of thick film hybrid microelectronic processing, there has
been a need for methods to adjust for tighter tolerances for electrical components through a
trimming process. Components/elements, as produced, show a tolerance of the order of
+10% due to the variability of the screen printing process associated with film curing
conditions. The methods that have arisen from this need encompass a variety of technologies
and techniques. The usefulness of each method is based on its operation, flexibility,
repeatability, and post-trim effects on the resistor's reliability.

The work in this thesis concerns the laser trimming of resistor components to a tight
tolerance. It is the objective of this thesis to address the performance of an Nd:YAG laser
operation and interface with a computer. The first task involves a computer hardware system
to be interfaced to the laser control system, this task includes both design and
implementation. The second task consists of a software operating environment to be
flowcharted, written, and tested. The third task involves the computer interface driving the
laser in the process of trimming resistor components using different types of cuts. The

trimmed resistor performance is evaluated as part of the study.



Acknowledgements

I wish to express my most sincere gratitude and appreciation to Dr. Aicha
Elshabini-Riad for her guidance and patience throughout the development and
construction of this project. My thanks goes to Dr. F. W. Stephenson for keeping abreast
of this project during all of its phases. I also thank Dr. Joseph Tront for his time as a
member of my committee and for his feedback. Finally, I thank Monty Hayes for his
help during the times of this project that were marked with confusion and chaos.

I could not have done this thesis without the enduring help and love that I
received from my wife, Paige Walters, during the entire, gruesome adventure. It is
because of these things and so many others that I dedicate this thesis to her. I wish that

her presence in this project could be made more prevalent.



Table of Contents

Abstract
Acknowledgments
Table of Contents
List of Figures

Chapter 1 Introduction

1.1 Introduction
1.2 Objectives
1.3 Proposed Process and Tests

1.4 Thests Structure

Chapter 2 Literature Review

2.1 Methods of Resistor Trimming

2.2 Techniques of Resistor Trimming
2.2.1 The Single Straight Cut
2.2.2 The L Cut
2.2.3 The Multiple Straight Cut

2.3 Development of Applications

2.4 Conclusion

Chapter 3 Hardware System

3.1 System Requirements

3.2 Possible Interface Designs

3.2.1 IBM XT with DOS and Available I/O Boards
3.2.2 IBM XT with DOS and a Constructed I/O Board

l;:
oS
(¢}

iii
iii
iv

ix

o R S Y BV, B N - TS I \S B S R

e T =S W
W NN NN -

v



3.2.3 IBM AT with DOS
3.2.4 IBM AT with OS/2
3.2.5 Additional Line Conversion Box
3.3 Evaluation of Possible Interface Designs
3.4 Design Description
3.4.1 The I/O Boards
3.4.2 The Line Conversion Box
3.5 Diagnostics
Chapter 4 Software / Programming
4.1 System Requirements
4.2 Component Description of Internal Laser Controls
4.3 Prototype Description
4.3.1 Laser System Register Control
4.3.2 Linear Motor Manipulation with Joystick Control
4.3.3 Resistance Measurements
4.4 Principles of Operation
4.4.1 LASER Program Operation
4.4.1.1 Single Operations
4.4.1.1.1 Move Distance
4.4.1.1.2 Scribe
4.4.1.1.3 Cuta Circle
4.4.1.1.4 Index
4.4.1.1.5 Hardware Test
4.4.1.2 Pattern Cut Menu Options
4.4.1.2.1 Create a File

13
14
14
15
15
16
21
25
26
26
26
34
34
35
37
38
39
40
40
42
42
43
43
43
43



4.4.1.2.2 Analyze / Print a File
4.4.1.2.3 Edit a File
4.4.1.2.4 Run a file
4.4.1.3 Resistor Trimming
4.4.1.3.1 Resistance Value Acquisition
4.4.1.3.2 Single Straight Cut
4.4.1.3.3 Double Cut
4.4.134 L Cut
4.4.1.3.5 Multiple Straight Cuts
4.4.1.3.6 Measurement Test Routines
4.4.1.3.7 Trimming Defaults
4.4.2 FILEMAKE Program Operations
4.5 Conclusion
Chapter 5 Resistor Trimming and Aging Experimental Realization
5.1 Overview
5.1.1 Objectives
5.1.2 Testing Configuration
5.1.3 Thermal Aging Procedure
5.1.4 Testing Results
5.2 Analysis of Types of Cut, System Power, and Resistor Tolerances
5.2.1 The Single Straight Cut
5.2.2 The L Cut with the Elbow at 60%
5.2.3 The L Cut with the Elbow at 70%
5.2.4 The L Cut with the Elbow at 80%
5.2.5 The Double Cut

46
47
48
49
51
51
51
52
52
53
53
53
57
58
58
58
59
59
61
61
61
64
64
73
73

vi



5.2.6 The Serpentine Cut

5.2.7 Discussion

5.3 Analysis of Resistor Geometry, Types of Cuts, and Resistor Tolerances

5.3.1 The Single Straight Cut
5.3.2 The L Cut with the Elbow at 60%
5.3.3 The L Cut with the Elbow at 70%
5.3.4 The L Cut with the Elbow at 80%
5.3.5 The Double Cut
5.3.6 The Serpentine Cut
5.3.7 Discussion
5.4 Thermal Aging Results
Chapter 6 Conclusions and Recommendations
6.1 Conclusions
6.2 Recommendations
References
APPENDIX 1 ENDPRO Source Code
APPENDIX II STARTPRO Source Code
APPENDIX III JOYMOVE Source Code
APPENDIX IV VELTEST Source Code
APPENDIX V  LASER Software Flowchart
APPENDIX VI LASER Source Code
APPENDIX VII LASER /FILEMAKE Include Files
APPENDIX VIII FILEMAKE Software Flowchart
APPENDIX IX FILEMAKE Source Code
APPENDIX X Laser System User's Manual

82
82
91
94
94
94
95
95
95
96

103

119

119

120
121
125
127
129
131
134
165
268
272
291
320

vil



CURRICULUM VITAE 343

viii



List of Figures

Page
2.1 The Single Straight Cut 6
2.2 TheL Cut 6
2.3 The Double Cut 9
2.4 The Double-Reverse Cut 9
2.5 The Serpentine Cut 10
3.1a BMB A 18
3.1b BMB C 18
3.2a BACA 19
3.2b BACB 19
3.2c BACC 19
33a ACA 20
3.3b ACB 20
3.3c ACC 20
3.4 BAC Convertor Board 22
3.5 BMB Convertor Board 23
3.6 AC Convertor Board 24
4.1 Function Groups and IOP Break-up 28
4.2 PC Accumulator Usage 29
4.3 Laser Accumulator Usage 30
4.4 Comparator Flag/Laser Control 31
4.5 Bridge Range/Measuring System 31

4.6 Scanner Position and Channel 32



4.7 Display and Sorting
4.8 Overload Readout
4.9 Handler Information
4.10 The Main Menu
4.11 The Pattern Cut Menu
4.12 The Create a File Menu
4.13 The Resistor Trimming Menu
4.14 The Main Measurement Test Menu
4.15 The Measurement Test Value Selection Menu
4.16 The Trimming Defaults Menu
5.1 The Substrate
5.2 The Final Tolerances for the Straight Cut
5.3 The Breakup of Tolerances for the Straight Cut
5.4 The Tolerances of the First Cut of a L Cut
with the Elbow at 60%
5.5 The Breakup of Tolerances of the First Cut of a L. Cut
with the Elbow at 60%
5.6 The Final Tolerances of a L. Cut
with the Elbow at 60%
5.7 The Breakup of the Final Tolerances of a L. Cut
with the Elbow at 60%
5.8 The Tolerances of the First Cut of a L Cut
with the Elbow at 70%
5.9 The Breakup of Tolerances of the First Cut of a L Cut

with the Elbow at 70%

32
33
33
41
44
45
S0
54
55
56
60
62
63

65

66

67

68

69

70



5.10 The Final Tolerances of a L Cut
with the Elbow at 70%
5.11 The Breakup of the Final Tolerances of a L. Cut
the Elbow at 70%
5.12 The Tolerances of the First Cut of a L Cut
with the Elbow at 80%
5.13 The Breakup of Tolerances of the First Cut of a L. Cut
with the Elbow at 80%
5.14 The Final Tolerances of a L. Cut
with the Elbow at 80%
5.15 The Breakup of the Final Tolerances of a L. Cut
with the Elbow at 80%
5.16 The Tolerances of the First Cut of a Double Cut
5.17 The Breakup of Tolerances of the First Cut of a Double Cut
5.18 The Final Tolerances of a Double Cut
5.19 The Breakup of the Final Tolerances of a Double Cut
5.20 The Tolerances of the First Cut of a Serpentine Cut
5.21 The Breakup of Tolerances of the First Cut of a Serpentine Cut
5.22 The Tolerances of the Second Cut of a Serpentine Cut
5.23 The Breakup of Tolerances of the Second Cut of a Serpentine Cut
5.24 The Tolerances of the Third Cut of a Serpentine Cut
5.25 The Breakup of Tolerances of the Third Cut of a Serpentine Cut
5.26 The Final Tolerances of a Serpentine Cut
5.27 The Breakup of the Final Tolerances of a Serpentine Cut

5.28 The Resistor Dimensions

71

with

72

74

75

76

77
78
79
80
81
83
84
85
86
87
88
89
90
92

xi



5.29 The Numbering Format for the Resistors

5.30 The Single Straight Cut

5.31 The L Cut with the Elbow at 60%

5.32 The L Cut with the Elbow at 70%

5.33 The L Cut with the Elbow at 80%

5.34 The Double Cut

5.35 The Serpentine Cut

5.36 The Tolerances for the Control Substrate
after Thermal Aging

5.37 The Breakup of Tolerances for the Control Substrate
after Thermal Aging

5.38 The Tolerances for the Single Straight Cut
after Thermal Aging

5.39 The Breakup of Tolerances for the Single Straight Cut
after Thermal Aging

5.40 The Tolerances for the L Cut at 60%
after Thermal Aging

5.41 The Breakup of Tolerances for the L. Cut at 60%
after Thermal Aging

5.42 The Tolerances for the L Cut at 70%
after Thermal Aging

5.43 The Breakup of Tolerances for the L. Cut at 70%
after Thermal Aging

5.44 The Tolerances for the L Cut at 80%

after Thermal Aging

93

97

98

99

100

101

102

105

106

107

108

109

110

111

112

113

xii



5.45 The Breakup of Tolerances for the L. Cut at 80%
after Thermal Aging

5.46 The Tolerances for the Double Cut
after Thermal Aging

5.47 The Breakup of Tolerances for the Double Cut
after Thermal Aging

5.48 The Tolerances for the Serpentine Cut
after Thermal Aging

5.49 The Breakup of Tolerances for the Serpentine Cut

after Thermal Aging

114

115

116

117

118

Xiii



Chapter 1
Introduction
1.1 Introduction

With its usefulness, diversity, and size, thick film processing has many
applications. Along with this processing technique comes the inherent difficulties of
obtaining and maintaining low tolerance components. This fact is particularly true for
thick film resistors. Although their geometry can be quite accurate, the screen printing
process associated with film curing conditions leads to limited control of the tolerance
value. To alleviate this problem, various methods such as abrasive trimming [1,2], radio
frequency trimming [3], and laser trimming [4-29] are used to adjust the resistance value
to a tighter tolerance. Various standard techniques are applicable for all of the methods
that can increase the resistance to a very fine tolerance. The actual tolerance range is a
function of both the method and the technique. The trimming process requires that the
resistor be designed for less than its final intended value.

The process of trimming a resistor is highly dependent on the capabilities and
limitations of the method as well as the techniques used. Each method that can be used
involves a control mechanism and a trimming mechanism; each is an essential part of
operation. The techniques, such as the L cut and the serpentine cut, are standard for all
methods but are better realized in some methods than in others. An abrasive trimmer, for
instance, may not be able to make an accurate 90 degree turn that is required for the L
cut. A laser system, on the other hand, can make sudden turns and keep the same

travelling velocity.



1.2 Objectives

The main objective of this thesis is to design a new control interface and
mechanism to connect a standard ESI Model 25 acousto-optic Q-switched Nd:YAG laser
trimming system to an IBM XT. This entire system should be able to easily and
accurately trim resistors using different techniques. The hardware interface is designed
from the component level schematics of the ESI Model 25 laser system and from the
requirements of the chosen Input/Output board for the IBM XT computer. When the
hardware is completed, the software operating environment is designed for ease of use
and for flexible operating options. With a completed control system, resistors are
trimmed using different techniques. Both the trimmed as well as untrimmed resistors are

then thermally aged for further component evaluation.

1.3 Proposed Process and Tests

The important aspect in the control system is that the computer must be able to
control all of the parameters required in laser trimming. The hardware interface and
software hand-shaking must be able to address all of the laser's control system functions
whether all of the functions are required at one time or not. The software operating
environment must provide the user with options to the available parameters as well as to
routines for different techniques. The reliability of the resistors is tested by measuring

the current leakage during and after thermal cycling has occurred.



1.4 Thesis Structure

This thesis consists of seven chapters. This chapter, Chapter 1, is a general
introduction. Chapter 2 presents a literature survey of previously published work related
to resistor trimming. In Chapter 3, an evaluation is made of possible hardware interface
designs and a discussion is presented about requirements for the laser control system.
The software is described in Chapter 4. This involves an understanding of the software
system requirements, the discussion of constructed prototypes, and the presentation of the
principles of operation of the completed software operating environment. Chapter 5
previews the resistor trimming configuration and the thermal aging procedure. Also in
Chapter 5, the results are displayed and evaluated by power and frequency, by resistor
geometry, and by post thermal aging stability. Chapter 6 concludes this thesis and

provides recommendations for future research.



Chapter 2
Literature Review
2.1 Methods of Resistor Trimming

Due mainly to the limitations of technology and the price of the method, the
original methods for resistor trimming were based on abrasive techniques that were
similar to a fine streamed sand-blaster [1]. Through the advancement of technology,
reliable and relatively inexpensive laser systems were constructed. The two laser
systems that were put into production for use as laser trimmers were Carbon Dioxide
(CO,) lasers [2-4] and the acouto-optic, Q-switched Neodymium doped Yttrium
Aluminum Garnet (Nd:YAG) lasers [3-4, 12-19, 22, 23-30]. The main difference
between the laser systems is that the Nd:YAG laser has a ten times smaller line cutting
width than the CO,. Though the laser systems have far surpassed the accuracy and
reliability of the abrasive systems, there is still some debate as to which system performs
better under certain specific applications [5]. Most recently, other alternatives such as an
electro-optic, Q-switched Nd:YAG systems [6], a radio frequency (RF) technique [7],
and an ultrasonic trimming [8] have emerged. All of these methods are based on cutting
into a resistor with as small of a straight line width as possible. Even though the
obtainable accuracies are within the same range, there has always been discussion about
the 'best’ type of system [3-6] to obtain a stable performance over a period of time for a

certain range of frequencies with minimum parasitics.



2.2 Techniques of Resistor Trimming

It is generally accepted [9-11] that there are three types of popular trimming
techniques: the single straight cut, the L cut, and the multiple straight cut. These
techniques are relevant for all of the trimming methods since all of the techniques involve

straight line cuts into the resistor element.

2.2.1 The Single Straight Cut

The single straight cut (see Figure 2.1) is the simplest and fastest type of cut, but
by far gives the least precision of the three techniques. The single straight cut starts at
one edge of the resistor and cuts into the resistor perpendicular to the current flow. It is
clear that as the cut proceeds further across the resistor, the change in the resistor value
will increase more rapidly. The action makes it more difficult to stop the cut at the
desired value because, during the time in between the measurement of the resistor's
value, the resistance value will have greatly increased. By the time the control system
has stopped the trimmer, the resistance will have already passed the desired value.
Although this may hypothetically be bypassed by a very slow trim, other effects such as
heating and width expansion play a major part in slow trims by adversely effecting the

measurement of the resistance value as well as the future operating reliability.



Figure 2.1 The Single Straight Cut

Figure 2.2 The L Cut



2.2.2 The L Cut

The L cut (see Figure 2.2) is much more effective than the single straight cut and
does not require much more time. The principle behind the L cut is that once the change
in resistance value begins to rapidly increase as the trimmer is cutting perpendicular to
the current flow, the trimmer changes direction and cuts serial to the current flow. This
change in cutting direction significantly decreases the change in resistance per distance.
This allows the trimming control system more time to shut the trimmer off while the
resistor value is within tolerance and not have the trimmer cut the resistor out of
tolerance while the control system is in the process of shutting the trimmer off. The
decision about when the change in direction should be made can be based on a number of
different criteria. First, the control system could be made to monitor the change in
resistance as well as the resistance value. Once the change in resistance was, for
example, three times what it was when the trim was first started, the direction would
change. Another way would be to have the direction change when the trimmer was one
third of the way through the resistor. A third way would be to do a straight cut to a
percentage of the desired resistance value and then to change direction. The L cut offers
more options than the single straight cut. The disadvantage is that the L cut can be
ineffective on resistors that have a longer length (resistor distance across the conductive
pad) than width (resistor distance on free sides between the pads). In these cases, the L
cut may reach the end of the resistor and start cutting into the pad while still not being

within the desired tolerance range.



2.2.3 The Multiple Straight Cut

The third type of cut is the multiple straight cut. The multiple straight cut is
based on the single straight cut but uses multiple cuts to bypass the problem of cutting
too deep on any one cut and making tolerance acquisition difficult. There are three
standard types of multiple straight cuts. The first is the double straight cut (see Figure
2.3). This cut type uses two cuts, each originating on the same side of the resistor. The
second is the double-reverse cut (see Figure 2.4). This is similar to the regular double cut
except that the cuts begin from opposite sides of the resistor. The third type of cut is the
serpentine cut (see Figure 2.5). This cut uses a number of cuts that alternate origination
sides. Although the serpentine cut may seem to give the best results of all of the
techniques, a capacitive effect arises due to the configuration of the cuts that can be
damaging in high frequency operation. When using multiple cuts, care must be taken so
that the spacing between the trims does not violate the rigid power capability of the

resistor [10].
2.3 Development of Applications

Focusing on the acousto-optic, Q-switched, Nd:Y AG laser in this thesis, there has
been a lot of research dealing with specific applications. Aside from using the laser as a
scribing tool [12], the Nd:YAG laser is quite a flexible tool. With regard to research
dealing with the effects of resistor trimming of specific compositions of resistors, studies
have been completed regarding the characteristics of Tantalum Nitride resistors on Silver
[13] and the trimming effects on Birox and 1100 series thick film compositions [14].

These studies are accompanied by the laser trimming effects on polymer thick film



Figure 2.3 The Double Cut

Figure 2.4 The Double-Reverse Cut



Figure 2.5 The Serpentine Cut
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resistors [15] and thermistors that require high accuracy [16-17]. The Nd:YAG provides
the flexibility required for the trimming of different types of material. The documented
research involved analyzing different power settings for their laser, not whether or not the
Nd:YAG would actually cut their material. In measuring the accuracy and reliability of
laser trimmed resistors, it is useful to measure against a relatively high standard such as
the standard which is required for military applications [18]. The beam size of the
Nd:YAG and the possible computer configurations allow for the precision and accuracy

required for stringent standards.

2.4 Conclusion

The use of the Nd:YAG laser as a functional tool is well documented. Of the
many possible methods to trim thick film resistors, the Nd:YAG laser has been a strong
competitor with its precision and accuracy. A set of popular trimming techniques exist
that allow for some flexibility in how a particular resistor may be trimmed. The straight
cut is simple but not very accurate. The L cut is accurate but may be ineffective on
certain types of resistor geometries. This geometry limitation also exists for the multiple
straight cuts. The multiple straight cuts provide the tightest tolerance but may add

unwanted capacitance at high frequency.

11



Chapter 3
Hardware System
3.1 System Requirements

The objective of this system is to be as precise and reliable in the full usage of the
laser control system while allowing the user full capability to change all available system
parameters. The laser control system is asynchronous; therefore, the interface must
handle all of the required hand-shaking. The laser control system has three cables of 40
lines through which communication must be maintained. The interface should minimally
use the data lines as well as the skip test line to control the laser system. An interrupt line
is available but may not be required depending upon whether the interface is polled or

interrupt driven.
3.2 Possible Interface Designs

To design the control system interface, all possible PC methodologies are
examined. Each system is analyzed using a need, cost, and availability analysis. The

following sections detail the different possible interface designs.
3.2.1 IBM XT with DOS and Available I/O Boards

The IBM XT is an 8 bit, 8 Megahertz, 8088 machine. Since a single laser

operation requires a 24 bit command followed by an 8 bit input or output, it would take

12



the IBM XT three machine cycles to produce a single operation. Since DOS is a single
tasking operating system, a full hand-shaking scheme can be implemented with either
polled or interrupt driven I/O. This is because the computer can wait for the laser to
respond to the last task set to it. Since DOS can not perform any other tasks until the
laser responds, all of the response methods will perform the same. There are a variety of
I/O boards available for the XT that can reasonably perform the desired functions. To
fully interface with the laser, the XT requires three I/O Boards; although, not all of the
I/O lines will be used. Due to the asynchronous nature of the laser and the logic that it is

implemented in, some buffering capability will be required.

3.2.2 IBM XT with DOS and a Constructed I/O Board

Although very similar to the previous option, constructing new boards can
conserve a lot of space as well as streamline the hand-shaking both in hardware and in
software. The construction of a new board can eliminate ambiguities that occur in the
previous system, due to being able to choose how many /O lines to construct. This new
construction can fit on one board. The need for buffering can also be put right on the 1/0

board. This process requires about four months to design, simulate, wire-wrap, and test.

3.2.3 IBM AT with DOS

The IBM AT is a 16 bit, 12 Megahertz, 80286 machine. This can provide a much
faster processing speed because the AT has a faster clock, moves twice as many bits per
cycle, and has a much more efficient processor. Because the AT has a 16 bit data bus,

the range of available 1/O boards fully supports the interface system's need for multiple

13



I/0O lines and for full buffering. An I/O board for the AT will provide all necessary lines
on a single board. This board would come at a much higher price. With DOS as the
operating system, the interface can work as either polled or interrupt driven without any

performance difference.

3.2.4 IBM AT with OS/2

This is equivalent to the previous option except for the major difference in
operating conditions due to using OS/2 as an operating system. OS/2 has the capability
to multi-task computer events. Using an interrupt driven interface, the user can run a
laser program and then immediately afterwards be able to work on building a different
laser program or even to switch to any other computer application. This can save the user
time when a laser program needs to be run while other computer tasks also need
immediate attention. The limitation is that to build the required software support for
0S/2 will require an additional four months over DOS. The extra time is also due to the

requirement that the system be interrupt driven.

3.2.5 Additional Line Conversion Box

In addition to all of the previous options, a line conversion box can be useful to
change the 40 pin laser cable into whatever format the I/O board uses. In essence, the
line conversion box will convert the pin-out of the laser control system to the pin-out of
the interface system. For those options that do not have the buffering and pull-up

capabilities, this will be an ideal place to build those capabilities into the system.
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3.3 Evaluation of Possible Interface Designs

Comparing cost, time required, and added advantages, the options are quickly
evaluated. Even though the IBM AT system with OS/2 seems almost ideal, the time
required to develop the necessary software out-weighs the possible time advantages that
OS/2 allows. Since the computer system will be a dedicated machine, the cost of using
an AT can not be justified even though the AT would be much faster. The two remaining
options involve the IBM XT. Although the construction of a new I/O board may use the
computer ports and the number of available lines more effectively, there is no reason for
these things to be a factor since the XT will be dedicated to the laser system. The time
and cost involved in the construction of the new I/O board is much less efficient than
purchasing available boards. Available boards will require the use of a constructed line
conversion box for changing the pinouts of the laser to the interface and to add buffering
and pull-up capabilities required for the system. Although there is a sacrifice in speed
between the AT and the XT, the XT provides sufficient speed for a much better time and

cost value.

3.4 Design Description

The hardware interface is made up of three 24-bit serial I/O boards, six cables,
and one line conversion box. This interface goes together with the control software to
send the right codes at the right time to the laser. There are also two sets of three cables.
Each set contains the following cables: BAC, BMB, and AC. The first set of cables goes

from the laser to the line conversion box. These cables are D-submarine 37 pin lines. A
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second set of cables goes from the line conversion box to the laser. These are 40 pin
straight connector lines.

To better understand the process of communicating with the laser, this description
will assume that the coding of a function into a function number, an IOP number, and
accumulator usage has already been done in the control software. The software
translated code is sent to the 1/O boards, which will be the first topic of discussion. From
the I/O boards, the code goes through the first set of cables to the line conversion box.
Here, the individual lines are rearranged into the form that the laser expects to see them.

The line conversion box will be the second topic of discussion.

3.4.1 The I/O Boards

The key to the information exchange between the two systems is to organize the
interface in a manner that both the PC and the laser can understand. There are a number
of difficulties that arise due to the differences between the PC and the laser code usage.
Since the laser was originally designed for use with a PDP/8e, the codes are made up of
octal numbers (sets of three bits). With the BMB line, three of the binary digits are
required in their complement form. The laser, on the other hand, does not independently
produce complements of any line and communicates in hexidecimal (sets of four bits).
This leads to a need to create a conversion standard that allows each system to operate in
its regular environment. Note that the address and the IOP numbers for the laser are read
from the charts as octal numbers (sets of three bits). The PC and I/O boards deal in
hexidecimal code (sets of four bits).

The three 24-bit serial digital I/O interface boards are inside the PC and are given

addresses 300H, 304H, and 308H for the BMB, AC, and BAC lines, respectively. The
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