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ABSTRACT 

In a preliminary development of an inexpensive system 

of geophysical data acquisition, 32K of Random Access Memory 

was added to a Commodore VIC-20 computer to store the 

sampled data. The present system comprises two independent 

units: 1) an eight-bit , 16-channel analog-to-digital 

converter interface. 2) a telemetry interface that uses 

frequency modulation over one channel. Laboratory and field 

tests confirmed the usefulness of the analog-to-digital 

converter in a large number of applications such as 
.• 

waveform digitization and event monitoring. Excellent 

transmission and reception of data was accomplished via 

cable links, over a distance of about 100 meters. Very 

short-range (<45 meters) radio telemetry over the Citizen's 

Band frequency was successful in general and where 

interference is low, error-free data reception can be 

extended to more than 120 meters. The development is 

continuing. 



I I 

RESUME 

I f 

Au cours d'un essai preliminaire,pour le developpement 

' I ; / • d'un systeme bon marche, de saisie des donnees geophys1ques, 

I I ' 32 Ko de memoires vives furent ajoutees a un ordinateur VIC-

I ' 2" de Commodore, pour enreg istrer les donnees. Le systeme 
I I 

actuel comprends deux unites independantes: 1) une interface 
I 

de conversion analogique-numerique, ayant une resolution de 

' I 8 bits, et possedant 16 canaux d'entree. 2) une interface de 

t~l~metrie, utilisant la modulation de fr~quence pour la 
f 

transmission des donnees, sur un canal. Les essais de 
/ ; 

laboratoire et sur les lieux ont confirme l'utilite du 
/ 

convertisseur analogique-numerique, dans un grand nombre 
/ 

d'applications telles que la numerisation des formes d'ondes 
A I I 

et le controle des evenements. D'excellentes transmissions 
I , I I 

et receptlons de donnees furent realisees par cable, sur 

' ' ' une distance de 10" metres. La transmission par radio a tres 

/ ' faible-portee (<45metres) utilisant la Bande Publique, fut 
f , I ' I 

en general, une reussi te, et ou 1' interference est faible, 
/ . ; " / 

la receptlon correcte des donnees peut etre augmentee au-

dela de 12" m~tres. Le d~veloppement se poursuit. 



ACKNOWLEDGEMENTS 

I am indebted to my thesis adviser, Dr. v. A. saull, 

for giving me the chance to work on this project, for his 

guidance and constructive criticism. 

I am grateful to Dr. v. A. Saull, for his assistance 

during Field Work. 

I would also like to thank Dr. o. G. Jensen, for useful 

discussions and the supply of electronic and geophysical 

equipment during this project. 

Special thanks are due to my friend, Mr. Abdol-Reza 

Mansouri, Electrical Engineering, McGill University, for his 

suggestions and useful discussions, especially before this 

project began. 

And last, but not least, I would like to thank my 

sister, Farveh, for her assistance and help throughout this 

project. 



TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

GENERAL INTRODUCTION 

CHAPTER 1: SELECTION OF THE COMPUTER 

CHAPTER 2: THE VIC-23 

2.1) The computer 

2.2) 6522 Versatile Interface 

2.3) 6522 Versatile Interface 

2.3.1) VIA i1 Port A 

2.3.2) VIA il Port B 

2.4) 656B Video Interface 

2. 5) Memory Maps 

CHAPTER 3: EXPANDING THE VIC-23 

3.1) Introduction 

3.2) Expansion port 

I/0 

I/0 

Chip 

Adapter 

Adapter 

Register 

Register 

CHAPTER 4: THE ANALOG-TO-DIGITAL CONVERTER 

4.1) Introduction 

2 (VIA 12) 

1 (VIA il) 

PAGE 

i 

V 

1 

4 

8 

8 

11 

12 

17 

21 

3~ 

31 

34 

34 

34 

42 

42 



PAGE 

4.2) The NSADC0816CCN analog-to-digital converter 44 

4.3) Signal conditioning and Input Protection 51 

4.4) The software: VICMON 56 

4.4.1) CONFIGURE 56 

4.4.2) MONITOR 62 

4.4.3) SAVE 62 

4.4.4) PLOT 62 

4.4.5) EXIT 62 

CHAPTER 5: A/D APPLICATIONS 63 

5.1) Introduction 63 

5.2) Applications 63 

5.2.1) Preliminary tests 63 

5.2.2) Digitization of analog seismic records 65 

5.2.3) Field data 74 

5.2.3a) Dropping weights 74 

5.2.3b) Quarry blasts 76 

CHAPTER 6: TELEMETRY 81 

6.1) Introduction 

6.2) Radio Transmission 

6.3) Modulation 

6.4) Demodulation 

6.5) Selection of the transmission technique 

6.5.1) Amplitude Modulation 

6.5.2) Pulse-Code Modulation 

81 

82 

83 

84 

86 

86 

86 



6.5.3) Frequency Modulation 

6.6) The CMOS 4346 chip 

6.7) Frequency counter 

6.8) The Transmitter and Receiver 

6.9} The software: VICTM 

CHAPTER 7: TELEMETRY APPLICATIONS 

7.1) Introduction 

7.2) Applications 

7.2.1} Direct measurements 

7.2.1a} Laboratory tests 

7.2.lb) Field tests 

7.2.2) Appraisal of test data 

7.2.3) Radio Telemetry measurements 

CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

APPENDIX A: THE VIC-23 MEMORY MAPS 

APPENDIX B: The MEMORY EXPANSION MODULE 

B.1) Specification sheet 

APPENDIX C: THE ANALOG-TO-DIGITAL CONVERTER INTERFACE 

C.1} The interface 

C.2) Specification sheets 

PAGE 

87 

88 

93 

97 

102 

136 

136 

136 

136 

136 

108 

138 

110 

123 

126 

135 

137 

138 

139 

145 



APPENDIX D: THE TELEMETRY INTERFACE 

D.l) The 4046 VCO 

D.2) The Exar 8038 chip 

D.3) The Frequency Counter Interface 

D.4) Measuring Time Intervals 

D.S) Selection of the "overhead" time 

D.6) Specification sheets 

BIBLIOGRAPHY 

PAGE 

157 

158 

161 

162 

165 

166 

178 

182 



FIGURE 

(5.1) 

(5.2) 

(5.3) 

LIST OF FIGURES 

a} Reconstructed digitized sine wave (nominally 

50 Bz), generated by a sine wave generator. 

b) Matching computer generated sinusoid, having 

a frequency of 51.5 Bz. 

Response to a finger-tap of a vertical-type 

geophone, having a resonant frequency of 45 Hz. 

Reconstructed seismic trace recorded on 

January, 14th, 1977 at Francon Quarry. 

PAGE 

64 

66 

68 

(5.4) : The framed seismic trace of FIGURE 5.3, plotted 69 

at three times its previous time scale and 

resolution. 

(5.5) Reconstructed seismic trace recorded on August, 70 

16th, 1978 at Legendre Quarry. 

(5.6) : The framed seismic trace of FIGURE 5.5, plotted 71 

at three times its previous time scale and 

resolution. 

(5.7) : Blast records obtained on August, 22nd, 1978 at 73 

Miron and Francon Quarries. The third trace 

labelled MIXED, was obtained by averaging the 

Miron and Francon records. 

(5.8) : Response of the 1-Bz seismometer, to a 12-pound 75 

shot dropped near it, at Rive Boisee football 

field. 

i 



{5.9) 

(5.1~) 

(6.1) 

a) Trace obtained at McGill University, on 

October, 24th, 1986 from nearby construction 

blasts. 

b) Trace of January, 14th, 1977 blast, recorded 

at Francon Quarry. 

Trace recorded on October, 24th, 1986 at McGill 

University. This trace may be from construction 

blasts conducted in downtown Montreal; or from 

vehicular traffic noise. 

The calibration curve for the 4046 CMOS 

Phase-Locked Loop. 

PAGE 

79 

103 

(6.2) : Plot of the calibrated VCO data shown in FIGURE 104 

6.1, and the least-squares curve that fitted 

them. 

(7.1) : Plot of the sine wave sampled: direct connection 137 

between the transmitter and receiver. 

(7.2) : a) Response of the vertical-type geophone to a 1~9 

(7.3} 

finger-tap. The trace was digitized using the 

the A/D converter. 

b) Response of the same geophone, recorded via 

the Telemetry Interface in the direct mode. 

Response of the vertical-type geophone, 

transmitted via radio, over a distance of about 

10 meters, and recorded using the Telemetry 

Interface. 

ii 

111 



(7 .4) : Response of the vertical-type geophone on 

Rive Boisee football field, transmitted via 

radio, over a distance of about 40 meters. 

(7.5) : a) Software corrected data for the trace of 

FIGURE 7.4. 

b) The trace a) passed through a digital 

low-pass filter, having a cut-off frequency 

of 105 Hz. 

PAGE 

113 

114 

(7 .6) : A sample of the radio-telemetered data obtained 115 

(7. 7) 

at a distance of about 100 meters, at Rive­

Boisee football field. 

Raw data recorded by the computer, when a sine 

wave was transmitted via radio, over a distance 

of about 120 meters, in the back court of the 

F.D.A. building, McGill University. 

(B.l) Typical connection diagram, showing how 

memory was added to the VIC-20 computer. 

(C.l) : Typical interface between the A/D chip and 

the User Port of the VIC-20 computer. 

120 

136 

143 

(C.2) : Inverting AC amplifier built using the 144 

LM3900 chip. 

(D.1) : Phenomenon, explained in section D.S, regarding 168 

the selection of the "overhead" time. 

(D.2) The radio frequency spectrum. 170 

(D.3) Basis of the method used to recover 171 

transmitted signals. 

iii 



(D.4) : Block diagram of the 4046 CMOS 

Phase-Locked Loop. 

(D.5) High-pass filter built around the LM3900 

amplifier. 

PAGE 

172 

173 

(D.6) : The spike-eliminator circuit built. 174 

(D.7) : The sine wave generator used in the 175 

Field Work. 

(0.8) : The general-purpose 16-bit counter. 176 

(D.9) A stable reference clock using two NOR gates 177 

and one crystal. 

iv 



LIST OF TABLES 

TABLE PAGE 

(1) . Serial Port Pins 13 . 
{2) . Game Port Pins 14 . 
(3) Tape Port Pins 15 

{4) User Port Pins 16 

(5) . Expansion Port Pins 40 . 

V 



1 

GENERAL INTRODUCTION 

This thesis concerns the preliminary development and 

testing of a practical , inexpensive system of geophysical 

data acquisition, based on the Commodore VIC-20 

microcomputer. 

The use of computers in geophysical data acquisition 

has traditionally been tied to the field of seismology. The 

accuracy,acquisition speed, and volume of data required, 

whether in exploration seismology or in theoretical 

seismology, have prompted seismologists to resort to the 

most advanced electronic equipment to achieve their goals. 

Unfortunately, this complexity of design and higher 

performance are often translated directly into very high 

financial costs that inhibit wider use of these systems. 

In the 1980s, more and more mining geophysical 

exploration companies are attempting to catch up with the 

computer revolution. The most recent examples of this are a 

whole range of microprocessor-based geophysical measurement 

equipment, such as gravimeters, magnetometers and EM 

systems, marketed by Scintrex Inc. of Toronto. 

Monitoring natural short and long-term events, such as 

weather changes and earthquakes has become common-place 

since World War II. All over the globe, computers now make 

it much easier to operate monitoring stations. For example 
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there is a dense network of more-or-less computerized 

earthquake monitoring stations in the United States, spread 

over zones of earthquake activity.In Quebec, however, there 

is a gap to be filled in this regard. Less expensive 

equipment would make it more feasible to construct a dense 

local network capable of recording earthquake activity in a 

given area, and then relaying the information to a central 

station for processing. 

The main goal of this thesis was to assess the 

possibility of reducing the cost of geophysical data 

acquisition by using components developed for the consumer 

mass market. The system was to be constructed around an 

easily affordable computer, yet one powerful enough to carry 

out most of the functions required in a monitoring station, 

or in a simple data acquisition application. One additional 

goal was to try to use the system with data telemetered by 

Citizen's Band radio. Telemetry is important in that it 

allows one to have on-line access to the information 

acquired at a monitoring station, without having to be 

present on the site. successful use of the Citizen's Band 

would much reduce the usual costs of radio telemetry. 

The thesis is organized as follows: 

CHAPTER ONE discusses the selection of the computer used in 

this work, and compares it to other microcomputers available 

in summer of 1985, when this project began. 

CHAPTER TWO describes the computer, its hardware and memory 

layout. Here, the internal architecture of the computer is 

explained. All information on the characteristics of the 
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computer relevant to this project is given, and a discussion 

of the Input/Output and various Ports is also provided. 

CHAPTER THREE discusses the Expansion Port of the computer 

and presents the detailed description of connections for 

additional memory. 

CHAPTER FOUR is devoted to the analog-to-digital converter 

used in the system. Here, the major features of this single 

chip data acquisition component, and its interface to the 

User Port of the computer are explained. Also included in 

this chapter are details of how one must program the analog­

to-digital converter, and of the VICMON program written 

specifically for data acquisition using this system. 

CHAPTER FIVE presents the results obtained during laboratory 

experiments and field work to test the performance of the 

converter. 

CHAPTER SIX concerns an important aspect of this project: 

telemetry. The emphasis in this chapter is on problems 

encountered during the course of development. Here, we 

adhere to the basic approach taken in this work and try to 

use inexpensive radio equipment to achieve the objective of 

data transmission. 

CHAPTER SEVEN presents the radio telemetry data obtained 

during laboratory and field tests. 

CHAPTER EIGHT presents the conclusions and recommendations 

concerning this work. 
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CHAPTER 1: SELECTION OF THE COMPUTER. 

Since 1979, the year "microcomputer" became a common 

term, an increasing number of companies have offered 

the consumer affordable computers, computer peripherals and 

computer softwares. One can mention such familiar company 

names as Apple, Texas Instruments, Atari, Commodore, and 

Sinclair. At the higher-cost end, IBM dominated the market 

in the early 8~s, with their more sophisticated and much 

more expensive Personal Computer (PC). This was aimed 

primarily at business rather than science. Since 198e the 

computer market has evolved, and so has the awareness of the 

public toward computers. At the same time, groups of 

computer enthusiasts have been formed all over the world, 

around particular brands. 

Objective examination shows that each brand of computer 

has its strong points and weak points, that make it mor~ 

attractive to a particular group of consumers. The point to 

stress is that there is no "best", in absolute terms, in the 

computer field. The best computer is the one that for many 

different reasons, satisfies the needs of its user and has 

earned his or her respect and attention. These reasons could 

be availability of hardware, of software, of accurate 

information on every aspect of the computer, sentimental 

reasons, or company reputation. 

In this work, the Commodore VIC-20 computer was chosen 
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as the base upon which the data acquisition system would be 

constructed. The information given here however, can be 

easily transferred to other microcomputers provided care is 

exercised when modifying the connections to suit a 

particular hardware. Because one of the primary objectives 

in building this data acquisition system was to be able to 

use it in the field as well as in the laboratory, the VIC-20 

has a number of advantages over most microcomputers: 

1) the computer is built in the keyboard case, which makes 

it compact, light and convenient to carry. 

2) there is direct access to the different ports (Expansion 

Port, User Port, Serial Port, Cassette Port, and Game Port) 

without having to open the computer case. 

3) the cassette tape recorder used to record information 

does not need an external power supply (it uses the 9V DC 

line provided on the cassette port). This is a definite 

advantage in the field. 

Considering that the computer serves as a means to 

convey data from one medium (the outside world) to another 

(memory, tape, disk), other more expensive Commodore 

computers, such as Commodore 64 and 128, offer no advantage 

over the VIC-20. Although Commodore Business Machines has 

discontinued the production of the VIC-20 computer, one can 

still obtain the computer mainly through User Groups in 

Canada and the United States. Moreover, because 

the VIC-20 runs faster than any other Commodore computer 
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(except Commodore 128 in the fast mode) it is the most 

suitable of all eight-bit Commodore computers to use in the 

present application. Of all the popular microcomputers on 

the market, one tends to single out the IBM PC as a very 

powerful computer. This may be true in many situations, 

since the IBM PC has a pseudo-sixteen-hit microprocessor, 

has more memory than all eight-bit computers, and is faster. 

Most important of all, it has excellent software programs 

that turn the machine into a sophisticated piece of 

technology. However, and this is the IBM PC's biggest 

handicap, it is an eight-bit machine at the hardware level. 

Internally, the 8088 microprocessor chip used in the IBM PC 

is a sixteen-bit device with an eight-bit data bus. This 

means that data transfer to and from the computer must take 

place eight bits at a time. Therefore, from this point of 

view, it has no advantage over an eight-hit computer, such 

as the VIC-20, for the kind of interfacing application 

envisaged in the present work. Writing programs in the IBM 

PC machine language, on the standard system, does not 

provide us with a significant increase in speed, as compared 

with the VIC-20 machine language. The reason for this is 

that, in general, it takes two-to-three times more cycles to 

execute an 8088 instruction than it takes an instruction on 

the 6502 chip used in the VIC-20. Therefore, the speed 

gained through the higher speed of the IBM computer clock 

(4.77 MHz compared to 1.022MHz for the VIC-20), is partly 

lost in the execution of more cycles for each instruction. 
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There is however, the question of memory: large memory 

space is one of IBM PC's strongest features, but is very 

scarce on the VIC-29 computer. 

The most important point to consider, in the context of 

this work, is the price of an IBM PC computer: between two 

and three thousand dollars Canadian. Even an IBM PC 

"compatible" or "clone" is many times more expensive than 

the VIC-29 computer: approximately one thousand dollars 

compared to 59 dollars for the VIC-29. 

Finally, a very important reason for choosing the VIC-

29 computer is that technical books and literature on the 

computer, its 6592 microprocessor, and its peripheral chips 

abound. This simplified the task of .interfacing and 

programming the computer. 
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CHAPTER 2: THE VIC-28. 

2.1 The computer 

The Commodore VIC-20 computer, like many 8-bit "micros" 

(i.e. microcomputers) is based on the 6502 microprocessor, a 

chip manufactured by Rockwell International Corporation. 

This is by far the most popular and widely-used 

microprocessor in the industry. Although it is not as 

powerful as the Z-80 or the 6800 families of 

microprocessors, it is preferred over others because of its 

low cost: at the time of this writing it is possible to 

purchase a 6502 for less than $10 Canadian. 

In the VIC-20 the microprocessor runs at 1.02272 MHz 

clock speed. This speed proves to be fast enough for almost 

all interfacing jobs that can be implemented on this 

computer, provided machine language programming is used. 

The VIC-20 has a 64K address space limited by the 16-

bit word structure of the program counter of the 6502. 

However, unlike its successor, the Commodore 64, it can not 

use all of this 64K of memory as Random Access Memory (RAM). 

The standard system comes with only 5K of RAM, 3.5K of which 

is available for storing BASIC or machine language programs. 

This small amount of RAM could be a very serious handicap in 

many geophysical applications. This problem has been 

overcome in the present application by adding more memory to 
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the system. 

The power supply for the standard VIC-20 computer is 

provided externally; a transformer feeds the computer with 

9V ACfrom the 117 V line supply. In turn, this 9V AC is 

reduced to SV DC by a zener diode circuit. The power rating 

is 4ew input and 7.5W output, and in principle, one should 

be able to run the computer by directly supplying 9V DC from 

a 12V battery using dropping resistors. 

To operate the computer in the field, an ordinary car 

battery and a converter capable of supplying 120V AC/60 Hz 

was used. The converter chosen for field work was the 

HEATHKIT model MP-10 power converter. It proved to be 

extremely stable and reliable, and ran the computer and a 7" 

television monitor for many hours during field work. The 

converter does not need to be 12V to 117V AC, but only 12V 

DC to 9V AC. However, 12V DC to 9V AC inverters are not 

readily available, and the only real saving achieved would 

be in dispensing with the step-down transformer of the VIC-

20 computer. 

Three major chips are tied to the 6502 microprocessor 

to make the VIC-20 one of the easiest computers to interface 

with the outside world. The first chip is the 6560 Video 

Interface Chip (VIC) designed for color video graphics 

applications such as low-cost CRT terminals, biomedical 

monitors, control system displays and arcade and home video 

games. It provides all the circuitry necessary for creating 

color-programmable character graphics with high-resolution 
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screens. The VIC also incorporates sound effects and analog­

to-digital converters for paddle--s and a light pen. 

Videotaping the VIC-20 output signal on a video cassette 

recorder is also possible since the manufacturer has 

incorporated NTSC standards in the system. The system clock 

that drives the 6502 microprocessor and the two 6522 

peripheral chips {described below) is provided by the VIC 

chip. This is derived from a 14.31818 MHz crystal. 

The remaining two chips are 6522 Versatile Interface 

Adapter (VIA) chips. Each provides the computer with two 

peripheral Ports with input latching, two powerful interval 

timers, and a serial-to-parallel/parallel-to-serial shift 

register. The latter, (the serial-to-parallel/parallel-to­

serial register) is not used on the VIC-20. 

In sections 2.2 and 2.3, the specifics of how one 

programs these chips are discussed. As preliminary 

background, it should be noted that the 6522 VIA chip 

registers, like those of the 6560 VIC, are actually located 

within the chips themselves. This means that no RAM memory 

location is required, nor allocated, for the sake of 

communicating with these chips. When WRITing or READing 

values, one is actually accessing the registers directly. As 

we will see later on, special rules are applied for READing 

from or WRITing to some of these registers. 
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2.2} 6522 Versatile Interface Adapter ~ (VIA i2) 

The VIA i2 chip, as it is called in the VIC-2~ 

literature, will not be discussed in great detail, because 

it was not specifically accessed in this project at all, and 

does not need to be used. 

The reason for this is that the operating system is 

the sole user of the VIA #2. It is used by the VIC-2~ for 

such important (or vital) operations as keyboard scanning, 

generating interrupts every 1/60 of a second, servicing 

serial devices, handling tape input/output and READing 

joystick i3. 

VIA i2's Interrupt Request (IRQ) line is directly 

connected to the 65~2's IRQ line. That is how normal 

interrupts are generated in the VIC-2~. To enable or disable 

interrupts, one can clear or set the proper flag (I flag) in 

the processor status register ( .P) located at $~3~F (78 3) 

[from now on, the address of every memory location, and 

every register will be given in hexadecimal/decimal format; 

the number preceded by the dollar sign is the hexadecimal, 

base 16, number and the number in brackets is the decimal, 

base 10, number]. One uses the following BASIC statements: 

Poke 783,Peek(783) AND 251, to enable interrupts and 

Poke 783,Peek(783) OR 4, to disable them. 

The equivalent machine code instructions are CLI and SEI. 

When tape operations are performed, ~ LOAD/SAVE, the 
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operating system changes the IRQ vector at $~314-0315 (788-

789), because tape input/output depends on precise timing to 

WRITE and READ bits of data to and from the cassette tape. 

Therefore, such normal activities as READing the keyboard 

and updating the BASIC software clock variables TI and TI$, 

are suspended for the duration of the tape input/output 

timing. 

Except for four available lines, CA!, CA2, CBl and CB2, 

all lines on the VIA i2 Ports are used heavily by the 

operating system, making it the least desirable chip to rely 

on for general-purpose interfacing and programming.For this 

reason, almost all interfacing applications make use of the 

VIA il chip and the user Port, as described in section 2.3, 

following. 

2.3) 6522 Versatile Interface Adapter 1 (VIA il) 

This is the chip that controls all operations performed 

on the User Port/RS-232 lines, most Serial Port pins, most 

joystick pins,the light pen/fire button pin, and the tape 

switch and motor pins. Here, we will give a brief summary of 

all the computer Ports, and their associated bits in the VIA 

il, in Tables 1 to 4. The emphasis will be on the User Port 

and its many powerful characteristics. This will show how 

the user Port was programmed to perform the desired 

functions for controlling the analog-to-digital converter 

and the telemetry circuit. For more information the reader 

is referred to References 5 and 6 in the Bibliography at the 

end of this thesis. 
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Table 1: Serial Port Pins 

Port Pin Port ---- Bit/VIA line Description 

1 (VIA2,CB1) serial request in 

2 ground 

3 serial attention in 

A7 PA7 serial attention out 

4 A0 PA0 serial clock in 

(VIA2,CA2) ser ia.l clock out 

5 Al PAl serial data in 

(VIA2,CB2) serial data out 

6 RESET reset 

N.B. To provide an external RESET switch to perform the same 

task as a COLD START, all one has to do is to ground 

pin 6 of the Port by connecting it to pin 2. 
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Table 2: Game Port Pins 
~~~ -- ---- ---- ----

Port Pin Port Bit/VIA line Description ----
1 A2 PA2 joystick 0 

2 A3 PA3 joystick 1 

3 A4 PA4 joystick 2 

4 (VIA2,PB7) joystick 3 

5 VIC chip potentiometer y 

6 AS PAS light pen/fire button 

7 +5 VDC 

8 ground 

9 VIC chip potentiometer X 
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Table 3: Tape Port Pins 

Port Pin Port Bit/VIA line Description ---
A-1 ground 

B-2 +5 voc 

C-3 CAl tape motor 

0-4 (VIA2,CA1) tape READ 

E-5 (VI,A2, PB3) tape WRITE 

F-6 A6 PA6 tape switch 



Table 4: user Port Pins 

Port Pin ----
1 
2 
3 
4 
s 
6 
7 
8 
9 

10 
11 
12 

A 
B 
c 
D 
E 
F 
H 
J 
K 
L 
M 
N 

Port 

A2 
A3 
A4 
AS 
A6 
A7 

B0 
Bl 
B2 
B3 
B4 
BS 
B6 
B7 

PORT A: TOP SIDE 

Bit/VIA line Description 

ground 
+S VDC (HHl mA max.) 
reset 

PA2 joystick 3 
PA3 joystick 1 
PA4 joystick 2 
PAS light pen/fire button 
PA6 tape sense switch 
PA7 serial attention out 

9V AC 
9V AC 
ground 

PORT B: BOTTOM SIDE 

CB! 
PB0 
PBl 
PB2 
PB3 
PB4 
PBS 
PB6 
PB7 
CB2 

ground 
received data 
received data 
request to send 
data terminal ready 
ring indicator 
received line signal 
unused 
clear to send 
data set ready 
transmitted data 
ground 

:::::::::::: 

16 
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The user Port is a 24 -pin (12/12) male edge connector 

on the VIC-20. Facing the computer, the User Port is on the 

far left of the back. The user Port enables the VIC-20 to 

communicate with the outside world. The number and variety 

of lines available on this Port offer the possibility of 

implementing many interfacing projects. By referring to 

Table 4 on the previous page,or the complete memory maps of 

the computer on page 127, one sees that the VIA #1 is in 

control of the user Port. All the lines from this chip's 

Port B and some of the Port A lines are accessible to the 

user; without the User Port, most interfacing projects would 

be much more difficult to implement. Port A of the VIA #1 is 

on the top bank of the User Port, while Port B is located on 

the bottom. 

2.3.1) VIA!! Port A I/0 register 

This register is located at $9111 (37137). 

Not all the Port's lines are available at the User Port. The 

following bit assignments will help in understanding what 

happens when one WRITEs to or READs from this location: 

(PA7) bit7 = serial attention out; available on pin 9 of the 

User Port only: not used in this project. 

(PA6) bit6 = cassette switch sense; available on pin F-6 of 

the Tape Port and pin 8 of the User Port. A 

value 1 here means that no tape buttons are 

down, while a value 0 means one or more cassette 
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tape buttons are down: not used in this project. 

(PAS) bitS = light pen/fire button; available on pin 6 of 

the Game Port and pin 7 of the User Port. A 1 in 

this bit means neither the light pen switch nor 

the fire button was pressed: not used in this 

project. 

(PA4) bit4 = joystick 2; available on pin 3 of the Game Port 

and pin 6 of the User Port: used in this 

project to tie pin 6 of the User Port to pin lB 

of the 2 by 4 decoder. 

(PA3) bit3 = joystick !;available on pin 2 of the Game Port 

and pin 5 of the User Port: used in this 

project to tie pin 5 of the User Port to pin lA 

of the 2 by 4 decoder. 

(PA2) bit2 = joystick 0; available on pin 1 of the Game Port 

and pin 4 of the User Port: used in this 

project to tie pin 4 of the User Port to the 

START pin of the analog-to-digital converter. 

(PAl) bitl = serial data in; available on pin 5 of Serial 

Port only: not used in this project. 

(PA0) bit0 = serial clock in; available on pin 4 of the 

Serial Port only: not used in this project. 

In order to alter or test the state of these bits, one 

can not directly WRITE to or READ from this location, i.e. 

$9111 (37137), before setting up the necessary bit 

conditions in the Data Direction Register (DDR). Each of the 

eight lines of this VIA #1 Port A is associated with a 
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corresponding bit in the eight-bit Data Direction Register A 

(DDRA) located at $9113 {37139). Basically, what this means 

is that the DDRA controls whether a line in its associated 

Data Register, in this case Port A, will serve as an input 

or an output. An example will further clarify this point. If 

a bit in the DDRA is zero, say bit 2, the corresponding line 

of Port A, in this case line PA2, or line 4 of the user 

Port, will be an input. Therefore one can only READ what is 

present on that line; WRITing this bit by WRITing to 

location $9111 (37137) will have no effect whatsoever on 

the state of the line or the bit itself. On the other hand, 

if a bit in the DDR is a one, the corresponding line of the 

Port will be an output, i.e. one can only WRITE to the Port; 

READing the Data Register can not be depended on to give the 

correct state. of the line. 

To repeat, in order to READ or WRITE Port A or Port B 

of a VIA one must use both the DDRA and the Data Register 

together. 

Port A has two more lines, used for controlling 

external devices as explained below. These lines are called 

CAl and CA2, and location $911C (37148} must be used to 

select their states. CA1 is directly wired to the RESTORE 

key of the keyboard for the purpose of generating a Non­

Maskable Interrupt (NMI), every time the RUN/STOP and 

RESTORE keys are hit simultaneously. This will initiate a 

WARM START due to the fact that the VIA tl's interrupt line 

is connected to the 6502's NMI line. A WARM START partially 



resets the computer. The functions performed when a WARM 

START is signalled are as follows: 

1) a call is made to the KERNAL CLRCHN routine that closes 

all files (KERNAL is the name given by Commodore to the 

table containing the vectors pointing to various operating 

system routines) • 

2) the default devices are reset, i.e. the keyboard as the 

input device and the screen as the output device. 

3) the stack pointer is reset. 

4) a jump is made to the READY routine to display the READY. 

message. 

It is important to note that after a WARM START, the 

BASIC program and variables are preserved, and only the 

stack content is lost. 

A transition from high to low or from low to high· will 

generate the desired interrupt, given the correct bit 

setting of the Interrupt Enable Register (IER) located at 

$911E (37150). More about this is given in the section on 

Port B. 

The CA2 line is used for tape motor control and is 

available on pin C-3 of the tape Port. Bits 1-3 of location 

$911C (37148) control CA2's status. Its bit settings are 

similar to those of CB2 line of Port B, although used to 

perform different functions. Since these two lines are not 

used in this project, we will skip over the details of their 

operations. For a complete description, see References 5 
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and 6 in the Bibliography. 

2.3.2) VIA!! Port B I/0 register 

This register is located at $9lle (37136). 

All eight bits of this location have special meanings and 

are used by the operating system for the sole purpose of 

communicating with an RS-232 device such as a printer or a 

modem. VIC-20 has all the necessary software in its Read 

Only Memory (ROM) for this purpose. Because the RS-232 

feature of the Port is not used for our purpose, we refer 

the reader to the books listed in the Bibliography. All the 

eight lines of the Port are accessible for use. When READing 

or WRITing this location, one has only to set the 

appropriate bits in the DDRB at $9112 or 37138, to 

accomplish the desired functions. 

The other two lines of the Port are CB! and CB2 as 

shownin Table 4 and in the memory maps of the computer on 

page 127. They are both used for "handshaking", although 

they perform in different ways. Handshaking is the term used 

when two devices communicate; it is necessary for each 

device to tell the other when data are to be sent or whether 

data have been received. Both CB! and CB2 lines have special 

characteristics which make them suitable for handshaking. 

These two lines, like CAl and CA2, can be accessed at 

location $911C (37148), called Peripheral Control Register 

{PCR). There is no DDR for this location, therefore WRITing 

to this location will effectively alter the state of each 
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bit. The bit allocations for the PCR are as follows: 

Bits 7-5: CB2 line control. CB2 is used for serial data out, 

interrupt input, device output or shift register 

input or output. In the shift register cases these 

bits are ignored. The Interrupt Flag Register 

(IFR) is located at $911D (37149). Bit 3 of IFR is 

used for a CB2 interrupt. Bits 7 and 6 of the PCR 

control whether CB2 will be an output or an input. 

Bit 5 controls the setting of the CB2 line. The 

following is the detailed functional description 

of the CB2 control line. The binary number at the 

beginning of each paragraph shows the content of 

bits 7, 6 and 5 respectively. 

~~~ Interrupt Input Mode: this value sets IFR bit 

3ona high-to-low transition ofthe CB2 line and 

clears the IFR bit 3 when Port B is READ or 

WRITten to. 

~~1 Independent Interrupt Input Mode: this value 

sets IFR bit 3 on a low-to-high transition of the 

CB2 line, but does not clear IFR bit 3 when Port B 

is READ or WRITten to. IFR bit 3 is cleared by 

WRITing a 1 to it. 

~1~ Input Mode: this value sets IFR bit 3 on a 

low-to-high transition of the CB2 line and clears 

IFR bit 3 when Port B is READ or WRITten to. 

~11 Independent Input Mode: this value sets IFR 

bit 3 on a low-to-high transition of the CB2 line, 
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but does not clear IFR bit 3 when Port B is READ 

or WRITten to. IFR bit 3 is cleared by WRITing a 1 

to it. 

100 Handshake Output Mode: this sets the CB2 line 

to low when Port B is WRITten to. CB2 will be set 

high when a CBl transition occurs. 

101 Pulse output Mode: the CB2 line is set low for 

one cycle when Port B is WRITten to with this bit 

value. 

110 Manual Output Mode: this value sets CB2 to be 

low. 

111 Manual Output Mode: this value sets CB2 to be 

high. On power-on or when a reset is performed, 

these bits are set to one. 

Bit 4: CBl control line. CBl is used to accept an 

interrupt for received data, as a transition of 

voltage on this line, and as output for the shift 

register clocking pulses at $911A (37146). 

It is not possible to READ CBl directly.The CBl 

line is designed to set a flag (bit 4} in the IFR 

when a transition occurs on the CBl line. 

This bit (bit 4 of PCR) determines whether CBl 

will set the flag on a low-to-high transition or 

on a high-to-low transition. Once the CBI flag is 

set, it will stay set until it is cleared by a 

READ or WRITE to Port B. Moreover if bit 4 in the 
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Interrupt Enable Register (IER) is set and the 

interrupts are enabled, the transition will also 

cause an IRQ. 

A zero here means that the IFR bit 4 is set on a 

high-to-low transition of CBl when this bit is set 

to this value. This is the default setting of this 

bit. 

A one in this position means that the IFR bit 4 is 

seton alow-to-high transition on the CBl line. 

Bits 3-0: CAl and CA2 control lines. These bit settings were 

discussed in the previous paragraph. 

One potential problem associated with the VIC-20 

computer is that it has only one IRQ vector, located at 

$0314-0315 (788-789). However, there could be many sources 

of interrupt, if several devices are connected to the 

computer. Everytime an IRQ interrupt is signalled to the 

6502 microprocessor, whether it is by an external device or 

the 6522 VIA i2 which is responsible for generating system 

interrupts every 1/60 of a second, the routine pointed to by 

the above IRQ vector is executed. This vector normally 

points to the KERNAL IRQ handler routine at $EABF (60095), 

which READs the keyboard and updates the TI and TI$ software 

clock variables, among other things. To be able to recognize 

interrupts from other sources, one must change the vector at 

$0314-0315 (788-789), to point to the machine language 

routine written specifically to execute the desired task. It 
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is therefore the responsibility of the programmer to 

identify the source of the interrupt and take the necessary 

steps to process it. 

Besides the two Ports in the VIA #1, this chip contains 

a Shift Register, an Auxiliary Control Register and two 

Timers. Because the Shift and the Auxiliary Control 

registers do not take part in any stage of this project, 

they will be ignored. Of the two timers, the first one is of 

paramount importance to this project. Therefore, some time 

will be devoted to explaining how it works and how it can be 

programmed. The sec.ond timer, although almost as powerful 

and useful as the first timer, is not used by our system for 

reasons that will be explained in the chapter on telemetry 

(Chapter 6). Let us therefore describe VIA #1 TIMER 1. 

Referring to the computer's memory maps on page 127,one can 

note the following addresses: 

$9114/37140 TIMER 1 

$9115/37141 TIMER 1 

$9116/37142 TIMER 1 

$9117/37143 TIMER 1 

least significant byte (LSB) of count. 

most significant byte (MSB) of count. 

(LSB) latch byte. 

(MSB) latch byte. 

The operating system uses this timer for RS-232 and 

User Port transmit/receive and tape WRITE timing. However, 

when an RS-232 device is not connected to the user Port, one 

can freely program TIMER 1. 

TIMER 1 can operate in two different modes: the one-
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shot time interval mode and the free-running mode. In the 

one-shot mode the programmer initializes the TIMER with the 

desired values and the TIMER starts counting down at the 

rate of the system clock. Once it reaches zero it stops. In 

the free-running mode, when the counter reaches zero, the 

values from the latch registers located at $9116 (37142) and 

$9117 (37143) are loaded into the the counter registers at 

$9114 (37140) and $9115 (37141), and the TIMER starts the 
. 

countdown all over again for as long as the program allows 

it or the computer is powered ON. 

To select the desired mode for TIMER 1, one has to set 

the proper bits in the Auxiliary Control Register (ACR), 

located at $9118 (37147). It was stated that the ACR is not 

used and will not be discussed. This is the case because, on 

power-up, the values in this register are by default set for 

the free-running mode and no PB7 output pulses. This is 

exactly what is required in our application. 

Here is how the TIMER 1 is programmed in the free-running 

mode: 

(a)- Store the LSB (least significant byte) of the desired 

time period in location $9116 or 37142. This follows the 

6502's representation of 16-bit numbers: low byte first and 

high byte second. As an example consider the number 1924 or 

$9400; this value is stored in memory as 99, 04 instead of 

04, 00. Therefore, to find the most significant byte and the 

least significant byte of a 16-bit number, one can use the 

following formula: 
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high byte = INT( number I 256} 

low byte = number - high byte * 256 

(b)- Store the MSB of the desired time period in location 

$9115 (37141). At the same time the VIA #1 copies this value 

into location $9117 (37143), and starts the countdown of 

TIMER 1 at the rate of 1.022720 MHz. This is preceded by 

copying the value in location $9116 (37142) into location 

$9114 (37140), i.e. the low-order latch contents into the 

low-order counter. Also the flag register in IFR at $9110 

(37149), bit 6, is set to zero. 

(c)- Load the latch registers (LSB) at $9116 (37142) and 

(MSB) at $9117 (37143) with a new value if desired. When the 

counts in the TIMER 1 (LSB) and (MSB} reach zero, the flag 

in IFR , bit 6, is set to 1, and an NMI interrupt is 

signalled to the 6502 if bit 6 in the IER at $911E or 37150 

allows it. By default, that bit is set to zero, thus 

disabling all interrupts; that is, an interrupt will not 

occur every time the count expires. This default value is 

not changed in our application. 

(d)- Next, the values from the latches are automatically 

reloaded into the counter bytes, and the countdown starts 

once again. 

(e)- It is, however, possible to check under software 

control to see whether the TIMER 1 count registers have 

expired, by testing bit 6 of IFR at $9110 (37149). 

{f)- READing the count register's (LSB) at $9114 (37140) or 

WRITing the count register's (MSB) at $9115 (37141) will 
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clear bit 6 of IFR. After this bit has been cleared, one 

goes back to step (e) to test it, for as many times as it is 

required. 

This allows one to set up a very precise interval timer 

for the purpose of sampling data coming from an external 

device such as an analog-to-digital converter. To calculate 

the values for the (LSB) and (MSB) of TIMER 1, so that the 

desired time interval between successive READings is 

obtained, one can use the following steps: 

(a)- select the sampling frequency (SF) in Hertz. 

(b)- calculate the time period corresponding to this: 

T = 1 I SF seconds. 

(c)- calculate the number of counts (NC): 

NC = ( T * 1.~2272E+6 ) - 2 

(2.1) 

( 2. 2) 

-
NC is the number that must be loaded into the TIMER 1 count 

registers so that when the countdown is over, a time period 

equal to T seconds has expired. The number l.02272E+6 is the 

speed in Hertz of the clock that drives the microprocessor 

and the two VIA chips, as derived by the VIC chip from the 

14.31818 megahertz two-phase oscillator clock. 

The largest value the (LSB)/(MSB) registers can hold is 

$FFFF or 65535. By reversing the above formula (2.2), we can 

determine the amount of time this represents: 



T = ( NC + 2 

( 655353 + 2 

I 1.02272E+6 

I 1.02272E+6 = 0.064 seconds. 
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(2.3) 

In the free-running mode, these registers are re-loaded 

from the latch registers. Because of this, larger time 

periods can be realized by counting the number of times the 

TIMER 1 registers reach zero. The subroutine DELAY, in the 

two programs VICMON, and VICTM (Chapters 4 and 6), written 

specifically for this project, sets up a 16-bit software 

register to do this. By carrying out the same calculation as 

above, one can determine the maximum time interval possible 

using a 32-bit number; thus, the largest number a 32-bit 

unsigned integer (16-bit software register plus 16- bit 

TIMER 1 count register) can hold is $FFFFFFFF or 4294967294. 

Putting this value in the above formula (2.3), one gets: 

( 4294967294 + 2 ) I 1.02272E+6 = 4200 seconds. 

= 70 minutes. 

By loading the appropriate registers with the value 

above, i.e. 4294967294, one can sample data at a rate of one 

sample every 70 minutes or one hour and ten minutes. This 

represents the slowest sampling rate that one can use in the 

present configuration. At this rate, using all the 32K of 

memory buffer available, one could sample data for 4 years, 

4 months, 12 days, 21 hours and 20 minutes. The fastest 

sampling rate is really dependent on the type and the speed 
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of the input device(s) one is working with. This particular 

point and examples of sampling rates, will be discussed in 

the sections on the analog-to-digital converter (Chapter 4) 

and the telemetry circuit (Chapter 6). 

This completes the overview of the different Ports, 

chips and registers relevant to the interfacing works done 

using the VIC-20 computer. The next chapters will show 

exactly how these features of the computer were put to use 

to build the analog-to-digital converter and the telemetry 

circuit interfaces. 

2.4) 6560 Video Interface Chip 

Although the 6560 Video Interface Chip is one of the 

most important building blocks of the computer, with many 

interesting and powerful features such as sound, high 

re sol ut ion se re ens, programmable custom character and 

analog-to-digital conversion capability, we will not 

describe it because it does not have any direct bearing on 

the interfacing job we set out to do. The VICMON program, 

however, does use the custom character capability of the 

chip to set up a high resolution screen starting at $18~0 

(6144), in order to plot the sampled data obtained from 

the analog-to-digital converter. 

Because the plotting routine written for this purpose 

is in machine code, and is therefore extremely fast, an 

interesting application would be to combine its speed with a 

faster conversion rate of the analog-to-digital converter 

chip, to effectively build a one-channel (or multi-channel) 
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digital oscilloscope, to display signals with a frequency of 

approximately one kilohertz or less. One would have to 

implement the proper amplitude scaling of the input signal 

in hardware, a task that could be realized fairly easily. A 

software program could then be written to shift the stored 

signal in any direction, and provide user-selectable 

scaling, resolution and most of the features conventional 

oscilloscopes offer. 

2.5) Memory Maps 

The detailed memory maps of the VIC-20 computer is 

given on pages 127 to 134 of Appendix A. For more 

information the reader is referred to References 5 and 9 as 

listed in the Bibliography. 

The following is the modified memory maps of the 

computer, meant as a quick guide. It differs from the 

standard VIC-20 system,that is from the system with only 5K 

of memory. It shows which special blocks and locations have 

been set aside for use by the computer's operating system 

and how some of these locations are used in the context of 

this project. 

$0000-$00FF: page zero. 

Very important 256 bytes of memory in every 

eight-bit computer. VIC-20 reserves this area 

to keep vital registers and pointers used by 

BASIC ROM and the operating system. 
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VICMON and VICTM also make extensive use of 

these memory locations. 

$0100-$01FF: page one. 

Processor stack area. 

$0200-$02FF: page two. 

Used mainly· to hold the input buffer, the 

keyboard buffer and some operating system 

registers. 

The input buffer from $0200 (512) to $0258 

(600) is used by VICMON and VICTM. 

$0300-$03FF: page three. 

Used exclusively to hold the table of vectors 

pointing to different BASIC ROM and operating 

system routines. It also contains a 194 byte 

buffer for tape input/output. 

$0400-$0FFF: 3K expansion RAM area. 

Not used in this project. 

$1000-$11FF: screen memory. 

$1200-$ ? user BASIC area. 

In this project the range $121HJ-$1FFF is used 

to hold the software program, a 1408-byte high­

resolution screen and a 32-byte information 

storage buffer containing all parameters 

entered by the user. 

$2000-$3FFF: 8K expansion RAM/ROM block 1. 

Added to the system. 

The first 512 bytes of this area are used by 

the VICMON program to set up a circular buffer. 
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$4rtHH~-$SFFF: 8K expansion RAM/ROM block 2. 

Added to the system. 

$6fiHH~-$7 FFF: 8K expansion RAM/ROM block 3. 

Added to the system. 

$8000-$8FFF: 4K character generator ROM. 

$9000-$93FF: I/O block 0. 

$9400-$95FF: Location of colour RAM when additional RAM 

blocks 1, 2, or 3 are mapped in. 

$9600-$97FF: Normal location of color RAM. 

$9800-$9BFF: I/O block 2. 

(not available in the standard system nor in 

the present configuration). 

$9C00-$9FFF: I/0 block 3. 

(not available in the standard system nor in 

the present configuration). 

$A000-$BFFF: 8K decoded block for expansion RAM/ROM. 

Added to the system. 

$C000-$DFFF: 8K BASIC ROM. 

$E000-$FFFF: 8K KERNAL ROM (operating system). 
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CHAPTER 3: EXPANDING THE VIC-28 

3.1) Introduction 

This chapter deals exclusively with the Expansion Port 

of the VIC-29 computer. Here we will present the signals 

available to the user on this Port, and show how memory was 

added to the system to increase the storage space for data. 

This Port could also be used to interface the computer with 

an external device or devices, such as the analog-to-digital 

converter discussed in Chapter 4. Although using this Port 

offers the possibility of putting all the circuits, i.e. the 

additional memory and the analog-to-digital converter, on 

one board, this economy in space could only be gained at the 

expense of more complicated circuits to match all the 

features the User Port provides. For this reason, this Port 

is only used for memory expansion in the present project. 

3.2) Expansion f£!! 

This Port is used for expansions of the system that 

require access to the address bus and the data bus of the 

computer. Caution must be exercised, when using this Port, 

because it is possible to damage the computer, if the 

connections are not made properly, or if the user equipment 
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malfunctions. 

The expansion connector is a 44-pin (22/22) female edge 

connector, on the back of the computer. Facing the VIC-20 

the Expansion Port is on the far right of the back. The 

Expansion Port signals are given in Table 5 on page 40. The 

following is the functional description of the Port's 

available signals: 

Data bus: pins 2 to 9 inclusive. 

The data bus is used to move data to and from 

additional memory or I/O devices. 

BLK signals: pins 10 to 13 inclusive. 

These four block signals are for memory 

expansions of the system. Each one provides a 

different 8K block of memory; the chip is active 

when these pins go low. Blocks 1, 2, and 3 can be 

used for RAM or ROM. If memory is added, these 

locations will be used by BASIC. Memory in block 

5 can be used for RAM or ROM. However, if RAM is 

added, this area will not be accessible to BASIC. 

Only machine language programs will be able to use 

it. 

RAM signals: pins 14 to 16 inclusive. 

These are 3 more decoded active low signals. Each 

oftheRAM signals controls a lK memory block. 

Therefore, if all the three lines are used, 3K of 

memory can be added to the system sitting at $0400 

(1024). 
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Read/Write: pins 17 and 18. 

the READ/WRITE signals are responsible for 

informing the memory or the device being addressed 

whether the system wants to READ data or WRITE 

data. If the line goes high, a READ is expected; 

if the line goes low, a WRITE is to be performed. 

The R/W signal on pin 17 is connected to the VIC 

chip (VR/W). The other, on pin 18, is connected 

to the 6502 microprocessor (CR/W). Most memory 

expansion circuits will normally use the CR/W 

signal. There is a mistake regarding this point in 

the Programmer's Reference Guide (Reference 4); 

there it says that memory expansion normally uses 

VR/W, which obviously is incorrect. 

Other devices may need to use the VR/W signal. 

IRQ: pin 19. 

This interrupt request line is used internally by 

the computer for keyboard scanning and the system 

clock. 

Address bus: pins B to S inclusive. 

These lines determine which memory locations 

or I/O device the computer will READ from or WRITE 

to. The actual address bus is 16 bits wide, but 

only 14 bits are available on the Port. The reason 

for this is that the other two bits are decoded 

into the block and I/0 signals. 

I/0: pins T and u. 



S/02: 

NMI: 

RESET: 
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Either or both of these signals can be used to add 

more I/0 devices to the computer. It is perfectly 

possible to add a third 6522 VIA here, to provide 

some of the User Port's features. 

pin v. 

The system clock is available on this line to run 

such devices as a 6522 VIAchip,as noted above. 

pin w. 

The non-maskable interrupt line here, can be used 

to trigger a WARM START, as when the RUN/STOP 

RESTORE keys are pressed simultaneously. This is 

done by grounding pin w. 
pin X. 

a COLD START is initiated when pin X is grounded 

This is equivalent to turning the computer off 

and back on again. Therefore, everything is reset 

including the memory, so in fact any program in 

the computer at the time of RESET is erased. 

It must be clear by now that, without building an 

address decoding circuit, one can easily add 35K of RAM to 

the system. In the present project, only 32K of memory was 

added, using decoded block lines available on the Expansion 

Port. Hitachi's HM6264p-10 series static RAM chip was used 

to do the job. The specification sheet for this chip is 

given on page 137 in Appendix B. Page 136 shows the actual 
I 

connection diagram for one 8K block. The four 8K blocks of 
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memory added share the same address bus and data bus. The 

chip select pin (CS!} of the memory chips (active low) is 

connected to each of the desired BLK lines of the Expansion 

Port. The truth table on the specification sheet shows when 

a READ or a WRITE can be performed. Since a WRITE is done 

when both the WRITE line (WE) of the chip, pin 27, and the 

output enable (OE), pin 22, are low, and a READ is done when 

the WE is high and OE is low, a hex inverter is used, as 

shown on the connection diagram. 

When these four 8K blocks of memory are installed, the 

user BASIC area extends to more than 28K, and there is an SK 

block of free RAM sitting at $MHHl (40960), which could be 

used for storing data or for machine language programs. This 

area has the advantage of being out of BASIC 1 s reach, 

therefore it will not be disturbed unless the user decides 

to WRITE to it or destroy it. The three lK blocks were not 

used, first because of lack of room on the interface board, 

and secondly because the addition of 32K of memory was 

enough for our purposes. 

There is the possibility of adding even more memory to 

the system, although this has not been attempted in the 

present work. Because the memory space the 6502 can address 

is limited to 64K, if more memory is required, it could be 

added in blocks of 64K. Because there are no decoded block 

signals for memory expansions besides those discussed in the 

paragraphs above, one must provide a new address decoding 

circuit. In theory one could have as many 64K blocks of 
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memory as required, provided one also adds the necessary 

bank switching circuit, that is the circuit that would allow 

one to selectively enable the desired block of added memory 

for storing or retrieving data. In this situation~ direct 

READs or WRITEs from/to the extra memory would no longer be 

possible. Rather, one would have to move the desired 

block(s) of data from the expanded memory to the "old" 

memory space, before the desired operations could be 
. 

performed on them. The added memory could only be used as a 

storage space for data, a possibility that might be 

attractive in many applications, especially in an extension 

of a project such as the one we have undertaken in the 

present work. The transfer of data from/to the extra memory 

could be made to execute extremely fast, provided the Direct 

Memory Access (DMA} chip chosen to do this job is fast. 

(Commodore Business Machines Inc. offers such a memory 

expansion cartridge for the Commodore 64 and 128 computers). 

Such a large memory space could offer one the possibility of 

monitoring a given event for a very long period of time, 

thus freeing the operator and the system from SAVing data to 

tape, which is a very slow process, every time a valid 

signal is recorded. 
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Table 5: Expansion Port. 

TOP SIDE 

NAME PINt DESCRIPTION 

GND 1 system ground 
CD0 2 data bus bit 0 
CDl 3 data bus bit 1 
CD2 4 data bus bit 2 
CD3 5 data bus bit 3 
CD4 6 data bus bit 4 
CD5 7 data bus bit 5 
CD6 8 data bus bit 6 
CD7 9 data bus bit 7 
B'i:K1 HJ 8K decoded RAM/ROM block 1, at $20'H' 

(active low) 
BLK2 11 8K decoded RAM/ROM block 2 1 at $4000 

(active low) 
BLK3 12 8K decoded RAM/ROM block 3, at $6000 

(active low) 
BLKS 13 8K decoded RAM/ROM block 5, at $A000 

(active low) 
RAm. 14 lK decoded RAM block at $0400 

(active low) 
RAM2 15 IK decoded RAM block at $0800 

(active low) 
RAM3 16 lK decoded RAM block at $0C00 

VR/W 
(active low) 

17 READ/WRITE line from VIC chip 

CR/W 18 
(high READ/low WRITE) 
READ/WRITE line from CPU 
(high READ/low WRITE) 

IRQ 19 interrupt request line to 6502 
(active low) 

(NC) 20 no connection 
+SV DC 21 +5V DC used by interfacing circuits 
GND 22 system ground 
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Table 5: continued ••• 

BOTTOM SIDE 

NAME PIN# DESCRIPTION 
. 

GND A system ground 
CA0 B address bus bit 0 
CAl c address bus bit 1 
CA2 D address bus bit 2 
CA3 E address bus bit 3 
CA4 F address bus bit 4 
CAS H address bus bit 5 
CA6 J address bus bit 6 
CA7 K address bus bit 7 
CAB L address bus bit 8 
CA9 M address bus bit 9 
CA10 N address bus bit 10 
CAll p address bus bit 11 
CA12 R address bus bit 12 
CA13 s address bus bit 13 
I/02 T I/0 block 2 at $9800 
mn u I/0 block 3 at $9C00 
S/02 V phase 2 system clock 
NR1 w 6502 non-maskable interrupt 

(active low) 
RESET X 6502 reset pin 

(active low) 
(NC) y no connection 

GND z system ground 

I :::::::::::::::::::::: I 
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CHAPTER 4: THE ANALOG-TO-DIGITAL CONVERTER 

4.1} Introduction 

An analog-to-digital (A/D) converter, as its name 

implies, is a device that allows one to convert analog 

vol tages generated by analog devices into a binary format 

that digital devices can understand. Although they have been 

around for a long time, recent advances in microelectronic 

technology have brought the hobbyist and the non­

professional experimenters a new generation of A/D chips 

that are relatively inexpensive, and easy to interface and 

program. 

One source of confusion when selecting an A/D converter 

is the variety of designs available to the experimenter. 

These chips use different techniques to achieve the same end 

result. The cost of these microchips follows directly the 

complexity of design and more importantly, the speed of 

conversion. Slow converters may be purchased for a few 

dollars, but the price tag on the ultra-fast converters may 

range in the thousands of dollars. 

National Semiconductor markets a number of analog-to­

digital converters, of which the model ADC0816CCN was 

selected for this project. This converter provides a number 

of features including: 

1) a single-chip data acquisition system; 
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2) a 16-channel input multiplexer that can directly access 

any one of the 16 single-ended analog signals; 

3} easy interfacing to all microprocessors by providing 

latched and decoded multiplexer address inputs and latched 

TTL three-state outputs. 

This advanced chip can especially be appr~ciated by 

anyone who has tried to build his or her own A/D board using 

the •old" technology of building the sample-and-hold circuit 

and all the rest. In order to come up with a board that has 

the capabilities of this chip, one would have to use a dozen 

IC components. At the time of writing, these A/D chips are 

available for less than $30 Canadian (~ at Hamilton­

Avnet Inc.). 

In this chapter, we will discuss all the major 

characteristics of the analog-to-digital converter, how it 

was interfaced with the User Port of the computer, how it is 

programmed, and how one must prepare and condition the 

desired signal(s) before they are fed to the analog-to­

digital converter. 
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4.2 The NSADCe816CCN analog-to-digital converter 

The ADC0816 and ADC0817 families of A/D converters are 

eight-bit converters; this means that they use 256 (two to 

the power of eight) steps or discrete values, for 

representing an analog voltage. This gives a dynamic range 

of 48 dB, approximately that of a home tape recorder. 

The ADCe816 itself is accurate to plus-or-minus half-

a-bit over a temperature range of about -40 to +85 degrees 

Celsius. The ADC0817, on the other hand, has plus or minus 

one bit accuracy over the same temperature range. One other 

reason for the selection of the ADCe816 eight-bit converter, 

is the fact that it matches the eight-bit structure of the 

6502 data bus. This means one has to READ the chip only 

once to obtain the digital value, as opposed to converters 

with 12, 14, or 16 bit resolution, that require two 

consecutive READs to retrieve the data. 

Pages 145 to 156 in Appendix C provide all the 

technical information needed to use this chip. The chip 

accepts input vol tages between zero and V cc only. vCC can 

range from 4.75 to 5.35 Volts. If voltages outside this 

range are applied to any one of the converter channels, they 

will damage the chip. If Vcc is fixed at 5.12 volts (notice 

that 5.12 is an exact multiple of 256), the accuracy of the 

converter will be: 5.12 I 256 = 20 mv, precise enough for 

most but not all applications. In the petroleum industry for 

example, accuracies up to 14 or 16 bits are generally 

required; however a 16-bit converter with a conversion rate 



45 

similar to that of the ADC0816 would be many times more 

expensive. 

The chip uses the successive approximation technique to 

convert analog voltages (see Appendix C). The heart of this 

single chip data acquisition system consists of three 

important parts: a digital-to-analog converter (DAC), a 

successive approximation logic unit or register (SAL), and a 

comparator. The process of approximating the analog voltage 

is as follows: 

Before the start of conversion the SAL and the DAC are at 

level zero. Once the conversion starts the SAL enables its 

bits and sends a bit pattern to the DAC. The DAC will 

generate a voltage whose value is compared to the input 

voltage. The comparison is done on a bit-by-bit basis, 

starting with the MSB (Most Significant Bit). If the input 

signal is greater than the DAC output, the corresponding bit 

in the SAL is set to a one. If the input is smaller, a zero 

is set in the corresponding bit. After all the bits have 

been tested, a new bit pattern is in place, which is sent 

again to the D/A. This will bring the D/A output voltage 

closer to the input voltage. When the D/A output is as close 

as it can be to the input voltage (i.e. within the 

resolution of the converter chip), the SAL sends out an End­

Of-Conversion {EOC) signal. The rule is that for an n-bit 

converter n iterations are performed. 

The accuracy of the converter is very much dependent on 

the performance of the comparator. Pin 19 (REF+) and pin 23 

(REF-) are the reference voltage pins for the comparator. In 
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order to get precise results, these pins must be connected 

to a stable voltage source. One can build a power supply 

using the 9V AC output on pins 10 and 11 on the User Port. 

Because of lack of space on the main interface board, we 

decided to do without the power supply. Instead, the system 

voltage source, i.e. the system ground and positive 5V DC 

provided on the User Port, was used. The system ground and 

positive 5 volts proved to be stable enough for our 

purposes. For the detailed description of the interface, the 

reader is referred to paragraph C.l of Appendix C on page 

139. 

The way the interface is currently built, the START and 

the ALE pins of the converter are wired to line 4 of the 

User Port. Bit 2 of the VIA #1 Port A controls the state of 

line 4. To initiate the conversion process, a positive pulse 

must be sent on line 4 of the User Port. To be exact, the 

start-of-conversion pulse must have a width of at least 8 

microseconds as described in Appendix C on page 138. If the 

program that controls the converter is written in BASIC, 

raising line 4 and then lowering it immediately, to 

simulate a start pulse, requires two POKES. It takes VIC-20 

far more than 8 clock cycles to execute those instructions. 

Indeed, it takes more than 100 microseconds, the time 

required by the A/D chip to complete one conversion. 

Therefore, it is not at all necessary to wait and test for 

the EOC signal. After the start-of- conversion signal is 

sent, one can raise the CB2 line (line M of the User Port 
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wired to pin 21 of the A/D chip), READ the digitized value, 

lower the CB2 line, and start another conversion process if 

desired. If the program is written in machine code, however, 

one has to make sure that the start- of-conversion pulse has 

a width of at least 8 clock cycles and that one tests for 

the EOC signal. In the present configuration, as soon as the 

EOC signal is sent, the CBl line (line B of the User Port), 

programmed to set the flag for a low-to-high transition,· 

responds by setting bit 4 of the IFR at $911D (37149). Since 

HHJ microseconds is a lot of time to waste, while waiting 

for the A/D chip to finish the conversion and send the EOC 

signal, one can put the notion of parallel processing to 

work, if the software program is written in machine code. In 

fact, the program written for this project, VICMON, uses 

this principle to perform a whole range of housekeeping 

tasks, while the converter is busy carrying out its duties. 

These include, among other things, storing the previously 

READ data in the data buffer, checking whether the end of 

the buffer is reached, selecting the next channel to be 

sampled, and of course, waiting for the A/D chip to send the 

EOC signal. This means that the only overhead associated 

with monitoring the A/D chip is the retrieval of data after 

the EOC is detected, the loading of TIMER 1 registers with 

the appropriate values to perform a delay corresponding to 

the selected sampling rate, and the transmission of the new 

start-of-conversion pulse. "Overhead" refers to the time 

"wasted" in operations other than the basic time required by 

the converter chip to finish one conversion. In the case of 
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the ADC0816, the conversion rate is HH~ microseconds; that 

is, in theory, one can sample a signal at the rate of one 

sample every Hi'" microseconds. However, in practice, there 

are a certain number of operations that must be performed 

before and after the conversion process, as explained in the 

above paragraphs. These operations take time and will add to 

the basic conversion time required. Therefore, one will 

never be able to sample at a rate of exactly 100 

microseconds. 

The VIC-20 Programmer's Reference Guide (Reference 4) 

has a section on machine language programming, where one can 

find how long it takes for a given instruction to execute. 

One therefore can calculate the amount of overhead added by 

the program to the 100 microseconds it takes the converter 

to complete one conversion. The fastest sampling uses one 

channel only, without calling the DELAY subroutine. The 

overhead for this amounts to 156 microseconds, which means a 

maximum sampling rate of 6.41 KHz with the present 

configuration. Of course, one could increase this rate by 

increasing the clock speed of the converter and by rewriting 

the code to further reduce the overhead. 

The values loaded into the TIMER 1 registers are 

calculated for a given sampling rate using the formula given 

in paragraph 2.3.2. However, one has to subtract from those 

values the amount of overhead associated with all the 

operations mentioned above, to get the exact number of 

counts for the TIMER 1 registers. This way, the time it 
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takes for TIMER 1 to count down to zero plus the overhead 

time will equal the time period T that must expire, if we 

are to achieve the exact sampling rate. 

There are a number of additional details that one has 

to discuss. Notice that pins 15 and 18, Multiplexer Out and 

Comparator In respectively, of the A/D chip are tied 

together (see page 143). Remembering how the successive 

approximation technique works, one can easily understand 

that the input to the comparator, namely pin 18, is the 

voltage READ on the selected channel, i.e. line IN~ to IN15 

of the A/D chip. The multiplexer, a 4-by-16 multiplexer, has 

16 inputs, selected via pins 33 to 36 of the chip, but only 

one output, pin 15. It is this pin (pin 15) that presents 

the comparator with the voltage that we wish to digitize. 

What all this implies, is that whenever a channel is being 

read, the voltage present on that channel is also present at 

the output of the multiplexer. 

An interesting characteristic of the ADC~816 chip is 

the possibility of including additional channels, if more 

than 16 channels are required. However, 16 channels are more 

than sufficient for the present objective. Therefore, the 

expansion capability of this chip was disabled by connecting 

pin 37 to positive 5 volts DC as recommended in the 

specification sheets. 

Finally, to run the ADC~816 chip, one has to provide 

the.converter with a square pulse generator. Typically (see 

Appendix C), the converter is driven by a 640 KHz clock. At 

this rate, the conversion time, under ideal conditions (see 



Appendix C), is 100 microseconds (or lf2J KHz sampling rate) 

exactly. This sampling rate is more than enough for most 

geophysical data acquisition and therefore this clock speed 

was implemented in the present work. 

There are many ways of building a pulse generator, 

such as using the 555 timer or the 4001 Quad NOR gate or the 

4f2Jll Quad NAND gate. Because of space management 

considerations, a circuit with the few~st components and the 

best performance was chosen. This clock was built using the 

74LSf2J4 hex inverter, two resistors and a variable capacitor, 

though in the final version the capacitor was replaced by a 

fixed 1500 pF capacitor giving a clock speed close to the 

640 KHz required. However, no change in the conversion time 

was observed. 

As stated in the specification sheets, the clock speed 

of the A/D chip can be set to run from 10 to 1280 KHz. With 

a 1280 KHz clock speed, the conversion time drops to around 

50 microseconds, although this may vary slightly from chip 

to chip. Some of these converters could even be run on a 2 

MHz clock without damage to the chip, but one would have to 

test a number of these converters to find the one that 

performs well at that rate {National Semiconductor Sales 

Representative, personal communication, 1985). If a chip is 

found that can handle 2 MHz clock speed, then the conversion 

time will further drop to 35 microseconds. 
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4.3) Signal Conditioning and Input Protection 

It was stated in the above section that the input 

vol tages applied to the A/D1 s channels must not exceed TTL 

levels (i.e. voltages between zero and +5.25 volts). In many 

applications, one has to deal with voltages outside this 

range. In seismic work, the output of the geophones is of 

the order of millivolts. In heat flow measurements, the 

range of measured temperatures could be in hundreds or 

thousands of degrees. However, the transducer output voltage 

may be in microvolts, far too small to be measured directly 

by the converter without prior conditioning. There is also 

the question of input protection, that is making sure that 

once the signal to be measured is brought to the required 

levels, it does not go negative or exceed vcc. 

In the first case, i.e. signal conditioning, one can 

use the appropriate amplifiers for the work at hand. 

Amplifier design will be only discussed for applications 

considered in the present work. As for input protection 

there are a number of ways to achieve the desired results. 

One is to use current-limiting resistors and zener diodes 

to clip out all undesired amplitudes. Another way, followed 

in this project, is to use the LM3900 "NORTON" amplifier. 

This chip operates from a single polarity power supply, 

making it ideal for interfacing projects. It has an open­

loop gain of 79 dB and a bandwith of 2.5 MHz, when operated 

as a unity gain amplifier. The most useful and interesting 

characteristic of this amplifier is that its ouput swings 
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between ground and vcc minus one volt exactly. What this 

implies is that, when the chip is powered with a 6 volt 

battery or power supply, i.e. vcc = 6V, the output will 

invariably oscillate between 0 and +5V DC. Voltages outside 

this range are clipped out right at these boundaries. 

Many signals in the real world swing above and below 

ground, and to be able to measure these voltages with the 

analog-to-digital converter, one has to scale them in the 

range zero to vcc. Using the LM39~0 amplifier to design an 

AC amplifier whose output is biased to any desired DC level 

within the range of the output voltage swing, is 

straightforward. Moreover, AC gain is independent of 

·biasing. The only disadvantage in using the LM39~~ is that 

it is not suitable for ultra-low noise performance. 

In all the experiments conducted in this work, an 

inverting AC amplifier with a biased output of +2.5volts, 

for 13 volts input, was used. The gain of the amplifier 

varied as was required by the type of work being carried 

out, but it never exceeded X20 amplification. The reason for 

a biased output of +2.5 volts is that it is mid-way between 

the lower and upper allowable input voltages to the A/D 

chip, i.e. 0 and +5 volts. Since the amplifier is used in 

the inverting mode, all the negative voltages are 

translated to positive vol tages between +2.5 and +5 volts, 

and all the positive voltages are scaled between 0 and +2.5 

volts. To clarify the matter, consider. the following 

example. Suppose one is to measure a signal that ranges 

between -1 and +1 volts, and the amplifier is set to operate 
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in the inverting mode with a gain of 2.5. If the output is 

biased to +2.5 volts, at the output of the amplifier for an 

input voltage of -1 one would measure: 

- ( -1 * 2.5 ) + 2.5 = +5 volts, 

and for an input of +1 volts one would get: 

- ( +1 * 2.5 ) + 2.5 = 9 volts. 

The importance of the discuss ion in the previous 

paragraph becomes apparent when we try to calculate what 

values the A/D converter will produce, when the output of 

this amplifier is applied to one of its channels. 

Remembering that we are dealing with an eight-bit converter, 

the only possible discrete values one can obtain are in the 

0 to 255 range, giving a total of 256 numbers (2 to the 

power of 8 ) a 1 to g ether. F o r an input o f 0 v o 1 t s , the 

converter will translate this voltage into a decimal value 

of 0. For an input voltage of vcc volts, the decimal value 

output by the converter will be 255. Each intermediate 

voltage will have a decimal value between 0 and 255. The 

output of the converter is linearly proportional to the 

input analog voltage. Therefore, a voltage of vcc;2 volts 

gives decimal 128. Now considering the voltages applied to 

the input of the amplifier, one can state the following: all 

the voltages between 0 and -1 volts will be converted to 

decimal values between 128 and 255 respectively, and all the 

voltages between 0 and +1 volts will have their decimal 
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values between 128 and 0 respectively. Therefore, once the 

digitized numbers are read in by the computer, if one wants 

to recover the true measured voltages (gain corrected), one 

can use the following formula. Considering that VL 

represents the digitized value: 

true voltage = [ ( 128 - VL ) * 2.5 I 128 ] I gain (4.1} 

Figure C.2 on page 144 shows the amplifier designed for 

the present work. Since the input is capacitatively coupled, 

only AC signals are amplified. The output is biased from the 

same power supply that is used to operate the amplifier. 

The amount of bias introduced at the output is controlled by 

the ratio of Rf to R, where R = Rl + R2. The design 

relationship for the inverting mode is given by (Reference 

18) : 

vodc = ( Rf 1 R ) * v+ 

where vodc is the output of the amplifier for vin=e 

Rf is the feedback resistor 

R is the bias resistor 

v+ is the power supply voltage 

( 4. 2) 

A 6-volt dry-cell battery was used as power supply, in 

all the applications. If ultracritical measurements are to 

be carried out, one should build a regulated 6-volt DC power 

supply unit, possibly using the 9V AC voltage line available 
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on pins 10 and 11 of the User Port. A point to stress is how 

to calculate the value of R, to produce a +2.5 volts DC bias 

output with a 6V DC power supply. Using the equation (4.2), 

we can find the exact value for the bias resistor: 

R = ( Rf I yodc ) * v+ 

with v+ = +6.9, yodc = +2.5, and Rf = 1 M , 

R = 2.4 M • 

(4.3} 

Since 2.4 megohm resistors are not standard, a one 

megohm resistor (Rl) and a variable two-megohm resistor (R2) 

were mounted in series, and R2 was adjusted to give+2.5 

volts at the output of the amplifier with vin = 0 volts. 

The gain of the amplifier is given by the relationship: 

gain = Rf 1 Rin (4.4) 

For the given values, i.e. Rin = l9~K and Rf : lM, the gain 

equals 10. 

In case AC ripple voltages are present on the v+ power 

supply (we did not encounter this problem}, they will couple 

to the output with a gain of 112. 
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4.4} The software: VICMON 

The software developed for data acquisition using the 

analog-to-digital converter is VICMON. The present program 

is called VICMON because it is written for the VIC-20 

computer and moni to~s all activated channels to sense and 

detect the incoming signals that meet the characteristics 

specified by the user. This is a 3.5K program, written 

entirely in machine code. This was done to save memory space 

and to avoid any interference with the memory added to store 

data. The program was developed on the Commodore 64 

computer, using the Develop-64 assembler. The assembled 

program was then transferred to the VIC-20 computer using 

the tape recorder, for testing and debugging. 

When the program is run for the first time, the main 

menu offers the following five options: CONFIGURE, MONITOR, 

SAVE, PLOT and EXIT. The functions of each of the options 

are detailed below. 

4.4.1) CONFIGURE 

First one has to select the CONFIGURE option, to 

initialize a number of important variables: 

1) BUFFER SIZE 

2) NUMBER OF CHANNELS 

3) SAMPLING RATE 

4) THRESHOLD 

5) DATE 

6) TIME 
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The first item in the list is BUFFER SIZE. The size of 

the buffer to hold the digitized data must be chosen in 

blocks of 8K; that is the buffer may be 8, 16, 24 or 32K 

long. If values other than those mentioned are entered, the 

computer will not reject them, because no input checking 

code is implemented in the current version (version 2.9) and 

the program will store the wrong buffer size. 

The second variable to set is the NUMBER OF CHANNELS 

that must be sampled. This number can range from one to 

sixteen, although in the actual configuration only the first 

eight channels can be physically activated, because the 

remaining eight channels have not been connected to the A/D 

converter chip. Channel number one is always channel IN9 of 

the A/D converter; channel number two is INl and so on. 

The next item in the list is the SAMPLING FREQUENCY or 

sampling rate. The number entered here will be the sampling 

rate in Hertz for all the selected channels, that is all of 

them are sampled at the same selected rate. This restriction 

did not create any problem in this work, but there are 

applications where one might need to sample a particular 

channel at a different rate. In such situations, one would 

need to resort to other schemes in order to build a multi­

channel data acquisition system, such as devoting one 

microprocessor to sample every one or two channels. 

Alternatively, one could implement in hardware many of the 

tasks that the software program executes, such as executing 

the "time delay between each READ and storing the digitized 
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data in memory. Such a system would undoubtedly be more 

flexible, but obviously would be more difficult to build. It 

would also be extremely difficult, or even impossible to 

implement a mul ti-tasking program that would sample each 

channel at a specified rate on a computer like the VIC-20. 

The most important shortcoming to implementing an effective 

multitasking program in an application such as the present 

one, is the slow speed of the microprocessor compared to the 

more advanced 16- or 32-bit-based midrocomputers on the 

market. 

The fourth parameter in the list is the THRESHOLD. This 

is needed for the computer to know whether a "valid signal" 

is detected. In many applications, one can not foresee 

accurately when the desired signals will reach the 

detectors. In such situations, one way of distinguishing 

between the signal one wishes to measure and other 

undesired signals, (~background noise), is to wait until 

the incoming signal reaches a pre-specified level of energy 

before the whole system is triggered and the signals are 

sampled. In all such applications, in the present work, the 

energy was simply considered to be the square of the 

amplitude, to account for positive and negative voltage 

amplitudes. The THRESHOLD is the level of energy specified 

by the operator, so that any signal below this level would 

be ignored by the monitoring apparatus, until a valid signal 

is detected. In this manner one avoids storing every signal 

appearing at the system inputs. 
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The 65~2 chip can only add and substract numbers. To 

calculate the energy of a signal at any point in time, one 

must multiply the sampled amplitude by itself. To do so, one 

could implement a multiplication routine in software, but 

that would be extremely impractical and time-consuming. 

Moreover, the analog-to-digital converter can only deal with 

positive voltages, therefore we have to redefine slightly 

the previous interpretation of the word THRESHOLD in the 

context of this work. In the discussion of section 4.3, on 

signal conditioning, it was explained that in the current 

design, negative voltages are represented by numbers between 

129 and 255. The first thing to notice about this set of 

numbers is that they all have their most significant bit, 

i.e. bit 7, set to one (128 is 2 to the power of 7). By the 

same token, the positive voltages are represented by the set 

of numbers, e to 127, excluding zero volts which is 

converted to 128. These numbers have their most significant 

bit cleared. Since the A/D converter is 1 inear and we have 

the same number of values representing positive and negative 

numbers, it is very simple to go from the binary 

representation of a negative number to its positive 

counterpart and vice versa. All we have to do is to flip the 

sign of that number. This is most easily done in 65~2 

machine language by calculating the "two's complement" (see 

any book on machine language programming for an explanation) 

of that number. Here, the THRESHOLD variable should be set 

to an integer between 128 {~ volts) and 255 (most negative 
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voltage one is to measure). Because of the linearity of the 

A/D chip, the symmetry about the middle value 128 (which in 

the present configuration corresponds to the voltage 

amplitude of zero volt) is preserved. In this manner, both 

positive and negative voltages that exceed the THRESHOLD 

level in their absolute value will trigger the system. To 

leave a safe margin for error in many applications, the 

program only considers a signal or a trigger as valid, if 

three consecutive sample data exceed the selected threshold. 

In general, one should monitor every activated channel 

to search for the trigger. The way the code is presently 

written one has to devote one specialized channel to detect 

a "valid signal" and when detected, one samples all other 

channels as well. By slightly modifying the existing code, 

one could add the possibility of monitoring either the 

specialized channel, or all the activated channels. This 

somewhat useful feature will be added in future enhancements 

of the program. 

To monitor, a 512-byte circular buffer is set up by 

the VICMON program starting at $2000 (8192). This buffer is 

continuously refreshed, until the system is triggered. The 

signal is then sampled and stored in the rest of the data 

buffer. Then the data in this circular buffer are re­

arranged so that the beginning of the 512-byte area of 

memory contains whatever the computer READ before the 

trigger, usually noise, and the few bytes at the end of this 

section of memory hold the data representing the onset of 

the valid signal detected on the specialized channel. In 
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earthquake monitoring, one would generally set the system to 

trigger on the high-amplitude surface waves measured by the 

seismometers. However, the most important part of the record 

is the first arrival time corresponding to primary P-waves. 

Therefore, it is crucial that the record of the first 

arrivals contained in the circular buffer, not be lost. The 

specialized channel is channel one of the A/D converter and 

should exclusively be used for this purpose, whenever the 

current version of the VICMON program is running. 

Two other variables need to be initialized. These are 

the DATE and the TIME. The TIME, accurate to 0.016 of a 

second, is kept internally by the software clock of the 

computer and updated at every interrupt. It therefore is 

important that the interrupts not be disabled. This does not 

affect the accurate time delay routine for timing the 

sampling rate, because TIMER 1 runs independently of system 

interrupts. 

When the sampling process is over, the program stores 

all the above variables, that is the BUFFER SIZE, NUMBER OF 

CHANNELS, SAMPLING RATE, THRESHOLD, DATE AND TIME, along 

with the time the last sampled datum was READ by the 

computer, in the 32 bytes of memory, just below $2000 

(8192}. These data along with the sampled points are then 

used to process all or portions of the stored signal. 
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4.4.2) MONITOR 

Selecting the MONITOR option from the main menu 

activates the specialized triggering channel and upon the 

detection of a valid trigger signal, all channels are 

sampled. When the data buffer is filled, a message is issued 

by the system notifying the operator that the sampling 

process is over, and then it waits for further instructions. 

4.4.3) SAVE 

When SAVE is selected, the sampled data along with the 

32-byte information buffer are SAVEd to tape, as one block 

of program file. The present version of the program supports 

tape SAVEs only. If disk input/output is required, this 

feature can easily be added at additional cost. 

4.4.4) PLOT 

When the PLOT option is chosen from the main menu, the. 

VICMON sets up a high-resolution screen, and asks for the 

channel number for which the data are to be plotted. It then 

READs the data corresponding to the selected channel from 

the data buffer and plots them to the screen. 

4.4.5) giT 

If this option is selected, the VICMON program jumps to 

the KERNAL routine that executes a COLD START, thus 

resetting the computer and erasing the contents of RAM. To 

re-enter VICMON, it must be loaded again from tape. 
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CHAPTER 5: A/D APPLICATIONS. 

5.1) Introduction 

This chapter presents the tests and experiments carried 

out, in the field and in the laboratory, to evaluate the 

potential and performance of the A/D board. The field tests 

spanned a period of approximately three months, from early 

August to mid-November of 1986. 

5.2) Applications 

5.2.1) Preliminary tests 

The first series of tests was carried out in the 

laboratory; these tests consisted of continuously digitizing 

a 50 Hz sine wave at different sampling rates. The plot in 

Figure 5.la on page 64 shows a 50-Hz sine wave having a 

peak-to-peak amplitude of 1 volt, sampled at a rate of 2500 

Hz. That is, one cycle of the sinusoid is approximated by 50 

points. This yields a very smooth sine wave. The digitized 

sine wave was generated by a Hewlett Packard model 200CD 

sine wave generator and was directly applied to the input of 

the signal conditioner without any filtering. Figure 5.lb 

on the same page is the plot of a 51.5 Hz synthetic sine 

wave (generated by the computer) sampled at the same 2500 Hz 

rate. If one superimposes the synthetic sinusoid over the 

digitized sine wave, the correspondence is exact. The 



FIGURE 5.1: 

(a) 

... 

·.· 

a) Reconstructed digitized sine wave (nominally 
50Hz), generated by a sine wave generator. 

b) Matching computer generated sinusoid, having 
a frequency of 51.5 Hz. 

(see text for details). 

64 
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discrepancy in frequency, between the digiti zed sine wave 

and the synthetic one needed to match it, was found to be 

due entirely to the inaccurate output of the signal 

generator unit used. The frequency output of the generator 

needs to be re-adjusted, as was confirmed using a RACAL SA-

520 digital frequency meter. 

The A/D board was also tested using a vertical-type 

seismic exploration geophone having a resonant frequency of 

45 Hz. The geophone output was amplified using the 

previously discussed LM3900 amplifier and then sent to the 

analog-to-digital converter. A series of taps was made on 

the laboratory bench and the amplified geophone output 

was digitized at the rate of one sample every 2 

milliseconds, or 500 Hz. The resulting data for one tap are 

shown in Figure 5.2 on page 66. 

5.2.2) Digitization of analog seismic records 

Under the direction of Professor Saull, David Lapierre 

{M.Sc ., 1978) undertook the further development of an 

inexpensive seismic data recording system. He and Professor 

Saull used the system on the Island of Montreal to gather 

seismic data, using quarry blasts. Later, Professor Saull 

made additional measurements with the system in the interval 

Montreal-Mont Laurier. A large number of cassette tapes 

containing all these seismic data were provided by Dr. 

Saull. The principal objective in digitizing these records 

was to test and evaluate the performance of the A/D 

converter. The records that contained the most useful 



FIGURE 5.2: Response to a finger-tap of a vertical~type 
geophone, having a resonant frequency of 45 Hz. 
Record length: 0.64 seconds. 

66 
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seismic information were singled out, by playing them and 

monitoring the output on an oscilloscope. A total of 35 

records representing over 36!1JK of data were digitized. In 

doing so, Lapierre's modified 2-channel tape recorder, along 

with the three stage amplifier designed specifically for his 

work, were used to extract the analog signals from the 

records. This analog signal, the output of the tape 

recorder, was then fed to the signal-conditioner circuit 

before it was routed to the analog-to-digital converter for 

sampling. The digital equivalent of the recorded analog 

signal may not be an accurate representation of the actual 

signal. We do not know whether the tape recorder used to 

record the signal ran at the same speed as the one used to 

play it back (the system that was used to record the quarry 

blast data often ran in very cold weather that slowed the 

tape drive). In that respect, there certainly is a slight 

distortion as far as the time index is concerned. Figures 

5.3 to 5.6 show the plots of two of the seismic traces 

recorded from quarry blasts carried out on Montreal Island. 

Figures 5.3 and 5.5 show one seismic trace, divided into 

four parts due to lack of screen resolution. The August 16th 

1978 record, obtained from a blast at Legendre, is 

particularly long. The data between the first trace and the 

second one, representing over 13 seconds, are not plotted. 

The January 14th 1977 record is from a blast at Francon 

quarry. It is 7.68 seconds long and Figure 5.3 shows all the 

information contained in the record. 



FIGURE 5.3: Reconstructed seismic trace recorded on 
January, 14th, 1977 at Francon Quarry. 
Record length: 7.68 seconds. 

68 



69 

' ... t*'t 
, (I t•, ., f , l \ I I t•, - (' • . · -·--··._!'-" ·., I '\ fl .... , I \...-.. ,• ', ,' ', J I _ .. ·~ ' •, { •, ... \ l'\ l \ /\ /... /··. !'\ ,... {', 

J I l ~~ •. t t t f { •./ t .1 i t 
1
1 t' f I •.._, t l •-·• f • I I ...... I I I I ~- ..... .•. •,. ., ·) . • ... • W' 

FIGURE 5.4: 

'•' ll \J '•J 

The framed seismic trace of FIGURE 5.3, plotted 
at three times its previous time scale and 
resolution. 
Record length: 0.64 seconds. 



FIGURE 5.5: 
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RecQnstructed seismic trace recorded on August, 16th, 
197~ at Legendre Quarry. 
Record length: 13 seconds. 
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FIGURE 5.6: The framed seismic trace of FIGURE 5.5, plotted 
at three times its previous time scale and resolution. 
Record length: 0.64 seconds. 
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For comparison and processing purposes, these records 

can be "stretched" digitally to correct for the 

discrepancies in the time index. Benoy K. Ghose (Reference 

7) has shown that one can stretch time series up to a 

certain degree (stretching factor < 2.5), without disturbing 

the data structure perceptibly, thus preserving its 

frequency content. Using this method of stretching, one 

could bring quarry records obtained at a given station from 

different quarry blasts, to the same time scale and the·n mix 

them, to get a better representation of the ground's impulse 

response at the recording site and more accurate reflection 

times. Stretching and mixing time series using analog 

devices alone is very impractical (V.A. Saull, personal 

communication, 1986). 

Two quarry blast records, obtained on August 22nd 1978 

are of particular interest. These were recorded close to the 

blast sites in Montreal North. Because of the very high 

degree of resemblance between the two records, the 

stretching technique was not used to mix the data. Instead, 

the two seismic traces were mixed by aligning the peaks of 

the main lobes, and the onset of the blast trace, and then 

adding the amplitudes. This produced the trace plotted in 

Figure 5. 7 on page 73. 
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Blast records obtained on August, 22nd, 1978 at 
Miron and Francon Quarries. The third trace 
labelled MIXED, was obtained by averaging the 
Miron and Francon records. 
Record Length: 0.64 seconds. 
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5.2.3) Field data 

5.2.3a} Dropping weights 
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A series of tests was conducted in the West Island area 

of Montreal using dropping weights as seismic sources. One 

site selected was a football field on Rive-Bois~e street in 

Pierrefonds. The transducer used in these tests was the L-4-

30, very low frequency, three directional seismometer, by 

MARK PRODUCTS Inc. This seismometer has a 1-Hz resonant 

frequency and measures the principal components of ground 

movement, namely the vertical, transversal, and longitudinal 

components. Before the signals ouput by the seismometer were 

fed to the analog-to-digital converter, they were amplified, 

using an amplifier provided by Professor O.G. Jensen, McGill 

University. This had been built specifically to operate with 

this seismometer. The signals were then transmitted using a 

long seismic cable over the length of the football field. 

Three channels were devoted to sampling and storing the 

vertical, transversal, and longitudinal components output by 

the seismometer. These traces were obtained by sampling each 

respective channel at the rate of one sample every 2 

milliseconds or 500 Hz. Background noise at the Rive-Boisee 

football field was extremely low. The plots of the vertical, 

transversal, and longitudinal traces are shown in Figure 5.8 

on page 75. 
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FIGURE 5.8: Response of the 1-Hz seismometer, to a 12-pound 
shot dropped near it, at Rive Boisee football field. 
Record length: 0.64 seconds. 
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5.2.3b)Quarrv blasts 

The construction work under way (Fall 1986) in 

downtown Montreal, necessitates the removal of a layer of 

hard limestone bed rock. Dynami tee Inc. is responsible for 

blasting at the construction site on St. Catherine street, 

about 400 meters from McGill University. 

The blasting schedule was obtained from the employees 

working at the site. It rotated periodically from morning to 

late evening. The data acquisition system was set up in a 

room in the basement of the Frank Dawson Adams (F.D.A) 

building at Me Gill university. Because of the building 

renovation on the campus, close to the F.D.A building, and 

the proximity of the room where the equipment was installed 

to University street, the system picked up a large number 

of false triggers during the day. To reduce this noise, it 

was decided to run the equipment only at night, and when the 

blasts were known to be scheduled. The blasts were scheduled 

to start sometime after 9:00 pm and continue at a rate of 

one blast every fifteen minutes. Neither the total number of 

blasts actually carried out nor the charge of each blast was 

made available precisely. From the information we were able 

to obtain at the construction site, it seems that a total of 

30 to 40 explosions occured every evening, and that each 

time, roughly two pounds of dynamite were detonated. For two 

nights, the equipment monitored the blasting from 11:30 pm 

to 1:00 am and some interesting results were obtained. 

During this period a total of ten triggers were obtained. Of 
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these, we believe only two correspond to actual blasts. The 

remainder represent signals produced by vehicle traffic on 

University street or by masonry drilling within the 

building. One recording is of particular interest, because 

the time of explosion was recorded by the author at the 

blast site: 11:32 pm, October 24, 1986. This corresponds 

exactly to the time recorded by the computer for a valid 

trigger. This recorded signal resembles the trace extracted 

from the blast site tapes recorded on January 14th 1977, and 

shown in Figures 5.3 and 5.4. The plot of the actual seismic 

Dynamitec trace for the blast on October 24th 1986 and the 

Francon trace obtained on January 14nd 1977 are shown in 

Figure 5.9 on page 79. 

The second seismic trace obtained during the night of 

october 24th 1986 is shown in Figure 5.10 on page 80. This 

trace may represent a blast, although it does not have any 

resemblance to the other records we have from blasts. This 

raises the question of discriminating or differentiating in 

an exact way, between quarry blast signals and other signals 

that might trigger the system. In general, if one knows 

exactly what is being sought, it is possible to construct a 

filter that would identify and record the desired signal and 

reject all others. The process of selecting such a signal, 

after it has been recorded is called "matched filtering". 

Knowing the exact shape, form and frequency content of a 

desired signal, one could design the inverse filter, so that 

when the recorded signal is convolved with the inverse 

filter, the result would be the delta function. One could 
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therefore pass the recorded signal through the inverse 

filter and find out whether the digitized signal is really 

what was sought. In case the answer is affirmative, the 

entire record is saved, otherwise the monitor is re-entered. 

Matched filtering was not attempted, because the 

objective of this set of experiments was only to assess in a 

preliminary way the possibility of using the data 

acquisition system for monitoring. The way the VICMON 

software program is written reflects this point of view. The 

system is flexible enough for use in many monitoring 

applications where data are to be recorded over different 

channels. 

Real-time processing of the digitized signals is not 

possible on a system such as the one we have built, because 

the VIC-20 computer was not designed to do data processing. 

In order to filter properly, one must be in possession of 

the complete record. This requires that one wait until the 

entire signal is digitized, then select the correct portion, 

and finally carry out the filtering process. If the code is 

written in BASIC, it would take too long to execute and 

while filtering data, other valid signals might be missed. 

Implementing the filtering portion of the code in machine 

language, to speed up the execution time would require more 

memory space than we currently have at our disposal. 



FIGURE 5.9: 

(a) 

(b) 

a) Trace obtained at McGill University, on October, 
24th, 1986 from nearby construction blasts. · 

b) Trace of January, 14th, 1977 blast, recorded at 
Francon Quarry. 

Record 1 ength :· 0. 64 'Seconds. 
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FIGURE 5.10: Trace recorded on October, 24th, 1986 at 
McGill University. This trace may be from 
construction blasts conducted in downtown 
Montreal; or from vehicular traffic noise. 

Record length: 0.64 seconds. 

80 
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CHAPTER 6: TELEMETRY. 

6.1) Introduction 

•Telemetry, as a name, designates a highly automated 

communications process, by which measurements are made and 

other data connected at remote or inaccessible points and 

transmitted to receiving equipment for monitoring, display 

and recording" (The New Encyclopaedia Britannica, 1981). The 

transmission may be done using connecting electrical or 

optical cables over the distance separating the measuring 

station and the receiving station. Alternatively, it could 

be done by radio or line-of-sight optical transmission, if 

for economical or other reasons, it becomes less practical 

to use optical or electrical cables. Obviously there are 

some advantages and disadvantages in using each of the 

above-mentioned methods. For instance, transmitting signals 

over cables is much easier, simply because the transmitting 

and the receiving stations will be directly connected 

together, thus avoiding a great amount of outside 

interference. However, one can not always use cables for 

data transmission (~ natural or man-made obstacles such 

as rough terrain or highways may be present). Although radio 

transmission is the least immune to noise, given a powerful 

transmitter one is able to send signals over much longer 

distances than practical for cables and at a fraction of the 
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cost. Optical transmission has the highest immunity to 

noise, and where the line of sight linking the transmitter 

and receiver is clear (no dust or smoke) it is practically 

noise-free. 

6.2) Radio transmission 

The principle behind radio transmission of data is 

simple; at least in concept. A radio telemetry system 

comprises a modulating circuit, a transmitter, a receiver 

and a demodulating circuit. The transmitter radiates a 

modulated high frequency carrier into space, as an 

electromagnetic wave, and the receiver captures and 

demodulates the signal, thus recovering the information sent 

by the transmitter. 

Because radio signal s are electromagnetic waves, they 

are a broad subset of the electromagnetic spectrum. The 

lowest frequencies used in radio communications are called 

VLF which stands for Very Low Frequency, and are in the 

lower tens of kilohertz. At the other end of the spectrum, 

radar appl !cations use frequencies in the 30 g igahertz (30 

E+9 Hz) and beyond. This range of frequencies is called SHF 

for Super High Frequency. In the lower regions of this 

range, that is slightly above 3 gigahertz, we find 

frequencies that are used in space and satellite 

communications. 

In between these two extremes lies a very wide range 

of frequencies, divided into smaller ranges. Each of these 

subranges is reserved for a specific use, the choice of 
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which is governed by a number of factors. The most important 

of these is the propagation characteristics of the frequency 

range. The use of these available frequency ranges is 

tightly controlled by governments. There is, however, one 

unregulated frequency range, for general public use, called 

the Citizen's Band. This is a narrow frequency band around 

27 megahertz, which is normally used in so-called "walkie 

talkies", for personal communication. For telemetry work, a 

narrow band above 450 megahertz is assigned exclusively to 

data transmission. To operate in this frequency range 

however, one needs to obtain a licence from the Federal 

government. 

Page 170 in Appendix D shows the complete spectrum of 

the electromagnetic waves used in radio transmission, along 

with their limiting wavelengths and the principal services 

allocated. 

6.3) Modulation 

Modulation is the process whereby a particular 

property of the high frequency carrier is changed rapidly 

and continuously in time, in sympathy with a change in the 

voltage or the current of the signal to be transmitted. To 

convey information by radio, every piece of data must be 

converted into a voltage, called the modulating signal. This 

modulating signal could be derived from any one of a variety 

of sources: the human voice, wind, ground movement, or a 

digital counter. 
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There are several modulating techniques, three of 

which are especially common. The first is amplitude 

modulation or AM. In this case the modulating signal changes 

the peak amplitude voltage of the carrier. AM is commonly 

used in medium-wave broadcasting (carrier frequency 500 to 

1600 kilohertz). The second method called FM, modulates the 

frequency of the carrier wave, that is the modulating signal 

changes the center frequency of the carrier within a pre­

defined band. The center frequency is the frequency output 

when the modulating signal voltage is at zero volts. 

A third method, exclusively used for data transmission 

is pulse-code modulation or PCM. In this, each sample is 

represented by a set of seven or more pulses (or spaces) 

that represent a binary code for the sample amplitude. This 

is a far better technique than the two previously mentioned 

methods, in terms of immunity to noise. However, the 

immunity to noise is achieved at the expense of higher pulse 

repetition and greater bandwidth, two reasons why it is not 

used all the time. 

6.4) Demodulation 

Demodulation is the process whereby the modulated high 

frequency carrier is passed through an electronic circuit to 

extract the information it carries. The signal captured at 

the receiving end of the radio system is not as strong as 

when it leaves the transmitter and must be amplified. After 

amplification, the signal is passed through a bandpass 

filter to discard all the unwanted frequencies picked up by 
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the receiver along the path of the transmitted signal. 

Further amplification may be required, depending on the type 

of application at hand. 

In recovering an AM signal, the demodulation circuit 

integrates and stores the peak voltage of the carrier at 

every instant in time. This, in fact, produces the envelope 

of the carrier, which almost always contains a number of the 

carrier frequency harmonics. The envelope is then fed to a 

low-pass filter to further clean up the signal. Most 

circuits, at this stage, reproduce the positive DC copy of 

the modulating signal, which may or may not be desired. The 
,.; 

average DC component of the signal can easily be ~~~oved, by 

passing the signal through a capacitor mounted in series. 

The task of detecting an FM signal is somewhat more 

straightforward. Here, one can use either of the following 

two methods for demodulating the signal. First, a frequency­

to-voltage converter (F/V) can be used.Most if not all the 

F/V converters make use of a phase-locked loop cir9uit 

(PLL). In using this method, the carrier is compared with a 

fixed reference clock, to recover the modulating signal's 

voltage. A different method, which in essence does the same 

thing, could use a frequency counter circuit. The circuit 

must have a reference clock with a frequency at least equal 

to the highest frequency contained in the carrier (see 

Figure D.3 on page 171). This way, one counts the number of 

pulses accumulated, for every cycle of the modulated 

carrier. By calibrating the system one can convert the 



86 

number of pulses into corresponding voltages later on. 

In pulse code modulation, because data are transmitted 

bit by bit, using only two frequencies, (one to represent 

bit zero and the other bit one), the coded signal is easily 

detected and decoded accurately. Here, because of the nature 

of the signal and the system, the margin of error is very 

small. 

6.5) Selection of the transmission technique 

6.5.1) Amplitude Modulation 

The possibility of transmitting data using Amplitude 

Modulation was investigated, but no serious effort was made 

to integrate AM as part of the system. The MC1495G balanced 

modulator-demodulator marketed by Motorola was tested in 

particular. The circuit built with this chip needed very 

fine tuning, but provided good linearity for inputs between 

zero and one volt. In future expansions of this system, 

further studies should be undertaken to determine the 

feasibility of AM data transmission. 

Amplitude Modulation in data transmission is most 

commonly used in optical transmission (using fibre optics, 

visible light, or even infra-red transmission). Reference 2 

in the Bibliography presents more information on infra-red 

transmission using IC chips designed for this purpose. 

6.5.2) Pulse-Code Modulation 

This technique requires that the digitized data be 

translated into a series of binary numbers before 
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transmission. The system would then use only two 

frequencies: one to represent the bit value one and the 

other for the bit value zero. This method is similar to that 

used in data transmission over a modem. Therefore, an 

additional computer would be required at the transmission 

end to operate the system. For this reason, PCM was not 

attempted in the present work. 

6.5.3} Frequency modulation 

Frequency modulation was considered to be the most 

suitable technique to use because of the variety of voltage­

to-frequency IC chips and circuits available. In general, 

voltage-to-frequency converters offer some advantages over 

analog-to-digital converters, such as: 

1) they are less expensive than the A/D chips; 

2) continuous frequency variation is simple to implement in 

a digital system; 

3) the analogue signal being sampled is auto,matically 

averaged over the counting period; 

Therefore, in the present work Frequency Modulation was 

selected as the method to be tested for sending information 

by radio. The CMOS 4~46 Phase-Locked Loop (PLL) was selected 

as the IC chip to be used for FM transmission. 
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6.6) The CMOS 4046 chip 

The CMOS 4046 Phase Locked Loop (PLL) is probably the 

most versatile IC chip for PLL experimentation on the 

market. It contains two phase comparators, one Voltage 

Controlled Oscillator (VCO), one source follower, and a 

zener diode. The block diagram of this chip is shown on page 

172 in Appendix D. Among the 4~46 PLL features, one can 

mention the following: 

1) ultra-low power drain; 

2) VCO frequency setting using one resistor and one 

capacitor only; 

3) frequency offset capability with only one resistor; 

4) 50% duty cycle; 

5) high maximum frequency (slightly greater than 1 

megahertz); 

6) 1 inear frequency modulation within a 1 imi ted range of 

input voltage; 

7) high impedance control input. 

The voltage-controlled oscillator is the most important 

part of the PLL circuit. To set the operating frequency of 

the vco, one needs only to select the correct values for the 

resistor and the capacitor. For detailed information on the 

design equations and how the chip is used, see paragraph 

D.l) in Appendix D. 

In this work, the 4046's internal vco was used to 

convert transducer signal voltages into frequencies that 
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would be transmitted. The input of the VCO is modulated by 

the LM3900 operational amplifier, and the output of this op­

amp swings between vss and Vdd minus one volts, as already 

described in section 4.3 of Chapter 4. Because a six-volt 

dry-cell battery was used throughout the experiments, the 

output voltage was conditioned between 0 and +5 volts DC. 

The amplifier operated in the inverting mode, therefore all 

the discussions of paragraph 4.3 in Chapter 4 still apply. 

In order to get the best possible performance out of 

the VCO, all the 4046 inputs must be connected to ground. 

This fact was discovered when experimenting with the chip. 

If one does not ground the inputs; the ou;put frequency may 

lock into harmonics of the center frequency (see paragraph 

0.1 of Appendix D for further details). 

There is a fairly serious problem regarding the 

linearity of the vco. The vco is linear for a small input 

voltage range between 2 and 3 volts, if a 5-volt power 

supply is used, but over the whole range, it is not linear. 

The situation gets worse when the input voltage falls below 

1 volt: many of the chips tested in the laboratory failed to 

change their output frequency signal at all as the input 

voltage was decreased toward zero volt. For this reason, 

calibrating the VCO is extremely critical for faithful 

recovery of the modulated signal. Figure 6.1 on pagel03 

shows the calibration curve, for the "best performing• chip 

that was calibrated, i.e. the chip that performed more 

linearly than others. The same highly non-linear 
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relationship is apparent when the input voltage is close to 

Vdd. 

When this problem was discovered, a search was made to 

find better -performing chips. The Motorola 14433, and the 

Intersil 8053, were among those found. They utilize more 

elaborate VCO techniques, but they also have a very narrow 

ranges of input. Another chip {the Exar 8038 function 

generator}, was specially tested, and provided excellent 

linearity over the entire input range. For a brief 

discussion of the Exar 8038 chip see paragraph 0.2) on page 

161. All these chips have one feature in common that makes 

them unattractive to use in this work: a narrow range of 

input (typically less than 2 volts when Vdd = 5 volts). 

Therefore because of time constraints, it was decided to 

abandon the idea of using other voltage-to-frequency 

converters and continue with the 4046 chip. 

After the field work was completed, a paper by Q. 

Bristow was obtained (Reference 1) in which a system for 

the digital transmission of IP {induced polarization) data 

is presented. The system is based on a 1 inear voltage-to­

frequency converter with a wide range of input voltages. 

This IC chip, the DC537, could be a sui table replacement 

for the 4046 PLL used in the present work. 

The output of the 4046's VCO is a square wave. This is 

excellent for the system we have designed, when used in the 

direct mode, that is when data are transmitted over a cable 

link. However, to transmit a signal via radio, the 

modulating signal must be a sinusoid: direct coupling of a 
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square wave with a sinusoidal carrier introduces undesirable 

harmonic frequencies into the transmitted signal. As an 

expedient, it was decided to round off the sharp corners of 

the square wave by shunting the signal by a capacitor before 

sending it to the transmitter. In future work however, the 

4046 should be replaced by a voltage-to-frequency converter 

capable of producing sine waves only. 

The last part in this section deals with the rest of 

the CMOS phase-locked loop. The purpose of using a PLL is to 

bring out frequencies hidden in a signal. As mentioned 

earlier, there are two phase detectors in this chip. Most 

often, phase comparator number one is used, because of its 

high immunity to noise. The phase comparator detects the 

"error" between the input signal phase and the phase of the 

VCO signal. Thus, the output of the comparator is a voltage 

that represents the phase difference between the input and 

the VCO ouput signal. It decreases when the phase difference 

decreases, and increases when the phase difference 

increases. In turn, this "error signal" is filtered, using a 

low-pass filter, and used to control the frequency of the 

voltage-controlled-oscillator by applying it directly to the 

VCO input. The reason for filtering is that the output 

voltage of the phase detector is not a DC voltage, but 

rather is composed of a complex series of pulses with 

varying widths. Since it is not possible to feed these 

pulses back to the VCO's input directly, the low-pass filter 

is used to recover an average DC voltage. 
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Further details regarding the operation of the PLL will 

not be given here, because a different scheme was used in 

this work for FM demodulation. The reason for using a 

different technique is that the PLL circuit for demodulating 

FM signals, similar to that shown in Figure D.4 on page 172, 

did not perform very well in trials. We were able to recover 

the modulating signal, but with a degree of accuracy that in 

our view was not satisfactory for use in a telemetry system. 

The circuit's poor performance may be attributed to a number 

of factors, such as the following: 

1) The harmonic-sensitive VCO, when phase comparator one is 

used. 

2) The input signal and the comparator input must be 

symmetric square wave signals, i.e. they must have a 50% 

duty cycle. The VCO does output a 50% duty cycle cycle, 

therefore when experimenting with the phase comparator 

number one, one has only to be concerned with the symmetry 

of the input signal. 

3) The small tracking range of phase detector one which 

could hardly be extended to beyond 30 percent. 

Phase comparator two has a number of significant 

advantages with regard to the points just mentioned, such as 

wide frequency range, and a VCO insensitive to harmonics of 

the center frequency. However, it has very poor immunity to 

noise. Therefore, for accurate demodulation applications, 

this comparator should not be used. 

For these reasons, a different demodulation technique 

was selected. This technique has the advantage of using few 
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analog circuits, and therefore is most suitable for 

interfacing with a computer. Instead of demodulating the FM 

signal in hardware and then digitizing it, a frequency 

counter is used to measure one period of the modulated 

carrier. The value thus obtained gives the voltage amplitude 

during the period measured. The sampled signal is 

reconstructed later in software, from the calibrated VCO 

data. 

6.7) Frequency counter 

It was stated in section 2.3.2,without explanation, 
~ 

that the VIA #l's second timer was not used. This TIMER 2 of 

the VIA tl consists of two eight-bit registers. Each one 

serves both as the counter and as the latch registere 

Therefore, the TIMER 2 low-order counter and LSB latch are 

both located at the same address, namely $9118 {37144). The 

TIMER 2 most-significant-byte for the counter and the latch 

register is found at $9119 {37145). The selection mode and 

the sequence of initialization of this timer are more or 

less similar to that of TIMER 1, as explained in section 

2.3.2 in Chapter 2. Detailed descriptions of the timer's 

characteristics are given in References 5 and 6 in the 

Bibliography. There are two distinct differences between 

TIMER 2 and TIMER 1. When TIMER l's count registers reach 

zero, the values from the latch registers are reloaded into 

the count registers and the countdown resumes at the rate of 

the system clock. In the case of TIMER 2, when the count 
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expires, the counter (a 16-bit counter), rolls over and 

starts the countdown from $FFFF (65535). In that respect 

TIMER 1 is more flexible by allowing us to change the values 

in the registers. The advantage of TIMER 2 is that it can be 

set to count pulses appearing on the User Port, from an 

external device. When the counter is set to operate in that 

mode, it does not count up as one would normally imagine. 

Rather, the program must initialize the counter to the 

desired number of counts and then the counter counts down 

from the initial value, every time a negative pulse is 

detected on PB6 of the User Port. This feature can be useful 

in many applications, such as in telecommunications using a 

modem or in interfacing parallel printers using the User 

Port. For these reasons, TIMER 2 was left unused for 

possible future expansions of the system. 

Facing the problem of not having a general-purpose 

counter that would count normal pulses, (and not merely 

negative pulses), it was decided to build one. To do so, 

four 74LS161, 4-bit counters were assembled on the main 

interface board along with the analog-to-digital converter 

circuit. This gave a 16-bit counter that would be able to 

count pulses coming from almost any device. The counter also 

has a RESET option which can be selected in software. 

Paragraph D.3) in Appendix D, provides all the details for 

the frequency counter interface with the user Port of the 

computer. 

The 16-bit general purpose counter 

feature, which makes it undesirable 

lacks one important 

to use in every 
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situation: input latching. Without latching, when we wish 

to READ the counter under computer control, occasionally, we 

may READ the wrong value. An example will clarify this 

point. Suppose the most significant byte of the counter 

holds the value 20 and the least significant byte the value 

255. The actual number stored in the counter is 20*256 + 255 

= 5375. Suppose the computer is instructed to READ the 

counter, starting with the most significant byte. The number 

23 is READ, and stored somewhere in memory. At the same 

time, suppose a new pulse arrives at the input of the 

counter. The counter is incremented and the value it then 

holds is 5376. This corresponds to the number 21 in the most 

significant byte and the number 0 in the least significant 

byte of the counter. Now the computer READs the low-order 

byte of the counter, which contains a zero, and it stores 

the number in memory. The value just READ by the computer is 

then 23*256 + 3 = 5120 instead of 5375. Latching prevents 

this kind of mistake by retaining the value in the counter's 

least and most significant bytes, at the very moment a READ 

is done from one of its registers. Meanwhile the counter 

keeps updating its contents at the input frequency rate. 

When the READ is completed the latch registers update their 

values with the current values in the counter's registers. 

The way the frequency counter is designed and 

programmed takes care of this potential problem 

automatically. The principal reason that the latch feature 

was not implemented, is that the interface board was too 
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small. The latch IC chips must be on the same board as the 

counter to ensure portability and convenience. In future 

work, the entire circuit for the analog-to-digital converter 

and the frequency counter, including the counter and its 

corresponding latch registers would be built on one board. 

A frequency counter, as opposed to a frequency meter, 

gives the number of pulses counted during a fixed period of 

time. The basic circuit for a frequency counter must include 

a counter, a reference clock with a frequency at least equal 

to the highest frequency component within the signal being 

sampled, and some way of defining the correct time interval 

for each measurement. The counter may be 16 bits (or more). 

The reference clock should be extremely precise and stable, 

because the performance and the behavior of this clock are 

crucial to the ultimate accuracy of the frequency counter. 

Therefore, one should use a crystal clock for this purpose. 

For the project we used the crystal clock circuit given in 

Reference 12 in the Bibliography. The circuit uses only half 

of the 4001 quad NOR gate, two resistors, two capacitors, 

and the crystal. 

The time interval needed to clock the transmitted 

signal is provided by the incoming pulses themselves. Every 

square pulse has a different period, which reflects the 

average voltage amplitude of the modulating signal over the 

period. Measuring this time interval allows one to recover 

the original signal. The description of how the time 

intervals are measured is given in paragraph 0.4 in Appendix 

D. 
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The circuit designed for telemetry work, in this 

project, makes use of TTL and CMOS IC chips that are widely 

available. The design itself is a simple, yet very accurate 

frequency counter. Alternatively, entire frequency counters 

are now available on single chips, that could be assembled 

and used with fewer components. Intersil 7208 is one of 

these more advanced chips. The Reference 12 in the 

Bibliography gives all the details needed for building a 

frequency counter based on this chip. This is a seven-decade 

latched and multiplexed frequency counter with direct digit 

and display drive. It requires the Intersil 721/J7 time base 

chip as the reference clock of the frequency counter. These 

chips are not readily available and in Montreal must be 

ordered through Arrow Inc. Because the delivery period of 

the chip was several weeks, and more importantly, because 

our circuit performed very well, it was decided not to 

incorporate a more advanced design. 

6.8) The Transmitter and Receiver 

During the early stages of this project, two Radio 

Shack TRC-75 walkie talkies were used to transmit and 

receive data. These are 3-channel, 100 mW, Citizen's Band 

units. These radios are capable of transmitting voice over a 

distance of 500 meters or more, if used outside the city, in 

an area where the "airwaves" are quiet. The Citizen's Band 

of the radio frequency spectrum is around 27 megahertz (page 

170 in Appendix D). Because these devices are for voice 
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communication, they are designed to transmit signals with 

frequencies in the audio range. To be able to transmit data, 

these radio were modified by cutting the microphone input 

and installing instead, a jack on the side of the plastic 

box, to serve as the input. The wires that connected the 

output of the microphone to the transmitting circuit are now 

tied to the jack, so that whenever the system is operated, 

the signal to be transmitted is connected to the jack via 

the proper adapter. At the other end, the received signal 

was displayed on an oscilloscope, using the earphone jack 

ouput, and the resulting signal was monitored on the 

oscilloscope. A one volt peak-to-peak sine wave from a 

function generator was input to the modified walkie talkie 

and the output was monitored to find the effective range of 

frequencies these walkie talkies can handle. It was found 

that between 1 and 4.5 kilohertz, the sine wave was 

faithfully reproduced. 

The radios we have dealt with do not use FM modulation, 

but rather the amplitude of the carrier is modulated. If one 

selects a narrow band of audio frequencies, as we have, it 

is possible to transmit data from one radio to the other. 

The maximum distance separating the transmitting and 

receiving stations is primarily dependent on the power of 

the walkie talkies being used, and the amount of 

interference from other users and other devices. 

In practice, the peak-to-peak voltage amplitude of the 

modulating signal need not to be as high as one volt. 

Laboratory measurements showed that the output amplitude of 
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the microphone in these devices is not more than few tenths 

of a volt. The modulating signal was scaled down to a little 

bit more that 0.1 volt. After this conditioning, the signal 

was fed from the voltage-controlled oscillator of the 

4046 CMOS phase locked loop, which is set to operate between 

1250 Hz and 4500 Hz, for input voltages between 0 and 6 

volts, to the transmitter. Because the amplifier used is the 

LM3900, the output of the amplifier will swing between 0 and 

5 volts, thus the upper limit for the VCO output frequency 

would be somewhat lower than 4500 Hz. Because the VCO is not 

linear over this range, one can not say what the upper 
,:''" 

limit will be exactly, when a 5-volt signal is applied to 

the VCO's input, without calibration. In this particular 

case, the upper limit was found to be slightly above 4400 

Hz. It was found that different 4046 vcos output different 

frequencies when the input range is held constant., 

Therefore, if for one reason or another the 4046 chip one is 

working with becomes unusable, and it is replaced by 

another, one must recalibrate the new chip; the first step 

would be to adjust the resistors as shown in Figure D.4 on 

page 172, to reset the operating frequency of the VCO to the 

appropriate values. 

Another issue that must be dealt with is the amount of 

overhead associated with the processing of each point, in 

relation to the over all delay required between each sample. 

In this case the "overhead" (see section 4.4.1 in Chapter 4 

for an explanation) does not have a fixed value, as is the 



case of the analog-to-digital converter. As explained in 

paragraph D.5) of Appendix D, this problem was solved by 

introducing an average value for calculating the sampling 

rate. This gave a maximum sampling rate of 2100 Hz. 

If higher sampling frequencies are required, the basic 

system is quite able to accommodate them. The only problem 

lies with the radio system, because most walkie talkies do 

not allow frequencies above 5 kilohertz to be transmitted 

without distortion. Therefore the only practical solution 

would be to acquire a new radio system that could provide a 

wider range of frequencies. 

The receiver circuit of the walkie talkie demodulates 

and filters the signal to bring it back to the audio 

frequency range and to recover the modulated signal. 

Filtering is required since the signal picked up by the 

antenna is somewhat corrupted, by the noise from other users 

or by natural interference. The recovered signal is fed from 

the earphone jack to an amplifier, built for this purpose 

around the LM3900, which further amplifies the signal to 

produce a square wave. The square wave is then passed 

through a 1-4.5 kilohertz band-pass filter. The signal is 

band-passed by first feeding it to a high-pass filter with a 

cut-off frequency of 1 kilohertz, and then a spike 

eliminator is used to stop all frequencies above 4.5 

kilohertz. The definite advantage of the spike eliminator 

circuit is that, contrary to a low-pass filter where the 

transition region between the pass band and the stop band 

may be wide, it has an extremely sharp cut-off, simulating 
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an ideal low-pass filter. The circuit diagrams for the high­

pass filter and the spike eliminator are shown in Figures 

D.S and 0.6 on pages 173 and 174. Our ing the initial testing 

of the frequency counter circuit, it was found that a second 

stage of filtering enhanced the quality of the signal and 

provided more accurate results. After filtering, the signal 

is sent to the frequency counter for measurement. As will be 

discussed in the next paragraph, this scheme of demodulation 

offers satisfactory results in the laboratory, and under 

certain conditions, the data obtained in the field are 

equally good. 

During field work, or when the distance separating the 

two radios becomes more than about 20 meters, the best 

results were obtained by setting the volume gain of the 

receiver to its maximum. Turning up the volume of the 

transmitter will not have any affect in this case, therefore 

all one needs is to have the radio switched on. 

As was discovered during field tests, the range of our 

100 mW walkie talkie is not great. In the field, reliable 

results were obtained at a maximum distance of 45 meters. 

Beyond this distance, the data become so corrupted with 

noise that it is impossible to recover the true signal. 

Subsequently, a second pair of walkie talkies was used: the 

model T606 by Fanon Corporation. This 6-channel, 1 W walkie 

talkie greatly improved the transmission range; however, it 

did not in general provide the expected results. Under 

special circumstances it does perform well, and we obtained 
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a considerable quantity of data with it. 

Detailed descriptions of radio performance and the data 

obtained are given in the section on Field Work. 

6.9) The software: VICTM 

VICTeleMetry (VICTM) software is built on the same 

basic subroutines developed for the VICMON program. The only 

major change is in the sampling subroutine, where because of 

the hardware design and characteristics, it was necessary to 

rewrite many portions of the code. One other important 

difference stems from the fact that the vco, over the range 

0 to +5 volts, does not have a linear output. Therefore, 

recovering the original voltage values is not a simple task, 

as in the case of the analog-to-digital converter. To do 

this, the PLOT option is replaced by a PRINT option, where 

the user can actually have access to the raw data stored in 

the memory buffer. 

Calibrating each 4046 is necessary for the accurate 

recovery of the transmitted data set. The calibration curve 

of the 4046 actually used, is shown in Figure 6.1 on page 

103. What we have done is to fit a polynomial of degree six 

to the calibration data. The plot of the polynomial function 

for the same input, as obtained from the frequency counter 

isshown in Figure 6.2 on page 104. For this sixth degree 

polynomial, a goodness-of-fit (eh! squared test) of better 

than 0.997 was obtained. Programming a sixth degree 

polynomial in machine language and calculating the answer 

for every data point is not a difficult task, because the 
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FIGURE 6.1: The calibration curve for the 4046 CMOS 
Phase-Locked Loop. 
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FIGURE 6.1, and the least-squares curve that 
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VIC BASIC has all the necessary evaluation routines for this 

type of floating point arithmetic calculation. This feature 

of the system could use a machine language program to speed 

up the calculation time in evaluating a polynomial of any 

order. This was not done, because the subroutine that would 

be responsible for doing the calculations must fit with the 

rest of the program in the memory space below that assigned 

to the high resolution screen. This would require rewriting 

some of the other subroutines in a more compact fashion, and 

this was not possible within the time available. 

Instead, a short BASIC program was written to do only 

the plotting. This program (VICTM.PLT) uses some of the 

machine code subroutines developed for VICMON. The BASIC 

portion of the program simply evaluates the polynomial for 

the given input. 

The CONFIGURE subroutine is made shorter, in comparison 

with the VICMON program, mainly because we do not have to 

deal with the same number of parameters. The only relevant 

parameters are the BUFFER SIZE, and the SAMPLING RATE. 

In future development of the interface board, after a 

more accurate VCO has been built, the sampling subroutine of 

the program should be upgraded to include the monitoring 

feature of the VICMON program. In this way, one would not 

have to be in constant communication with the person at the 

transmitting station, to inquire when data is to be sent and 

when receiving can be stopped, which is required, with the 

present configuration. 
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CHAPTER 7: TELEMETRY APPLICATIONS. 

7.1) Introduction 

The objective in the following series of tests was to 

evaluate the performance of the telemetry circuit by 

transmitting data over cable links and Citizen's Band 

radios. Although difficulties such as radio interference 

from other sources (~ private individuals) using 

Citizen's Band radios were anticipated at the beginning of 

this project, it was nonetheless decided to pursue the work 

to assess the use of this easily available frequency band 

for data transmission. The work was carried out from early 

August to mid-November of 1986. The sites of the field tests 

were downtown Montreal and the Rive-Bois~e football field in 

the West Island area of Montreal. 

7.2) Applications 

7.2.1) Direct measurements 

7.2.1a) Laboratory tests 

In this series of tests, the pulses generated by the 

VCO were directly sent to the frequency counter circuit by 

cable. A series of sine waves, from a laboratory oscillator, 

were converted to evaluate the performance of the circuit. 

These sine waves are shown in Figure 7.1 on page 107. Next, 
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the response of a vertical geophone having a resonant 

frequency of 45 Hz was measured. The geophone was set up on 

the laboratory bench and a series of finger taps was made 

near it. The output of the geophone was amplified and scaled 

so that the signal would swing between 0 and +5 volts. The 

signal was then fed to the VCO. The measured signal for one 

tap is shown in Figure 7.2b on page 109. 

7.2.1b) Field tests 

A slightly different version of the laboratory tests 

was carried out on the Rive-Boisee football field. In these, 

the distance between the measuring station and the computer 

was increased to about the length of the football field. The 

data were sent over a long twisted pair of conductors 

connecting the two stations. The signal in this instance was 

the output of a specially-constructed sine wave generator, 

whose cicuit diagram is given on page 175 in Appendix D. It 

uses one 741 op-amp and standard resistors and capacitors. 

The frequency of the sine wave was 25 Hertz and it was 

sampledat the rate of 1000 Hz. The results were similar to 

those obtained in laboratory, that is there was excellent 

transmission and reproduction of the sine wave. 

7.2.2 Appraisal of test data 

Comparing the output of the geophone in the laboratory 

experiment as shown on page 109, to that of the analog-to­

digital converter shown on page 66, their near-perfect 

similarity is evident (see Figure 7.2 on pagel09). Along 
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FIGURE 7.2: 

(b) 

a) Response of the vertical-type geophone to a 
finger-tap. The trace was 'digitized using the 
A/0 converter. 

b) Response of the same geophone, recorded via the 
Telemetry Interface in the direct mode. 

Record length: 0.64 seconds. 
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with the results obtained from the transmission of a sine 

wave over a cable, this confirmed that the circuit performs 

very well, and that it does not significantly distort the 

shape of an input signal. 

7.2.3) Radio telemetry measurements 

In the first phase of the radio telemetry measurements, 

a series of measurements was carried out in the laboratory 

over a distance of 10 meters separating the TRC-70 

transmitter and receiver. The input signal was again the 

output of a vertical geophone having a resonant frequency of 

45 Hz. The only problem encountered in this experiment was 

the presence of spurious data which we will refer to as 

spikes. The raw data for one of these tests are plotted in 

Figure 7.3a on page lll.As can be seen, these spikes are of 

equal amplitude, are spaced far from one another, and 

represent less than 10% of the total data READ by the 

computer. They can be removed from the record in software by 

replacing the bad data with the average of the two adjacent 

points. Although there are more advanced techniques of 

interpolating, such as polynomial curve fitting, this method 

was used because it is faster and in this case offers the 

same degree of accuracy. One should also note the output of 

the geophone compared to the one obtained in the direct mode 

experiment. The difference in the geophone's response is due 

to the fact that in order to obtain a separation of 10 

meters for these experiments the geophone had to be set up 
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FIGURE 7.3: 

(b) 

Response of the vertical-type geophone, transmitted 
via radio, over a distance of about 10 meters, and 
recorded using the Telemetry Interface. 
a) Raw data. 
b) Data corrected, by removing the spikes in 

software. 
Record length: 0.64 seconds. 
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on a different table. 

The same set of experiments was performed at Rive 

Boisee football field using the same radios and geophone. 

The geophone was placed on the football field, and five 

different sets of records were obtained. The signals were 

generated by stamping the ground near the geophone. For each 

test the distance between the receiving station and the 

transmitting station was increased by a factor of about two, 

starting at the edge of the football field. The first test 

was done at a distance of 15 meters, comparable to the 

distance between the two radios during the laboratory tests. 

The second transmission took place over a distance of 40 

meters. The results from these two stations were identical 

and the data for one stamp at this station are shown in 

Figure 7.4. Note that in Figure 7.4 the raw data as READ by 

the computer are plotted. In Figure 7.5a the spikes have 

been removed in software and the data are plotted as a 

series of unconnected dots to show the difference between 

this trace and the one in Figure 7.5b. The trace shown in 

Figure 7.5b, is passed through a low-pass digital filter 

with a cut-off frequency of 105 Hz. 

A distance of 40 meters is the limit at which the 

signal was received without any apparent loss of 

information. Beyond this range, the signal was corrupted to 

such a degree that the entire record looked like a series of 

random numbers. A typical record obtained at a distance of 

about 100 meters is shown in Figure 7.6 on page 115. 

Considerable effort was employed to determine the 
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Response of the vertical-type geophone on 
Rive Bois~e football field, transmitted via 
radio, over a distance of about 40 meters. 
Record length: 0.512 seconds. 
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FIGURE 7.5: 

.. 
... (b) 

a) Software corrected data for the trace of 
FIGURE 7.4. 

b) The trace a) passed through a digital 
low-pass filter, having a cut-off frequency 
of 105 Hz. 

Record length: 0.512 seconds. 
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A sample of the radio-telemetered data obtained at 
a distance of about 100 meters, at Rive Bois~e 
football field. 
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-origin of the noise and to find ways to alleviate the 

problem. There are a number of reasons, which in our view, 

are responsible for the corruption of the transmitted 

signal. Most of the tests were done in an open field, at 

Rive Boisee. Although the test site is located outside 

Montreal, the area is not electromagnetically "quiet" and 

the volume of interference and noise was quite high. During 

every transmission, there was nearly constant CB traffic 

from different sources such as: 

- private individuals 

- Bell Canada technicians 

- commercial trucks equipped with radio systems. 

Moreover, most of the tests were done on one channel 

using a 27.355 megahertz crystal for the transmitter and a 

26.9 megahertz crystal for the receiver. This turned out to 

be one of the most frequently-used Citizen's Band channels. 

It was concluded, however, that the most important 

source of noise came from our system itself, specifically, 

the computer. That is, the VIC-20, or any computer for that 

matter, generates considerable RF noise when it is running. 

This is because of the large number of IC chips and circuits 

inside the computer. Moreover, the major chips in the 

computer that require an external clock to operate, such as 

the microprocessor, the two VIA chips and the VIC chip, are 

all driven by a 14.31818 megahertz crystal clock, which 
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irradiates some electromagnetic waves at that frequency. 

Remembering that the Citizen's Band lies near 27 megahertz 

in the radio frequency spectrum, we see that the carrier 

frequency of our Citizen's Band radio is close to the second 

harmonic of the computer's clock frequency. Since the 

receiving radio is close to the computer, and connected to 

the computer through the frequency counter circuit, the 

antenna could pick up the RF noise generated by the 

computer. Moreover, as the distance is increased between the 

two radios, the transmitted signal becomes weaker and more 

corrupted in comparison with the computer noise, and is 

ultimately overwhelmed by it. Because of the closeness of 

the two frequencies, i.e. the carrier frequency and the 

computer noise, it is very difficult to recover the de si red 

information by filtering. 

The problems of this type have been discussed by Tugal, 

D.A., Tugal, o., Reference 22. They emphasize that long 

distance high frequency radio transmission (i.e. frequencies 

from 3 to 30 megahertz) circuits rarely form part of a 

computer data transmission system, because the data error 

rate is extremely high and error detection and automatic 

retransmission are needed. 

There are three possible approaches to solving this 

serious problem: 

1) Shielding: this requires that one shield the computer, 

and every circuit and cable going in and out of the 
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computer, and also provide a solid ground for the entire 

system. This would require that special boxes be constructed 

for the equipment, using an electrically conductive 

material. This approach was tested in the field by placing 

the frequency counter circuit (not the receiving radio) in 

an iron container. The results were encouraging and indicate 

that shielding the entire system should prove to be an 

effective means for correcting the noise interference. The 

computer itself is the first thing that should be shielded, 

but this was not attempted. 

2) More powerful radio: an alternative would be to use a 

more powerful radio. To examine the feasibility of this 

solution, the Fanon model T606, 1 W radio was used to 

transmit data. Because it is ten times more powerful than 

the previously used radio, we were able to transmit over a 

larger distance. However, when the same set of experiments 

was conducted in the field as before, the results were 

roughly the same;that is, the longest distance we were able 

to transmit without losing information was a little over 45 

meters. The poor quality of data obtained in this set of 

experiments suggests that radio power has little to do with 

the problem. 

An interesting dicovery was made when we tested the 

apparatus in downtown Montreal. The receiver was located in 

Room 308 of the F.D.A. building, while the transmitter was 

located in the back court between the F.D.A., the Macdonald 
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Harrington, and the McConnell buildings. The distance 

separating the transmitter and the receiver was about the 

length of a football field (i.e. approximately 120 meters). 

The signal transmitted was a 25-Hz sine wave generated by 

the circuit on page 175, and sampled at a rate of 1000 Hz. 

The results are plotted in Figure 7.7 on page 120. Notice 

that this sine wave is the signal picked up by the receiver, 

and sampled by the computer without providing any shielding. 

In this experiment, the success obtained in transmitting 

data over a distance of 120 meters, without any insertion of 

noise, is incompatible with the concept of computer RF 

interference discussed in the above paragraph. This shows 

that the computer is not the sole source of corruption.The 

entire length of the record was noise-free, and no spikes 

were present. The reason for such a faithful transmission 

and reception of the signal is thought to be that the path 

along which the signal travelled was surrounded by tall 

steel-frame buildings that helped to confine and shield the 

signal from noise and signals being aired by the CBC tower 

on Mount-Royal and by local Hospital transmitters. This 

experiment was carried out at different hours during the day 

and on different days, using both the Fanon and the Radio 

Shack radios. The results were similar: nearly noise-free 

transmission of the sine wave over a distance of 120 meters. 

We believe that under the same set of circumstances, using 

the Fanon radio system, the distance could be easily 

increased to twice this distance. To verify the hypothesis 

that these buildings helped in shielding the interference, 



FIGURE 7.7: Raw data recorded by the computer, when a sine 
wave was transmitted via radio, over a distance 
of about 120 meters, in the back court of the 
F.D.A. building, McGill University. 

120 
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the lW transmitting apparatus was taken to the municipal 

reservoir, located between Pine, Peel and w. Penfield 

avenues. There, the equipment was not surrounded by nearby 

buildings and no shielding was provided against noise. 

Moreover, the line of sight is not clear between the 

reservoir and F.D.A. building. The results were convincing: 

the signal was corrupted just as the ones we obtained at 
I 

Rive-Boisee. 

The same series of tests was repeated, but the output 

of the receiver was recorded directly onto magnetic cassette 

tape. The tape was played back later, and the tape recorder 

output was amplified and filtered using the KROHN HITE 

Instrument CO's model 31C-AB variable band-pass filter. The 

signals displayed on the oscilloscope were similar to those 

recorded by the computer from the previous set of 

experiments. 

Direct acoustic coupling between the radio transmitter 

microphone and the voltage-to-frequency converter output 

connected to a speaker was also attempted. This method did 

not produce any change in the quality of data obtained, 

compared to previous tests. 

3) Telemetry band: the best way to eliminate interference 

would probably be to move to other bands in the radio 

spectrum; one such band at 4513 megahertz, is dedicated 

exclusively to biomedical telemetry. This band would be free 

of personal communication, and should also ensure that the 



122 

computer noise would be less likely to corrupt the received 

signal, because the carrier frequency and the center 

frequency of the computer clock are spaced far apart from 

each other. To do this, one needs a transmitter and receiver 

capable of operating within this frequency range. using this 

option, we feel, little or no special shielding would be 

required. However, this alternative needs to be tested, to 

confirm its feasibility. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

The inexpensive data acquisition system built around 

the Commodore VIC-20 microcomputer is a portable unit that 

can be operated in the field as well as in the laboratory. 

The only addition made to the standard system is the memory 

expansion module which provides an extra 32K of Random 

Access Memory, used as buffer to hold digitized data. 

The interface board comprises one analog-to-digital 

converter with 16-channe1 multiplex input, and one digital 

frequency counter circuit used to demodulate telemetered 

data. 

In the current configuration, telemetered data 

reception takes place over one channel only, using the 

frequency modulation technique. The analog-to-digital 

converter however, accommodates a total of eight input 

channels. If more inputs are needed, one can easily provide 

the extra channels on the same interface board. 

The various types of experiments carried out in this 

work, using the analog-to-digital converter, showed that 

this single chip data acquisition system can lend itself to 

a 1 a rge number of applicatio-ns. These include: simple 

waveform digitization in laboratory, event monitoring, and 

system control, although the latter was not the objective 

of the present work. 

The telemetry circuit was used to transmit data over 
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cable links and inexpensive Citizen's Band radio. In the 

former case, the results were excellent: data were sent 

without any loss of information over the length of a 

football field. The quality of data obtained suggests that 

the distance separating the transmitter and receiver could 

easily be increased. Radio telemetry was not nearly as 

successful. However, we were able to transmit a sine wave 

via radio over a distance of about 120 meters, in a 

surrounded compound, where there was 1 i ttle interference. 

Under this special set of circumstances (low outside 

interference), Citizen's Band radio probably can be used to 

convey information over larger separations, although this 

needs to be investigat~d. The results show the feasibility 

of very short-range data transmission using inexpensive 

radio equipment, and acoustic FM • 

. Further investigation needs to be conducted with regard 

to the telemetry system. This should include the following: 

1) The 4046 should be replaced with a linear phase-locked 

loop IC chip. The new chip must have a wide input range. 

The chip described in Reference 1 (the DC537) could 

prove a satisfactory device. 

2)Using the new PLL chip, an attempt should be made to 

reconstruct the analogue voltage and subsequently 

to digitize the signal using the analog-to-digital 

converter. This would increase the sampling rate 

capability of the system, and introduce little or no 
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distortion in the sampled signal. 

3)The entire system should be shielded, as discussed in 

Chapter 7, if the use of Citizen's Band radio is 

envisaged. 

4) use of the biomedical telemetry frequency band should be 

tested. This would necessitate acquisition of sui table 

radio equipment. It could prove to be the best solution, 

but would also be the most expensive. 

S)Serious effort should be devoted to investigate the 

possibility of integrating AM transmission of data as 

part of the system.Because AM uses the carrier frequency 

only, to transmit data, one may be able to avoid 

spikes, present in the record, when FM is used. 
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APPENDIX A: 

THE VIC-2~ MEMORY MAPS 



• 

MEMORY MAPS 

The following memory maps provide a guide whtch shows which 
special locations are set aside for use by the VIC's operating 
system ... and what those locations are used for. 

Memory Map 

HEX DECIMAL DESCRIPTION 

0000 
0001-()()()2 
0003-0004 
0005-ooos 
0007 
0008 
0009 
OOOA 
OOOB 
oooc 
0000 
OOOE 
OOOF 
0010 
0011 
0012 
0013 

•oo14-oo1s 
0016 
0017-0Q18 
0019-0021 
0022..()025 
0026-0Q2A 

*0028-0020 
*002D..002E 
·oo2F-oo3o 
*0031-()()32 
·oo33·0034 
0035.()()36 

*0037-()()38 
0039-0Q3A 
003B-003C 
0030.003E 
003F-Q040 
0041..()042 

*0043.()()4.4 

0 
1·2 

'3-4 
5·6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20-21 
22 
23·24 
25-33 
34·37 
38-42 
43-44 
45-46 
47-48 
49-50 
51-52 
53·54. 
55-56 
57·58 
59-60 
61-62 
63-64 
65-66 
67·68 

• Usefi.Jl memory location 

Jump for USR 
Vector for USR 
Float-Fixed vector 
Fixed-Float vector 
Search character 
Scan-quotes flag 
TAB column save 
O=LOAD, 1=VERIFY 
Input buffer pointer/# subscript 
Default DIM flag 
Type: FF=strlng, OO•numerlc 
Type: BO=Integer, OO=floating point 
DATA scan/LIST quote/memory flag 
Subscrlpt/FNx flag 
0= INPUT;$40=GET;$98= READ 
ATN sign/Comparison eval flag 
Current 1/0 prompt flag 
Integer value 
Pointer: temporary string stack 
Last temp string vector 
Stack for temporary strings 
Utility pointer area 
Product area for multiplication 
Pointer: Start of Basic 
Pointer: Start of Variables 
Pointer: Start of Arrays 
Pointer: End of Arrays 
Pointer: String storage (moving down) 
Utility string pointer 
Pointer: Limit of memory 
Current Basle line number 
Previous Basic line number 
Pointer: Basic statement for CONT 
Current DATA line number 
Current OAT A address 
Input vector 
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HEX DECIMAL DESCRIPTION 

0045..()045 69-70 Current variable name 
0047..()048 71-72 Current variable address 
0049..()()4A 73-74 Variable pointer for FOR/NEXT 
004B-004C 75-76 Y-save; op-save; Basic pointer save 
0040 n Comparison symbol accumulator 
004E-0053 78·83 Mise work area. polntent, etc 
0054-0Q56 84·86 Jump vector for functions 
0057.()()60 87·96 Mise numeric work area 

*0061 97 Accum#1: Exponent 
*0062.()()65 98·101 Accum#1: Mantissa 
*0066 102 Accum# 1: Sign 
0067 103 Series evaluation constant pointer 
0068 104 Accum#1 hi-order (overflow) 

*0069·006E 105·110 Accum#2: Exponent. etc. 
006F 111 Sign comparison, Acc#1 vs #2 
0070 112 Accum#1 la-order (rounding) 
0071-0072 113·114 Cassene buffer length/Series pointer 

*0073-00BA 115·138 CHAGET subroutine (get BASIC char) 
007A·0078 122·123 Basic pointer (within subroutine) 
008B·OOBF 139-143 RND seed value 

*0090 144 Status word ST 
0091 145 Keyswitch PIA: STOP and RVS flags 
0092 146 Timing constant for tape 
0093 147 Load= o. Verify= 1 
0094 148 Serial output: deferred char flag 
0095 149 Serial deferred character 
0096 150 Tape EOT received 
0097 151 Register save 

*0098 152 How many open files 
*0099 153 Input device (normally 0} 
*009A 154 Output (CMD} device, normally 3 
0098 155 Tape character partty 
009C 156 Byte-received flag 
0090 157 Direct = $80/RUN = 0 output control 
009E 158 Tape Pass 1 error log/char buffer 
009F 159 Tape Pass 2 error log corrected 

*OOAO·OOA2 160·162 Jiffy Clock (HML) 
OOA3 163 Serial bit count/EO! flag 
OOA4 164 Cycle count 
OOAS 165 Countdown, tape write/bit count 
OOA6 166 Pointer: tape buffer 
OOA7 167 Tape Write ldr count/Read passllnblt 
OOA8 168 Tape Write new byte/Read errorlinblt 

cnt 
OOA9 169 Write start bit/Read bit err/stblt 

• Useful memory location 



HEX 

OOAA 
OOAB 
OOAC-OOAD 
OOAE-QOAF 
008().0061 

"0082-0063 
0084 
0085 
0086 

"0087 
·ooes 
"0089 
*008A 
*0088-008C 
0080 
OOBE 
008F 
ooco 
OOC1-00C2 
OOC3-00C4 

·oocs 
·oocs 
·ooc1 
oocs 
OOC9-00CA 

·oocs 
oocc 
OOCD 
OOCE 
OOCF 
0000 

·ooo1-0002 
·ooo3 
0004 

·ooos 
·ooo6 
0007 

·ooos 
·ooo9-ooFo 
OOF1 
OOF2 

"OOF3-00F4 
OOF5-00F6 
OOF7-00F8 
OOF9-00FA 

DECIMAL 

170 
171 
172·173 
174-175 
176-177 
178-179 
180 
181 
182 
183 
184 
185 
186 
187-188 
189 
190 
191 
192 
193·194 
195·196 
197 
198 
199 
200 
201-202 
203 
204 
205 
206 
207 
208 
209-210 
211 
212 
213 
214 
215 
216 
217-240 
241 
242 
243·244 
245-246 
247-248 
249-250 

• Useful memory location 

DESCRIPTION 

Tape Scan:Cnt;Ld;Endlbyte assy 
Write lead lengthtRd checksurnlparlty 
Pointer: tape buffer, scrolling 
Tape end addresses/End of program 
Tape timing constants 
Pointer: start of tape buffer 
Tape timer (1 =enable); bit cnt 
Tape EOT/RS-232 next bit to send 
Read character errortoutbyte buffer 
# characters in file name 
Current logical file 
Current secondary address 
Current device 
Pointer: to file name 
Write shift word/Read input char 
# blocks remaining to Write/Read 
Serial word buffer 
Tape motor interlock 
110 start addresses 
.KERNAL setup pointer 
Current key pressed 
# chars in keyboard buffer 
Screen reverse flag 
Pointer: End-of-line for input 
Input cursor log (row, column) 
Which key: 64 if no key 
cursor enable (0 =flash cursor) 
Cursor timing countdown 
Character under cursor 
Cursor in blink phase 
Input from screen/from keyboard 
Pointer to screen line 
Position of cursor on above line 
0 =direct cursor, else programmed 
Current screen line length 
Row where cursor lives 
Last inkeytchecksumtbuffer 
# of INSERTs outstanding 
Screen line link table 
Dummy screen link 
Screen row marker 
Screen color pointer 
Keyboard pointer 
RS-232 Rev pointer 
RS-232 Tx pointer 
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HEX DECIMAL DESCRIPTION 

*OOFB-OOFE 251·254 Operating system free zero page space 
OOFF 255 Basle storage 

0100.010A 256-266 Floating to ASCII work area 
0100.013E 256·318 Tape error log 
0100·01FF 256·51 1 Processor stack area 

*0200.0258 512-600 Basic input buffer 
*0259.0262 601·610 Logical file table 
*0263.026C 611·620 Device # table 
*0260-0276 621-630 Secondary Address table 
*0277.0280 631-640 Keyboard buffer 
*0281.0282 641-642 Start of memory for op system 
*0283-Q284 643-644 Top of memory for op system 
0285 645 Serial bus tlmeout flag 

*0286 646 Current color code 
0287 647 Color under cursor 

*0288 648 Screen memory page 
*0289 649 Max size of keyboard buffer 
*028A 650 Key repeat (128 =repeat all keys) 
*028B 651 Repeat speed counter 
028C 652 Repeat delay counter 

*0280 653 Keyboard Shl1t/Control flag 
02BE 654 Last keyboard shift pattern 
028F-0290 655-656 Pointer: decode logic 

*0291 657 Shift mode switch (O=enabled, 128-
locked) 

0292 658 Auto scroll down flag (0 =on. < >0 =off) 
0293 659 RS-232 control register 
0294 660 RS-232 command register 
0295-0296 661-662 Nonstandard (Bit tlme/2·100) 
0297 663 RS·232 status register 
0298 664 Number of bits to send 
0299·029A 665·666 Baud rate (full) bit time 
0298 667 RS-232 receive pointer 
029C 668 RS-232 Input pointer 
0290 669 RS-232 transmit pointer 
029E 670 RS-232 output pointer 
029F-02AO 671·672 Holds IRQ during tape operations 
02A1-02FF 673-767 Program indirects 

*0300·0301 768·769 Error message link 
0302·0303 770-771 Basic warm start link 
0304-0305 772·773 Crunch Basic tokens link 
0306·0307 774-775 Print tokens link 
0308.0309 776·777 Start new Basic code link 

• Useful memory location 



HEX DECIMAL DESCRIPTION 

030A·030B 778-779 Get arithmetic element link 
030C 780 Storage for 6502 .A register 
0300 781 Storage for 6502 .X register 
030E 782 Storage for 6502 .Y register 
030F 783 Storage for 6502 .P register 
0310-0313 784-787 ?? 
0314-0315 788-789 Hardware (IRQ) interrupt vector (EABF) 
0316-0317 790-791 Break interrupt vector (FE02) 
0318-0319 792-793 NMI interrupt vector (FEAD) 
031A-031B 794-795 OPEN vector (F40A) 
031C-031D 796-797 CLOSE vector (F34A) 
031E-031F 798-799 Set-input vector (F2C7) 
0320-0321 800-801 Set-output vector (F309) 
0322-0323 802-803 Restore I ·o vector (F3F3) 
0324-0325 804-805 INPUT vector (F20E) 
0326-0327 806-807 Output vector (F27A) 
0328-0329 808-809 Test-STOP vector (F770) 
032A-032B 810-811 GET vector (F1 F5) 
032C-0320 812-813 Abort I '0 vector (F3EF) 
032E-032F 814-815 user vector (FED2) 
0330-0331 816-817 Link to load RAM (F549) 
0332-0333 818-819 Link to save RAM (F685) 
0334-0338 620-827 ?? 

*033C-03FB 828·1019 Cassette buffer 
0400-0FFF 1024-4095 3K expansion RAM area 
1000-10FF 4096-7679 User Basic area 
1 EOO-~FFF 7680-8191 Screen memory 
2000-3FFF 8192-16383 . 8K expansion RAM 'ROM block 1 
4000-SFFF 16364-24575 8K expansion RAM'ROM block 2 
6000-7FFF 24576-32767 6K expansion RAM'ROM block 3 

NOTE: When additional memory is add~dt~block 1 (and 2 and 3), the J 

KERNAL relocates the following things for BASIC: 1 

B000-6FFF 
8000-83FF 
8400-87FF 
8800-8BFF 
SC00-8FFF 
9000-93FF 

4096-4607 

4608-? 

32768-36863 
32768-33791 
33792-33815 
33816-35839 
35840-36863 
36664-37887 

• Useful memory location 

Screen memory 

User Basic area 

Color RAM 

4K Character generator ROM 
Upper case and graphics 
Reversed upper case and graphics 
Upper and lower case 
Reversed upper and lower case 
10 BLOCK 0 
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HEX DECIMAL DESCRIPTION 

9000·900F 36864·36879 Address of VIC chip registers 
9000 36864 bits 0·6 horizontal centering 

bit 7 sets interlace scan 
9001 36865 vertical cantering 
9002 36866 bits 0·6 set # of columns 

bit 7 is part of video matrix address 
9003 36867 bits 1·6 set # of rows 

bit 0 sets 8 x 8 or 16 x 8 chars 
9004 36868 TV raster beam line 
9005 36869 bits 0-3 start of character memory 

(default= 0) 
bits 4· 7 is rest of video address 
(default= F) 
BITS 3,2,1,0 CM starting address 

HEX OEC 

0000 ROM 8000 32768 
0001 8400 33792 
0010 8800 34816 
0011 a coo 35840 
1000 RAM 0000 0000 
1001 xxxx 
1010 xxxx unavail. 
1011 )000( 

1100 1000 4096 
1101 1400 5120 
1110 1800 6144 
1111 1COO 7168 

9006 36870 horizontal position of light pen 
9007 36871 vertical position of light pen 
9008 36872 Digitized value of paddle X 
9009 36873 Digitized value of paddle Y 
900A 36874 Frequency for oscillator 1 (low) 

(on: 128·255) 
9006 36875 Frequency for oscillator 2 (medium) 

(on: 128·255) 
900C 36876 Frequency for oscillator 3 (high) 

on: 128·255) 
900D 36877 Frequency of noise source 
900E 36878 bit 0-3 sets volume of all sound 

bits 4-7 are auxiliary color Information 
900F 36879 Screen and border color register 

bits 4-7 select background color 
bits 0·2 select border color 
bit 3 selects inverted or normal mode 
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HEX DECIMAL DESCRIPTION 

911Q-911F 37136·37151 6522 VIA#1 
9110 37136 Port B output register 

(user port and RS-232 lines) 
PIN 6522 DESCRIPTION El A ABV 
ID ID 

c PBO Received data (BB) Sin 
0 PB1 Request to Send (CA) RTS 
E PB2 Data terminal ready (CO) OTR 
F PB3 Ring indicator (CE) RI 
H PB4 Received line sigl"'al (CF) oco 
J PBS Unassigned ( ) XXX 
K PB6 Clear to send (CB) CTS 
L PB7 Data set ready (CC) DSR 
B CB1 Interrupt for Sin (BB) Sin 
M CB2 Transmitted data (BA) So ut 

A GND Protective ground (AA) GND 
N GNO Signal ground (AB) GND 

9111 37137 Port A output register 
(PAO) Bit 0 =Serial CLK IN 
(PA1) Bit 1 ==Serial DATA IN 
(PA2) Bit 2==Joy 0 
(PA3) Bit 3=Joy 1 
(PA4) Bit 4=Joy 2 
(PAS) Bit 5 = Lightpen/Fire button 
(PAS) Bit 6=Cassette switch sense 
(PA7) Bit 7=Serial ATN out 

9112 37138 Data direction register B 
9113 37139 Data direction register A 
9114 37140 Timer 1 low byte 
9115 37141 Timer 1 high by1e & counter 
9116 37142 Timer 1 low by1e 
9117 37143 Timer 1 high by1e 
9118 37144 Timer 2 low by1e 
9119 37145 Timer 2 high by1e 
911A 37146 Shift register 
911B 37147 Auxiliary control register 
911C 37148 Peripheral control register 

(CA1, CA2. CB1. CB2) 
CA 1 = restore key (Bit 0) 
CA2 =cassette motor control (Bits 1·3) 
CB1 =interrupt signal for received 

RS·232 data (Bit 4) 
CB2 =transmitted RS-232 data (Bits 

5·7) 
911D 37149 Interrupt flag register 
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HEX DECIMAL DESCRIPTION 

911E 37150 Interrupt enable register 
911F 37151 Port A (Sense cassette switch) 

9120·912F 37152-37167 6522 VIA#2 
9120 37152 Port B output register 

keyboard column scan 
(P83) Bit 3 = cassette write line 
(P87) Bit 7 =Joy 3 

9121 37153 Port A output register 
keyboard row scan 

9122 37154 Data direction register 8 
9123 37155 Data direction register A 
9124 37156 Timer 1, low byte latch 
9125 37157 Timer 1, high byte latch 
9126 37158 Timer 1, low byte counter 
9127 37159 Timer 1, high byte counter 

timer 1 is used for the 
60 timetsecond interrupt 

9128 37160 Timer 2. low byte latch 
9129 37161 Timer 2. high byte latch 
912A 37162 Shift register 
9128 37163 Auxiliary control register 
912C 37164 Peripheral control register 

CA 1 Cassette read line (Bit 0) 
CA2 Serial clock out (Bits 1-3) 
CB1 Serial SRO IN (Bit 4) 
CB2 Serial data out (Bits 5-7) 

9120 37165 Interrupt flag register 
912E 37166 Interrupt enable register 
912F 37167 Port A output register 

9400-95FF 37888-38399 location of COLOR RAM with 
additional RAM at blk 1 

9600-97FF 38400·38911 Normal location of COLOR RAM 
9800-9BFF 38912-39935 r10 block 2 
9C00-9FFF 39936-40959 110 block 3 
AOOO-BFFF 40960·49152 8K decoded block for expansion ROM 
COOO·DFFF 49152-57343 8K Basic ROM 
EOOO·FFFF 57344·65535 8K KERNAL ROM 



135 

APPENDIX B: 

THE MEMORY EXPANSION MODULE 



ADDRESS 
0 

BUS 
,.. 
I 

Q. 

• l DATA 

CO 
(1.1 

CO 
:1 

BUS :I: 

J 

FIGURE 6.1:. Typical cor.r.ection diagram, showing how 

memory was added to the VIC-20 computer. 
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8.1) Specification sheet: 

HITACHI IC MEMORIES 
HM6264P-10, HM6264P-12, HM6264P-15 

8192·word • 8-btt Hogh Spotd Stoli< CMOS RAM 

• FEATURES 

• Fan access Time 
• low Power Standi:l'f 

low Power OPt"ra\:On 

• S1ngfe +SV Supply 

100nsl120n•l150ns lmu.l 
Standby: 0.\mW ltvP.) 
Qporaung: 200mW l!yp.l 

• Compl•tt"ly Static Mtmory ..... No clock or Timing Strobe ReQuired 
• Eau~! Acctu 1nd Cvcle Timt 
• Common OiU tnplrJt and Output, Three Stltt Output 
• Onectly TTl Compatible. Afl Inputs and Outputs 
• Standard 28pin Package Configuration 
• Pin Out Comoniblt with 64K EPROM HN482764 

o BLOCK DIAGRAM 

T ..:::!" 
• 1 ... .. •I 
·' ::...-. 
.... 

~~ ,~.:: T l 
____] ·-----------· - ........... .::-. .. , .. 
:t----

• ABSOLUTE MAXH.1UM RATINGS 

• PIN APPRANGEMENT 
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APPENDIX C: 

THE ANALOG-TO-DIGITAL CONVERTER INTERFACE 
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C.l) The interface: 

The block circuit diagram on page 143 shows a typical 

interfacing of the ADC0816 to the User Port of the VIC-20. 

The complete circuit as mounted on the interface board, is 

somewhat different. On the block diagram, some connections 

have been omitted; the reason for the omission is that the 

telemetry circuit shares the same data bus with the A/D 

chip, therefore some kind of buffering is required. The 

circuit on page 143 is fully operational. In fact, if the 

A/D circuit is the only device to be connected to the User 

Port this is how one would wire it. 

The following is the detailed functional description of 

the interface, showing how the chip must be programmed for 

optimum performance. Turning to page 143, one can see that 

pins 16 and 32 -START and ALE {Address Latch Enable) 

respectively- are tied together. Both are then wired to pin 

4 of the User Port, which is controlled by bit 2 of Port A 

register at $9111 (37137). The converter's address lines AD0 

throughAD3,are connected to lines C through F of the User 

Port, controlled by bits 0 to 3 of Port B register located 

at $9110 (37136). Before starting the conversion, one has to 

tell the chip which channel is to be READ. This is done by 

setting bits 0 through 3 of the DDR for Port B at $9112 

(37138} for output, by storing a 1 in the corresponding 

bits. Next, we WRITE the channel number we wish to READ, 

i.e. one of channels 0 to 15 inclusively, to Port B of the 

VIA il at $9110 {37136). To start the conversion sequence, 
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one must send a positive pulse. This must have a minimum 

width of 8 clock cycles, because of the present clock speed 

of 643 KHz going in the converter chip. To achieve this, we 

set bit 2 of Port A's DDR at $9113 (37139) for output, and 

then set bit 2 of Port A register located at $9111 (37137) 

to a 1, and then back to zero. At least eight clock cycles 

must have elapsed before resetting the bit to zero, or the 

start of conversion pulse will not be recognized by the 

chip. On the rising edge of the start of conversion pulse, 

i.e. when the ALE experiences a low-to- high transition, the 

binary code for the channel to be sampled is loaded from the 

four address lines A through D of the chip. At the same time 

the SAL is reset. When the START line of the chip 

experiences a high-to-low transition, on the falling edge of 

the start of conversion pulse, the analog-to-digital 

sequence beg ins. 

The EOC pin of the chip, pin 13, is tied to line B of 

the User Port, which is controlled by the CBl line of the 

VIA il Port B. When the conversion process is over, the SAL 

sends an end of conversion signal to the computer, by 

raising its EOC line, pin 13. As mentioned in the section on 

the VIA il Port B, one can select the CBl to set the flag in 

the IFR on a low-to-high transition or on a high-to-low 

transition. Here, because the EOC line rises, one has to set 

the CBI line to detect a low-to-high transition on line B of 

the user Port. 

Pin 27 of the converter chip, named Output Enable, is 

wired to line M of the User Port, controlled by the CB2 line 
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of the 6522 VIA #1. After the EOC signal is detected, thus 

raising line M, by selecting the MANUAL OUTPUT MODE (high) 

as explained in paragraph 2.3.2 in chapter 2, the A/D chip 

will make the binary number corresponding to the input 

analog voltage available for READing on pins 25 to 31. These 

pins are connected to lines C through L of the User Port. To 

READ the binary data, one selects the DDR of Port B at $9112 

(37138), for input, by setting all bits to zero, and then 

READs Port B at $9110 (37136). The value present in this 

location is the same as the binary value on the converter 

data lines 25 through 31. After the value has been fetched, 

the CB2 line must be lowered, by selecting the MANUAL OUTPUT 

MODE (low) as explained in paragraph 2.3.2 of chapter 2. 

Subsequently, another conversion sequence may be started, if 

de si red. 

It is crucial that one does not attempt to READ the 

digitized value before the EOC signal is issued. It is 

equally important that one does not send a start-of­

conversion pulse before the conversion process is finished. 

If either of these two conditions is violated, not only will 

the digitized value be an incorrect one, but there is a very 

good possibility of permanently damaging the chip. The 

latter case was experienced in the early development stages 

of the project, when because of the CB2 line's ability to 

output a pulse for the duration of one clock cycle, it was 

wired through a hex inverter to the START pin of the A/D 

chip. The program to test the chip's performance was written 
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in BASIC. After the start-of-conversion pulse was sent, an 

attempt was made to READ the digitized value, without 

checking the EOC signal. As mentioned earlier, a pulse with 

a width of one clock cycle is not enough to initialize the 

conversion completely. However, it is enough to trigger it 

partially. Because the start-of-conversion pulse sent was 

shorter than required, the subsequent READs rendered the 

chip unusable. 

Subsequently, a series of tests was conducted to 

determine the minimum pulse width required to trigger the 

conversion process. The tests were designed to increase 

gradually the start-of-conversion pulse width, under machine 

language program control, until an EOC was sent by the 

converter. It turned out that a pulse width of 8 clock 

cycles was sufficient to trigger the conversion process. The 

specification sheet on page 147, Note 7, states that if the 

start pulse is asynchronous with the converter clock, as it 

would be every time one sends a start-of-conversion pulse, 

the minimum start pulse width is 8 clock cycles plus 2 

microseconds. As mentioned above, it was found that 8 clock 

periods were enough to trigger the chip and this value was 

used in the VICMON program. 
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FIGURE C.1: Typical interface between the A/D chip 
and the User Port of the VIC-20 computer. 
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FIGURE C.2: Inverting AC amplifier built using the 
LM3900 chip. 
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~National 
D Semiconductor 

Apr:l1983 

ADC0816, ADC0817 8-Bit JLP Compatible AID Converters 
with 16-Channel Multiplexer 
General Description 
The ADC0816, ADC0817 data acquisition component is a 
monolithic CMOS device with an S.bit analog-to-digital 
converter. 16-channel multiplexer and microprocessor 
compatible control logic. TheS.bit AID converter uses suc­
cessive approximation as the conversion technique. The 
converter features a high impedance chopper stabilized 
comparator, a 256R voltage divider with analog switch tree 
and a successive approximation register. The 16-channel 
multiplexer can directly access any one of 16-single­
ended analog s1gna1s. and provides the logic for addi­
tional channel expansion. S1gnal conditioning of any 
analog input signal is eased by direct access to the 
multiplexer output, and to the input of the 8-bil AID 
converler. 

The dev1ce elimmates the need for externallero and full­
scale adjuStments. Easy interfacong to microprocessors 
is provided b7 the latched and decoded multiplexer ad­
dress mputs and latched TTL TRI-STATE' outputs. 

The design of the AOC0816, AOC0817 has been optimized 
by incorporatins;; the most des1rab1e aspects of several 
AID conversion techniques. The AOC0816, ADC0817 of­
fers high speed. high accuracy, minimal temperature 
dependence. excellent long-term accuracy and repeatabil­
ity. and consumes minimal power. These features make 
this device ideally suited to applications from process and 
machine control to consumer and automotive applica­
tions For similar performance in an 8-ct"lannel. 28-pin, 

Block Diagram 
COMPARATOR!h o----------, 

IIULTIPLEll~ 
OUT 

S.bit AID converter, see the ADC0808, ADC0809 data 
sheet. (See AN-258 for more information.) 

Features 
• Resolution - 8-bits 
• Total unad)uSted error- :t 112 LSB and :t 1 LSB 

• No missing codes 
• Conversion time - 100 ,.s 

• Smgle supply - 5 V oc 
• Operates rat1ometrically or with 5 Voc or analog span 

adjusted voltage reference 
• 16-channel multiplexer with latched control logic 
• Easy interface to all microprocessors. or operates 

'"stand alone" 

• Outputs meet T"L voitage level speciflcat•ons 
• OV to 5V analog mput voltage range w1th s.ngle 5V 

supply 

• No zero or lull-scale adJUSt requrred 
• Standard hermetic or moldeo 40-pin DIP package 
• Temperature range-40'Cto+85'Cor-55•Cto+125'C 

• Low power consumption - 15 mw 
• Latched TAl-STATE output 
• Direct access to --comparator in"" and "multiplexer out"" 

for signal conditioning 
TAt-STATE"' tS • ,eg,sttt•eC 1raae"!'!ar• et Nahona• Sel""'l•conduc~o· Core 

ZIC!* tS a feQIS1ftJed ltaGernar~~o; ot Z11~ !;of; 

START ClOCk 

r 
r;;;-;;;----
1 

--, 
1-r'-------o:,:~~O:R~~~~ERSIOh 

I 

I 
1i At1iAL OG lfWPUlS l 

l 
HllAOORESS{ 

AODRISSLATtl< EUILE 

UPANSID~ CONTROl 

ADDRESS 
UTCH 

AliD 
DECDDU 

I 
I 
I 
I 
I 

:COMPARATOR 

I 
I 
I 
I 

I 
I ----1 

I 

1 1 

CONTROl & TIMI~G 

SAR 

l!r6R RESISTOR LAOOE R 

TAl 
STATl 

OUTPUT 
LATCH 
IUHER 

OUTPUT 
INAilE 

I 

t"'""'"" ) 
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Absolute Maximum Ratings (Notes 1 and 2) Operating Ratings (Notes 1 and 2) 

lkloo•v Vo11ao•1 V cc HNole 3> 6511 Ttmpo•at~•• l'l.t"'<' (Not• !I TMI!•ISTAsTMAX 
Vottagut Any P•o -0 311 IO(IICC + 0 3Vi AOC0816CJ - 5S"C :s TA"' + 125'C 

beapt Cont•o• Inputs ADC0et6CCJ. AOC0816CCIII -~·csTAs +IIS'C 

Voltago at Conuol '"""'' -0.3VIO tSV AOCOI11CCN 
!START. OE. CLOC~. ALE. EXPANSION CONTROL R.tngeot llccli'Coltll UVoctotiOVoc 
ADO A. ADO 8. AOO C. ADO 0! IIOII&gt at Any P,n ovtoVcc 

Sle><ago Tampo•lfu•e R~nge - 65'C to +150'C Except Controllnp"'• 
Paeoage D•U•P~Iton 11 TA: 25'C 875mW vottaoe 1t Conttolt-nputs 0VIo1511 
UadTempera1ute($oldtrany 10Mc:Ond:S~ lOO'C (START, OE CI.OC~. ALE EXPANSION CONTROl 

ADO A. ADO B. ADO C. ADO D1 

Electrical Characteristics 
Converter Specifications: V cc= 5 Voc = VREFt• ~ VREft- 1= GND. v,,.= Vcot,~PARATOR ,,.. T M,,...:s T,.:s T MAX and 
I eLK= 640kHz unless otherwise stated. 

Parameter Conditions M in Typ Mu Units 

AOC0816 
Total Unadtusted Error 25'C :!: 112 LSB 
(Note 5) T,..,,. to TMA~ ::314 LSB 

ADC0817 
Total UnadJUSted Error o·c to 1o•c :!:1 LSB 
(Note 51 TMIN 10 TMAX :!: 1 114 LSB 

Input Res•sta,.,ce From Rei!+ 1 to Re!, -1 1 0 45 k!l 

Analog Input Vottage Range (Note 4) Vt +)or Vi-) GN0-0 10 Vcc•O 10 Voc 

V~£< .• Vollage. Top olladoe• Measured at Ref1 +I V cc Vcc•O 1 V 

VRE<·· •+ VREF·.·' 

2 
Voltage. Center of Ladde' Vcci2-0"1 Vcc'2 Vccl2+01 V 

VRE<,-, Voltage. Bottom of Ladder Measurea at Reil-) -01 0 V 

Comparator Input Current f c,. 640kHz. (Note 61 ·- 2 ::0.5 2 ~A 

Electrical Characteristics 
Digital Level$ and DC Specifications: AOC0816CJ4.5V :s Vccs5.5V,- 55'C:sT.,.s + 125'C unlessotherwisenoted. 

ADC0816CCJ. ADC0816CCN, ADC0817CCN 4.75VsVccs5.25V, -40'CsTA:s + 85'C unless otherwise noted. 

Parameter I Conditions I M in I Typ I Mu I Units 

ANALOG MULTIPLEXER 

Ro,. Analog Mulllplexer ON tAny Selected Channel) 
Aes•stance r,., = 2s·c. RL,. tOk 1.5 3 k() 

T,.,= ss·c 6 k() 

r ... = 12s·c 9 kU 

.lRo.., .l ON Aes•stance Between Any (Any Selected Channel} 75 I! 
2 Channel!; R,"' 10k 

!oFF •' OFF Channel Leakage Current V cc= 5V. V,~;= 5V, 

T"' = 2S'C 10 200 nA 
T .,.,,. to T •ux 10 ~A 

lo•••-• OFF Channel Leakage Current Vcc=5V. V,N=O. 
TA= 25'C -200 nA 
T.,,,. to T.,.A> -1.0 ~A 

CONTROL INPUTS 

v,,...,,, Log•cal .. , .. Input Voltage Vcc-1.5 V 

VlNiOI Log•cal "0" Input Voltage 1,5 V 

IIN(lj LogiCal .. , .. Input Current V,N= 15V 1.0 ,.A 
(The Control Inputs) 

IINIOI Log•cal "0" Input Cur•ent V1N=O -1.0 p.A 
(The Control Inputs) 

lee Supply Current fcu1 = 640 kHz 0.3 3.0 m A 
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Electrical Characteristics tConlinuedl 

Digital Levels and DC Spteiflcetlons: AOC0816CJ-4.SV :s V cc :s 5.5V. -55'C:sT"s + 125'C unless otnerw1se noted 
AOC0816CCJ. AOC0816CCN, AOC0817CCN-4.7SV s Vcc:s 5.2SV, - 40'C s TA:s + 85'C unless otherwise noted 

Parameter I Conditions I Mln I Typ I Mu I Units 

DATA OUTPUTS AND EOC (INTERRUPT) 

Vour,,, Log•cal .. , .. Output Voltage lo = - 360 ~'"·TA= ss·c Vcc-04 V 
lo= -300~.0.. T.,= 12S'C 

Vour,o Log•cal "0" Output Voltage lo= 1.6mA 0.45 V 

VouTtO• Log•cal "0" Output Voltage EOC lo= 1.2 mA 0.45 V 

.. lou1 TAl-STATE' Output Current Vo=Vcc 30 ,.A 
V0 :0 -3.0 pA 

• Electrical Characteristics 
Timing Specifications: V cc= VREF1• 1= 5V, VREFi-l"' GND, 1,= lt = 20 ns and TA= 25'C unless otherwise noted. 

Symbol [ Parameter Conditions M in Typ Max Units 

tws ! Mmtmum Start Pulse Wtdth I (Figure 5) (Note 7) J 100 J 200 ns 

tv.A.,E Mm1mum ALE Pulse W•dth (Ftgure 51 ! 100 I 200 ns 
' I 

Is Mm•mum Address Set·Up Ttme (Figure 51 I 25 50 ns 

I;; ; Mm•mum Address Hold Ttme (Ftgure 5) I 25 50 ns 

to ; Analog MUX Delay T1me Rs = 00 (Ftgure 5! : 1 2.5 ,.s 
from ALE 

1;;,. t,..c ! OE Control to 0 Logic State CL= 50 pF, RL = 10k (Figure 8! 125 250 
! 

ns 

t,H· t0,.. I OE Control to H1·Z I CL= 10 pF, RL = 10k (Ftgure 8) I 125 250 I ns 

le i Conversion Ttme l le= 640kHz. (Figure 5) (Note 8) 90 100 116 "s 

f, 
I 

10 640 1280 kHz j Clock Frequency i 

Ieee 1 EOC Delay T1me {Figure 5) 0 8+2"$ Clock 
I Periods 

c", ! Input Capacitance At Control Inputs 10 15 pF 

Cour I TAl-STATE Output i At TRI·STATE Outputs (Note 8) 

I 
10 15 pF 

I 

1 Capacitance 

Note 1· At:s:.·...:!~ mat!t'rlur;: ra!.flC~ a~e those values t'>efO'lO whtch the hfe o' tne dev•ce mat t>e tmpauea 

Note 2. A1' ..-c'!ages are meas;;re~ -·1th res;:,&c:: to GNO. unless ott~erw1se sp~!fteC 

I 
No1e 3. A :e ... e. d:oo:e e"~H-- ~~te~na''" tro"" V cc to GNO and nas a typ:car brea~oo~l"! volta;€: o' 7 Voc 
Ncte,. T~o o..,·C"~·~ d1odes a·e tle:' ~c eac:n a""a·o; '"PYl wh.cn w11i forwa!d CO"iOu:::t for 3"10109 H'lpvt volt ages one O•O:le Crop belO'I¥ 9rovnd o• O"'l~ ~ro.:Je dto;; 
greale' t~>a .... tt~e V cc su;:;;:.~ Tne s:ec allow~ 100 mv fort~~o·aro tHas ol-ettne~ 010de Tf\•s means that as tong as the a'lalog v 1N does net e•ceec tf!e s..;;p:. 
vo1tagt t>,,.. o·t p·.a-- ,0:: rr.v lht- vut;..:l coae \1\1! 1 be Cottf!::t To actHe<~e a., absctv1e- 0 voc tc 5 Vo:: rf'l;>vt vo:taQe !ange >A.!l mereforE- reou1u~ a m."'. m..t-· s.;,.,;: 
pl) ~o,ta;;~e c• 4.90(. Voc o.-e• U':!"f\:H~rat..:r~ var10tlons. lnrt,a! tolera,ce aoo 1oaom~ 

No1e 5: 'Tot a· unad!uSteo eH or tnctuces ottseL hJ!l-sca1e. and hnea"lf)' ertors. See F1gure 3 None of mese A.10S reou•res a zero or fuli·s::ate a~jUSl- Hc~ever ,1 
an Oli zerc cooe ·s ces·~ec !o· an analogmpu~ otner tnan 0 OV. or 11 a naHOW 1ull·sca'e spa"! e•<sts ilo• ewamp1~ C sv tc" 5\' tul<-scat.e: the relerenct wo•tayes 
car be a~,\JSted tv &Cf'lle>'e t!"'HS See Figure 13 

Note 6: Com;-a!ato! :npu: curre"'t ·sa t>1as curre!"'t 1nto o~ out of the choppe' stab.l~zea compara!o; Tne b1as cune~1 var.es ChfeCtly w1H" c 1oc:t• lreque"'l·:y a'"IC 
has l1ttte temperature deo-enoenee 1F1gure 6J See paragraph 4.0 

Note 7: 14 Sla~t P'w.i:Sf IS as,ncr:ronouS 'A<\tt", Converter ClOCk the m1r,1mU"i". SUI'! PUlSE' W•dt~ •S 6 CIOCP, pe•10C! p!uS 2 ~o~S 

Note8: The o,;t;..::s o• H"\E oa;a reg1ster are updated onE> cloc~<. crcte ne torE tne '1S1n~ edge ot EOC 
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Functional Description 
Mulllpleaer: The device contaons a 16-channet smgle· Adchhonal single-ended analog signals can be multi· 
ended analog signal mulhplexer A part ocular onput chan· plexed to the AID converter by d•sabling a lithe multiplexer 
net is selected by using the address decOder Table 1 inputs usmg the expansoon control. The additional exter· 
shows I he input states for the address line and the ex pan· nal signals are connected to the comparator input and the 
sion control line to select any channel The address is device ground Additional s•gnal conditioning (i.e .• 
latched into the decOder on the low·te>high transition of prescahng. sample and hOld. instrumentation amplihca· 
the address latch enable signal lion. etc.) may also be added between the analog input 

TABLE I 
signal and the comparator input 

SELECTED ADDRESS LINE EXPANSION CONVERTER CHARACTERISTICS 

ANALOG CHANNEL 0 c 8 A CONTROL 
The Converter 

INO L L L l H 
The heart of thos single chop dala acquisotoon system is its 

IN1 L L L H H S.bit analog·to-dogttal converter. The converter is designed 
IN2 L L H L H to gove last. accurate. and repeatable conversions over a 

IN3 l l H H H 
wide range of temperatures. The converter is partitooned 
into 3 mator secltons: the 256R ladder network. the sue· 

IN4 L H L l H cessive approximation register. and the comparator. The 
IN5 L H L H H converter-s dogotal outputs are positive true. 

IN6 L H H L H The 256R ladder network approach (Figure 11 was chosen 

IN7 H H H 
over the conventional R12R ladder because of its inherent 

l H 
monotontcity. wh•ch guarantees no mtssmg digotal codes. 

INS H L L L H Monolonoclty 1S partocularly omportant in closed loop feed· I 
IN9 H L L H H back control systems" A non·mor'lotonic retat•onsh1p can 

cause osc•lla!lons that wtll be catastrophiC for the 
IN10 H l H L H system. Additoonally the 256R network ooes not cause 
IN11 H L H H H toad var~at1ons on the reference voltage. 

IN12 H H L L H The bottom res;stor anc the top resistor of the ladaer 

IN13 H H L H H network in Ftgure 1 are not the same value as the 

IN14 H H H 
remamder of the network The difference '" these 

L H res•stors causes the output character~stic to be sym· 
IN15 H H H H H metncal wtlh the zero and tull·scale pomts of the transfer 

All Channel~ OFF X X X X L curve. The fors! output transo!lon occurs when the analog 
signal has reached + 112 LSB and succeed1ng output 

Xz:. dorncare transitions occur every 1 LSB later up to full·scale. 

CONTROLSFROM SA R 

RU<•1o--

+ + • i 
I • 
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. . . 

R 
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R . . . 
:_-:t~ 
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:,R 

RHHC>--

TL il" ~~ .. ~; 

FIGURE 1. Resistor ladder and Switch Tree 



Functional Description (Conttnuedt 

The successive appro,.•mallon reg1ster (SARi performs 8 
iterations to approx•mate the mput voltage For any SAR 
type converter. n·tlerat10ns are requtred for an n·bil 
converter. Frgure 2 shows a typ1ca1 example of a 3·bll 
converter In the AOC0816. ADC0817. the approxtmatton 
techn1que IS extended to 8 b1ts usong the 256R network 

The A.ID converter's success1ve approx1mat1on regtster 
(SAR) IS reset on the pos•hve edge of !he start converSIOn 
!SCJ pulse The convers1on IS begun on the falling edge ol 
the sttrt convers10n pulse A convers•on m process w1ll be 
mtenupted by rece1pt of a nev.. start corwers•on pulse. 
Con!lnuous convers•on ma~ be accomplished by tying the 
end·ol-converslon (EOC) output to the SC mput. If used m 
th1s mode. an external start convers•on pulse should be 
applied after power up. End·Of·convers1on w111 go low be· 
tween 0 and 8 clock pulses alter the nsrng edge ol start 
convers•on 
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FIGURE 2. $-Bit AID Trensler Curve 
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The most tmportant sec11on of the AID converter IS the 
comparator l!rs thiS sect1on whrch IS responstble tor the 
utltmate accuracy of the entire converter. 11 is also the 
comparator oroft wh1ch has the greatest influence on the 
repeatabtltty of the devtce. A chopper-stabrhzed corn· 
par at or prov1des the most effeCtive method of satisfymg 
all the converter requlfements 

The chopper-stabilized comparator converts the DC input 
sognal m to an AC s•gna! Thrs S1gnat1s then led through a 
hrgh garn AC amp11f1er and has the DC level restored Th1s 
techniQue hm1ts the drtft component ol the am ph her smce 
the drrlt 1s a DC component whiCh IS not passed by the AC 
amphfoe• Th1S makes the entne AID converter extremely 
rnsens•ltve to temperature. long term dnft and input offset 
errors 

F•gvre 4 shows a typ:cal error curve for the ADC0816 as 
measured usong the procedures outlined in AN-179. 
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Connection Diagram 

Dual-In-Line Package 

.• , ••z ... .., 
··~ ••• 
••• (11&1$10 .. COITAOL .. , ADD A 

••• ADD I .. , ADD C .. ,, ADO 0 

1111 All 

11112 z- 1oosa 

••nJ z-1 .. ,. z-l 

lOt z-4 
••n ~-~ 

MUUIPL!XIR z-• OUT 
STAAI z-1 

vet z-ILSI 

CO.,FARATOR IN REI 

RH•·• CLOCJ.. 

c~o OUTP:.P 
U&Ud 

TOP VIE V. 
T ~ ,. !.: ••-t 

Timing Diagram 
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!DC -----------, 
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Typical Performance Characteristics 
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FIGURE 6. Comparator 11N vs V1N 

(Vcc=VREF"SV) 

TRI·STATE! Test Circuits and Timing Diagrams 
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Applications Information 
OPERATION 

1.0 Rltlometrlc Conft!'lion 

The ADC0816. ADC0817 is des•gned as a complete Data 
Acquisilton System (OASl tor rahometnc convers1on 
systems. In ratiometric systems. the phys•cal variable 
being measured 1s expressed as a percentage of ful:-scale 
which is not necessarily related to an absolute standard. 
The voltage input to the AOC0816 is expressed by the 
equatton 

Dx 
o;;,;.~-o .. m .. 

VIN =Input voltage tnto the AOC0816 
V15 :: Full-scale voltage 

Vz =Zero voltage 

Dx = Data point betng measured 

D~~o~Ax =Maximum data limit 

D~o~tN= Mmimum data limit 

(1) 

A good example ol a rat•ometnc transducer is a poten­
ttometer used as a pos•t•or. senSO' The POS1t1on of the 
wiper is d.rectly proport,ona: to tne output vo•tage wh•ch 
is a ratio of the full-scale voltage across it. Smce the data 
is represented as a proport•or, o' fun-scale. reference 
requirements are greatly reducea. el•mmat•ng a large 
source of error and cost for many apphcat1ons. A major 
advantage of the AOC0816. ADC0817 1s that the mput 
voltage range is equal to the supply range so the 
transducers can be connected directly across the supply 
and thetr outputs connected d.rectly into the mulliplexer 
inputs. {Ftgure 9J 

Rat1omet11c transducers such as potentiometers. stra•n 
gauges. thermistor bndges. pressure transducers. etc., 
are suitable for measunng proportional relationsh•ps; 
however. many types of measurements must be referred 
to an absolute standard such as voltage or current. Th1s 
means a system reference must be used wt11ch relates 
the lull-scale voltage to the standard volt For eumple, if 
V cc= VREF = 5.12V. then the lull-scale range is dtvided tn­
to 256 standard steps The smallest standard step 1s 1 
LSB wh1ch •s then 20 m V. 

2.0 Resistor Ladder Limitations 

The voltages from the res•stor ladder are compared to the 
selected mput Bt•mes in a convers1on. These voltages are 
coupled to the comparator via an analog switch tree wh1ch 
is referenced to the supply The volt ages at the top. center 
and bottom of the ladder must be controlled to mamtam 
proper operation. 

The top of the ladder. Rei(-+ ). should not be more positive 
than the supply. and the bottom of the ladder. Ref1 - ). 
should not be more negat•ve than ground The center of 
the ladder voltage must also be near the center of the 
supply because tl'le analog switch tree changes from 
N-channel sw•tches toP-channel switches These l•mlta­
uons are automatically sat1slied m rahometric systems 
and can be eas11y met m ground referenced systems 

F1g1Jre 10 shows a ground referenced system w1th a 
separate supply and reference. In this system. the supply 
must be trimmed to match the reference voltage. For in­
stance. if a 5.12V reference is used. the supply should be 
adjuSted to the same voltage w1th•n 0.1V. 

ADC0816 17 

DIGITAL 
OUTPUT 
PROPORTIO~AL 

TO A~AlOG 
th•uT 

v,, v,, 
OouT ~ vRe< = ·.;c:c 
415\' ~V cc= VRE~ ~5 25·~ 

• RaClOmf'tnc tra.11sdveers 

~ .... ! ....• 

FIGURE 9. Ratiometric Conversion System 
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Applications Information .conttnuedl 

The ADCOSH\ needs less. than a mtlltamp of supply current 
so deve!opmg the suppl; from the reference •s read•ly 
accompl•sned In F1gure f1 a ground referenced system IS 
sho,..n wruch generates the supply from the reference. Tne 
buffer sho111r. can be an op amp of suf!•c•ent drove to 
suPP') the mdl!amp of suppl> curre"t a !"'d the des•red bus 
dr•ve. o' o! a capacotove bus •s dr~ven by the outputs a large 
capac•ro· ,..,:; supp1; the trans•ent suppi; current as seen 
m F •gure 12 The LM301 os o•erc:>mpe,.,sated to tnsure 
stab•ill) whe~ toadec b) the tG •F output capacitOr 
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The top and bottom ladder vollages cannot eKceed V cc 
and ground. respectively. but they can be symmetricalfy 
less than V cc and greater than ground The center of the 
ladder voltage should always be near the center of the 
supply The sensoltvity of the converter can be mcreased. 
(i.e . srze or the LSB steps decreased/ by usong a sym­
metncal reference system In Ftgure 13. a 2.5V reference 
IS symmetocaHy centered about Vccf2 smce the same 
current flows m •dentocal resostors Thos system with a 
2.5V reference allows the LSB to be half the s•ze ot the 
LSB on a 5V reference system 

~------------~vcc 

Rff, .. 

... \ 
1nlS . . 
•.c 
RUI-i 

AOC0116 17 

FIGURE 10. Ground Relerenced 
Conversion System Using Trimmed Supply 

1--+-------------~ ~!f .• · 
•nt5 . 
• 

'no 
RHH 

~--------------------'-~GNO 
AOCOIIi. 11 

DIGITAl 
Ol.!TPUl 
REfERENCEC 
TO 
GROUND 

""' Oour = VREF 

4 75\' >V cc= VREF ~ 5 25V 

DIGITAl DUHUl 
R! FE RENCE D TO 
GRO\J~D 

v,N 
Oour= "RH 
4 75V ~V cc= VREf ~5 25V 

FIGURE 11. Ground Referenced Conversion System with 
Reference Generating V cc Supply 



Applications Information !Contmueot 

HV 
REFERENCE 

3.0 Converter Equations 

11-ISVot 

umsa lice 

>-...-----+ AEFI•l 

REH-l 

FIGURE 12. Typical Reference and Supply Circuit 

sv 

V cc 
3.1SV 

R£ft•; 

lol!i 

OouT 

'no 

12SV 
RHI-1 

Rs 
GPiD 

":" 

FIGURE 13. Symmetrically Centered Reference 

DIGITAl OUTPUT 
pqOPORTIOP;Al TO 
AUlOG INPUT 
t.lSV c VIN: J 7SV 

RA • Ra 
• Rat1omet~,c transducerr. 

..... :,; ~·. 

The trans•t•on between ad,acent codes N and N + 1 ts 
g1ven by 

The output code N for an arbolrary input are the integers 
withm the range. 
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Vu,=I(V"'H· -VRE•· .{2~6 + 5 ~ 2J:tVtur/+VRe•,-·
121 

The center of an output code N os g1ven by. 

N = -· _v,N- VREF•-' x 256 !: Absolute Accuracy !41 
VREF,.,- VRE•·-l 

v,N"'I (VREF•· ,- VREF•- ,l [2~] :t V we}+ VREF,-1 (3) 

where. V IN= Voltage at comparator mput 

VREFt•l= Voltage at Rei(+) 

VREFi-l"' Voltage at Rei{-) 
V rue= Total unadjusted error voltage (typically 

VREFt•l- 512) 



Applications Information 1Con11nued; 

•.o Analog Comparator Inputs 

The dynam1c comparator input current is caused by the 
peflodtc sw•tching of on-ch•P stray capac1tances These 
are connectecl alternately to the output o! the resistor lad· 
(lerlswitch tree network and to the comparator mput as 
part of theoperat•on ol the chopper stabiltzed comparator. 

The average value of the comparator onput current vanes 
dlfectly w•th clock frequenc~ and w•!h 1/1" as shown tn 
Figure 6 

Typical Application 

ADDRESS 
DECODE 

IA04·AD!f>·• 
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If no filler capacotors are used at the analog or comparator 
inputs and the s1gna1 source impedances are low. the 
comparator mput current should not mtroduce converter 
errors. as the transient createcl by the capacitance 
d•scharge will d1e out before the comparator output is 
strobed 

If mpu' ltl~e· capac•lors are desored tor no•se reducr•on 
l"::l s•g-.a· '''~d,!•ontng !hey wtll!end u, averag£: ou• the 
dY"I" ·C compa• a'<•' •npu: curren: ll wtll !hen lake o" 
:ne cha•ace .. s·•cs e>f a DC b•as currpn: whose ellec' 
can be p•ec! c:o;c cr.nven:o()nally See AN-258 fr•r tur~>'ler 
d~s-:::u~s~- r 

MSB 

L$8 

CDMMDI\ OUT 

COMPARA10A 
1111 

v 1 ~ 16] 

VI~ l 

0-IV 
AULOG 
II<PUT RA~G£ 

Microprocessor Interface Table 

PROCESSOR READ WRITE INTERRUPT lCOMMENT) 

808: MEMR MEt.!.\'; INTR {irvu RST Ctrcu•l> 

8085 RD WR INTR iTnr_. RST Clfcu•tl 

Z-80 RD WR INT (Tntu RST CJtcu•t MooeO; 

SC'MP NRDS NWDS SA (TI'1ru Sense AI 

68...'10 VMA·o2·R.'It.: VMA"'2RW IRQA 0' IAQB !T1'1rv PIA; 

Ordering Information 

TEMPERATURE RANGE -40·c to +&s·c -ss·cto .us·c 

Error l ::1: 1/2 Bit UnadjUSted AOC0816CCN AOC0816CCJ AOC0816CJ 

::1: 1 Bit Unadjusted AOC0817CCN 

Package Outline N40A Molded DIP J40A Hermetic DIP J40A Hermel!c DIP 
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NATIO~AL·s PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES 
OR SYSTEMS WiTHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL SEMICONDUCTOR 
CORPORATION. As used here.n 

Ufe support dev•ces or systems are deVIces orsysterr.s 
whtch. 1a1 are mtendec fo~ surg•cal rmplant mto the 
body. or lbl support or susta.n hie. and whose la•lure to 
perform. when propetly used m accordance v.1th in· 
strueltons for use provided tn the labeling. can be rea· 
sonaoty expected to result m a significant inJury to the 
user. 

2 A cri!•cat component is any component of a hfe support 
dev•ce or system whose failure to perform can be rea· 
sonably expected to cause the failure of the hie support 
dev•ceor system. or to a' feet •ts safety or eflectrveness 
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APPENDIX D: 

THE TELEMETRY INTERFACE 
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o.l) The 4046 VCO --------
To set the operating frequencies of the voltage­

controlled-oscillator, one only needs to use one resistor 

and one capacitor. As shown in Figure 0.4 on pagel72,the 

capacitor is tied to pins 6 and 7, and the resistor Rl, 

which must always be used, goes between pin 11 and ground. 

In some applications, a frequency offset is required; that 

is the VCO must output a certain frequency when the input is 

equal to zero volts. To provide this offset, a second 

resistor is needed between ground and pin 12. The input 

voltage to pin 9, (VCOin}, which monitors the output 

frequency of the vco, must be positive DC and be limited to 

the range 0 to Vdd. Vdd can be between 5 and 30 volts. There 

are also minimum values for the resistors Rl and R2, and for 

the capacitor Cl, for good performance of the PLL circuit. 

The two resistors should not be less than 5 kilohms and the 

capacitor must be greater than 50 pF. The design equations 

for the VCO output frequency are given below: 

Fmin = 1 I [ R2 ( Cl + 32pF ) ] 

with vco 1n = vss 

Fmax = 1 I [ Rl ( Cl + 32pF ) ] + Fmin 

with VCOin = Vdd 

where 5K < Rl < lM 

5K < R2 < lM 

50 pF < Cl <0.01}-l F 

(0.2) 

(D. 3) 
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The specification sheets in Reference 17 however, 

caution that these equations are intended only as design 

guides. Because both the manufactured and the calculated 

component values are usually somewhat in error, breadboard 

trimming is required to achieve the desired precise 

frequencies. What the specification sheets fail to mention 

is that the output frequency changes with the power supply 

voltage. This was discovered in the course of laboratory 

experimention with the chip. Therefore, a regulated power 

supply and variable resistors are strongly recommended for 

more stable and accurate results. To set the extreme 

frequencies of the VCO one can follow these steps: 

(a)- to find the lower frequency limit, ground pin 9 of the 

4046, and adjust potentiometer R2, until the desired 

frequency is obtained. Then tbe potentiometer must be left 

alone for the duration of the experiment. 

(b)- to set the higher end of the VCO output frequency, 

connect pin 9 to Vdd and this time, adjust Rl, until the 

desired frequency is reached. 

Subsequently, varying the input voltage to pin 9 

bet we en Vss and Vdd should d i recti y vary the output 

frequency accordingly, i.e. lower voltages should give lower 

frequencies and higher voltages should produce higher 

frequencies. It is important to bear in mind that if at any 
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moment, the input voltage exceeds the prescribed limits, it 

is probable that the chip will be damaged. 

If an AC signal is the modulating signal, it should be 

biased and scaled to the proper levels, as described in 

paragraph 4.2 in Chapter 4, before it is fed to the VCO 

input. In that case, the input to pin 9 should be adjusted 

at Vdd/2 for zero volts input. 

Another important point regarding the performance of 

the VCO is that all other unused inputs, namely pin 3 

{PC2in) and pin 14 (PClin} must be tied to an appropriate 

logic voltage level, i.e. Vss or Vdd. This is in accord with 

the series of precautions one must take when working with 

CMOS ICs. Here, the reason for doing so mainly concerns the 

Phase Comparator number one (PCl). Whenever PCl is used, the 

VCO may lock into frequencies that are the harmonics of the 

center frequency. This point was tested many times after it 

was discovered in the early development stages of this 

project. When the modulating signal was being recovered at 

the receiving end, even if the input voltage was held at 

constant at zero volts, there were occasionally, frequencies 

with exactly twice that of the center frequency. The 

occurrence of this phenomenon was apparently random, and 

affected somewhat less than 10% of the data. By grounding 

the two inputs, i.e. pins 3 and 14, the problem was totally 

eliminated and no more harmonics of the center frequency 

were found in the data. 



The power supply limits for this chip are: 

1~ V < Vs < 39 V 

and 

5 V < Vs < 15 

(single supply) 

(dual supply) 

for good stability, i.e. ~.~5% per volt. 
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The sweep voltage applied to the input is bounded by the 

following limits: 

(2/3 Vs + 2 V) < Vsweep < vs 

Consider that the power supply is a 12 volts regulated 

battery; according to the relationship given above, the 

sweep voltage will only be: 

1~ < Vsweep < 12 

which is very impractical. By increasing the supply voltage 

to the highest allowable voltage, which is 3~ volts, the 

sweep voltage becomes: 

22 < Vsweep < 33 

This sweep range is much more practical to work with than 

the one in the preceding example. However, providing a 30 
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volt power supply and making sure that the input voltage 

does not fall outside the 22, 3r;, volts range, is not 

readily realized in the field. 

D.3) The frequency counter interface 

On the main board we have a 16-bit counter and one 

analog-to-digital converter, where all of them must share 

the same 8-bit data bus of the User Port. It is not possible 

to connect all of these lines to the data bus directly, 

because of interfering logic states. Therefore, a scheme is 

needed to allow one to choose selectively which device is to 

be READ, and when the desired device is selected, all other 

devices that share the data bus are inhibited. To do this, 

three 74LS245 octal bus transceivers were mounted on the 

main board, giving the user the possibility of choosing 

between the analog-to-digital converter, the low-order byte 

and the high-order byte of the 16-bit counter. When one the 

three devices is selected for a READ, the buffer between the 

User Port and that device's output lines is enabled, and the 

data flow directly from the device to the User Port. At the 

same time, the other two buffers must be disabled, to 

prevent any flow for data from their gates. The two 

disabled buffers will therefore have their output lines in a 

"floating" state. These bus transceivers can allow data to 

be transferred in either direction internally. The pin 

diagram for this chip is shown on page 178. One could 

provide the possibility of choosing the direction of data 
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transfer from within the software very easily~ but in this 

project, this was not needed and the direction of flow was 

fixed in hardware, from the device toward the computer. 

The enable line of each bus transceiver set allows one 

to enable or disable to entire chip. The chip is enabled by 

lowering (logic state zero), the enable line E, pin 19, and 

disabled by raising it, (logic level 1). This feature is 

implemented in hardware, and is selectable in software for 

obvious reasons. 

The option of resetting the counters is provided in 

software. Three bus transceivers are used to buffer the 

incoming data. To be able to choose the status of each one 

of these chips one could devote one line of the User Port to 

control one device. Examining the User Port diagram, we see 

that the data bus of the User Port, or VIA #l's Port B lines 

have all been used for data transfer. The two CBI and CB2 

lines of Port B have specific tasks to perform. Therefore, 

all the lines on the bottom side of the User Port are taken. 

Turning to Port A, on the top side, we see that we have 

already used the JOY~ line, line 4 of the User Port, to 

connect to the START and the ALE lines of the analog-to­

digital converter. There are two available lines remaining 

that could be used for general purpose interfacing and 

programming; these are the JOY!, and JOY2 lines, lines 5 and 

6 of the user Port, controlled by bits 3 and 4 of VIA #1 

Port A register at $9111 (37137). 

We are left with two free lines on the User Port, but 

we have to control four devices. To overcome this obstacle, 
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we used the 2-by-4 74LS139 decoder/multiplexer. The pin 

diagram for this chip is given on page 179. The enable pin 

of the chip, pin 1, is connected to ground, so that the chip 

is enabled all the time. The two input or select lines lA 

and lB are tied to JOY! and JOY2, lines 5 and 6 of the User 

Port respectively. The truth table on page 179 shows how the 

output lines are selected. In this case, the first pin, or 

1Y0, is connected to the RESET pin of the four counters, and 

each one of the three subsequent data output lines of the 

decoder is tied to the enable line, pin 19, of the bus 

transceivers. In this manner, by controlling the states of 

JOYl and JOY2 lines of the User Port, one automatically 

selects the desired device, while the chip disables all 

others connected to it. This scheme has the advantage that 

only one WRITE is required in order to enable the desired 

device for READ, at the same time disabling the others. 

The decoder is also mounted on the main interface 

board, leaving enough room for one 16-pin socket, which 

serves as the input for all the measured signals. We used 

the Radio Shack's 4.5" X 4" board as the main interface 

board. After mounting the general purpose 16-bit counter, 4 

IC chips, three octal bus transceivers, one two-by-four 

decoder, the analog to digital converter, the clock circuit 

for the A/D chip, and one empty socket for input, about 95% 

of the sur face of the board is used up. The frequency 

counter circuit was constructed on a separate board, and 

connected to the main board using a flat cable and the empty 
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socket. 

D.4) Measuring time intervals 

The time period of the transmitted signal is measured 

in the following fashion. First, the output of the frequency 

clock was buffered to the counter, that is the counter is 

incremented only when the buffer is enabled. To sample data, 

the counter is reset to zero, and the buffer is enabled for 

one period of the input pulse. From the value then stored in 

the counter, because we know the frequency of the reference 

clock, the sampled period of the input square wave can 

easily be calculated. From that the frequency, and finally 

the voltage of the modulating signal can be obtained. The 

buffer is enabled on the rising edge of the pulse and 

disabled on the rising edge of the next pulse, using the 

74LS74 D-flip flop. The software program VICTM, written for 

this purpose, resets the counter to zero, instructs the D­

flip flop to enable the crystal clock buffer for the next 

time period only, READs the number of counts stored in the 

counter, performs the necessary delay corresponding to the 

sampling rate selected, and loops back to reset the counter. 

Because the computer must READ two values, LSB and MSB of 

the counter, to obtain the correct number of counts, two 

values must be stored in the data buffer, every time a datum 

is sampled. Therefore, the memory space is depleted twice as 

fast as it normally would be, in the case of the analog-to­

digital converter, using the same sampling rate. This means 

that the buffer selected needs to be twice as big, if one 
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wishes to handle the same number of data. 

D.5) Selection of the "overhead" time 

In the case of the A/D converter, there was a fixed 

amount of time spent by the converter to digitize an analog 

signal, namely 100 microseconds. In determining the period 

of a signal as above, it would take a different amount of 

time to get each value. This is because we are dealing with 

variable frequencies. Lower frequencies require more time to 

be detected than do higher frequencies. At the bottom of the 

scale, when the input voltage is zero, the output of the VCO 

is 1250 Hz, (a 1250 hz signal has a period of 1/1250 = SE-4 

seconds). At the other end, when the input voltage is equal 

to +6 volts, the output of the vco becomes 4.5 kilohertz, ( 

which corresponds to a period of 2.2 E-4 seconds}. Because 

of the different time delays imposed on the system, for 

detecting varying frequencies, it is very difficult to come 

up with a sampling rate as accurate as the one obtained 

using the analog-to-digital converter. It would be difficult 

to devise a system that would allow one to use a variable 

amount of overhead in this case. The next best solution is 

to choose a fixed time such as 100 microseconds, as in the 

previous case. The value to choose may be the overhead 

corresponding to the time required to detect the smallest 

possible frequency output by the vco corresponding to the 

largest time period. For that value, all subsequent pulses 

with a frequency equal to the smallest frequency of the VCO 
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will be sampled with the same time spacing between them. For 

larger frequencies, since the detection time is smaller, 

more data will be sampled than desired. This is an 

acceptable technique, because sampling faster avoids 

aliasing. This scheme will however have the inevitable 

effect of distorting and misrepresenting the shape and the 

frequency content of the sampled signal. 

Consider the following example. Suppose we are to 

sample a low frequency sine wave, say 1 Hz, at a sampling 

frequency of 1000 Hz. The amplitude of the sine wave varies 

between 0 and +5 volts, and therefore the VCO output is 

between 1250 and 4400 Hz. Taking into account our previous 

discussion of the amount of overhead associated with the 

detection of each individual p~lse period, it is evident 

that around that part of the cycle near the negative peak, 

we will sample more points than we really need. Note that 

the amplifier being used is operating in the inverting mode 

and biased to +2.5 volts. Therefore, the maximum negative 

voltages become +5 volts at the output of the amplifier. 

When one plots the data obtained in this fashion, if data 

points are spaced by one unit on the X axis, the bottom 

lobes of the digitized sine wave will be much wider than the 

top lobes, and therefore the shape of the sine wave will be 

distorted. Figure D.l on page 168 illustrates this effect. 

It would be impossible to choose an overhead time that 

would give the absolute answer to this problem. The best 

thing one can do under these circumstances is to compromise 

on the value and choose by trial and error an intermediate 



F I GURE .0. 1 : 

1€,8 

Phenomenon 1 explained in section 0.5, regarding 
the se 1 ect 1 on of the 11overhead 11 time. 
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number that would represent an over all "fixed" overhead 

time for an accurate sampling rate. The middle value chosen 

will vary for each 4~46 chip and should be selected only 

after the VCO is calibrated. The results obtained in this 

manner are not entirely satisfactory, strictly speaking, but 

as can be seen from the data obtained by sampling a 55 Hz 

sine wave, shown in Figure 7.1 on page 1~7, the plotted data 

are very similar to the digitized sine wave using the 

analog-to-digital converter shown in Figure 5.1 on page 64. 

Assuming the overhead in detecting every pulse is that of 

the pulse generated by the VCO when the input is 2.5 volts 

i.e. 2.2 kilohertz, we get a value of 4 E-4 seconds. 

Inserting this value in equation (2.2) we get a value of 2.1 

kilohertz. That is, given the hardware design, and the input 

frequency range of our radios, the fastest sampling rate is 

21~~ hertz. This is half our sampling speed with the analog­

to-digital converter given in Chapter 4. Except in seismic 

exploration, most geophysical work, deals with events that 

do not require fast sampling rates (above ~ KHz). Therefore 

the sampling rate the current telemetry circuit provides is 

quite adequate in many geophysical studies. 
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FIGURE 0.3: 
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CLOCK 

Basis of the method used to recover 
transmitted signals. 
(see sections 6.4 and 0.4 for details.) 
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FIGURE 0.4: Block diagram of the 4046 CMOS 
Phase-Locked Loop. 
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pF 

OM 

OUTPUT 

..... -

FIGURE 0.5: High-pass filter built around the LM3900 
amplifier. For the component values shown 
the cut-off frequency is 1KHz. 



+5V +5V 

INPUT 

FIGURE 0.6: The spike-eliminator circuit built. 
For the component values shown, the cut-off 
frequency is 4500 Hz. 
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10k 

OUTPUT 

-9V 

R1 R2 

.01 

The sine wave generator used in the Field Work. 
Potentiometer R3 must be adjusted until sine 
waves are produced. The output frequency is 
controlled by Rl, R2, Cl, C2. 
F :: 1 /211RC 
R = Rl = R2 
C = Cl =C2 
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FIGURE 0.8: The general-purpose 16-bit counter. 
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A stable reference clock using two 
NOR gates and one crystal. 
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0.6) Specification sheets: 

TYPES SN54LS245, SN74LS2U 
OCTAL BUS TRANSCEIVERS WITH 3-STATE OUTPUTS 

ll 
-1 
-1 r-
e m s 
0 m 
(/) 

• BI-directional Bus Transceiver in a High-
Density 20-Pin Package 

• 3-State Outputs Drive Bus Lines Directly 

• PNP Inputs Reduce D-C Loading on Bus Lines 

• Hysteresis at Bus Inputs Improve Noise 
Margins 

• Typical Propagation Delay Times, 
Por1·to-Port ... 8 ns 

IOL I oH 
TYPE iS INK 5SOURCE 

CURAENn CURRENn 

S~.54LS245 12 mA -12 mA 

SN74LS245 24 mA ·15mA 

description 

Th- octal bus transceivers are designed for asyn· 

chronous two-way communication between data 

buses. The control function implementation minimizes 

exterral timing ·~uirements. 

The ·Jevices allow data :ransm1ssion from the A bus :o 
•l-e a bus or from the B bus :o the A bus. depending 
upon the logic !e..el at the direction control IOIR) input. 
The enaole :nput !Gl can be used to disable the device 
so :hat the buses are effectively ;solated. 

The SN54LS245 is characterized for operation over the 
full mtlitary temperature range of - 55, C to 125 C. The 
Slll74LS245 :s cnaractenzed for operation from 0 ,C to 
70'C. 

schematics of inputs and outputs 

EOUIVAI..ENT OF EACH INPUT 

"cc_,_. 
1 9knNOM 

INPUT~-
f .... 
' . '" ..... : '" 
~ 

P~OQUCTIOI DATA 

TYPICAL OF ALL OUTPUTS 

---- ----~ vcc 

---~ 
"!)OUTPUT 

...i-....... -+-j -1.~ 

:-Ly 

J-826 
r•· ... "". ~······ ,., ........ c•tttat •• 
If ~llllli<•tito illll. ''""""' cooltt• tl 
~- '"''-" tuul•111u,....,. tt•Htnil IIIIJtffttrfy_ ,rMIIICtft:a ptOC:tUUII d-

TEXAS 'If 
INSTRUMENTS Ill-·" .od .. tlltlot "oil~~~~--

SN54lS245 .. , J PACKAGE 
SNNlS245 , , , OW. J OR N PACKAGE 

ITOPIIIEWI 

OIR '!:CC 
J\1 G 
A2 81 

82 
A4 B3 

AS 84 
A6 85 
A7 86 
A8 87 

GNO 88 

SN54lS245 , ~K PACKAGE 
SN74lS245 , .. FN PACKAGE 

!TOPVIEWJ 

FU.'<CTION TABLE 

DIRECTION 
ENABLE 

CONTROL OPERATION 
G 

OIR 

l L B dua to A bus 

1.. H A data to 8 bus 

H X ••otatiqn 



• Designed Specifically for High-Speed: 
Memory Decoders 
Data Tra11smission Systems 

• Two Fully Independent 2-to-+Line 
Decoders/ Demultiplexers 
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TYPES SN54LS139A, SN545139, SN74LS139A, SN74S139 
DUAL 2-LINE TO 4-LINE DECODERSIDEMULTIPLEXERS 

SN54LS139A.SN54S139 . JQRWPACKAGE 
SN74LS139A.SN745139. O.JQRNPACKAGE 

ITOPVIEWI 

u 2 '~w2G 

• Schottky Clamped for High Performance 

1G~~ .• \ . ..:·o~vr;;c 
19 3 ·~:!2A 

1'10;:;1~ . ~28 
1Yt _s ·:~2YO 

description 1Y2r.; ·· ~2Y1 
lY3 ;::l • • ·::::: 2Y2 

-! 
-! 
r-
0 
m 
:5 
n 
m 
C/) 

3-532 

These Scr.ot•ky c!a:roed TTL \151 circ~,ts 1r~ ~es·g;~ 
:o t:e ~sed '" h;gh·perlorcnar.ce "T1emor'{ -:eccc rg J( 

.:::tawr0L.t.rg Jpp1ications r~u;r:~9 ·.ery Si"·:rt :,.-:;:3ga~ 

· ~ :.:!ay ~:rr-~s. !n hgn ~er'~r""'rarce ~errG1"\\ ; d!~f""'S 

:.-~se 0:.1!<:::-·~ers ·:31" be ;.;sed ~o ..,...;r ,..,=ze :""e cff~ts .:;f 
5',S!"am ~eccfN·~g. ··,Vhen ~(T"(PI0 1ted *o..ntn '"'.gh-:;c~ 

r-err.or!es utliz(ng a ~Jst >?~at!e circt..it tr:e ~elay ~·f'"""es ':>f 
trese :JecoCers lnd tMe erabie time of r~e ."T'errory :3re 
• ... sL31Iy '!:!ss :r-,;jr: ·r-= :yp!1:3J ,jC:ess t:me of tre t:"er;<orv. 

T""is ~e.za.~s :M.:tt rhe '3ffecti\e system jelay ·rtrod:..ced 

by !~e S~r:tjt~k:y·c!an"ped S'fStem docoder ·s :"e<;tl•g1ble. 

T:--~ '.:'t ;,.;;t :o-.orises t"NO :ru:!ivid•...:al \'~0-';f"J! •o ~.)1;r r.e 
:.:~ccdr:rs f'l 3 ~·n·Jle package. The .3Cti'\e-!ow -::r:;::.''? ·n­

;.; ... _J.;"'! :;-::: ·~-;-.:.M.J ..1s J :=ata !·re ·n /~-srrt..:;t ;:1ex "'•.3 'iCC' ea­
~':: r.o;. 

A:l of !r:..:se ,jeccders c!ar-~:tc~~'~ers feat~re 'u:;y ~uf­

:rered :"'p!..;~s. ~ach of ·."M.ch -~or.:ser.ts :.. "'!·,r --:re :or· 

trJiiz:ed '~ad ~o ts dr1>wit'lg -::~C\.#It. ..l.il .routs 3~~ ·:·a""':~ 
.~, th ,..,:;;r :B~~r~ance 5:.;:'1....·~.·. ~·.:_:jes ::.> :: .. ;;:;;"::ss 

;;re--" r~:ng 3nd to s.rrplify s•stem :es.gr.. :re 
£.',54LS139A 3nd SN54S139 are '!-ar3c:er;:!>d 'or 
·~~era:·on ·•r.<;eof 55 C to 125 C. D-eS~.7~LS'3'3A 

GN0~2Y3 

S:II5<1LS1;3A SN5~139 FK ?ACKAGE 
SN7-1LS 139A S'li'~ 139 F'J ?-'<CKAGE 

'~OP v:E'I'/1 

w...___.o•, 
3 2 1 20 '3 ~ 

·a :j2A 
17 '-<2B 
·;: -.c 
·s :2Yo 
'.1 :2Yt 

1.. ') 11 '2 '3 / 

M Q t..) M N 
>zz>> -c :"'N 

:lid: s--.. -:'.: s: 39 jf-= .,:;. 3r:)C:-2f'.!~ ~.,, r_:c':'lra:- :r ... ;:""'' J c 
:o 70 C. !ogic diagram 

FUNCTION TABLE 

INPUTS I 
OUTPUTS 

ENABLE SELECT 

I G 8 A vo VI Y2 

I 
H )( X H H 

L L L I L ... 
; l. l H H l. 
l i 

l. H L I H H 

i I . L H H ! H H 

PPQDUCIIOII DATA 
f!ttl iOCt.ttrlt•t :Jo4UtAI usf(lfMihCUt CUfttflf U 
1t ;::11bi•UttU 1&tt Pr')hcts :cuth»tw te 
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TYPES SN5474, SN54H74, SN54L74, SN54LS74A, SN54S74, 
SN7474, SN74H74, SN74LS74A, SN74S74 

DUAL D-TYPE POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEAR 

• package Options Include Both Plastic and 
Ceramic Chip Carriers in Addition to Plastic 
and Ceramic DIPs 

• Dependable Texas Instruments Quality and 
Reliability 

description 

These devices contain two independent 0-type 

positive·edge·ttiggered flip-flops. A low level at the 

preset or clear 1nputs sets or resets the outputs 
regardless of the levels of the other tnputs. When preset 
and clear are inactive thigh). data at the 0 input meettng 

the setup time requirements are transferred to the 

outputs on the poslt!Vf!·going edge of the clock pulse. 
Clock triggering occurs at a voltage level and 1s not 
directly related to the nse tirre of the clock p.,:s~. 

follow:ng the hold time 1nterval. data at the 0 1npu1 may 

be changed without atfect'ng the levels at the O~Ctputs. 

The SNS4 family is characterized for operat1or. over the 

full military tempe,ature range of - SS •c to 125 •c. 
The SN74' family is characterized for operation from 

o•c to 7o•c. 

FUNCTION TABLE 

INPUTS OUTPUTS 
PRE CLR CLK D Q Q 

L H X X H L .. L X X L H 

L L )( X Ht Ht 

H H H H L 

H H L L H 

... H L X Oo Oo 
! Tne CholtP'-'t ev•1~ ,, t"'s cont,g~.~r.u,on•'• not g·~a'tr.teed 

:o ~•et tP'I• I'!" rL!"!".tl'9" • ._ .. s •n v0 ..,. ·t tht 1o...., at o~ne: 
tf')d c:ea• it"t "••r V;i,. l't'l•!l•t•'h.tm ;: ... 1!1"'ie~f""cte. tl"' ~ ,o,.. 
•-9~o.'3~ ;)"' s '"~OnS!iiO e tnat 1$ t w•,. not pe .. ! t! ~.· e• 

t ~ ... ,. o·~.,e~ c· c·••· ~-~ .. 'I"'S to a tHIC~ ve 1~ #.,. ~ • .:-

logic symbo~ 

PADOUCTIOI CA TA 

AEVISEO OECEo.48EA 1983 

SN5474. SN541-174. SN54l74 ... J PACKAGE 
SN54lS74A. SN54S74 .. JORWPACKAGE 

SN7474. SN741-174 ... J OR N PACKAGE 
SN74lS74A. SN74S74 . . 0. J OR N PACKAGE 

!TOPVIEWI 

laJi 1 

10 
1CLK 
1PRE 4 2CLK 

10 2PRE 
10 20 

GND 20 

SN5474, SN54H74 .. W PACKAGE 

!TOP VIEW) 

tCLK~lPRE 
1 o'""- ., ..... ,a 

IC'."a: :;~10 
VccCJ4 '~tl GND 

2CLRC]• •otJ20 
20C1s -~20 
2CLK~2PRE 

SN54lS74A. SN!I4S74 ... FK PACKAGE 
SN74l574A. SN74S74 ... Fl'> PACKAGE 

!TOP \IIEWI 

!5 u!5 
o•u u U!u 
--Z>N h WWWLJLl ~ 3 2 I 20 19 

1CLK • 4 18• 20 

NCF:~ 5 11~ NC 
1 PRE !I 16 · 2CLK 

NC 7 15 NC 
tap a ,.q 2PR'E 

-~ 

logic diagram 
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> w 
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TYPES SN54160 THRU SN54163, SN54LS160A THRU SN54LS163A, 
SN54S162, SN54S163, SN74160 THRU SN74163, 

SN74LS160A THRU SN74LS163A, SN74S162, SN74S163 
SYNCHRONOUS 4-BIT COUNTERS 

OCTOBER 1976-AEV•SEO DECEMBER I 

'110.'161.'LS160A.'LS161A .•. SYNCHRONOUS COUNTERS WITH DIRECT CLEAR 
'162.'163.'LS162A.'LS113A.'S162.'S163 ... FULLY SYNCHRONOUS COUNTERS 

• Internal Look-Ahead for Fast Counting 

• Carry Output for n· Bit Cascading 

• Synchronous Counting 

• Synchronously Programmable 

• Load Control Line 

• Diode-Clamped Inputs 

TYPICAL 

TYPICAL PAOPAGATlON MAXIMUM TYPICAL 

TYPE TlME, CLOCK TO CLOCK POWER 

Q OUTPUT FREQUENCY OISSIPATION 

'160 thru '163 14 ns 32 MHz 

'LS162A thr~o 'lS l63A 14 ns 32 MHz 

'$162 ar.d '$163 9 fl$ 70 MHz 

description 

These synchronous. presertable counters feature an in· 
ternal carry look-ahead for application in high-speeoj 

counting d1!$igns. The '160,'162,'LS160A,'LS162A. 
and 'S 162 are decade counters and the 
'161,'163,'LS161A,'LS163A. and 'S163 are 4-bit 
binary counters. Synchronous operation is provided by 

having all flip·flops clocked simultaneously so that the 
outputs change coincident with each other when so in· 
struCied by the count-enable rnputs and internal gating. 

This mode of operat.on eliminates the output countrng 
spikes that are normally associated with asynchronous 

!ripple clock! counters. however counting spikes may 

occur on the lRCOI ripple carry output. A buffered clock 
input triggers the four f!ip·flops on the nsing edge of the 

clock input waveform. 

305 mW 

93mW 

475 mW 

SERIES 54'. 54LS'. 54S' ... J OR W PACKAGE 
SERIES 74' • , J OR N PACKAGE 

SERIES 74LS'. 74S' ... D. J OR N PACKAGE 

!TOPVIEWI 

CLR vcc 
CLK RCO 

A OA 
B ae 
c Oc 
0 Oo 

ENP ENT 
GND LOAD 

SERIES 54lS', 54S' . , FK PACKAGE 
SERIES 74lS'. 74S' ... FN PACKAGE 

ITOPVIEWl 

loC:a: u 0 
d:d ~ ~~ 
3 '2 I 20 ,g 

A 18rt0A 

B Os 
NC NC 

c Oc 
o oo 

These counters are fully programmable: that•s, the outputs may be prl!$81 to either level. As prl!$erting is synchronous, set· 

ting up a low level at the load input d•sables the cou~ter and causes the outputs to agree with the setup data after the ne>tt 
clock ~;u:se regardless ol the levels of the enable inputs. Low-to-high transitions at the load •npul of the '160 thru '1 63 should 
be avoided when me clock •s low if the enable inputs are r.igh at or before the transition. This restnction is not applicable to 
the 'LS 160A tMru 'LS 163A. o• '$162 or ·s 163. The clear !unct•on for the '160. '161, 'LS 160A. and 'LS 161A is asynchronous 

and a lo"' level at the clear input sets all four of the flip-flop outputs low regardless of the levels of clock. load, ot enable in· 
puts. The ctearfunc:tion for the '162;163,'1.S162A,'LS163A, 'S162, and '5163 is synchronous and a low level at theclea~in­
put sets all four of the flip·flop outputs low after the ne•t clock pulse, regardless of the levels of the enable inputs. This syn· 
chronous clear allows the count length to be modif•ed easily as decoding the maximum count desired can be accomplished 
with one external NAND gate. The gate output IS co.,nected to the clear ir.put to synchronously clear tt>e counter to 0000 
ILllli. Low·!O·h•gh trans•t•ons at the clear .nput o! the 162 and '163 should be avo•ded when the clock •slow if the enable 
and load .nputs are high at or before the transilion 

PROOUCtiOI DATA 

El 

Ttn lllcutllet ctattutt: tnftrmeuoa currlfrt u 
If ~blicah•• Hte PrNVC!l coatorfl tl 
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