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"The introduction of the microprocessor in 1971
immediately pointed to the implementation of an entire
computer system on a single silicon chip, which by 1981
has become the most perfect symbol of the integrated
circuit. Today, one can buy a computer that possesses
32 1/0 lines, two internal timer/counters, serial
communication facilities, 128 flags that can be set,
reset, and tested for control branching, 128 bytes of
RAM, 4000 bytes of ROM code storage, a complex
interrupt structure, and extensions of RAM and ROM to
64 Kbytes each in external memory additions, with
submicrosecond instruction executions and power
dissipation of less than one watt. And all this may be
had in a 40-pin package costing less than $30 in
quantity. Such power is formidable and, to the newly
initiated, almost incomprehensible".

E. E. Klingman
IEEE Micro Vol.l, No.l
February, 1981
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PREFACE

During the past ten years the growth of the microprocessor
could be appropriately described as volcanic. Today it impacts
nearly all aspects of our daily lives to one extent or another.
Likewise, the research applications of this marvelous device
have proliferated. It is used to measure and control laboratory
analog signals in instruments ranging from simple single-pan
balances to complex particle-beam accelerators.

Before a microprocessor can be of any use in a laboratory
situation, it must be properly programmed and interfaced to the
system of interest, many of which are becoming increasingly
sophisticated. As new and varied situations evolve, there is an
ever increasing time gap between instrumental development and
deployment. For those researchers and students wanting to
automate their laboratories, the choice is simple, i.e. either
wait for a particular device/instrument to be designed and
developed or directly design and automate a particular
experiment. It is for this last reason that this manuscript has
been written. Its purpose is to provide the researcher and
student with specific guidelines on how to accomplish this task.

Throughout the text, emphasis is placed on the fundamental
concepts and applications of machine language programming and
microcomputing. A series of programmed instructional

experiments is used to reinforce these principles. No prior
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background in microprocessors or computer science is assumed.
The particular microprocessor chosen for examination is the
popular 6502 (500 million in use as of 1984). It was selected
primarily because of its popularity and its widespread use in a
variety of microcomputing systems (Apple, Acorn, Atari, BBC,
Commodore, Rockwell and others). The programming examples
throughout the text were generated and tested on a Rockwell

AIM 65 Microcomputing System. The principles and ideas
demonstrated, however, are applicable to any 6502-based system.

As with any new endeavor, proficiency is a direct result of
the frequency of practice and the researcher is strongly
encouraged to apply this knowledge to his/her particular
situation.

Before finishing this preface, I would like to thank my
many colleagqgues, past and present, whose help and guidance made
this book possible. I should also like to acknowledge Mrs. Jean
Fino for typing the earlier versions of this manuscript and
Rockwell International for their timely assistance in providing
helpful documentation. Finally, and most importantly, I would
like to thank my wife, Marguerita, for her continual support and

assistance during the preparation of this manuscript.

Richard R. Smardzewski
May, 1984

Washington, DC



CHAPTER 1

COMPUTER ORGANIZATION

A computer can be organizationally broken down into four

functions: SENSE, RESOLVE, STORE, and ACT.

SENSE [=——=> RESOLVE [——> ACT

STORE

The SENSE function receives information from outside the
system and transmits it to the machine for interpretation. The
RESOLVE function performs all the logical and operational
functions. The STORE function must remember the correct
instructions and sequence of operations. Finally, the ACT
function executes the decision. A human analogy to this system
is a Builder. 1In order for a Builder (Resolve) to make a House
(Act), he/she must use Materials (Sense) according to a set of

Plans (Store).

MATERIALS C——> BUILDER C==> HOUSE

i

PLANS



In a computer, the SENSE function is described by Inputs,
the RESOLVE function by Processor, the STORE function by Memory,

and the ACT function by Outputs.

INPUTS [——>> PROCESSOR L——> OUTPUTS

MEMORY

The processor or central controlling element of a computer,
when available in integrated circuit (IC) form is called a

microprocessor. Connecting memory and input/output (I/0)

circuits to a microprocessor produces a computer. When such a
completed digital system is in the smallest size range and
slowest speed range when compared to all other digital systems,

it is called a microcomputer.

1.1 BITS, BYTES, AND NIBBLES

A "bit" is defined as a binary digit equal to either 0 or
1, i.e. either off or on. 1In the 6502 and most microprocessors,
logic "1" is defined as a voltage level of +2.4 to +5VDc, and

logic "0" as 0 (ground) to +0.8VDc.



N bits can be arranged into 2N different patterns.

2 bits --> 22 = 4 patterns 00, 01, 10, 11
4 bits --> 24 = 16 patterns
"Nibble"

8 bits --> 28 = 256 patterns

"Byte"
16 bits --> 216 = 65,536 patterns

The 6502 is an 8-bit microprocessor which means that the
primary informational unit is the byte (8-bits). All transfers
to and from the 6502 are done 8-bits at a time on an 8-line data
bus. A complete byte of information is shuttled to and from
memory locations, registers, I/0 circuits {(another memory
location) and every external device. The data bus is

bidirectional in nature.

Every memory location accessed by the 6502 microprocessing
unit (MPU) is capable of containing 8-bits (one byte) and is
specified by a unique address. Sixteen lines which are
designated the address bus are used to identify the 16-bit (two
byte) address of every location. Since there are 216 unigque
l16-bit binary numbers, the 6502 can address 65,536 or 64K
(1K=1024) memory locations. The amount of actual memory depends
upon how many external memory chips are available to the 6502.

Since one byte = 8 bits and one memory location can contain
one byte, the information in one location can represent any one

of 28 or 256 different things. It can be:



(a) a number.
(b) a character.
(c) a pattern.

An example illustrating the 3-bit case is depicted in Fig.

1-1. Here, the 3 binary {(on/off) switches are used to generate
23 = 8 different light patterns.
$1 ¢
'/0— rlt\
A

S
N V4

N
1|

Switches Lights

S1 82 S3 R B G

0 0 0 0 0 0

0 0 1 0 0 1

0 1 0 0 1 0

0 1 1 0 1 1 "l" = ON
1 0 0 1 0 0 "Q0" = OFF
1 0 1 1 0 1

1 1 0 1 1 0

1 1 1 1 1 1

23 = 8 different patterns

Fig. 1-1. Light Patterns generated by Three Binary Switches.



In the 6502 Microprocessor, the standard unit of
information acted on and transmitted to all the components is
the digital code called the byte (8 bits). 1In all cases the

pattern of 0°s and 1°s in this 8-bit number (or combinations

thereof ) mean certain things to certain subsystems. It can
represent:

1. Instructions

2. Locations in Memory

3. Locations of I/0 Devices

4. Data

5. Character Representations

1.2 INSTRUCTIONS

The microprocessor or microprocessing unit (MPU) acts on an
instruction in the following manner as determined by the system
clock (usually a crystal oscillator).

. Locate (Address) instruction in memory
Read (Fetch) instruction from memory

Interpret (Decode) instruction
Execute instruction

= W=
.

1.3 LOCATIONS IN MEMORY

Memory locations (or cells containing 8-bit numbers) are

indicated by Address Codes (16-bit numbers) which represent

where in the computer that memory location can be found. The
microprocessor can read a byte from or write a byte to a memory

location.



Memory which can only be read from and not written to is
called ROM (Read Only Memory). It is nonvolatile (remains on
when the power is off) and usually contains such functions as
instructions, initialization routines, I/O routines, etc.
Memory which can be both read from and written to is called RAM
(Random Access Memory). It should more appropriately be called
R/W (Read-Write) Memory since ROM is also randomly accessible
(viz., the speed of transfer to and from a memory location does
not depend on its address).

The microprocessor reads from or writes to a particular
memory location by sending out a specific 16-bit voltage pattern
of 0°s and 1°s on the 16-line address bus which locates that
specific memory location and an appropriate control signal on
the READ/WRITE line (R/W). Usually a binary "1" is sent for a
READ operation and a "0" for a WRITE operation. W indicates
that the WRITE operation is activated when this particular
signal line is brought to a low voltage (i.e. ground). Reading
an instruction from memory (ROM or RAM) is called "fetching" an

instruction.

1.4 LOCATIONS OF I/0 DEVICES

In the 6502 microprocessor, the instructions used to access
memory are the same instructions used to perform input (read)
and output (write) operations on peripheral devices. Unlike

many other microprocessors, no distinction is made between



memory and I/0 devices. Every external device is treated as

memory. This technique is called memory-mapped I/0. The

complexities of having to pass all data handling/manipulation

through a working register are eliminated.

1.5 DATA

Data in the 6502 is an 8-bit number (byte) representing an
instruction, an alphanumeric character, a control signal, or the
on/off status of some subsystem of the computer. It is
transferred by the microprocessor to and from memory on an
8-line, bidirectional data bus. An input device transfers data
to the microprocessor and an output device receives data from

the microprocessor.

1.6 PROGRAMMING LANGUAGES

In order for a computer to perform a useful function, it
must be instructed or programmed to do so. The language that
the computer understands is a series of binary voltages
represented by 0°s and 1°s in a digital code called the machine

code or machine language. Specific bit patterns mean specific

things to the computer (instructions, addresses, data, I/0
devices...). Unfortunately, machine language is not very
meaningful to humans and programs are usually written in

assembly language or higher-level languages. Instructions

written in assembly language usually correspond on a one-to-one



basis with machine language instructions. 1In a sense, assembly
language is one step removed from machine language. Higher
level languages, on the other hand, contain statements that may
be comprised of many machine~-language instructions. As a
result, these languages are several steps removed from machine
language.

The assembly language program {(sometimes called a source
code) is converted into a machine language program (sometimes
called an object code) by a special program called an Assembler.
The reverse process (machine--> assembly language) is executed

by a program called a Disassembler.

Although assembly language is preferred to machine language
programming, it does have one serious drawback. It is dependent
upon the instruction set of the particular microprocessor in use
at the time. Program exchange between different microprocessors
is virtually nonexistent. In order to overcome this and other
difficulties, higher level languages have been developed.
Examples of these include BASIC, FORTRAN, COBOL as well as
numerous others. Programming efficiency is much greater with
higher level languages and program exchange is possible between
different computer systems (within limits). The drawbacks are
increased memory requirements and slower execution times
although in many applications this does not present a problem.
In some applications, however, slow execution speed is not only

undesirable but unacceptable.



Higher level languages can generally be classified

according to two types: Compilers and Interpreters.

Compilers are similar to assemblers in the fact that they
take the higher-level language (source code) and convert
(translate) it into an executable machine language program
(object code). They are special programs that translate the
entire high-level program into machine code for storage and
later execution. Once the object (machine) code is generated,

it can be executed independently from the source code or the

compiler program. That is to say, it does not need to be
co-resident in memory with the source code and/or Compiler.
Interpreters are programs that not only translate
higher-level languages into machine code but also execute the
code, usually on a line-by-line basis. Once a section of a
higher level program is translated and executed, it is scrapped
and the Interpreter goes on to another section. No object code
is generated and all executing is done by machine code programs
within the Interpreter. They are simply called upon as needed.
As a result, the source code for the high-level program must be
co-resident in memory with the Interpreter for proper execution.
Compilers and Interpreters have their advantages and
disadvantages. While Compilers produce object code which can be
executed at high speed, they tend to be less interactive than
Interpreters. If an error (bug) is discovered in a compiled

program, the source code must be edited and the entire program
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re-compiled prior to execution. Interpreters, on the other
hand, allow such changes to be easily made. However, the price
paid for this capability is speed. Interpreters generally
execute programs 20-30 times slower than the machine language
programs generated by Compilers. This very fact is
experimentally demonstrated in the last Chapter.

FORTRAN and COBOL are typical examples of compiled
high-level languages while most microcomputers today employ
BASIC Interpreters (Usually in system ROM). BASIC Compilers do
exist, however, and are available for some computers where
demanding applications require shorter, faster programs.

Fig. 1-2 depicts the hierarchical order of compiled programming
languages.

Notwithstanding the utility and programming ease of
higher-level languages, they do possess the singular drawback of
removing the programmer increasingly further from the actual
operations of the computer. While this may not be much of a
concern in number-crunching or business (viz., word-processing)
applications using a limited number of conventicnal I/0 devices
(keyboards, CRT s, printers...), it is a problem in scientific
and/or industrial process control schemes where nonstandard
peripheral devices are used. Furthermore, assembly language
provides the opportunity to execute a program as fast as
possible, an important feature in high speed data acquisition

and control systems.



Higher Level Languages (BASIC, FORTRAN...)

£
«©
'g,, Assembly Language (Source Code)
a
o
a
g Assembler Program
o

-3 Machine Language (Object Code)
£
o
o
o
a Cross-Assembler Program
k5
a
£
3
A Assembly Language (in another computer)
S
(&)

Higher Level Languages (in another computer)

Fig. 1-2. Hierarchy of Compiled Programming Languages.

1
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1.7 AIM 65 MICROCOMPUTER

The preceding principles and concepts are most clearly
demonstrated in the AIM 65 Microcomputer manufactured by
Rockwell International Corporation. Like the Apple II/IIe
(Apple Computer, Inc.), the Commodore 64/VIC-20/Pet 2001
(Commodore Business Machines) and the Atari computers (Warner
Communications, Inc.), it is a machine based on a version of the
6502 microprocessor. The AIM 65 was primarily designed as an
instructional tool for individuals interested in learning about
microcomputers and their interfacing possibilities. Its
advanced features also make it attractive as a low cost
development system for laboratory/industrial applications.

In the AIM 65 Microcomputing System, the 6502 MPU,
operating at 1 MHz is capable of accessing 20K bytes of on-board
ROM and 4K bytes of on-board RAM. An Expansion Connector
extends the system busses (address, data and control) out to
additional memory. The Advanced Interactive Monitor is
allocated to 8K of ROM with the remainder (12K) available for
various on-board PROM/ROM options (8K BASIC Interpreter, 4K
two-pass Assembler, 8K FORTH Interpreter, 8K PL/65 ...).

Two 6522 Versatile Interface Adapters (VIA s) provide I/0
capability to the 6502. One device supports the on-board
thermal printer and the TTY and dual audio cassette interfaces
while the General Purpose I/0 Ports of the other VIA are

available to the user for a variety of interfacing
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configurations. Each VIA has two parallel and one serial 8-bit,
bidirectional I/0 ports, two 2-bit peripheral handshake control
lines (useful for interfacing displays, printers, A/D & D/A
Converters...) and two fully programmable 16-bit interval
timer/event counters (used in timing and frequency measurement
applications). A 6532 RAM-Input/Output-Timer (RIOT) chip is
used by the AIM Monitor for scratchpad memory and keyboard

operations. Fig. 1-3 illustrates the overall system layout.

APPLICATION CONNECTOR EXPANSION CONNECTOR
—% 1: EE [—‘A 0000
o 1 | . 1K BY 8 RAN
§ $ ':§ o3rr | 121.218)
. ul 2 0400 oY 8 RAM
OUAL AUDIO = 29 I
11:1":‘::::: CASSETTE 2 5 2 orer 1111, 212)
INTERFACE H gl £g 0800 [ 1 sy s RaM
H <| =0 onrr | 12620
- :i:"::gﬁr acao IX BY § AAR
SYSTEM USER-DEDICATED g (1K OR 4K} orer 132.23)
RE822 Via RE322 VIA =
g
o
§
PRINTER -
INTERFACE . usER.
H PROM /7 ROM ree AVAILABLE
H EXPANSION SOCKETS t000 LXPANSION
Lo ] {uP T0 12K} AOORESS
CATSTAL <
20-COLUMK - orre
ALPHANUMERIC 2 9000
THERMAL x
PRINTER H
Ags02 1
» ADVANCED
b INTERACTIVE arer
MONITOR A000 AIM 63
[T arep | 170 AWD mam
nesat ¥ 8000 | gagic NOM OPTION
e e | e L 02860 _____|
€000 | gagic ROM OPTION
DASPLAY crer | \F2Y
INTERFACE 0000 | agsemeLen fou
KEYBOARO oFFF oPTION (Z24)
INTERFACE €000 prvS———
20-CHARACTEA (z23)
ALPHANUMENIC fz’oz _________
DISPLAY HONITOR ROM
FFFF 221
Sa-KEY
TERMINAL STTLE
XEYOOARD

Fig. 1-3. AIM 65 Block Diagram and Memory Map. (Courtesy of
Rockwell International Corporation).
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CHAPTER 2

NUMBER SYSTEMS CODE CONVERSIONS

NUMBER SYSTEMS

Just as a string of decimal digits can represent a decimal
number greater than 9, so too can a group of binary digits

{({bits) be used to represent a number of any magnitude.

2.1 DECIMAL NUMBERS

In the decimal system, the number 41769 really represents

3 1 0

4x104 + 1x10°~ + 7x102 + 6x10° + 9x10°. Combinations

of powers of base 10 multiplied by a decimal digit can represent

a decimal number of any size.

2.2 BINARY NUMBERS

A binary number of any size is likewise generated by
combinations of powers of base 2 multiplied by a binary digit

(i.e. either 0 or 1).

1101 = 1x2° + 1x22 + ox2! + 1x29 = 13,,-

In this example, binary 1101 represents decimal 13.

2.3 OCTAL AND HEXADECIMAL NUMBERS

Manipulating 8 and 16-bit long binary numbers can be
tedious at best not to mention cumbersome. In order to overcome

this drawback, various shorthand notations have been designated.
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Two of these, octal and hexadecimal, are based on the grouping

of binary digits into sets of three or four.
A set of three binary digits will generate 8 unique
combinations (23). This is the basis of the octal system

using the octal digits 0, 1, 2, 3, 4, 5, 6, and 7.

4176910

1010001100101001 (in binary)

001 010 001 100 101 001

= 1 2 1 4 5 1

@121451 (in octal)

An octal number is usually preceded by the ampersand (@) symbol.

The reverse process (octal--> decimal) is executed as follows:

121451
1x8° + 2x8% + 1x8

@121451

3 2 1 0

+ 4x87 + 5x8° + 1x8

32,768 + 8192 + 512 + 256 + 40 + 1

4176910

A set of four binary digits will generate 16 unique
combinations (24). By grouping the binary digits into sets of
includes the hexadecimal digits O, 1, 2, 3, 4, 5, 6, 7, 8, 9, A,
B, C, D, E, and F. So as not to confuse a hexadecimal digit
with a decimal digit, a preceding dollar ($) sign is commonly

used to designate a hex number.
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41769

10 1010001100101001 (in binary)

1010 0011 0010 1001

A 3 2 9

$A329 (in hexadecimal)
The reverse process (hexadecimal--> decimal) is executed as
follows:

SA329

A3291
3

6
+ 3x16% + 2x16% + 9x16°

AXx16

1]

40,960 + 768 + 32 + 9

4176910

2.4 FRACTIONAL NUMBERS

Fractional numbers can also be represented by binary
digits. Similar rules of behavior are followed, except in this

case the concept of negative exponents is employed.

1 2 3 4

0.1101 1x2° 7 + 1x2°° + 0x2 ° + 1x2~

0.5 + 0.25 + 0 + 0.0625
= 0.812510
In this example, the fractional binary number 0.1101 represents

the fractional decimal number 0.8125.

2.5 BINARY-CODED-DECIMAL (BCD) NUMBERS

Decimal numbers can also be specifically coded using binary
digits. 1In order to encode each of the ten decimal digits 0-9,

four binary digits (bits) are necessary (3 will generate only 8
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unique combinations). Four bits allow 16 unique combinations
which are 6 more than is necessary. These 6 extra combinations
are ignored and the resulting bits comprise the

Binary-Coded-Decimal (BCD) System. This system is employed

whenever binary digits are used to represent decimal numbers.
The binary values of these 4-bit groups are from 0000 to 1001
which code the decimal digits 0 through 9. A binary number such
as 1011 has no meaning in the BCD system.

The following listing summarizes the relationships among

the various number systems.

Hexadecimal Decimal Octal BCD Binary
0-F 0-9 0-7
$0 0 @0 0000 0000 0000 0000
1 1 1 0001 0001
2 2 2 0010 0010
3 3 3 0011 0011
4 4 4 0100 0100
5 5 5 0101 0101
6 6 6 0110 0110
7 7 7 0111 0111
8 8 10 1000 1000
9 9 11 1001 1001
A 10 12 0001 0000 1010
B 11 13 0001 1011
C 12 14 0010 1100
D 13 15 0011 1101
E 14 16 0100 1110
F 15 17 0101 1111
10 16 20 0110 0001 0000
11 17 21 0111 0001
12 18 22 1000 0010
13 19 23 1001 0011
14 20 24 0010 0000 0100

15 21 25 0001 0101
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2.6 BINARY TO DECIMAL

To calculate the decimal value of a binary number, multiply
each Nth order bit value (0 or 1) by its appropriate weighting
factor (i.e. 2N) and add the total.

Namely, binary 0010 0111

6 3 2

0x2 7 +0x28+1x25+0x2%+0x23+1x2%+1x2 +1x2°
= 0 +0 +32 40 +0 +4 +2 +1

= 39

2.7 DECIMAL TO BINARY

The reverse process, converting a decimal value into a
binary number, is done by successively dividing the decimal
number by 2 and recording the remaining value (0 or 1) until

zero is reached.

Namely, decimal 39 Remaining Value

= 39/2 =19 l-——

= 19/2 = 9 1

= 9/2 = 4 1

= 4/2 = 2 0

= 2/2 =1 0

= 1/2=0 l—l[

Binary Value = 100111

2.8 BINARY ADDITION

An example of binary addition is the addition of two 16-bit
numbers, each of which can be stored in two separate memory

locations 8-bits wide (4 memory locations altogether).
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HEX
10110001 10101101 = S$BI1AD
+ 00010110 01110100 = $1674
11000111 00100001
+ 0 1 = Carries
11001000 00100001 = sc821

The carry from each byte is added to the least significant

bit of the next byte and so on.

2.9 BINARY SUBTRACTION

Computers can 't subtract binary numbers, they can only add.
The subtraction process, therefore, is really executed as a
modified addition. In the decimal system 9 - 5 is equivalent to
9 + (-5). A (-5) in the decimal system is defined in such a way
that 5 + (-5) = 0. An analogous definition exists in the binary
system; b + (-b) = 0 where b = a binary number. A (-b) is
sometimes written as b (the inverse of b). b is also called the

two ‘s complement of b. It is derived by adding 1 to the one’s

complement of b.

HEX
10011101 = binary number (b) $9D
01100010 = one’'s complement
+ 1 _
01100011 = two’s complement (b) $63

It is a simple matter to show from the above discussion
that b + b = 0 or, in HEX format, $9D + $63 = $00.

In binary multibyte subtraction, a similar process occurs.
However, a 1 is only added to the lower order byte of the

number.
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HEX

01001000 10011101 $489D

10110111 01100010 one’s complement
+ 1

70110111 01100011 SB763

2.10 SIGNED BINARY NUMBERS

The common convention for defining the sign of a binary
number is the status of the high order bit. If it is equal to
1, the number is negative. 1If it is equal to 0, the number is
positive.

Obbbbbbb
1bbbbbbb

a positive 7-bit number
a negative 7-bit number

A positive binary number 1s converted to its negative by

two s complementing it and ignoring any carry out.

00000010 = +2

11111101 = one’ s complement
+ 1

1111110 = -2

The range of signed binary numbers using 8 binary digits is

from -128 to +127.

10000000 = -128 = $80
11111110 = -2
11111111 = -1
00000000 = 0
00000001 =  +1
00000010 = 42
01111111 = 4127 = S$7F
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2.11 BINARY MULTIPLICATION

The process of multiplying two binary numbers is similar to
that of multiplying two decimal numbers except that each partial
product is either a 0 or a 1.

1010 10
x 0011 X 3
1010
1010
0000
0000
0011110 =16 + 8 + 4 + 2 = 30

2.12  BINARY DIVISION
Binary division is the reverse of multiplication.

1010 10
0011,/70011110 3/30
0011
0011
0011

2.13 REGISTER SHIFTS

Shifting a binary number one bit to the left has the

overall effect of multiplying that number by 2.

shift
0011110  -=-=———-—- > 0111100
left
30 —-—-——-— > 32 + 16 + 8 + 4 = 60

In a similar manner, shifting a binary number one bit to

the right has the effect of dividing that number by 2.
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shift
0011110  —-==~---- > 0001111
right
30 —-=-—-— > 8+ 4+ 2+ 1 =15

Register-shift operations are used extensively in routines
involving multiplication, division, number-base conversion and

servo-type analog--> digital conversion schemes.

CODE CONVERSIONS

If a computer is to be useful there must be some means of
communication between the central processing unit (CPU) and
external devices. Since computers are digital devices, they
will only recognize digital information. On the other hand,
humans (a type of external device) usually communicate (at least
visually) in language forms containing characters and numeric
symbols (i.e. alphanumerics). 1In order for humans to interact
with computers and vice-versa, their languages (codes) must be
translated (converted) into each other’s format. This process

of Code Conversion is used to both input data to the CPU (from a

keyboard, for example) and output data from the CPU (to a
printer, for example). Three such techniques of converting one
code into another may be classified as using (a) lookup tables,

(b) number base conversions and (c¢) hardware devices.
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2.14 LOOKUP TABLES

Lookup tables are usually employed with a limited set of
data or when there is no simple relationship between codes.
They can hold such items as display codes, printer codes and
alphanumeric strings. One example of how such a lookup table is
used is the manner in which a microcomputer communicates with a
Seven Segment Display using the Seven Segment Codes. Fig. 2-1
illustrates the components of a 7-segment LED display in a
typical configuration followed by the codes that produce a
specific decimal display character (0-9). Each bit of the code
controls the "on" or "off" status of a particular display
segment. Other display characters (letters + special

characters) require additional coding (viz. "F" = §$71).

Q@ = 0 Q 0 T o

O~ NN —

Fig. 2-1. Common Cathode 7-Segment Display.
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BCD to 7-Segment Conversion

BCD Number Decimal Eg. g £ e d ¢ b a HEX
0000 0 0 1 1 1 1 1 1 $3F
0001 1 0 0 0o 0 1 1 O $06
0010 2 1 0 1 1 o0 1 1 $5B
0011 3 1 0 0o 1 1 1 1 $4F
0100 4 1 1 0 0 1 1 O $66
0101 5 11 0o 1 1 0 1 $6D
0110 6 1 11 1 1 0 O $7C
0111 7 0 o 0o 0 1 1 1 $07
1000 8 11 1 1 1 1 1 $TF
1001 9 11 0 0 1 1 1 $67

2.15 NUMBER BASE CONVERSION

An example of a code which can be converted by using
various number base conversion routines is the American Standard
Code for Information Interchange, ASCII for short. it
represents the most commonly used data type for peripheral
devices in addition to BCD and binary numbers. It is a
standardized 7-bit code for data communication on public
networks. Besides numerics it contains upper and lower case
letters and a large number of device and transmission control
characters. In serial data transmissions, start, stop and
parity bits are also included. Parity implies that the number

of "on" bits should add up. to an even number for even parity and
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an odd number for odd parity. One reason for this is to check
for a loss of bits during transmission. The example below is
the word A-I-M in even parity transmission. Bit one of the

ASCII code is transmitted first.

ON—_L: ft—+ —L~ i ~_‘—o—-‘_l—+‘ Pt -——.U ! J——_l_ ;—m”m":
EG———A—-%i 8 f‘ge——l HE] §<—-—-M——->fg

€—— 18t Character ———>€—— 2nd Character ——>ic—— 3rd Character —>

Fig. 2-2. Serial ASCII Transmission.

Note that in even parity transmission each character
contains an even number of "on" bits. In a data communications
network using even parity ASCII, one way of checking to see if
the data has been transferred correctly is to add up the total
number of bits. The result should be an even number. The bit
strings and Hex/Decimal numbers for the various ASCII characters

and functions are contained in Figs. 2-3 and 2-4.
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Hex. No. 0 1 2 3 4 5 6 7
Hex.No. | Bya% | 0000 | 0001 0010 | 0011 0100 | o101 o110 | otii
NUL | DEL SP 0 @ P P
o Lo | | el [#] [ [w] ] [w] [m
SOH DC1 ' A Q a q
L ] [ [E] (e [&] [ [ [
STX DC2 " 2 B R b
oo | T ] ] [w] [w] ] B G
ETX DC3 # 3 c S c
L™ [ el [m] s [e] [&] [%]
4 T d
[100 |
€

[ - “n il
& v =

EOT DC4 s D
¢ 0100 |4 [20 |36 [ 52 {68 [84 1
ENQ | NAK % 5 E U
’ oto! [s] [a] [3] [s3] [e 85 101 17
ACK | SYN & 6 F v F v
M e [m] [ [w] [ [ss] [lee] [us]
BEL ETB ' 7 G W g w
’ ot [7] [a3| [3 [s| [n] [s1] [o3 119
BS CAN ( 8 H X h x
s 1000 B [24 T[40 56 [72] 88 [104 [120
HT EM ) 9 1 Y i y
™ G ] @] [F] [m] [w] [s] [a
EF SuB . ) z j z
A 010 [10] [2 [a2 [ 8 [74 [90 [s | [122
. o1 VT ESC + ; K [ k {
[11] 27 F [s91 [15] [= 7] i3
FF FS < L \ 1 |
¢ 1100 [12] 28 I—Tf W ]_7—; [92 [los] [i2a
b 1ot CR GS - = M ] m }
O o o A O 2 A a
S0 RS > N - n ~
LM Ge) [ (@] [e] [m] [+] [ue] [
si Us / ? o - o DEL
M s ] [w] [e] [e] [s] [m] [

Fig. 2-3. The 7-Bit ASCII Code.



NUL
SOH
STX
ETX
EOT
ENQ
ACK
BEL
BS
HT
LF
VT
FF
CR
fo)

SI

Fig.

2-4.

Null, or all zeros
Start of Heading

Start of Text

End of Text

End of Transmission
Enguiry

Affirmative Acknowledge
Bell or audible signal
Backspace

Horizontal Tabulation
Line Feed

Vertical Tabulation
Form Feed

Carriage Return

Shift Out

Shift In

DLE

DC1

DC2

DC3

DC4

NAK

SYN

ETB

CAN

EM

SUB

ESC

FS

GS

RS

us

SP

DEL

27

Data link escape
Device Control 1
Device Control 2
Device Control 3
Device Control 4
Negative Acknowledge
Synchronous Idle
End of Trans. Block
Cancel

End of Medium
Substitute

Escape

File Separator
Group Separator
Record Separator
Unit Separator
Space

Delete

Function Abbreviations of ASCII Control Codes.
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An illustration of a number-based conversion is the

ASCII-based Hexadecimal to Binary conversion routine.

Hex --> Binary --> ASCII Hex
$0 0000 $30
1 0001 31
2 0010 32
3 0011 33
4 0100 34
5 0101 35
6 0110 36
7 0111 37
8 1000 38
9 1001 39
A 1010 41
B 1011 42
C 1100 43
D 1101 44
E 1110 45
F 1111 46

First, for the values 0-9, it is immediately obvious that
ASCII Hex can be converted to "normal” Binary Hex by masking out
(to zero) the high order hex digit (3) of the ASCII code. For
example,

ASCII "5" = $35 = 3516

35 --> 05 = $05

16 leo
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Secondly, the remaining ASCII values (A-F) can be converted

to Binary Hex by masking out the high order hex digit (4) and

adding 9 to the result.

ASCII "A" = $41 = 4116
4116 -=> 0116
0116 + 916 = OA16 = $0A

In both of these processes,
algorithm is used to effect the conversion.

this approach include such code conversion routines as:

Hex <--> Binary,

BCD <--> ASCII Decimal.

2.16 HARDWARE DEVICES

a specific arithmetic/logical
Further examples of

ASCII

Binary <--> BCD, Binary <--> ASCII Decimal and

Hardware devices comprise the third code conversion

technique and are readily available for some specific code

conversion tasks.
Decoders,

and ACIA s
These last two devices
conversions in various

applications, however,

conversion in software.

is more than offset by

Universal Asynchronous Receiver/Transmitters

Typical devices include BCD --> Seven Segment

(UART “s)

(Asynchronous Communications Interface Adapters).

are used for parallel <--> serial bit

data transmission schemes. In many
the preferred choice is to do the code

The slight increase in execution time

the savings in external components and

their associated complexity/reliability problems.
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CHAPTER 3

LOGIC GATES

A logic gate is a device or circuit that passes or prevents
a signal from passing according to well defined rules. Since
the signals we are talking about are digital in nature, they can
have only two values which are commonly represented by logical
"1l" and logical "0". Logical 1 and 0 are also referred to as
either on/off or high/low and all three expressions are used
interchangeably. The basic types of logic gates are the
INVERTER (NOT gate), AND, OR, NAND, NOR and XOR (Exclusive-OR)
gates.

In the following pages, examples of the various 2-input
gates are illustrated using simple analog switching circuits.
The symbols for the various logic gates are illustrated along
with their Boolean expressions and Truth Tables. Interspersed
throughout the diagrams are examples of solid state devices and
components which emulate the various gates. All of these
systems share the common feature of being decision elements.
They make certain logical decisions based on their input
signals. By interconnecting enough combinations of such basic

logic gates, any complex digital system can be constructed.
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3.1 INVERTER (NOT) GATE

The inverter gate is just what its name implies. It
inverts the input signal to produce an opposite output signal.

A 0/1 on the input produces a 1/0 at the output.

5
|
;;L
Fig. 3-1. Inverter (Not) Gate.
Input Output Symbol Boolean Eq.
S1 light —
C C =A
0 1 A I::
1 0
(0=0ff, l=on)
Truth Table Example
A C 1011 0110

NOT ~--> 0100 1001

= O
o -
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3.2 AND GATE

For two inputs, an AND gate’s operation is defined as

producing a 1 if both inputs are 1, otherwise the result is O.

For three or more inputs, a.logic 1 is output only if all inputs

are 1.

'Sy Sa

DR

Fig. 3-2. AND Gate.

Input Output Symbol Boolean Eqg.
S S light

1 2 A — C C=2Ax8B
B__..‘

(0=0ff, l=on)

oHOH
oo
coor

Truth Table Example
A B C 1011 0110
1 1 1 AND 0111 0000
0 1 0 0011 0000
1 0 O
0 0 O
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3.3  OR GATE

For two inputs, an OR gate’s operation is defined as

producing a 1 if either or both inputs are 1, otherwise the

result is 0. For three or more inputs, a logic 0 is output only

if all inputs are 0.

$y
S2
Fig. 3-3. OR Gate
Input Output Symbol Boolean Eq.
S S light
12 A C C=2a+B
1 1 1 B
1 0 1
0 1 1
0 0 0

(0=0ff, 1l=o0on)

Truth Table Example
A B C 1011 0110
1 1 1 OR 0111 0000
1 0 1 1111 0110
0 1 1
0 0 O
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3.4 NAND GATE

The NAND gate is simply an inverted AND gate. A logic

0 is output only if all inputs are 1, otherwise the result is 1.

Sy So

e e

9 |

Fig. 3-4. NAND Gate.

Input Output Symbol Boolean Eqg.

S S light

1 2

A— C C=A1B

0 0 1 B —

0 1 1

1 0 1

1 1 0

(0=0ff, 1=on)
Truth Table Example

A B C 1011 0110
0 0 1 NAND 0111 0000
0o 1 1 1100 1111
1 0 0
1 1 0
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3.5 NOR GATE

In like fashion, the NOR gate is an inverted OR gate. A

logic 1 is output only if all inputs are 0, otherwise the result

is O.

Fig. 3-5. NOR Gate.

Input Output Symbol Boolean Eq.

s S light

1 2 A C C = A L B

0 0 1 B

0 1 0

1 0 0

1 1 0

(0=0ff, l=on)
Truth Table Example

A B C 1011 0110
0 0 1 NOR 0111 0000
0 1 0O 0000 1001
1 0 O
1 1 0O
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3.6 XOR GATE

For any number of inputs, an XOR gate’s operation is

defined as producing a 0 when all inputs are the same, otherwise

the result is 1.

| —|i| .sz/j—_%

Fig. 3-6. XOR Gate.

Input Output Symbol Boolean Eg.

S, s light

b2 A c=a(®8B
0 0 0 B C

0 1 1

1 0 1

11 0

(0=0ff, l=on)

Truth Table Example
A B C 1011 0110

XOR 0111 0000
1100 0110

oo
o+ O
O HO



3.7 DIODE AND FUNCTION

v+

Ao—I¢ oc
B o—|¢

3.8 DIODE OR FUNCTION

Ao >
B O- b} é oc

3.9 TRANSISTOR INVERTER

(N, VA

V+

Input Output
A B C
0 0 0
0 1 0
1 0 0
1 1 1
Input Output
A B C
0 0 0
0 1 1
1 0 1
1 1 1

nl

Fig. 3-7. Examples of Diode and Transistor Gates.

37
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3.10 EQUIVALENT GATES

Multiple Input OR Gate

> = LD

Multiple Input NOR Gate

z-j)o—::D"‘T‘_‘Do——DO_

NOR Gate as Inverter

_ ) >

Multiple Input NAND Gate

> = :}C} | —
[ —

]

NAND Gate as Inverter

O

Fig. 3-8. Examples of Equivalent Gates.
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11

INVERTED INPUTS, OUTPUTS

3.12

11

SUMMARY TABLE

[
=L

v ¥

AND OR NAND NOR XOR
1 1 0 0 0
0 1 1 0 1
0 1 1 0 1
0 0 1 1 0

39
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3.13 FLIP-FLOPS

A flip-flop is a circuit that is capable of storing a
single bit. It remembers an input and holds the output after
the data passes. All common flip-flops are made from
combinations of the various gates; the NAND, NOR, and Inverter
(NOT) gates being most often used.

R-S Latch

The simplest flip-flop is the Reset-Set (R-S) Latch. It
can be made from two NAND gates or two NOR gates although the
operation of each version is slightly different from the other.
The complementary outputs of a flip-flop are commonly called Q

and Q (not Q).

O—] R S 0

S Q Q 0
0 0 Disallowed

1 0 1 0

- 0 1 0 1
Q 1 1 No Change

R O———|

R S o

S a Q 0
0 0 No Change

1 0 0 1

0 1 1 1
Q 1 1 Disallowed

Fig. 3-9. 'NAND and NOR Gate Flip-Flops.
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Another more simple way of writing a flip-flop is:

To make this a clocked flip-flop, a clock input must be

added.
—s Ql—
—C
~1R Ql—

In a clocked flip-flop, the inputs (R & S) can only change
the outputs (Q & Q) during a high clock pulse. An example of a

simple clocked flip-flop is:

=

Data or D-Type Flip Flop

By adding an inverter to the inputs of a clocked flip-flop,

we make a gated data latch.

o
)
o
o
OH

Data Input D

0
—
-
[«

Clock Input
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A gated latch made from a NOR gate R-S latch is:

G
When the gating input G = 1, Q = D. When G then becomes 0
(latch), R or $ then changes to 0 but the outputs are not

affected. A bit of information is thereby stored.

Master-Slave or J-K Flip-Flop

When data is to be trapped and latched at a specific point

in time, a "two-step" Master-Slave (J-K) flip-flop is used.

L J K __Q

K f— R Q S Q
B ==L S
_— 0 0
1 {0 |1
116n

Qn = value of Q during preceding clock cycle
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Toggle or T-Type Flip-Flop

A T- or Toggle type flip-flop has no data inputs. It
simply "toggles" or reverses outputs at every clock pulse. It
can be constructed by providing feedback connections around an

ordinary master-slave flip-flop.

)

| 0 0 1
S Q *—

C 1 0 1

R Ql—e—1— o110

| 1 1 0

This particular flip-flop is activated when the clock input

goes from 1--> 0 (T\_). It is an example of edge triggering.

The outputs only change on the negative-going-transition of the

clock pulse.

+V

Clock 0

Ol
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It is not difficult to see that the frequency of the Q (or
Q) output is 1/2 the clock frequency. T-Type flip-flops.and
combinations/modifications thereof are used as binary dividers

and digital counters (frequency dividers, e.g. digital watches).

3.14 DECODERS

A—V_{>° T C;= A-B
B * {>o—.—-3_ 1

I} 3— Cy=A-B

! _*D-— C3=A-B

D—— Cq4= A-B

Fig. 3-10. Two-to-Four Line Decoder.
Inputs Outputs
A B C1 C2 C3 C4
0 0 1 0 0 0
1 0 0 0 1 0
0 1 0 1 0 0
1 1 0 0 0 1
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In decoders there are more outputs than inputs. They are
especially important in address decoding (memory expansion) and
1/0 port decoding. They are also useful in converting the
binary or BCD output of a computer to a form that a human can
understand. An example of this is a BCD/Seven Segment Decoder
IC. General-purpose Decoders are commonly available in 2-->4,

3-->8, 4-->10 and 4-->16 line configurations.

3.15 MULTIPLEXERS

In multiplexers there are many inputs but only one output.

Another name for a multiplexer is a Data Selector. It is

equivalent to a manually operated multiple-throw switch.

* By
Inputs ( B ' N D (Output)
c ‘
-

A B C — Input Selector (1=o0n, 0=off)

Fig. 3-11. Three-to-One Line Multiplexer.

Suppose we put the A-input selector switch on ("1"), then

the following input/output table results.
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Inputs Output
A B C D
1 0 0 1
0 1 0 0
0 0 1 0
1 1 0 1
1 1 1 1
0 1 1 0
1 0 1 1
0 0 0 0

Note that the output (D) "tracks" the A input regardless of
the binary values present at the other inputs (B and C). By
turning the A-input selector switch on we select only the
A-channel. A popular device of this type is the 74150

l6-channel multiplexer.

3.16 OPEN-COLLECTOR LOGIC

In several instances it is often desirable to connect the
outputs of several gates together to create a single input into
another gate. However, ordinary TTL logic gates do not allow
for this possibility. If the outputs of two such gates were
wired together and one output was high (+5V) while the other was

low (ground), each gate would try to make its output prevail
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until the output transistor of one of the gates burned out.

This problem is eliminated by the use of open-collector gates.

The internal differences between the output driving circuits of

both gates are shown below.

V,
* Voo Ve

R

Output —> Qutput

1
-

Fig. 3-12. Standard (left) and Open Collector (right) Drivers.

The standard TTL output driver is often referred to as a
"totem-pole" structure because of the stacked transistor

configuration. Pullup resistor R serves the dual function of

establishing {pulling) a high output level when the driving
transistor is not conducting and limiting the current through
the same transistor when it is conducting. The outputs of
several gates can be safely wired together with a single pullup
resistor provided that the maximum current sinking capability of

any one gate 1s not exceeded. Some open collector gates can
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also be operated with voltages greater than +5V thereby driving
such devices as lamps, relays and CMOS switches. The MOS analog
of the open-collector output is the open drain output which is
often employed in a "wired-OR ‘ed” configuration in the design of
microprocessor Interrupt Request (IRQ) lines. The chief
drawback of the open collector configuration is the slow
switching time for the low--> high transition. The
current-limiting pullup resistor R cannot drive the output
terminal voltage as fast as the totem-pole output can. To a
great extent however, this problem is obviated in the

three-state or tri-state output configuration.

3.17 TRI-STATE LOGIC

In a microcomputer, data (bytes) are shuttled to and from
different parts of the system on the data bus. In an 8-bit
microcomputer the data bus is comprised of an 8-line conductor.
If a large number of devices are attached to this conductor, the
load driving capabilities of the microprocessor or other devices
that are connected to it may be exceeded. To overcome this
difficulty, various sections of the system are buffered from the
data bus. This simply means that each system can be selectively
connected/disconnected to the data bus at appropriate times
thereby allowing the microprocessor to communicate with one (and
only one) device while all others are disabled. Most logic

gates, however, have only two output states (1/0 or high/low).
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As a result, there is a need for a special type of output that
has three states (high, low and off). This is referred to as

three-state or tri-state logic. A tri-state logic gate, when

enabled via a separate enable line, will function like the
standard gates that we have already examined. However, when
they are disabled, their outputs will remain in a high-impedance
or off-state. Consequently, a large number of tri-state devices
can be connected to a common conductor without interference as
long as one and only one device is enabled to output to that
conductor at any given time.

A typical example of a tri-state device is the 74126 Quad

Bus Buffer/Driver depicted below.

Vee

ipinininininint
B

GND

Fig. 3-13. 74126 Quad Bus Driver.

This is a positive logic device which means that the outputs are

equal to the inputs (logical 0 or 1) when the corresponding
enable lines are high (i.e. = logic 1). When the enable lines

are low (=0), the outputs are in the high-impedance (disabled)
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state. The analogous 74125 device operates in an identical
fashion except that the enabling lines are active low. Other
popular tri-state devices are the 8216/8226 Quad, 74LS367 Hex

and the 74LS244/5 Octal Bus Buffer/Drivers.

3.18 MOS AND CMOS DEVICES

In the previous sections, analog switches and simple,
discrete components (diodes, resistors, transistors) were used
to illustrate examples of several logic elements. In the early
days of (solid state) computers, these devices were frequently
employed to obtain the various logic functions. Today however,
the large scale semiconductor integrated circuits (IC's) used in
nearly all computing systems are products of what is commonly
referred to as MOS (Metal Oxide Semiconductor) technology. The
extremely low power consumption and high packing density of MOS
devices (the latter being a result of the former) enable the
fabrication of low cost IC s with exceedingly complex logic
circuits. 1In order to acquaint the reader with an overview of
this important technology, the following descriptive outlines of
an MOS device and a CMOS (Complementary Metal Oxide
Semiconductor) structure are presented.

The elementary device based on MOS technology is the MOSFET
(MOS Field Effect Transistor). In the MOSFET, a metal gate
electrode is situated on a thin silicon dioxide insulator as

described in Fig. 3-14.
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Source care Drain
[ Metal 1
| Silicon Dloxide }

I P+ l Conducting Channel I P+ l

n-type Silicon

QA

o°

Source Drain

Fig. 3-14. Basic Construction of a P-Channel MOSFET.

The drain and source regions are carrier-doped p+ regions in an
n-type silicon substrate. The p and n designations refer
respectively to an excess of positive or negative charge
carriers in the substrate material (silicon). 1In the absence of
any negative gate voltages, the MOSFET acts like an open circuit
between the source and drain. When a negative voltage is

applied to the gate, the negative field effects (attracts) a
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conducting channel of positively charged holes between the
source and drain regions. When this occurs, current flows
between the source and the drain by virtue of the positive
charges (holes) conducted through the opened channel
(p-channel). As the gate voltage is made more negative,
conduction (by holes) is enhanced. MOSFET s with a p-channel
are usually referred to as PMOS devices. The n-channel analog
is the NMOS device where the current is conducted between the
source and the drain through an n-channel by negative charges
(electrons) when a positive gate voltage is applied. Fig. 3-15
contains the standard circuit symbol for a MOS transistor where
the direction of the arrow indicates whether the device is

n-channel (arrow in) or p-channel (arrow out).

Gate

Drain Source
Substrate

Fig. 3-15. Schematic Symbol for an NMOS Transistor.
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The majority of currently existing computers utilize NMOS
technology where positive gate voltages are employed to effect
conducting electrons. An example of a logic element based on

these principles is the inverter (NOT gate) depicted in Fig.

3-16. +Vop

OQOutput

"

VSS: 0 Volts

Fig. 3-16. NMOS Inverter.

In an effort to lower quiescent powers and increase packing
densities, the benefits offered by CMOS technology are
continuing to be realized in a number of devices, especially
those used in portable, battery-based systems (i.e. portable
computers). In a typical CMOS structure, both n-channel and
p-channel MOSFET ‘s are fabricated on the same IC chip. A logic

inverter based on this dual-MOSFET is described in Fig. 3-17.
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p—Channel MOS Transistor
Voo VoD
- -
'
Vss ' Vss
|

D !
D

i :
Lo 2am L

n—-Channel MOS Transistor o Vgsg

Fig 3-17. CMOS Inverter.

When a voltage of given polarity is applied to the parallel-
connected gates in this device, only one FET can conduct at any

one time. The substrate of the NMOS FET is at \/SS or ground

potential while that of the PMOS FET is at VDD' When the

gates are at a logic "1" (\/DD), the NMOS FET turns on while

the PMOS FET turns off. The output is thereby inverted and is a

logic "0" (V..). Similarly, when the gates are at a logic "0"

SS

(VSS), the PMOS FET turns on while the NMOS FET turns off and

the output is a logic "1 (VDD)' Observe that in either

stable logic state only one device is turned cn. Consequently,

a minimal amount of current can flow from the supply (VDD) to
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) and the power consumed by the CMOS inverter is

extremely low (usually measured in nanowatts, i.e. 10_9W). In

ground (VSS
actual practice however, the device does draw significant
current during the logical switching transitions and the power
consumed is proportional to the frequency of switching.
Nevertheless, the low total average currents drawn by CMOS
devices continue to drive their development and application in a

variety cf evolving semiconductor circuits.
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CHAPTER 4

THE 6502 MPU

* Architecture
* Execution

* Mnemonics

* Registers

* Paging

* Instructions

* pddressing Modes
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4.1 ARCHITECTURE

The architecture of a microcomputer system is depicted
schematically in Fig. 4-1 for a "typical" 6502 system. The
microprocessor (MPU) communicates with external devices, chips
via three busses. The data bus is 8~bits wide and carries data
(bytes) from the MPU to external devices and vice-versa. It is

bidirectional in nature. The address bus is 16-bits wide and

carries addresses generated in the MPU to the various external
devices. These 16-bit addresses specify where (in memory) the
data will go to or come from (on the data bus). A control bus
carries the various synchronization signals such as R/W (i.e. is

this a read or write operation?). ROM is Read Only Memory and

contains such information as the operating program or Monitor
for the system. It is non-volatile and remains on when the
power is removed. RAM (Random Access Memory) is the Read/Write
Memory which, as its name implies, is really a scratchpad (for
bytes) which can be written into, written over or read from. It
is volatile in nature and its contents are lost upon removal of

power. Finally, the Input/Output (I/0O) devices are those chips

which enable the MPU to communicate with the outside world (i.e.
keyboards, CRT s, switches, voltages, currents ....). They are
also connected to the MPU via the three busses. Other
additional chips such as buffers, decoders, drivers, etc. are
necessary to construct a real system. For more information on

the design and interfacing of an actual system, the reader is
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referred to the many available hardware texts on the subiject.

CLOCK

> exemmion

Fig.

1L

CONTROL
LoaIC

4-1. A "Typical" 6502 System.

4L 11 10
RoM RAM o K——> ::nmenm
81 T
< ""’i‘f‘" 1 > ) EXPANSION
<L CONTROL BUS >
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4.2 EXECUTION

The 6502 MPU executes programs by fetching an instruction
from memory, executing it, and then fetching the next
instruction. Instructions are 1-3 bytes long with the first

byte representing the Operation Code (op-code) of the

instruction, usually expressed in hexadecimal notation. For
example, SAA = TAX = Transfer Accumulator to X Index. The
remaining 1-2 bytes following the instruction can represent
either data or an address. The 6502 distinguishes instruction
bytes from address bytes or data bytes by noting their relative
sequence in a program. In a typical 6502 MPU operating at 1MHz,
instruction times vary between 2-7 microseconds depending upon

the particular type of instruction.

4.3 MNEMONICS

Mnemonics represent a shorthand notation or Assembly
Language which describes the instructions of the MPU in a more
understandable way (to humans) than hexadecimal op-codes or
8-bit groups of 0’s and 1°s. It is much easier to remember that
the TAX instruction means Transfer Accumulator to X Index than
the hex op-code $AA or the 8-bit number 1010 1010.
Microprocessors, on the other hand, operate only on binary
voltages represented by logical 0°s and 1 s (Machine Language).
Consequently, Mnemonics must be translated into such 0's and 1°s

before the MPU can proceed. This is accomplished by a program
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called an Assembler which is usually (but not always) available
in most microcomputing systems. For instruction purposes, the
Mnemonic format will be used to illustrate sample programs
throughout the text. Keep in mind however, that this is only

for the sake of human understanding.

4.4 REGISTERS

The 6502 Microprocessor uses seven Registers (6 Internal, 1

Temporary) in data manipulation/handling.
PC Register

The Program Counter (PC) Register is a 16-bit wide register
which determines which memory location will be accessed next.
It is automatically incremented after each memory access and
contains the address of the next instruction to be executed.
Being 16-bits wide, it can address any one of 216 = 65,536
locations. It is physically implemented in the 6502 as two
8-bit registers, PCL and PCH. L and H respectively refer to the
lower (L) and higher (H) order bytes of the Program Counter. If
the PC Register is loaded with a specific 16-bit number (2
bytes) during the execution of a program, control will be
transferred to that particular address in memory and execution
will resume from that point forward.

A, X, Y Registers

The Accumulator (A), X-Register (X) and Y-Register (Y) are

three 8-bit wide general purpose registers which are used for a
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variety of operations. Arithmetic/Logical operations are
performed in the Accumulator while the X and Y registers are
employed as index registers or counters and are capable of being
incremented/decremented in a controlled fashion.

P Register - N, V, B, D, I, 2, C

The Processor Status (P) Register contains seven usable
bits called Status Flags. Five of these are affected by the
outcome of a preceding instruction. During program execution

these particular bits are constantly changing to reflect the

status of the previous operation. The two remaining bits are
control bits and can be set (=1) or cleared (=0) under program
control.

N is the Negative Flag which is set (=1) whenever the

result of the previous operation produces a negative value.
Otherwise it is cleared (=0).

V is the Overflow Flag which is set (=1) if the result of a

signed arithmetic operation produces a result greater than +127
or less than -128.

B is the Break Command Flag and is set (=1) by a "break"

instruction.

D is the Decimal Mode bit which when set (=1) enables the

6502 to treat data as binary-coded-decimal (BCD) numbers.
I is the IRQ Disable bit which when set (=1) prevents the

6502 from being externally interrupted (by the IRQ line).
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7 is the Zero Flag which is set (=1} if the result of the
preceding operation is zero.

C is the Carry Flag and is used extensively during
arithmetic operations. It can be viewed as a ninth bit which is
set (=1) whenever the addition of two 8-bit numbers produces a
result which exceeds 8-bits.

Stack

The Stack is an 8-bit wide temporary working register which
is primarily used for transitory storage of program variables.
It is implemented in the 256 locations at addresses $0100-01FF
of the 6502 s address space and characterized as a push-down
Stack. This simply means that it is loaded byte-wise from the
top memory location ($01FF) downwards in memory and unloaded in
reverse fashion. It can be thought of as a first-in last-out
(FILO) memory.

Stack Pointer

The Stack Pointer (S) is an 8-bit wide internal register
which is an abbreviated address register for the Stack. It
represents the low order address byte of the next available
location in the Stack. As such, it points to the next empty

Stack location.

4.5 PAGING
The concept of paging is introduced as a helpful way of

organizing memory in a microcomputer. The 6502 microprocessor
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is capable of accessing 216 = 65,536 or 64K (1K = 1024)

locations in memory. In hexadecimal notation this includes all
l6-bit addresses from $0000 to SFFFF. If we define a Page as a
block of 256 memory locations, then 64K locations can be
represented as 256 Pages, each containing 256 locations. The
higher order bits (nos. 8-15) of the 16-bit address represent
the Page Number while the lower order bits (nos. 0-7) represent
the location within a Page. For example, Page 3 represents all
addresses in the range $0300-$03FF, Page 0 contains locations
S0000-S00FF, while Page FF contains the addresses $FFOO-SFFFF.
Using this notation, Page 1 is normally reserved for the Stack

area.

4.6 TINSTRUCTIONS AND ADDRESSING MODES

The 6502 Microprocessor has 56 different instructions and
can operate in 13 addressing modes. The various allowed
combinations of instruction types and addressing modes permit a
total of 151 different executable instructions. Each of these
instructions 1s examlined by way of discussion and example in the
following pages. Mnemonic and hexadecimal ($) notations are
used throughout the programming examples unless otherwise
stated. The reader is encouraged to work through each
programming example since each demonstrates the application of a

particular instruction and/or addressing mode.
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6502 INSTRUCTION SET

Operation

Load and Store Instructions
Register Transfer Instructions
Break Instruction

No Operation Instruction

Jump Instruction
Increment/Decrement Instructions
Logical Instructions

Flag Instructions

Arithmetic Instructions

Branch Instructions

Compare Instructions

Bit Test Instruction

Shift and Rotate Instructions
Subroutine Instructions

Stack Instructions

Interrupt Instructions

Mnemonic
LDA,STA,LDX,LDY,STX,STY
TAX,TAY,TXA,TYA
BRK
NOP
JMP
INC,INX,INY,DEC,DEX,DEY
AND,ORA, EOR
CLC,SEC,CLD,SED,CLV
ADC,SBC

BCC,BCS,BEQ,BNE,BM1,BPL,
BVC,BVS

CMP,CPX,CPY

BIT

ASL,LSR,ROL,ROR

JSR, RTS
PHA,PLA,PHP,PLP,TXS,TSX

RTI,SEI,CLI

Fig. 4-2. The 56 Instructions of the 6502 MPU.



6502 ADDRESSING MODES

Absolute
Zero Page
Immediate
Implied
Relative
Accumulator
Absolute Indexed, X
Absolute Indexed. Y
Zero Page Indexed, X
Zero Page Indexed. Y
Indirect Absolute
Indirect Indexed (Post-Indexed Indirect)

Indexed Indirect (Pre-Indexed Indirect)

Fig. 4-3. The 13 Addressing Modes of the 6502 MPU.

65
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MONITOR COMMANDS

In every microcomputing system or programming language
there exists a prescribed set of functional commands which are
input to the computer from a particular device (keyboard, tape,
disk,...). Such commands are specific to that computer’s
operating system (Monitor Program) or programming language. For
example, in the BASIC language (a type of program), the RUN
command, when entered, begins program execution from the lowest
numbered statement.

In the AIM 65 Microcomputing System, those Monitor Commands
which are most useful and necessary are the <M>, </>, <*>, <G>,
<K> and <R> Commands. They are entered from the keyboard and
perform the following functions:

<M> = Displays the contents (in Hex) of the various memory
locations in groups of four.

</> = Changes the contents of the various memory locations
to the entered Hex values.

<*> = Sets/Re-Sets the Program Counter (PC) to the entered
Hex value.

<G> = Begins program execution from that address currently
contained in the Program Counter (PC).

<K> = Disassembles (i.e. converts machine--> assembly
language) the contents (valid instruction op codes)
of specified memory locations for display/printout.



<R> = Displays the contents (in Hex) of the six internal
registers of the 6502.

* kK ok Program Counter (PC)
PS Processor Status Register (P)
AA = Accumulator (A)

[{A1]

XX = X-Register (X)
YY = Y-Register (Y)
S8 = Stack Pointer (S)

These Monitor Commands will be used from this
point forward to enter, alter and display machine/
assembly language programs in the instructional
experiments that follow. With few exceptions,
these machine-language programs can be used with
any 6502-based system with the single proviso that
they reside in or access those user-available
portions of the system’s RAM.

67
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LDA - Load Accumulator with Memory

STA - Store Accumulator in Memory

The LDA and STA instructions can operate in three
non-indexed addressing modes. They are the Absolute, Zero Page

and Immediate Addressing Modes.

ABSOLUTE ADDRESSING

In the Absolute Addressing Mode, the second and third bytes
of the instruction are the address of the location where the

data is.

Exp.l - Absolute Addressing

1. Store $SAA in location $0211 using the Monitor <M> and
</> Commands. Use the same commands to store SFF in
location $0300.

2. Key in the following program in Hex format beginning
at location $0100.

Comments

$0100 AD LDA@ Load the Accumulator with the
1 11 contents of $0211
2 02
3 8D STA@ Store the Accumulator at
4 00 location $0300
5 03
6 00 BRK Return to Monitor

$0107 EA NOP No Operation

3. After keying in the program, examine the contents of

location $0300.
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Next, run the program by keying in <*> = 0100 followed
by RETURN then <G>/ and RETURN. The display should

read <0107 EA NOP.

Examine the contents of location $0300. Has it
changed? Answer: Yes, $FF to S$AA.

AIM Printout:

I oo I
B R e
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In the Zero Page addressing mode the second byte of the
instruction is the low order address of the Zero Page memory

location containing the data.

Exp. 2 - Zero Page Addressing

1. Store SEE in location $0020 using the Monitor <M> and
</> Commands.

2. Store $FF in locations 50030 and 0350.
3. Key in the following program:
Comment s

S0100 AS LDAZ Load the accumulator with the

1 20 contents of $0020
2 8D STAdM Store the accumulator at
3 50 location $0350
4 03
5 AD LDA@ Load the accumulator with the
6 50 contents of $0350
7 03
8 85 STA Store the accumuiator at
9 30 “ location $0030
A 00 BRK Return to Monitor
$010B EA NOP No Operation
4. After keying in the program, examine the contents of

locations $0030 and 0350.

5. Next, run the program by keying in <*> = 0100, RETURN,
<G>/, RETURN. The display should read <010B EA NOP.

6. What are the current contents of locations $0030 and
$0350? Answer: SEE, EE.



7.

AIM Printout:

Zero Page Addressing

71
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IMMEDIATE ADDRESSING

In the Immediate Addressing Mode the second byte of the

instruction is the data.

Exp. 3 - Immediate Addressing

1.

2.

Store SEE in location $0021 and S$FF in locations
$0030 and $0350.

Key in the following program:

Comments
S0100 A9 LDA#% Load the accumulator with $BC
1 BC
2 85 STA Store the contents of the
3 20 z accumulator at location $0020
4 8D STAQ Store also at location $0350
5 50
6 03
7 85 STAZ And at S$0030
8 30
9 00 BRK Return to Monitor
$010A EA NOP No Operation

Run the program.

What is now contained in locations $0020, 0030 and
0350? Answer: SBC

What is contained in the accumulator? Answer: S$SBC
Can you use the STA instruction in the Immediate

Mode? Answer: NO. You can’'t store Data into Data
only into Memory locations.



7.

AIM Printout.

Immediate Addressing

150 050 50
L]

o

73
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LDX
LDY
STX
STY

- Load X Register with Memory
- Load Y Register with Memory
- Store X Register in Memory
- Store Y Register in Memory

As with the LDA and STA instructions,

the LDX, LDY,

STX,

and STY instructions can also be used in the Absolute, Zero Page

and (for LDX, LDY)

Exp. 4 - LDX,

1. Store $44 in locations $0066, 0067 and 0068.

the Immediate Addressing Modes.

LDY, STX, STY Operations

2. Key in the following program:

Comments

LDY# Load the Y Register with $55

LDX, Load the X Register with the
contents of $0066

STYz Store the Y Register at Zero
Page Location $0067

STXz Store the X Register at Zero
Page Location $0068

LDY@ Load the Y Register with the
contents of $0110

STY@ Store the Y Register at Zero
Page Location $0066

BRK Return to Monitor

NOP No Operation

3. Run the program



What are the contents of locations $0066, 0067 and
00682 Answer: $66, 55, 44.

What is unusual about the instruction at
location S$010B?

Do not alter the program or the contents of $0066,
0067 or 0068. They are used in Exp. 5.

AIM Printout.

LDX, LDY, STX, STY Operations

DN |

=5 44

o
=y
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TAX - Transfer Contents of Accumulator to X Register
TAY - Transfer Contents of Accumulator to Y Register
TXA -~ Transfer Contents of X Register to Accumulator
[ TYA - Transfer Contents of Y Register to Accumulator

—_—

The

Transfer instructions (TAX, TAY, TXA, TYA) are single

byte instructions which use a special mode of addressing called

Implied Addressing. Data is transferred to or from the
accumulator and the X or Y Registers. No R/W Memory locations

are accessed.

Exp.

1.

5 - TAX, TAY, TXA, TYA Operations

Modify the program in Exp. 4 by keying in the
following instructions beginning at location $0108.

Comment s
$0108 98 TYA Transfer contents of Y to A
9 AA TAX Transfer contents of X to A
A 86 STX Store contents of X at
B 66 z location $0066
C 00 BRK Return to Monitor
$010D EA NOP No Operation

Run the program starting at $0100.

What are the contents of $0066, 0067 and 006872
Answer: $55, 55, 66.

Run the program again starting at $0100. What are
the contents of $0066, 0067 and 006872
Answer: $55, 55, 55.
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5. Explanation:
$0100 A0 LDY# Load the Y Register with $55
1 55
2 A6 LDX, Load the X Register with the
3 66 contents of $0066[$66]
4 84 STYz Store the contents of Y[$55] at
5 67 $0067 —-> $0067[$55]
6 86 STX, Store the contents of X[$66] at
7 68 $0068 --> $0068{$66]
8 98 TYA Transfer contents of Y[$55] to A
9 AA TAX Transfer contents of A{$55] to X
A 86 STXZ Store contents of X[$55] at
B 66 $0066 —--> $0066[S$55]
C 00 BRK Return to Monitor
$010D EA NOP No Operation
6. AIM Printout.
TAX, TAY, TXA, TYA Operations

TSy €O 2D o

44 |

]
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BRK - Jump to Interrupt Routine

The BRK instruction forces a halt to the program execution
sequence and returns control to an Interrupt Routine whose
starting address 1is contained in two consecutive memory
locations designated IRQL and IRQH. Upon power-up or hitting
the RESET button, IRQL and IRQH are loaded with the starting
address of the Monitor Routine (or Master Control Program). All
of the important registers in the 6502 are saved during
execution of a BRK instruction. This makes it a very useful
tool in program debugging since specific sections of a large
program, separated by BRK instructions, can be run and
sequentially stopped for Register (A, X, Y, S, P, PC)
examination and checking. The specific interrupt sequences of
the BRK instruction (which is really a software~forced
interrupt) are discussed in greater detail in that Section

dealing with Interrupts.

T
|
|

l

L

i
|
| NOP - No Operation
|

The NOP instruction 1s really a one-byte pseudo-
instruction which does nothing but occupy time and memory. As

such, it is especially useful in developing programs since a
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group of NOP s can be used to reserve program space for later
addition of instructions. It can also be used in those routines

involving the generation of programmed time delays.

JMP - Jump to New Location

|

When a JMP instruction is encountered during program
executicn, program control 1s transferred to that location
specified by the JMP instruction and the program sequence
continues from that point on. It, in effect, puts a new 2-byte
value into the Program Counter (PCH-PCL) where PCH = higher
order byte of PC and PCL = lower order byte of PC. The JMP
instruction is a 3-byte long instruction with 2 Addressing

Modes: Absclute and Indirect Absolute.

In the Absolute Mode the two bytes following the
instruction are the low and high order bytes of the address in
memory (PCL, PCH) where program control is transferred.

In the Indirect Absclute Mode, the two bytes following the
instruction are the lower and higher order bytes of the address
in memory (ADL, ADH) which contains the PCL byte of the memory
address where program control is transferred. The PCH byte of
the destiration address is contained in the next memory location

(i.e. ADH,ADL + 1). This process is depicted in Fig. 4-4.
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Jump Absolute

$0100
0101
0102
0103

Jump Indirect Absolute

Sac

JMP@
50
01
EA NOP

$0100 $6C

0101 50
0102 01
0103 EA

$0150
0151
0152
0153

$77

03

EA

EA

$0150

SEA NOP

00 1T BRK

EA NOP

EA
$0377 | SEA | NOP
0378 00 | BRK
0379 EA
037A

EA

Fig. 4-4. Absolute and Indirect Absoclute JMP Operaticns.



Exp. 6 - JMP Operations

AIM printout

Jump Absolute

s
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Jump Indirect Absolute

£
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DEY

INC -
INX -
INY -
DEC -
DEX -

Increment Memory by One
Increment X Register by One
Increment Y Register by One
Decrement Memory by One
Decrement X Register by One
Decrement Y Register by One

The INC and DEC instructions modify the contents of

locations in memory and operate in either the Absolute or Zero

Page Addressing Mode. They are either 2 or 3 bytes long. The

INX, INY, DEX, and DEY instructions modify the X and Y Registers

only, are 1 byte long, and operate in the Implied Addressing

Mode.

Exp. 7 - INC and DEC Operations

1. Load SAF and $DO in locations $0200 and $0201

respectively.
2. Key in the following program and run it.
comments

$0100 EE INCd Increment the contents of
1 00 location $0200
2 02
3 CE DEC@ Decrement the contents of
4 01 location $0201
5 02
6 00 Return to Monitor

$0107 EA No Operation

3. What are
Answer:

the contents of locations $0200 and $0201?
$BO, CF



Run the program again starting from location $0100.
What are the new contents of locations $0200 and

$0201? Answer: S$Bl, CE
Binary Solution:
INC
Hex
1010 1111 SAF
+ 0000 0001 + 01
1011 0000 BO
DEC
Hex
1101 0000 $DO
+ 1111 1111 - 01
1100 1111 CF

AIM Printout:

m s m

Tomormorn

P R ]
LX)
{1
m
L]
v}
[y
D

Iil [l )

0000 0001
1111 1110
+ 1

I111 1111

...

[n)
=

(A

1

1 (one’s
complement)
-1
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INSTRUCTION MNEMONIC ENTRY MODE

In the AIM 65, there are two primary ways of entering a
machine language program into memory. The first uses the
Monitor <M> and </> Commands to enter the various hexadecimal
op-codes into specified memory locations. The second method

involves the Instruction Mnemonic Entry Mode and employs the <I>

Command. This is by far the preferred choice since it is much
easier to remember and correlate instruction mnemonics than
hexadecimal op-codes. Furthermore, the relative address offsets
(used in Branch instructions) are computed by the Mnemonic
Assembler from a simple entry of the destination location in the
branch instruction (still 2-bytes long). Before program
execution, however, the assembler must be exited by using the
ESC key whereby the Monitor is automatically re-entered.

Two other Monitor Commands which are very useful in program
development are the <R> and <K> Commands. The <R> Command 1is
used to display the current contents of the six Internal
Registers of the 6502 while the <K> Command is used to
disassemble op-codes in memory for display/printout in Mnemonic
format. For these tutorial reasons, instruction mnemonics
rather than hexadecimal op-codes will be used from this point

forward to demonstrate the various machine-language programs.
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AND - AND Memory with Accumulator

ORA - OR Memory with Accumulator

EOR - Exclusive-OR Memory with
Accumulator

The AND, ORA, and EOR instructions perform logical
operations on the current contents of the accumulator and the
contents of the memory location accessed. The result is stored
in the accumulator. Put another way, they modify the contents
of the accumulator by using the contents of a memory location.
They operate in the Immediate, Zero Page, Absolute, and Indirect
Addressing Modes. The outcome of their individual operations is

as follows:

The result of an AND operation = 1 only if both bits = 1.

The result of an ORA operation = 0 only if both bits = 0.

1

The result of an EOR operation = 0 only if both bits

I}
2}
>
=
=

[Contents] Result [in Accumulator)
Memory Accumulator AND ORA EOR
1 1 1 1 0
1 0 : 0 1 1
0 1 0 1 1
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Using the AND, ORA, and EOR instructions with a suitable

bit MASK, one or more bits can be cleared, set or complemented.

1l. Clearing a Bit to 0 with AND

100 1010

1
AND 0111 1111 <-- MASK
0

100 1010

2. Setting a Bit to 1 with ORA

1001 1010
ORA 0100 0000  <-- MASK
110171010

3. Complementing (Toggling) a Bit with EOR

1010 0011

EOR 0010 0000  <-- MASK
1000 0011

EOR 0010 0000  <-- MASK
1010 0011

EOR 0010 0000  <-- MASK

1000 0011

AND - clears bits
ORA —- sets bits

EOR - complements (toggles) bits
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Exp. 8 - AND, ORA, EOR Operations

1. Store $AA, BB, CC and 44 in locations $0200-0203.

2. Key in the following program.

Comments

$0300 ILDA $0200 Load A with the contents of $0200
3 AND $0203 AND A with contents of $0203
6 STA $0200 Store the result in $0200
9 LDA $0201 Load A with contents of $0201
C ORA $0203 OR A with contents of $0203
F STA $0201 Store result in $0201

$0312 LDA $0202 Load A with contents of $0202
5 EOR $0203 XOR A with contents of $0203
8 STA $0202 Store result in $0202
B BRK Return to Monitor

$031C NOP No Operation

3. Run the program beginning from location $0300.

4. What are the new contents of $0200-0203?
Answer: $00, FF, 88, 44.

5. Run the program again beginning at $0300. What are
the contents of locations $0200-0203 now?
Answer: $00, FF, CC, 44.

6. AIM Printout.

[ s R wH ]

} Bz8z
i @z2e1
i Bzez
 HZBZ

gzaz
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CLC - Clear Carry Flag
SEC - Set Carry Flag

The CLC and SEC instructions respectively clear (=0) and
set (=1) the Carry Flag (C) in the Processor Status (P)
Register. The clearing and setting of this flag is an important
step when doing binary or decimal (BCD) addition and
subtraction. It can be thought of as a flag bit distinct from
the accumulator itself but directly affected by accumulator
operations as though it were a Ninth Bit in the accumulator.
CLC and SEC are both one-byte instructions operating in the

Implied Addressing Mode.

CLD - Clear Decimal Mode
SED - Set Decimal Mode

CLD and SED are one-byte instructions which also operate in

the Implied Addressing Mode and respectively clear (=0) and set

(=1) the Decimal Flag (D) in the Processor Status Register.
Setting the Decimal Mode (SED) allows the 6502 to carry out

arithmetic operations on binary-coded-decimal (BCD) data and

store/display the results in BCD format. Otherwise, all
operations are carried out in straight binary format. For

example, in the Binary Mode (D=0), 1510 = 0000 1111 whereas in
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the Decimal Mode (D=1), 1510 = 0001 0101.

ADC - Add to Accumulator with Carry
SBC - Subtract from Accumulator
with Borrow

The ADC instruction adds the value of memory and the carry
flag from the previous operation to the contents of the
accumulator and stores the result in the accumulator. If the
result of a binary add exceeds 255 or a decimal add exceeds 99,
the carry flag is set (=1) otherwise it is cleared (=0). If the
result contains a 1 in the Bit #7 position, the negative flag
(N) is set (=1) otherwise it is cleared (=0). If the result is
zero, the zero flag (Z) is set otherwise it is not. If the
result exceeds +127 or -128, the overflow flag (V) is set.

SBC subtracts the value of memory and borrow from the value
of the accumulator using two s complement arithmetic and stores

the result in the accumulator. Borrow is defined as carry

complemented (C). The carry flag is set (borrow cleared) if the
result > 0. The carry flag is cleared (borrow set) if the
result < 0. The N, Z, and V flags operate in the same manner as
with ADC.

Prior to first using an ADC instruction, the carry flag

should be cleared (CLC) to indicate a no-carry condition.

Similarly, before using the SBC instruction, the carry flag
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should be set (SEC) to indicate a no-borrow condition.

* Clear the carry flag (CLC) prior to add (ADC)

* Set the carry flag (SEC) prior to subtract (SBC)

CLV - Clear Overflow Flag

The Overflow Flag (V) is set (=1) if the addition (ADC) or
subtraction (SBC) of two signed binary numbers produces a result
(in the Accumulator) which is > +127 or < -128. It can be reset
(=0) by the one-byte long CLV instruction. It is also
automatically reset (=0) at the beginning of the next ADC or SBC

instruction.

Exp. 9 - Addition of two Binary Numbers

GOAL: Add the contents of location $0203 to locations
$0200-0202 and store the results in $0100-0102.

1. Load $05, 06, 07, and 04 into locations $0200-0203.

$0200 0201 0202 0203
$05 06 07 04

2. Key in the following program beginning at $0300.

Comments
$0300 CLC Clear the carry flag
1 CLD Clear the decimal mode
2 LDA $0200 Iload A with the contents of $0200
5 ADC $0203 Add the contents of $0203
8 STA $0100 Store the result in $0100
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B LDA $0201 Load A with the contents of $0201
E ADC $0203 Add the contents of $0203

$0311 STA $0101 Store the result in $0101
4 LDA $0202 Load A with the contents of $0202
7 ADC $0203 Add the contents of $0203
A STA $0102 Store the result in $0102
D BRK Return to Monitor

S031E NOP No operation

Run the program.

Examine the contents of locations $0100, 0101, 0102.
What are they? Answer: $09, OA, 0B.

Replace the CLD instruction in location $0301 with the
SED instruction.

Repeat steps 1 and 3 again and examine the contents of
$0100-0102. what are they? Answer: $09, 10, 11.

Why is the CLC instruction included in both programs?
Answer: To indicate an initial no-carry condition.

AIM Printout.

Binary Addition Decimal Addition

a7y o4

[
158
o
Do)

B20E
T Bzez
a16a
azal
C azaz
51p1
azag
C Bzez

=TA 8162
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Exp. 10 - Subtraction of 2 Binary Numbers

GOAL: Subtract $81 from $E9 twice. S$E9 is stored in
location $0300, $81 in location $0301 and the
results in locations $0302, 0303,

1. Load SE9 and $81 into locations $0300 and $0301.

(XX = doesn’'t matter) $0300 0301 0302 0303
SE9 81 XX XX

2. Key in the following program beginning at $0200.

Comments
$0200 CLD Clear the decimal mode
1 SEC Set the carry flag
2 LDA $0300 Load A with the contents of $0300
5 SBC $0301 Subtract the contents of $0301
8 STA $0302 Store the result in $0302
B SBC $0301 Subtract contents of $0301 again
E STA S$S0303 Store the result in $0303
$0211 BRK Return to Monitor
$0212 NOP No operation

3. Run the program from $0200.

4. What are the contents of $0302, 03032
Answer: $68, E7.

5. What is the value of the carry flag? Answer: 0.

6. Binary Solution.
Hex
1110 1001 SE9 81 = 1000 0001
(c] + 0111 1111 - 81 .
——1 0110 1000 68 81 = 0111 1110
+ 0111 1111 - 81 L
—=0 1110 0111 E7 81 + 1 = -81 = 0111 1111
Carry Flag = set (borrow flag = cleared), result = +
Carry flag = cleared (borrow flag = set), result = -
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Exp. 11 - Subtraction of 2 Numbers in the Decimal Mode

GOAL: Subtract 81 from 89 twice. 89 and 81 are stored in
locations $0030, 0301 and the first and second
results of the successive subtractions are stored
in locations $0302, 0303.

1. Load 89 and 81 into locations $0300 and $0301.

(XX) = doesn’t matter $0300 0301 0302 0303
89 81 XX XX

2. Key in the following program beginning at $0200.

Comments

$0200 SED Set the decimal mode
1 SEC Set the carry flag (Clear borrow)
2 LDA $0300 Load A with the contents of $0300
5 SBC $0301 Subtract the contents of $0301
8 STA $0302 Store the result in $0302
B SBC $0301 Subtract contents of $0301 again
E STA $0303 Store the result in $0303

$0211 BRK Return to Monitor

$0212 ©NOP No operation

3. Run the program starting from location $0200.

4, What are the contents of locations $0302, 03032
Answer: 08, 27.

5. What is the state of the Carry Flag? Answer: 0.

6. When performing BCD subtraction, a negative result is
indicated by a cleared (=0) Carry Flag (set Borrow
Flag). This is similar to Binary subtraction except
that the answer is in ten’ s complement form not in
two ‘s complement form. In order to convert the result
of the second subtraction (27) into a meaningful
(positive) number with a (separate) negative sign, it
must be ten’s complemented.

2719 = 27-100 = -73



7. AIM Printout.

Binary Subtraction Decimal Subtraction

[an]
=0
=

Lot 2 P35
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BCC - Branch on Carry Clear (C = 0)
BCS - Branch on Carry Set (C = 1)
BEQ - Branch on Result Zero (2 = 1)
BNE - Branch on Result not Zero (Z = 1)
BMI - Branch on Negative Result (N = 1)
BPL - Branch on Positive Result (N 0)
BVC - Branch on Overflow Clear (V = 0)
BVS - Branch on Overflow Set (V = 1)
Each branch instruction (BCC...) interrogates (tests) a

specific bit (C, Z, N, V) in the Processor Status (P) Register.
Depending upon the state (0 or 1) of the bit, a branch to
another instruction may occur. If no branch occurs, the program
continues along as if the branch instruction weren’t there.

Branch instructions employ the Relative Addressing Mode which

means that the destination location of the branch is relative to
the location following the branch instruction. It can be
forwards or backwards from that point by a maximum of +127 ($7F)
or -128 ($80) locations and may cross a page bhoundary (Ex. -->
going from location $02FF to location $0300 crosses the Page
2->3 boundary). All branch instructions are two bytes long; the
first byte representing the instruction and the second byte the
relative displacement. 1In most assemblers, including the
primitive AIM instruction mnemonic entry mode, this relative

displacement is computed from the 16-bit destination address

entry following the branch instruction.
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CMP - Compare Memory and Accumulator
CPX - Compare Memory and X Register
CPY - Compare Memory and Y Register

The CMP, CPX, and CPY instructions compare the contents of
memory locations to the current contents of the Accumulator (a4),
X-Register (X) and Y-Register (Y), respectively to determine if
the difference between the two is positive, negative or zero.
The specified contents of a particular memory location are
subtracted from the current contents of A, X, or Y. No memory
locations are altered and only the Processor Status (P) Register
is changed. The Z flag (of the P register) is set (=1) by an
equality, otherwise it is reset (=0). The N flag is set (=1)
and reset (=0) by the status of the sign bit (Bit No. 7) while
the Carry flag is set/reset if the contents of the accessed
memory location are less/greater than the current contents of
the register (A, X, Y) under examination. These comparison
instructions are almost always used in conjunction with branch
instructions and operate in the Absolute, Zero Page and
Immediate Addressing Modes. Depending upon the results of the
comparison, a branch to another part of the program can be

taken.



Exp. 12 - Branch and Comparison Operations

GOAL: Branch to different routines depending upon the

value of the number written to location $0200 being

equal to, greater, or less than $75. If = §$75,

store in location $0201. 1If > $75, store in $0202.
If < $75,

store in location $0203.

Load $75 in location $0200 and $00 in $0201-0203.

Key in the

$0300

1
4
6
8
A
C
F
$0310
1
4
5
6
9
A

$031

CLC
LDA
CMP
BEQ
BCS
BCC
STA
BRK
NOP
STA
BRK
NOP
STA
BRK
NOP

$0200 0201 0202 0203
$75 00 00 00

following program.

$0200
#75

$030C
$0311
$0316
$0201

$0202

$0203

Run the program.
< 0310 EA NOP.

Answer:

Comments

Clear the carry flag

Load A with the contents of $0200

97

Compare $75 with the contents of A

If equal (i.e. Z=1) go to $030C
If greater (i.e. C=1) go to $0311

If less (i.e. C=0) go to $031
Store equal result in $0201
Return to Monitor

Store greater result in $0202
Return to Monitor

Store lesser result in $0203

Return to Monitor
No operation

What does the display read?

What are the contents of locations $0200-02037?
$75, 75, 00, 00.

Answer:

Run the program again after loading $74, 00, 00,

in locations $0200-0203.

6

00



98

What are the new contents of $0200-0203?
Answer: $74, 00, 00, 74.

Run program again after loading $76, 00, 00, 00 in
locations $0200-0203.

What are the new contents of $0200-02037?
Answer: $76, 00, 76, 00.

AIM Printout.

2 0O I M
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PROGRAMMED TIME DELAYS

One very important use of Branch instructions is the

generation of time delays. These routines are important in those

cases where a very fast computer has to communicate with a

relatively slow I/0 device (keyboards, printers, plotters...).

Branch instructions are also useful in generating infinite

time-delays more commonly known as idling loops. These are

employed in those cases where the microprocessor/microcomputer

is waiting for a specific interrupt. Since every instruction in

a microprocessor takes a known number of clock cycles (a clock

cycle being equal to 1 microsecond in the AIM 65), repeating

these instructions a specified number of times will produce a

specific programmed time-delay. This is illustrated in the

sample program below which contains three nested time-delaying

counting loops.

Exp. 13 - Programmed Time Delay

GOAL:

This short program illustrates the use of timing
loops for outputting an ASCII "A" ($41) to the
printer of the AIM 65. The number of printouts is
contained in location $0000. The Accumulator-
Printout routine is located at $E97A while location
$0001 is used for temporary storage.

1. Load $07 into location $0000.
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Key in

$0200

$0204
$0206

Mo wWww

$0210
2
5
7
9

$021Aa

the

LDY
STY
LDX
DEX
BNE
DEC
BNE
DEY
BNE
LDA
JSR
DEC
BNE
BRK
NOP

following program.

#04
$01
#FF

$0206
$01
$0204

$0204
#41
SE97A
$00
$0200

Comments

Initialize Y-counter to $04
Store in location $0000
Initialize X-counter to SFF
Decrement X-counter

If not = 0, go to $0206
Decrement contents of $0001

If not = 0, go to $0204
Decrement Y-counter

If not = 0, go to $0204

Load A with ASCII code for "A"
Jump to Monitor printout routine
Decrement print counter
Repeat entire process

Return to Monitor

No operation

Run the program and note the rate of display and
printout

Change the contents of location $0201 to $02 and note

the display rate.

$0000 with $07.

(Don"t forget to reload location

Change the contents of $0201 to $0A and the contents
of $0000 to $14, run program, and note display rate.

AIM Printout.
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BIT - Test Bits in Memory with Accumulator

The BIT instruction performs a logical AND between the
contents of the accumulator and a memory location but does not
store the result into the accumulator. Only the Processor
Status (P) Register is affected. Bits #7 and #6 of the memory
location tested are transferred to the corresponding locations
in the P register. 1If the AND operation produces a zero, the 2
flag is set (=1) otherwise it is cleared (=0). When used with a
MASK, it is a very useful tool for testing the condition (0 or
1) of a particular bit in a memory location.

Exp. 14 - Bit Test

GOAL: Test Bit #2 in memory location $0000. If it is

set (=1), store the contents in location $0001,
otherwise store $00 in location $0001.

1. Load S$AB into location $0000.

2. XKey in the following program.

Comments #2 Bit
$0200 LDA #04 Load the bit mask, $04 = 0000 0100
2 BIT $S00 Test location $0000
4 BNE $020C If #2 bit is set (=1), go to $020C
6 LDA #00 If #2 bit is not set, store $00 in
8 STA $01 location $0001
A BRK Return to Monitor
B NOP
C LDA SO0 Store contents of $0000
E STA $01 into $0001
$0210 BRK Return to Monitor

$0211 NOP No operation
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3. Run the program.

4. What are the contents of $0000 and $0001?
Answer: S$AB, 00.

5. Store $AC into $0000 and run the program again

6. What are the contents of $0000 and $00017?
Answer: S$SAC, AC.

7. AIM Printout.

"y T}

“13 "1

-

T
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ASL ~ Arithmetic Shift Left
LSR - Logical Shift Right
ROL - Rotate Left

ROR - Rotate Right

ASL: Arithmetic Shift Left

Here every bit in either the Accumulator (A) or the memory
location accessed is shifted 1 bit to the left with Bit #7

shifted into the Carry Flag (C) and a 0 shifted into Bit #0.

7 ¢

ASL C |a—F <+—0

LSR: Logical Shift Right

Every bit in either the Accumulator (A) or the memory
location accessed is shifted 1 bit to the right with Bit #0

shifted into the Carry Flag (C) and a 0 shifted into Bit #7.
7 o

LSR o—=» —+—»{cC

ROL: Rotate Left

Every bit in either the Accumulator (A) or the memory
location accessed is shifted 1 bit to the left (as with ASL)
with Bit #7 shifted into the Carry Flag (C) and the Carry Flag

(C) shifted into Bit #0.
7 0

ROL C la—1 B
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ROR: Rotate Right

Every bit in either the Accumulator (A) or the memory
location accessed is shifted 1 bit to the right (as with LSR)
with Bit #0 shifted into the Carry Flag (C) and the Carry Flag

(C) shifted into Bit #7.

7 0

ROR —+ —~+—»iC

The Register-Shift instructions (ASL, LSR, ROL, ROR)
operate in the Absolute, Zero Page and Accumulator Addressing
Modes. Since they change the contents of the Accumulator or a
specified memory location without affecting any internal

registers, they are called read-modify-write instructions. They

are also the only instructions which operate in the Accumulator

Addressing Mode, a mode of addressing which affects only one

register - the Accumulator. They are particularly useful in
Multiplication/Division schemes as well as in Number Conversion
Routines (viz. ASCII Hex-> Binary, Binary-> ASCII Decimal,
serial-> parallel, parallel-> serial..). This is demonstrated
in Exp. 15 where a 2-digit decimal number is converted into its

hexadecimal equivalent.
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Exp. 15 - Decimal to Hexadecimal Conversion

GOAL: A two-digit decimal (base 10) number entered in
location $0000 is converted to a hexadecimal (base
16) number stored in location $0001.

Comments
$0200 CLD Clear decimal mode
1 1LDA $00 Get decimal number from location $0000
3 TAY Save A temporarily in Y-register
4 AND #0OF Mask out higher-order-nibble (HON) and
6 STA $01 Store lower-order-nibble (LON) in $0001
8 TYA Restore decimal number from Y-register
9 AND #FO Mask out LON and
B LSR A Divide HON by 2
C STA $02 Store result temporarily in $0002
E LSR A Divide HON by 4
F LSR A Divide HON by 8
$0210 CLC Clear the carry flag for addition
1 ADC s$02 Add HON/8 to HON/2 and
3 ADC 501 Add result to LON in location $0001
5 STA $01 Then store overall result in $0001
7 BRK Return to Monitor
$0218 NOP No operation
Example
If 4210 is input to the computer, it is read as
$42 = 42 = 416 + 2¢1. What is needed is to divide

the highér order nibble ($4) by 16 and multiply by $A(10).
The result is then added to the lower order nibble ($2) to
complete the conversion.

42

10 4010 + 2e]

4eSA + 2eS]

(4¢16)SA/16 + 281
(416)($8 + $2)/16 + 251
(416)(1/2 + 1/8) + 281
2016 + 42 + 2e1

$20 + $08 + s02

$2A

LI | N VO | R

Note: Multiplication by $A/16 or 10/16 is equivalent to
multiplication by (1/2 + 1/8).
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INDEXED ADDRESSING

ABSOLUTE INDEXED ADDRESSING

This is a form of addressing whereby the effective address
is computed (or indexed) by adding the contents of the X (or Y)
Registers to the absolute address. It may be used with either
the X (Absolute, X) or Y (Absolute, Y) Registers. 1If a page
boundary is crossed, the Carry Flag is set (viz. going from
location $02FF to $0300 will set the Carry Flag). The contents
of the X or Y Registers are not affected by the use of this mode

of addressing.

ZERO PAGE INDEXED ADDRESSING

This form of addressing is analogous to Absolute Indexed
Addressing in that the contents of the X Register are added to a
Zero Page address to determine the effective address (also in
Zero Page). Except for the LDX and STX instructions, it can
only be used with the X Register. No page crossing is allowed
and no carry is generated. If the indexed address exceeds the
Page 0 -> 1 boundary, a wrap-around will occur within Page Zero.
The Hex value $00 is always forced into the higher order byte

(ADH) of the effective address.
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Exp. 16 - Absolute Indexed Addressing

GOAL: Fill the entire contents of Page 3 with the value
contained in location $0000.

1. Load $65 into location $0000.

2. Key in the following program.

Comments
$0200 LDA s00 Load A with contents of $0000
2 LDX #00 Initialize X Index to $00
4 STA $0300,X Store contents of A in Page 3
7 INX Increment X Index
8 BNE $0204 Branch to $0204 if Page 3 is
not filled
A BRK Return to Monitor when done
$020B NOP No operation

3. Run the program and verify that $65 is contained in
locations $0300-03FF.

4. Load any byte (other than $65) in location $0000 and
repeat the program. Is it written into Page 37
Answer: Yes.

5. Change the instruction in location $0202 to LDX #FF
and the instruction in $0207 to DEX and repeat steps
1 and 3 above.

6. Is $65 written into all locations of Page 37
Answer: No, location $0300 does not contain $65
because the loop is exited precisely when X = $00
and before location $0300 can be written into.
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AIM Printout.

7.

Absolute Indexed Addressing
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Exp. 17 - Zero Page Indexed Addressing
GOAL: Load Page Zero with $00, 01, 02, 03 . . . . SFF.

1. Key in the following program.

Comments
$0300 LDY #00 Initialize Y Index to $00
LDX #00 Initialize X Index to $00

4 STX $00,Y Store X value in Page Zero

6 INX Increment X Index

7 INY Increment Y Index

8 BNE $0304 Branch to $0304 for next X value

A BRK Return to Monitor when finished
$030B NOP No operation

2. Run the program and verify the results.

3. AIM Printout.
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SORTING

Indexed addressing is a particularly valuable technique for
sorting data into organized lists. The elements of such lists
can be arranged sequentially in memory where each element
occupies one (or several) adjacent memory locations. They can
be further arranged in either ascending or descending order in
memory according to (among other things) their values.

In the assembly language program of Exp. 18, the algorithm
used for the sorting routine compares the first element of an
8-element table in locations $0300-$0307 with each successive
element. If its value is greater than any of these, the
addresses of each are switched (in the SWITCH routine). The new
element is then compared to the remaining 7 elements and this
process of comparing and switching addresses is repeated until
the element having the smallest value occupies the first
position. In subsequent passes the remaining elements are
likewise examined and arranged until the entire table of values
is arranged in ascending order.

Figuratively speaking, the smallest element "bubbles" to
the top of the array- hence the name bubble-sort for this
popular routine. Simple modifications allow its extension to an
N-element array of values arranged in either ascending or

descending order. As described in Fig. 4-5, 7-passes are needed
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to sort this particular 8-element array. On average, N/2 passes

are needed to sort an N-element array.

Pass 1

Pass 2

Pass 3

Pass 4

Pass 5

Pass 6
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wn
—
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R g ——— " —cem G~ SR —— e i A s

$01 09 12 45 78 89 FA FF — Pass 7

Fig. 4-5. Bubble-Sort of 8-Elements into Ascending Order.
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Exp. 18 - Use of Indexed Addressing in Sorting Elements

COAL: Sort a random array of 8 unsigned binary numbers 4n
memory locations $0300-0307 into ascending order.
Location $0000 is used for temporary storage.

1. Load the eight binary numbers $FF, FA, 89, 45, 78, 01,
09 and $12 into locations $0300-0307.

2. Key in the following program.
Comments
START $0200 CLD Clear the decimal mode
1 CLC Clear the carry flag
2 LDY #00 Initialize Y counter to $00
4 TYA
5 TAX Initialize X counter to $00
TABLE $0206 ©LDA $0300,Y Load A with first element
9 CMP $0301,X Compare to second element
C BCsS $0216 If greater, go to SWITCH
E INX Increment X counter
F CPX #07 Finished with 8 comparisons?
$0211 BEQ $022A If yes, go to NXTEL
3 JMP $0206 If no, go to TABLE
SWITCH $0216 LDA $0301,X Load A with second element
9 STA $00 Store temporarily in $0000
B LDA $0300,Y Move first element --->
E STA $0301,X ---> to second position
$0221 LDA $00 Load A with second element
3 STA $0300,Y and store in first position
6 CLC Reset carry flag (=0)
7 JMP $020E Go to next element in table
NXTEL $022A INY Increment Y counter
B CPY #07 Finished with 8 elements?
D BEQ $0232 If ves, return to Monitor
F JMP $0204 If no, resume comparisons
$0232 BRK Return to Monitor

END $0233 NOP No operation
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Run the program.

Verify that the contents of locations $0300-0307 are
arranged in ascending order.

Change the CLC instructions in $0201 and $0226 to SEC
and the instruction in $020C to BCC $0216.

Run the program again.

How are the contents of $0300-0307 changed?
Answer: They are now arranged in descending order.

Change the instructions in $020F and $022B to CPX #FF
and CPY #FF respectively.

contents of Page 3 (256 bytes) are arranged in
descending order in memory.

Oscilloscope Traces of the Initially Random (top)
Contents of Page 3 Arranged into Descending (middle)
and Ascending (bottom) Orcder in Memory.
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INDIRECT ABSOLUTE ADDRESSING

In this form of addressing, the second and third bytes of
an instruction refer to a memory location which contains the low
address byte (ADL) of the data. The high address byte (ADH) of
the data is contained in the next memory location. Thus, in
Indirect Absolute Addressing, the data is not directly accessed
but rather the location of the data. The data is indirectly

accessed. The only instruction in the 6502 microprocessor which

uses this mode of addressing in the JMP instruction.

$0205 S6C JMP. :

$020

[@ W= JNeRe BN N}
/ H
R34
—
~J
P
Ow
I.
I
T

Fig. 4-7. Jump Indirect Absolute Instruction.

In the short program sequence above, the JMP-(Indirect)
instruction, when encountered (as op-code $6C), transfers
program control to the address contained in locations $020B and
$020C. From that point on program execution proceeds from

location $17AC.
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INDIRECT INDEXED ADDRESSING

As the name implies, this mode of addressing combines the
concepts of indirect addressing and indexed addressing. To
obtain the effective address (containing the data), the contents
of the Y-Register are added to the two-byte address contained in
two consecutive Page Zero locations. It is sometimes referred

to as Post-Indexed Indirect Addressing. As an example, the

instruction

STA ($9C),Y

stores the current contents of the Accumulator (A) in the memory
location contained in Page Zero locations $009C (ADL) and $009D
(ADH) indexed by the current contents of the Y-Register (Y).

The contents of A would subsequently reside in memory location
ADH, ADL+Y. This is a particularly useful mode of addressing
for accessing similar elements in different data tables (viz.
very useful in background subtraction, ratioing,
signal-averaging schemes, moving data tables in memory, ----).
It uses the Y-Index Register only. The indexing is performed
after the indirect addressing hence the name Post-Indexed

Indirect Addressing.
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Exp. 19 - Indirect Indexed Addressing

GOAL: Write any 8-bit binary number contained in location
$0000 into two, 256-element data tables starting at
the addresses written into Zero Page locations $01,
$02 and $03, $04.

1. Store $55 into Zero Page location (ZPL) $00.

2. Store $00 into ZPL s $01 and $03.

3. Store $02 and $03 into ZPL’'s $02 and $04.

4. Key in the following program and run it.
Comments

$0100 LDA $00 Load A with the contents of $0000
2 LDY #00 Initialize Y Index to $00

$0014 sSTA ($01),Y Store A indirectly in Page 2
6 STA ($03),Y And also in Page 3
8 1INY Increment Y Index
9 BEQ S$001E Finished loading Pages 2 and 37
B JMP $0014 If no, repeat for next locations
E BRK If yes, return to Monitor

S001F NOP No operation

5. Verify that $55 is written into the entire contents
of Pages 2 and 3 of memory.

6. AIM Printout.
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INDEXED INDIRECT ADDRESSING

In this mode of addressing, the contents of the X-Register
(X) are added to a Zero Page address to produce another Zero
Page location which containes the ADL of the data. The ADH of
the data is contained in the next (X+1l) Zero Page location. As

an example, the instruction

STA ($9C,X)

stores the current contents of the Accumulator (A) at that
address (ADH-ADL) contained in the indexed Page Zero locations
$009C+X (ADL) and $009C+X+1 (ADH). It is sometimes called

Pre-Indexed Indirect Addressing and uses the X-Index Register

only. It is useful in selecting a specific address from an
array of addresses located in Page Zero. The indexing is
performed before the indirect addressing hence the name

Pre-Indexed Indirect Addressing.
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Exp. 20 - Indexed Indirect Addressing

GOAL: Write the binary value contained in location $0000
into the entire contents of the (nonzero) page
contained in location $0001.

1. Load $66 into location $0000 and $03 into location
$0001

2. Key in the following program and run it.

Comments

$0200 LDA $01 Load A with contents of $0001

2 STA S11 Store value[$03] into $0011

4 LDX #00 Initialize X Index to $00

6 TXA

7 TAY Initialize Y Index to $00
$0028 STY $10 Store contents of Y at $0010

A LDA $00 Load A with contents of $0000

C STA ($10,X) Store indirectly into Page 3

E INY Increment Y Index

F BNE $0028 Repeat process to fill page
$0031 BRK Return to Monitor when done
$0032 NOP No operation

3. Verify that Page 3 contains only $66.

4. AIM Printout.
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SUBROUTINES

A subroutine is simply a routine (sub-program)} that is part
of another routine (main program) and can be called from more
than one location (in the main program). The provision for
returning control to the main program is included in the
subroutine.

JSR - Jump to Subroutine
RTS - Return from Subroutine

The JSR instruction is a 3-byte instruction which transfers
program control to a subroutine which begins at the address
"Al'1, ADL) contained in the second (ADL) and third (ADH) bytes
of .he instruction. Before the transfer of program control,

however, the address of the third byte of the JSR instruction is

stored in a special working register called the Stack.

The RTS instruction is a l-byte instruction which when
encountered (usually as the last instruction of a subroutine)
transfers program control back to the main program at the
instruction following the JSR instruction. It does so by
fetching the address of the third byte of JSR from the Stack and
loading it into the Program Counter (PC) which is then
automatically incremented by one to point at the next

instruction following JSR in the main program.
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THE STACK

The Stack is a temporary working register comprised of a
series of 256, 8-bit wide, volatile R/W memory locations in Page
One of memory ($0100-$01FF). It is a push-down Stack which
means that it is loaded by starting with the highest Page One
location ($01FF) first then extending downward in memory to
location $0100. It is unloaded in reverse fashion.

Besides the JSR and RTS instructions (and excepting the TXS
and TSX instructions), the following self-evident l-byte
instructions load (push on) and unload (pull from) the Stack and

operate in the Implied Addressing Mode.

PHA - Push Accumulator on Stack

PLA - Pull Accumulator from Stack

PHP - Push P Register on Stack

PLP - Pull P Register from Stack

TXS - Transfer X Register to Stack Pointer
TSX - Transfer Stack Pointer to X Register

The last two instructions (TXS, TSX) do not operate on the Stack

but rather on the Stack Pointer (S) which is an 8~bit wide

internal register of the 6502 microprocessor. It contains the

low-order address byte (ADL) of the next available location in

the Stack. As such, it points to the next available Stack
location. For an empty Stack its contents are S$FF and it is

always initialized to this value by a RESET operation.
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One important use of the Stack involves the storage of
various registers before a subroutine call for use after
subroutine execution. For example, if the Accumulator (A) and

X-Registers are used in both the main program and a subroutine,

program,

PHA
TXA
PHA
JSR SUB
PLA
TAX
PLA

|

Main Program
or in the subroutine.

SUB PHA Start of Subroutine
TXA
PHA

. }Subroutine Instructions
PLA
TAX

PLA
RTS End of Subroutine

One useful rule: In most circumstances, every PHA instruction
should have a corresponding PLA instruction.
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INTERRUPTS

branch from a programmed routine to another routine (interrupt
routine). When they occur, the 6502 microprocessor completes
the instruction that it was currently executing, saves the
contents of certain important registers (usually on the Stack)
and jumps to the starting address of the interrupt routine.
After the interrupt routine is completed (serviced), the various
registers are restored and a return to the main program is
effected whereupon execution resumes at the first address
following the point of interrupt. In one sense an interrupt

routine can be regarded as an externally generated subroutine.

IRQ - Interrupt Request

NMI - Non-Maskable Interrupt
BRK - Jump to Interrupt Routine
RES - Reset

Other than turning the power off, there are four primary
ways of interrupting the 6502 during a program execution. Three
of these (IRQ, NMI, RES) are hardware-type interrupts which are
provided by 3 external pins on the 6502 chip. They allow
external devices (keyboards, timers, switches ...) to exercise
control over the program flow. The third (BRK) is a

software-forced interrupt request.
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Interrupt Request (IRQ)

As the name implies, an interrupt is requested of the 6502
when the voltage level on this pin changes from logic 1 to logic

0. When this happens, the following events occur:

(1) If Bit #2 in the P Register (the Interrupt Disable
Flag) equals 1, the interrupt request is ignored.

(2) If the Interrupt Disable Flag (I) equals 0, then it is
set equal to 1 to prevent further interrupts from
occurring until the present one is processed.

(3) The current instruction being executed by the 6502 is
completed.

(4) The current value of the Program Counter (PC) is
stored (pushed) onto the Stack for later retrieval.

(5) The Processor Status (P) Register is stored (pushed)
onto the Stack for later retrieval.

(6) The microprocessor reads the contents of memory
locations SFFFE and $FFFF which become the new program
counter (PCH-PCL). PCL is contained in $FFFE and PCH
is contained in S$FFFF and are collectively known as
the IRQ Vector.

(7) Program execution continues from PCH-PCL (start of
Interrupt Service Routine).

Non Maskable Interrupt (NMI)

A series of similar events occur when an NMI interrupt is
encountered. However, there are distinct differences. First,
the NMI pin will cause an interrupt on a 1-> 0 voltage
transition ("N\_). This is commonly called "negative-edge
triggering". When this transition occurs, the 6502 is

interrupted regardless of the value of the Interrupt Disable
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Flag (I) in the P Register. Hence the name Non-Maskable.
Program control is transferred to the NMI Vector contained in
memory locations $FFFA and $FFFB immediately after completion of
the current instruction. An NMI can interrupt an IRQ routine
but not vice-versa.

In the AIM 65 computer, various indirect jumps are used to

relocate the IRQ and NMI Vectors to R/W memory locations

SA402 - PCL }
$SA403 - PCH NMI
$SA404 - PCL

$SA405 - PCH }IRQ

Jump to Interrupt Routine (BRK)

A BRK type interrupt is really a software~forced IRQ. In
the absence of external interrupts, an interrupt request routine
can be entered by using the BRK instruction. In the programs
used thus far in the text, it has been used primarily to enter
the Monitor Program whose starting address is pre-loaded into
the IRQ Vector upon power—-up or reset. However, it can be used
to enter any IRQ routine provided that the starting address of
the interrupt routine is first written into the IRQ Vector.
Unlike an IRQ-type interrupt however, the main program is
re-~entered at the second address following the point of
interrupt (i.e. the second location following the address of the

BRK instruction). This is a consequence of the use of BRK in
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merging existing programs where BRK replaces a 2-byte
instruction. For this reason, the No Operation instruction (NOP

= $SEA) is commonly placed after a BRK instruction.

Reset (RES)

A special type of hardware interrupt on the 6502
microprocessor chip is the RES pin which will effect an
interrupt when pulled low (i.e. logic 0). It is usually used to
initialize the 6502 and certain memory locations upon power-up
as well as to re-initialize certain registers during program
execution. The RES Vector is contained in memory locations
SFFFC and SFFFD which is the starting address of the
Reset/Initialization routines. In the AIM 65, the Hex values
$BF and S$SE0 are pre-loaded into these locations which indicate

that the Reset routines begin at address S$EOBF in ROM space.

RTI -~ Return from Interrupt

The RTI instruction, which is usually the last instruction
in an IRQ or NMI interrupt routine, enables control to be
transferred back to the main program. It does this by pulling
the Program Counter (PC) and the Processor Status (P) Registers
from the Stack, both of which were placed there when the

interrupt occurred. In addition, it clears the Interrupt
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Disable (I) Flag (which was set (=1) by the IRQ or NMI

interrupts) in the P Register to allow further interrupts.

SEI - Set Interrupt Disable Flag
CLI - Clear Interrupt Disable Flag

Besides being set by an IRQ (or NMI) and cleared by an RTI,
the Interrupt Disable Flag (I) can be set by the SEI instruction
and cleared by the CLI instruction. These instructions are
useful in preventing (SEI) certain program segments (or
subroutines) from being interrupted while other routines are

permitted (CLI) to be interrupted.

One important point —--> Since many of the same

Registers (A, X, Y, ...) are often used in the Interrupt
Service Routine (really a type of subroutine) as well as in
the Main Program, all the Register-Save instructions (Stack

instructions) must be included in the interrupt routine.

Obviously, it would be pointless to include them in the
main program (as can be done for a subroutine call) since
there would be no way of knowing beforehand when an

interrupt occurs and when to save the Registers.




128

CHAPTER b

THE 6522 VIA

* Input/Output

* Timing

* Shifting

* Function Control

* Interrupt Control
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Next to the 6502 MPU, the 6522 Versatile Interface Adaptor

(VIA) chip is one of the most complex IC's available. As its
name implies, it is truly versatile and can be adapted to a
large variety of interfacing situations. It is equipped with
sixteen (16) internal, 8-bit wide registers which are located at
addresses $A000-$SAOOF in the AIM 65 computer. In other
6502-based systems, these registers can be {(and usually are)
located at different sets of 16 locations in the address space
of the particular system. For the sake of instruction, we will
refer only to those on-board VIA locations in the AIM 65
computer system. Keep in mind, however, that these 16 VIA
memory of a particular operating system.

The sixteen registers are functionally broken down into

five (5) specific operations:

1. Input/Output - $A000-$SA003, SAOOF
2. Timing - $A004-SA009

3. Shifting - $SA00A

4. Function Control - $AO00B, S$A0OC

5. Interrupt Control - $A00D, S$SAOOE

Hardware interfacing to the outside world is accomplished by way
of two (2) 8-bit I/O ports (Port A and Port B) and four (4)
status/control lines (CAl, CBl, CA2, CB2). CAl and CA2 are
associated with Port A and CBl, CB2 with Port B for a sum total

of twenty (20) I/O lines.
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Location Function Abbreviation
$SAQ000 I/0 Port B (PBO to PB7) ORB
$A001 I/0 Port A (PAO to PAT) ORA
$AQ002 Port B Data Direction Register DDRB
$AQ03 Port A Data Direction Register DDRA
$A004 Timer One Counter Low T1C-L
$A005 Timer One Counter High T1C-H
SA006 Timer One Latch Low T1L-L
$AQ07 Timer One Latch High T1L-H
$SA008 Timer Two Low T2-L
SA009 Timer Two High T2~H
SAQ0A Shift Register SR
$SAQOB Auxiliary Control Register ACR
$A00C Peripheral Control Register PCR
$AQOD Interrupt Flag Register IFR
SAOOE Interrupt Enable Register IER
$AO0QF I/0 Port A (PAO to PAT) ORA

Fig. 5-1. 6522 VIA Memory Locations in the AIM 65 Computer.
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5.1 INPUT/OUTPUT

Five (5) Registers of the 6522 VIA are concerned with

input/output (I/0).

Abbreviation
$SAQCO - Port B ORB
$A001 - Port A ORA
SA002 - Data Direction Register-Port B DDRB
$A003 - Data Direction Register-Port A DDRA
SAQOF - Port A ORA

Port A (ORA) and Port B (ORB) respectively represent pins
PAO-PA7 and PBO-PB7 on the 6522 VIA and are brought out to the
AIM 65 Application Connector. These Ports are bidirectional in
nature and can represent an input or an output depending upon
the corresponding bit values (0=input, l=output) loaded into the
Data Direction Registers DDRA and DDRB. For example, if pins
PA5, PA3 and PAl are to be configured as outputs with the
remainder as inputs, then location $A003 (DDRA) must be loaded
with $4A (0010 1010). Similarly, if pins PBO-PB7 are chosen as
outputs, then $FF (1111 1111) must be loaded into location $AQ002
(DDRB). A RESET or power-up initializes all bit values in DDRA
and DDRB to zero (a cautious practice since an output line

should not be left uncontrolled).
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5.2 TIMING

Six (6) Registers of the 6522 VIA are concerned with

timing.
SA004 Timer One Counter Low T1C-L
SAQ05 Timer One Counter High T1C-H
$AQ06 Timer One Latch Low T1L-L
SA007 Timer One Latch High Tl1L-H
$AQ08 Timer Two Low T2-L
SAQ09 Timer Two High T2-H

The 6522 VIA has two internal timers (Timer 1 and Timer 2)
which can be used as inputs (pulse counters) or outputs (pulse
generators). Conceptually, the timers (Tl and T2) may be
thought of as Counters, each equipped with a 16-bit register.
The hex number placed into the register is decremented by one
for every successive clock pulse. When $0000 is reached, the
timer (T1,T2) is said to have timed out. Since both timers are
16-bits wide, two l-byte locations are necessary to contain the
value loaded (in two steps) into the timer. Timer Tl is
comprised of two 8-bit latches and a 16-bit counter. Timer T2
consists of one 8-bit latch and a 16-bit counter. The latches
can store data which is loaded into the counters. After
loading, the counters are decremented at the system clock rate.

Upon timing out, an interrupt flag in the Interrupt Flag
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Register (IFR) is set (=1).

5.3 SHIFTING

Converting serial data to parallel data and vice-versa is

accomplished by the Shift Register (SR) of the VIA.

SAQ0A Shift Register SR

As specified by appropriate bit values loaded into Bits ACR2,

ACR3 and ACR4 of an Auxiliary Control Register (ACR, discussed

on following pages), the Shift Register operates in eight (8)

modes .
One - Disables
Three - Enables Input (Serial--> Parallel)
Four - Enables Output (Parallel--> Serial)

The Shift Register (SR) is connected to control line CB2.
All input/output pulses to and from the SR are sensed on this
specific line and shifted according to the specific mode

determined by the bit patterns of ACR2-4.
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5.4 FUNCTION CONTROL

Function control is accomplished by two (2) Registers. One
is concerned with where signals are going to/coming from while

the other decides how signals are sent/received.

$SAO0B Auxiliary Control Register ACR

SAQ0C Peripheral Control Register PCR

Auxiliary Control Register (ACR)

The Auxiliary Control Register (ACR) provides control over
the Timers (Tl, T2) and Shift Register (SR) of the VIA and
enables/disables data latching on Port A (ORA) and Port B (ORB).
Data latching simply means "capturing" that data (8-bits)
present on a Port’s I/0 lines at the time of an active
transition on control lines CAl or CBl1 for either input to the
6502 microprocessor or output to peripherals. CAl can latch
Port A on input only. CBl can latch Port B on input and output.
Whether or not latching is enabled or disabled depends upon the
value of the bit (0 = disable, 1 = enable) written into ACRO for
Port A and ACR1l for Port B.

Shift Register Control is accomplished by ACR Bits 2, 3,
and 4 and is described in more detail in Appendix B.

Timers Tl and T2 operate in several modes which are

controlled by the bit values contained in ACR6, ACR7 (Timer T1)
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and ACR5 (Timer T2). The simpler T2 Timer operates in two (2)
Modes: One-shot (ACR5=0) and Pulse-counting (ACR5=1) on PB7 and
can only generate a single time interval. Timer Tl operates in
four (4) Modes: One-shot (ACR6=0) or Free-running (ACR6=1) with
an output signal on PB7 Enabled (ACR7=1) or Disabled (ACR7=0).

In the free running mode, Timer Tl is re-loaded automatically

after every time-out for a continuous countdown (viz. a clock
LY

that never stops).

Peripheral Control Register (PCR)

The Peripheral Control Register (PCR) specifies how the
control lines should operate in the input (CAl, CA2, CBl, CB2)
and output (CA2, CB2) modes. In the input mode, the control
interrupt flags (IFR0, IFR1l, IFR3, IFR4) are set (=1) by
specified transitions on the control lines and cleared (=0) by
specified Read/Write operations. In the output mode, various
transitions and logic levels are generated on the CA2 and CB2
control lines as determined by the bit values loaded into PCR1-3
(for CA2) and PCR5-7 (for CB2). With this type of control, an
output pulse of virtually any duration and polarity can be sent

to a peripheral device.



AUXILIARY CONTROL REGISTER - (ACR)

ACR7 ACR6 ACR5 ACR4 ACR3 ACR2 ACRL ACRO
T1 CONTROL T2 CONTROL SHIFT REGISTER CONTROL ORB LATCH | ORA LATCH
O] O] 0| Shift Register disabled| O= disable] O= disable
o o1 | Shif} in under control | ). napte | 1= ensble
ol 110 g?lft in under control
ol 111 Shift in under control
of external clock
11 olo Free-running output at
rate determined by T2
11 ol1 Shift out under control
of T2
1 110 g?lft out under control
Shift out under control
11141 of external clock
75 Mod O= generate single time-out at Clock Rate
<eMode 1= generate single time-out at Rate
determined by signal at PB6
Tl Mode
0 O - generate single time-out at Clock Rate, PB7 disabled t Mod
1 O - generate single time-out at Clock Rate, PB7 enabled One Shot Mode
0 1 - generate continuous time-outs at Clock Rate, PB7 disabled } .
1 1 - generate continuous time-outs at Clock Rate, PB7 enabled Free funning Mode



PERIPHERAL CONTROL REGISTER - (PCR)

PCR7 PCR6 PCR5 PCR4 PCR3 PCR2 PCR1 PCRD
IFR3(CB2) IFR4(CHEL) IFRO{ CA2) IFRL(CAL)
SET BY SET BY
SET BY CLEARED BY = SET BY CLEARED BY
- R/ of ORB o cHl= ~ R/ of ORA ol cat= \_
0{0| 0] cB2="\_ W1 ran 1 — oj0o | ca2="\_ /Y of ORs e
ofo|1] cB2= \_ |w(1-=IFR3) o5t = 0{0f | ca2= \_ |w(1=IFR0) CAl=
- R of ORB - R/W of ORA
oj1{o| ce= _/ Wy 0T ok oflfo| caz=_/ TS50 |
oj1 |1| cBe=_/" |W(1~IFR3) ol1f | caz=_/ |w(l~1FRO)
CB2 OQUTPUT CA2 OUTPUT
CB2=~\_on R/W of ORB CA2=~lon R/W of ORA
11040 CB2=_~"on CBl active 11010 | cpa2= _~on CAL active
CB2=~_for one cycle CA2= for one cycle
1101 1] rollowing W of ORB 110 following R/W of ORA
1]1]o0 CB2 held low 111 p CA2 held low
112101 CB2 held high 1)1 CA2 held high

LEL
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5.5 INTERRUPT CONTROL

The 6522 VIA has provisions for seven (7) different types

of interrupts. The 6502, however, has only one (1) Interrupt
Request Line (IRQ). How then does the 6522 prioritize its
interrupts? Simple. It uses two (2) internal registers; (1) one

to determine which interrupt(s) are active (flagged) and (2)

another to determine which interrupt(s) are allowed (enabled).
If a particular interrupt (1 of 7) is both active and allowed,
an IRQ signal is generated and the 6502 is interrupted. These
two registers are called the Interrupt Flag Register (IFR) and

the Interrupt Enable Register (IER).

SAQOD - Interrupt Flag Register IFR

SAOQOE - Interrupt Enable Register IER

Appropriate bits in the IFR are set (=1) by (a) active
transitions on the control lines, (b) an 8-bit register shift,
and (c) time-outs of Timers Tl and T2. They are cleared (=0) by
Reading/Writing the I/0 Ports, Shift Register and the Timers.
Once an interrupt has set (=1) a particular bit in the IFR it
can cause an IRQ (to the 6502) only if the corresponding bit in
the IER is also set (=1). Otherwise, no IRQ is generated and

the 6502 is not interrupted (from its main program).



TO 6502 IRQ LINE

INTERRUPT FLAG REGISTER - (IFR)

~
c
u
-~
BIT SET(=1) BY CLEARED(=0) BY !
c
IFRO Active transition on CA2 Reading/Writing ORA 111
[
IFRL Active transition on CAL Reading/Writing ORA (/p)
IFR2 Completion of eight shifts Reading/Writing SR 8
IFR3 Active transition on CB2 Reading MWriting ORB o«
L
IFR Active transition on CEL Reading MWriting ORB s
, . Reading T2C-L <L
IFR5 Time-out of Timer T2 Writing T2C-H >
. ) Reading TLC-L L
IFR6 Time-out of Timer T1 Writing TLC-H -
IFR7 Any IFR Bit with corresponding Writing Loglc O to appropriate Q.
IER Bit also set(=l) Bit(s) in IFR and IER D
c
IFR7 IFR6 IFR5 IFR,  IFR3 IFR2 IFRL IFRO E
IRQ il T2 CBL CB2 SR cal A2 =
Z
SET

|| T T2 CEL cB2 SR cal CA2 4—'

IER7 IER6 IERS IER4 IER3 IER2 IERL IERO

I—— (Enable specific interrupt(s) to the ITQ line) —J

{ Ir
I

O then Writing a 1 to an IER Bit clears(
1 then Writing a 1 to an IER Bit sets(=l

=O)
) thi

that Bit
at Bit

6€1L
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Effects of Read/Write Operations on the 6522 VIA Registers

Loc. WRITE READ
Data Bus--> Port B (ORB) ORB--> Data Bus
SA000 IFR3(CB2) and IFR4(CB1l) IFR3(CB2) and IFR4(CB1l)
Cleared (=0) Cleared (=0)
Data Bus--> Port A (ORA) ORA--> Data Bus
SA001 IFRO(CA2) and IFR1(CAl) IFRO(CA2) and IFR1(CAl)
Cleared (=0) Cleared (=0)
$SAQ02 Data Bus--> DDRB DDRB--> Data Bus
0 = Input 1 = Output 0 = Input 1 = Output
SA003 Data Bus--> DDRA DDRA--> Data Bus
0 = Input 1 = Output 0 = Input 1 = Output
SA004 Data Bus--> Timer One T1C~-L--> Data Bus
Latch Low (T1L~L) IFR6(T1) Cleared (=0)
Data Bus—--> Timer One
Counter High (T1C-H)
SA005 T1L-L --> T1C-L T1C-H--> Data Bus
IFR6{(T1) Cleared (=0)
Timer T1 Started
SAQ006 Data Bus--> Timer One Tl1L-L--> Data Bus

Latch Low (T1L-L)
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Effects of Read/Write Operations on the 6522 VIA Registers

Loc. WRITE READ
) Data Bus--~> Timer One Tl1L-H--> Data Bus
$SA007 Latch High (T1L-H)
IFR6(T1) Cleared (=0)
$A008 Data Bus--> Timer Two T2C-L--> Data Bus
Latch Low (T2L-L) IFR5(T2) Cleared (=0)
Data Bus--> Timer Two
Counter High (T2C-H)
$SA009 T2L-L --> T2C-L T2C-H--> Data Bus
IFR5(T2) Cleared (=0)
Timer T2 Started
Data Bus~-> Shift SR--> Data Bus
SAOOA Register (SR) IFR2(SR) Cleared (=0)
IFR2(SR) Cleared (=0)
$SAQ0B Data Bus--> Auxiliary ACR--> Data Bus
Control Register (ACR)
$A00C Data Bus--> Peripheral PCR--> Data Bus
Control Register (PCR)
$SA00D Data Bus--> Interrupt IFR--> Data Bus
Flag Register (IFR)
SAOQOE Data Bus—-> Interrupt IER--> Data Bus
Enable Register (IER)
SAQQF Data Bus--> Port A {(ORA) ORA--> Data Bus
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Exp. 21 - Using VIA Timer Tl to Generate Precisely
Timed Interrupts

GOAL: Increment and display the hexadecimal contents
of location $0001 every 1/2 second. Locations
SEA13 and $EA46 are the entry points for the AIM
Monitor display routines.

Note: Toggle the printer off before running program.

Comments
$0200 SEI Disable IRQ interrupts
1 L1bA #31 Load LSB of IRQ Vector
3 STA $A404
6 LDA #02 Load MSB of IRQ Vector
8 STA S$SA405
B LDA #CO Set Tl in free running mode
D STA SA00OB (ACR7 = ACR6 = 1)
$0210 LDA #CO Enable Tl Interrupts
2 STA $AOOE (IER7 = IER6 = 1)
5 LDA #4E Load T1L-L with $4E
7 STA $A004
A LDA #C3 Load T1L-H with $C3
C STA $A005 Start Timer, Generate
0.05 sec. interrupts
F LDA #0A Load interrupt counter
$0221 STA $00 with $0A = 10
3 CLI Enable IRQ intérrupts
4 BRK Force first interrupt
5 NOP No operation
DISP $0226 JSR S$EAl3 Output carriage return
to Display routine
9 LDA $01 Load A with contents of $0001
B JSR S$SEA46 Convert to ASCII and display
E JMP $0226 Refresh display in continuous
closed loop
IRQ $0231 PHA Save Accumulator on Stack
2 DEC s$00 10 interrupts yet?
4 BNE $023C If no, go to DONE
6 LDA #0A If yes, reload interrupt
8 STA $00 counter
A INC s01 Increment contents of $0001
DONE $023C LDA $A004 Clear Tl interrupt flag
(IFR6--> 0)
F PLA Restore accumulator

$0240 RTI Return from Interrupt
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Total Delay Interval $SO0A x [SC34E x 1 HS + 2 pS(overhead)]
10 x [49,998 + 2] puS
500,000 uS

0.5 sec

Exp. 21 - AIM Printout.

#=1

A4R4
#8z

t A4BS
#C@

ABEE
#CA

ABAE
#4E
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#607
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Exp. 22 - Using the VIA Timer T2 to Measure Elapsed Time
Between Two Events

GOAL: Measure and display the elapsed time (in seconds)
from the start of program execution until any key
(other than ESC) is depressed.

Note: ‘Toggle the printer off before running program.

Comments
$0200 LDA $00 Initialize Y Index and Seconds
2 TAY Counter at temporary location
3 STA $00 $0000.
5 STA SA00B Set T2 in one-shot mode
8 LDA #00
A STA AOQE Disable T2 interrupts

(IER7 = IER5 = 0)
$020D LDA #50

F STA $SA008 Load T2L-L with $50
$0212 LDA #C3

4 STA SA009 Load T2L-H with $C3, start timer,

7 LDA #20 generate 0.05 sec intervals
$0219 BIT $A00D Idle here until T2 flag (IFR5)

C BEQ $0219 is set (=1)

E INY Increment Y Index

F CPY #14 2010($14) intervals completed?
$0221 BNE $020D If'no, generate more intervals

3 INC 500 If yes, increment Seconds Counter

5 LDY #00 Re-initialize Y Index

7 LDA #FF

9 STA $A481 Enter keyboard scanning routines

C STA $A482

F LDA #00 Is a key depressed?
$0231 STA $A483

4 STA $A480

7 LDA $A482

A CMP #FF

C BEQ $020D If no, continue timing

E JSR S$EA13 If yes, display Seconds Counter
$0241 LDA $00 In Hex format (i.e. $O0A = 10,,)

3 JSR $EA46

6 JSR $E907 Escape from display routine by

hitting <ESC> key
$0249 JMP S$S023E Refresh display
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Exp. 22 - AIM Printout.
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CHAPTER 6

MONITOR ROUTINES

A Monitor Routine is a software program usually (but not
always) located in ROM. It supervises (monitors) the operations
of a microcomputer and allows humans to communicate with it
(usually in hex code). Since it is in ROM it canot be written
into or altered. It handles the two important functions of
Initialization (loading memory locations with certain preset
values before execution of certain operations) and Linking
(establishing dialog between programs and humans, programs and
I/0~devices, humans and I/0-devices and programs and programs).
It usually consists of many subroutines (Monitor Subroutines)
which perform specific system functions (scanning a keyboard for
depression of a key, for example). Many of these routines can
be externally accessed and executed by simply loading the
Program Counter (PC) with the starting address of the routine
and commencing execution. Once loaded, program control is
transferred to that particular subroutine and a powerful
software tool becomes available for our disposal. Many of these
subroutines can be used repeatedly without ever having to code
them in the main program.

A note of caution, however! Quite often these routines will

use the various registers (A, X, Y ...) for storage (temporary
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or otherwise) of variables. If the same registers are used in
the main program, they must be either reset after exiting the
subroutine or saved prior to entering the subroutine.
Otherwise, nonsense will prevail. A partial listing of some of
the Monitor Subroutines in the AIM 65 follows. They are listed

according to Name, Location, Registers Affected and Function.

SOME AIM 65 MONITOR SUBROUTINES

Registers

Name Location Affected Function

CKEROQOO SE394 - Prints "ERROR" message

CLR SEB44 A Clears display and printer
pointers

CLRF SESFO A Outputs one Carriage Return
(CR) and one Line Feed (LF)
to the active output device
or one NUL to a TTY

CRLOW $SEAl13 - Outputs one Carriage Return
(CR) and one Line Feed (LF)
to the display/printer

DEBK1 SED2C A 5 Millisecond Delay Routine

HEX SEA7D A Converts a hex number (0-F)
in A from ASCII to HEX
format and stores result in
least significant nibble of
A. Most significant nibble
of A contains zero

INALL $E993 A Inputs one ASCII character

from active input device
and stores in A. Input
device code must be in
INFLG ($A412) before
calling
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Name

INLOW

NOUT

NUMA

OUTALL

OUTDIS

OUTLOW

OUTPRIL

Location

SESF8

SEAS51

SEA46

SE9BC

SEF05

SE901

$F000

Registers
Affected

A

Function

Puts a Carriage Return (CR=
SOD) in INFLG ($A412) to
designate keyboard as input
device

Converts least significant
nibble (Bits 0-3) of A to
an ASCII character for
output to active device

Converts two hex numbers in
A from HEX to ASCII format
and outputs them to the
active output device, the
most significant nibble
being first

Outputs one valid ASCII
character in A to the
active output device

Outputs a valid ASCII
character in A to the
display. After display of
20 characters as counted
by CURPO2 ($A415), the
display is left-scrolled
until 60 characters have
been displayed

Stores a Carriage Return
($0D) in OUTFLG ($A413) to
designate display/printer
as active output device

Outputs a valid ASCII
character in A to printer
buffer. A line is printed
when buffer is full (20
characters) or a Carriage
Return ($S0D) is encountered



Name

OUTPUT

PHXY

PLXY

RCHECK

READ

REDOUT

Location

SE97A

SEBY9E

SEBAC

SESO07

SE93C

SE973

Registers
Affected

149

Function

Outputs a valid ASCII
character in A to
display/printer or TTY. If
Bit 7 of PRIFLG (SAa41l1)=1,
it is printed. If TTY is
active and Bit 0 of
PRIFLG=0, output goes to
TTY

PUSH X and Y without
changing the registers

PULL X and Y without
changing accumulator (A)

The keyboard is scanned. If
no key is depressed,
control goes back to the
calling routine. If <ESC>
is depressed, control goes
to the Monitor. If <SPACE>
is depressed, the
subroutine waits for
another key to be depressed
before continuing on

Reads an ASCII character
from the keyboard and
inputs the ASCII code to
the accumulator (A)

Same as READ with input
character echoed to
display/printer if not a
Carriage Return ($S0D)
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Exp. 23 - Using a Monitor Printout Routine

GOAL: Output the contents of location $0000, which is a
valid ASCII character, to the printer. Monitor
Routine OUTPRI (SF000) is used in the process.

1. Load the contents of location $0000 with $40.

2. Key in and run the following program.
Comments
$0200 LDA #80 Enable printer by making

2 STA $2411 Bit 7 = 1 of PRIFLG {$A4ll)
5 LDA $00 Load A with the contents of $0000
7 JSR $F000 Output to printer buffer
A LDA #0D Load A with ASCII code for a
Carriage Return ($0D)
C JSR $F000 Output to printer buffer whereupon
contents of buffer are printed
F LDA #00 Disable printer by making
$0211 STA $a4ll Bit 7 = 0 of PRIPLG ($A411)
4 BRK Return to Monitor
$0215 NOP No operation
3. What character is printed? Answer: Ampersand (@).

4. AIM Printout.




INC

END
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Exp. 24 - Using the Monitor Display Routines

$0000 and incrementally/decrementally flash it on
the 20-character AIM display.

1. Load the contents of location $0000 with S$S52 ("R").

2. Key in and run the following program.
Comments
$0200 LDA $00 Lead A with the valid ASCII code
in location $0000
2 JSR SEF05 Qutput to display routine and
increment character pointer in $A415
5 JSR S$ED2C Delay for 5mS
8 LDA $A4l5 Examine value of character pointer
B CMP #14 Is position #20($14) reached?
D BNE $0200 If no, continue incremental display
routine-> INC
S020F DEC SA415 I1f yes, decrement character pointer
$0212 LDA $00 Load A with the contents[valid ASCII
code] of location $0000
4 JSR SEF0S Output to display routine and
increment character pointer in $A415
7 DEC $Aa415 Decrement value of character pointer
A JSR SED2C Delay for 5mS
D LDA $A415 Load A with character pointer
$0220 CMP #00 Character #0 displayed yet?
2 BEQ $0200 If yes, go to incremental display
routine-> INC
4 JSR SED2C If no, delay for 5mS
$0227 JSR SE907 Escape to Monitor if <ESC> key
15 depressed
$022A JMP S$020F Jump to decremental display
routine-> DEC
3. Location Monitor Routine AIM Listing
SEF05 Display Routine OUTDIS
$ED2C 5mS Delay Routine DEBK1
SA415 Character Position CURPO2

(0-19 or $00-$13)
SE907 Escape Routine RCHECK
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AIM Printout.

4.




CHAPTER 7

DATA ACQUISITION

Sensors

Signal Conditioners
Digital-> Analog Conversions
Analog-> Digital Conversions
Hardware A/D Converters
Other A/D Converters

Beyond 8-Bits

Sample and Hold Circuits
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The elements of data acquisition and control are seen in
two ways; either separately or together. Taken separately in a
digital context, a data acquisition system acquires data
{usually analog in nature) for storage/display in a
digital/analog format while a control system converts a digital
code to a controlling analog quantity {(voltage, current, heat,
light~-~). Taken together, these two operations form a very

powerful combination, i.e. a measurement and control system.

This concept is outlined in Fig. 7-1.

A/D
System ——> | Sensors —> Converter

Transducer | <7 Cor?vleArter <= | Computer

Fig. 7-1. Measurement and Control System.

A complete closed-loop design using sensors/transducers, A/D,
D/A-converters and a microcomputer provides appropriate outputs
to control the system processes as determined by the system’s
physical variables (temp., press., strain ---). The examples
that follow will serve to introduce the various aspects of

data-acquisition and control, each taken separately.
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DATA ACQUISITION

7.1 SENSORS

A sensor is used to detect a low-level laboratory analog
signal. They are broadly defined as devices that are activated
by various physical phenomena (heat, light ---) and provide
electrical inputs to the front end of a measurement and control
system. They fall into two classes, active and passive,
depending upon the need for energy (electrical) input. For
example, a thermocouple is a passive sensor as opposed to a
photomultiplier (PM) tube which must have a voltage present to
operate.

Sensors produce an analog voltage or current which is
typically conditioned or amplified for input to an A/D converter
or another similiar device which converts an analog input to an
output suitable for interfacing to a microcomputer. These can
include such devices as voltage-> frequency (V/F) converters,
voltage~> pulse width converters, resistance-> frequency

converters and so on.

7.2 SIGNAL CONDITIONERS

In most cases, the electrical output of a typical
laboratory sensor, either active or passive, is too small for

direct input into an Analog-to-Digital (A/D) converter or a
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microcomputer. Thermocouples produce millivolts and photo-
multiplier tubes yield microamps while most A/D (and V/F)
converters require inputs of the order of 0-10v, -5V +5v, 0-5V,
---. As a result, the signals must be amplified/conditioned to
an appropriate level/quantity before input to an A/D converter.
Examples of some simple signal amplifiers and conditioners
are illustrated in the following diagrams. They are useful for
measuring analog signals at slow (<1lkHz) data rates which is not
really a problem in many laboratory experiments. The selected
IC s are popular, low cost, general purpose devices available at
most electronic suppliers. Used in conjunction with an A/D
converter, microcomputer and suitable output device (printer,
CRT, recorder...), many laboratory measurement problems can be

effectively and inexpensively solved.

10K ;l;
___./V\N\___>§1°°K -
+ev (QAIN)
10K
. AMAA_ 2> &
iN TOK | 741 -
+ + 5 ouT
4
10K
(OFFSET)
-9V

Fig. 7-2. Variable Gain Differential DC Amplifier.
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10K

+15V
1M
L  VAVAVAVAVS

10K (OFFSET)
INPUT

-15V

LAPPPrY

e
| b——
L LK
4

it™
V" VV AN+ x 1000
1™
{—o x200
100K
100K
x100
100K
‘50
x20 (GAIN)
10K
10K
—— ANAA x10
10K
10K x5
x2
1K
1K
- AN/ x1
ouUTPUT
1458 = High Performance Dual Op-Amp
Fig. 7-3.

Precision Voltage Amplifier.
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7
fL *+ outeuT
+o—o ' (0- 1mA)
L3210k l
INPUT 1™
(GAIN
(1pA-1mA) ) (OFFSET) o
10 -9V 10K
Fig. 7-4. Current Amplifier.
R
AN

b—e V. = IgR
|S

for 1= 1pA and R=1K, Vout=1mv

Fig. 7-5. Current to Voltage Converter.
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Once a laboratory analog signal is amplified and/or
converted to an appropriate electrical quantity, it is then
input to the front-end of a data acquisition (DAQ) system which
is usually an A/D converter. If the analog sensor is situated
near the DAQ system, this poses no problem. However, in remote
applications and/or high noise environments, the signals must be
conditioned (or converted) to a guantity which is less prone to
noise. In most cases, this is accomplished by a

voltage-to-frequency (V/F) converter. They are especially

useful devices for accurately transmitting analog data through
high noise environments. Frequency output is directly

proportional to the input voltage over several decades peaking
out somewhere near 100kHz. An example of such a V/F circuit is
depicted in Fig. 7-6 for the Analog Devices 458 High Accuracy

Voltage-to-Frequency converter.

Full Scale
AdJust . +18V
— l’ > +3 50K Offset
500 3 458 [ bl O-15V
+ 7
input R $
0-11v o- Output
o 0=-100kHz2




160

At the front énd of the DAQ system, the frequency generated
by the V/F converter can be either input directly into the
microcomputer (for frequency counting) or re-converted into an
analog quantity for input to an A/D converter. The latter case
is illustrated in Fig. 7-7 for a Raytheon 4151 V/F converter

used in reverse fashion as a linear frequency-to-voltage (F/V)

converter.
+ 15V
10K
8 s * 0-10VDc
10K 5K | 1 mfd < 100K
e ’ -
- 0.022 4151 2 -
{( 6 14K
0-10kHz
§1ox
. 6.8K —
O—"N\N— —5 4
+15V L
.,:]3.01 g
IN751 1= -

Fig. 7-7. Frequency-to-Voltage Converter.

The frequency output of many newer V/F converters is also TTL

compatible. TTL is shorthand for transistor-transistor logic

where a logic "0" level is any voltage from 0.0 to +0.8VDC and a

logic "1" is any level from +2.4 to +5VDC.
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Between a remote sensor and the front-end of a DAQ system,
the conditioned analog signal can be transmitted by two general
methods; one involving electrons, the other photons. A metallic
conductor (wire) will transmit electrons and an optical fiber
will conduct photons. In an especially noisy electrical (or
radiofrequency) environment, transmission by optical fibers is
the preferred route. In addition to their high information
carrying capacity, they possess near total immunity to many of
the interference sources which plague conducting transmission
lines. A simple TTL-compatible optical transmitter is depicted

in Fig. 7-8.

TRANSMITTER O+sv
+5v §
80
14
TTLin > V] , 1K )
7400 2N2540

~

Enable o LED I :$

Fig. 7-8. TTL-Compatible Optical Transmitter.
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A light-emitting-diode (LED) produces the digital light pulses.
The NAND gate is employed with a driving transistor to provide
an inverted pulse pattern at the LED transmitter. When the TTL
input is enabled, the LED will flash on for a logical "0" input
and off for a logical "1" input. After transmission through an
optical fiber waveguide, this train of inverted pulses 1is
re-inverted by the phototransistor-detector circuit in Fig. 7-9

to produce a one-to-one TTL output versus input.

_RECEIVER
O+5v
0.1
. u
J
50K -
100K AAAN— > 100K
t____0 4 8
N N 2
’>4‘-| ) { 1 s| 555 2> T1L 0wt
+ 3 o1 \ (Inverted)
—> <}§> 3] 1 5
=S
100K 0.01
N y |

Fig. 7-9. TTL-Compatible Optical Fiber Receiver.
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The rationale behind the inverted LED configuration in the
transmitter is the on-line monitoring of fiber continuity.
Namely, in the absence of any digital input, a steady
"lights-on" condition prevails to indicate fiber continuity. If
non-inverting logic were employed instead, this distinction

could not be made.

7.3 DIGITAL-> ANALOG, ANALOG-> DIGITAL CONVERSIONS

Once a voltage signal from an analog sensor is amplified to
an appropriate level (e.g. 0-10V), it can be input to an
Analog-to-Digital (A/D) Converter. Once there, it is digitized
and output to the microcomputer as a series of binary voltages
or currents (i.e. 0's and 1's) for storage and manipulation.
The reverse process, Digital-to-Analog (D/A) Conversion takes a
series of logical 0°s and 1°s from a microcomputer and produces
an analog voltage (or current) which is directly related to the
digital input. In most D/A devices, this is accomplished by an
op-amp/resistor network.

Many A/D converters employ a D/A converter to generate an
analog signal for comparison with the signal to be digitized.
The digital input is then changed in a manner specified by the
results of the comparison until the input signal and the
generated signal are equal (or nearly so). This is really an
approximating technique and the two versions most often used in

A/D conversion are the Ramp Approximation and the Successive
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Approximation.

In the Ramp Approximation (sometimes called the Staircase
Approximation) the generated voltage is increased or decreased
in a linear fashion (i.e. ramped) until it equals the input
voltage. One drawback of this technique is its speed. If a 10V
signal is input to an 8-bit A/D converter using this
approximation and the ramp begins at 0V, then 28—1 or 255
iterations are needed for a complete conversion.

The Successive Approximation routine is a more efficient
method and is employed in many commercial A/D converters. Here
the generated voltage is changed by successively dividing a
range of voltages by two each time and comparing the result with
the input voltage. This voltage variation is simply
accomplished by a Shift Register. Recall that shifting a bit
one position to the right is equivalent to division by 2. 1In
this type of approximation, an n-bit converter will require n
iterations for a complete conversion. A 12-bit converter with a
1IMHz clock can complete a conversion every 12 microseconds.

The experiments that follow utilize the Analog Devices’
AD558 8-bit Digital-to-Analog Converter (DAC) interfaced to the
Ports (A and B) of a 6522 VIA chip in an AIM 65 computer to
illustrate specific examples of the various D-> A routines. It
is configured in a "transparent" latching mode which simply
means that the process of converting a digital voltage pattern

of 8-bits into an analog output (0-10V) is occurring
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continually. The analog output thereby "tracks" the digital
input. The electrical circuit depicted in Fig. 7-9 also
illustrates how this particular DAC may be coupled with a fast
op-amp comparator to produce a software-driven Analog-to-Digital
(A/D) Converter. The digital inputs to the AD558 DAC (via Port
A) are varied in a specified manner until its analog voltage
output slightly exceeds that of the unknown analog voltage
input. This transition point is indicated by the status of the
NES531 comparator which is interrogated continually via PB7 of
Port B. Thereupon, the digitized voltage values are stored in

memory. Caution: Input and output voltages are restricted to

the 0-10V range!

To Scope
Vertical Input +15V

13 -18V

ADSS8 =~ Gnd
___| Gnd Analog In

DAC 12

N
i
EREE— ) +18V —L_Gna
Ll 2 — =

— 0.1 x4t
Bl 4
Gnd

(TN

P8O To Scope Trigger

Fig. 7-9. Software-Driven A/D, D/A Converter.
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Exp. 25 - Digital-> Analog Conversion

GOAL: Generation of High Frequency Square Waves.

START $0300
2
LOOP $0305
7

A

cC
END $030F

AIM Printout

LDA
STA
LDA
STA
LDA
STA
JMP

4FF
$SA003
#FF
$Sa001
#00
$SA001
$0305

(PADD)
(PAD)

(PAD)
(LOOP)

Note: Output frequency is ca.

Make Port A (ORA) Output

Load S$FF into Accumulator
Output to Port A

Load $00 into Accumulator
Output to Port A

Repeat process

Scope Trace

67 kHz. Amplitude = 10V P-P.
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Exp. 26 - Digital-> Analog Conversion

GOAL: Generation of Low Frequency Square Waves.

START $0300
2
LOOP $0305

END $0315

LDA
STA
LDA
STA
JSR
LDA
STA
JSR
JMP

#FF
SA003
#FF
$AQ001
$ED2C
#00
$AQ01
$ED2C
$0305

(PADD)

(PAD)
(DEBK1

(PAD)

Make Port A Output

Load S$FF into Accumulator
Output to Port A

) 5mS Delay Routine
Load $00 into Accumulator
Output to Port A

(DEBKl) 5mS Delay Routine

(LOOP )

Note: Output frequency is ca.

Repeat process

Scope Trace

97 Hz. Amplitude = 10V P-P.
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Exp. 27 - Digital-> Analog Conversion

GOAL: Generation of a Sawtooth (Ramp) Waveform.

START $0300 LDA #FF Make Port A (ORA) Output
2 STA SA003 (PADD)
5 LDX #00 Initialize X Index

RAMP $0307 STX S$A001 (PAD) Output value to Port A
A INX Increment value of X

END $030B JMP $0307 (RAMP) Repeat process

AIM Printout Scope Trace

Note: Output frequency is ca. 420 Hz. Amplitude = 10V P-P.
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Exp. 28 - Digital-> Analog Conversion

GOAL: Generation of a Triangular Waveform.

START $0300 LDA #FF
2 STA $A003 (PADD)
5 LDX #FF
LOOP1 $0307 STX $SA001 (PAD)
A DEX
B BNE $0307 (LOOP1)
LOOP2 $030D STX $A001 (PAD)
$0310 INX
1 BNE $030D (LOOP2)
END $0313 JMP $0307 (LOOP1)

AIM Printout

SR R

£
=4
CR
L&
E
=
5

o E20 T 0

Note: Output frequency is ca.

220 Hz.

Make Port A (ORA) Output
Load S$FF into X Index
Store in Port A
Decrement X Index
Stay in LOOP1l until X = 0
Otherwise store value of
X in Port A
Increment X Index
Stay in LOOP2 until X
Otherwise go to LOOP1

It
o

Scope Trace

Amplitude = 10V P-P.
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Exp. 29 - Digital-> Analog Conversion

GOAL: Generation of a Delayed Triangular Waveform.

START 50300
2
5
LOOP1 $0307
A
B
D

LOOP2 $0310
3
4

END $0316

AIM Printout

Note: Output frequency is ca.

LDA
STA
LDX
STX
DEX
BNE
JSR

STX
INX
BNE

JMP

#FF
SA003
#FF
SAQO01

$0307
SED2C

SAQ01
$0310

$0307

Delay Interval =

(PADD)
(PAD)

(LOOP1)
(DEBK1)

(PAD)
(LOOP2)

(LOOP1)

5mS.

Make Port A (ORA) Output

Load S$FF into X Index
Store in Port A
Decrement value of X
Stay in LOOP1l until X = 0
Otherwise take 5mS Delay
before
Storing X in Port A then
Incrementing X Index and
Staying in LOOP2 until

X =0
When X = 0 Repeat process

Scope Trace

100 Hz. Amplitude = 10V P-P.
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Exp. 30 - Digital-> Analog Conversion

GOAL: Generation of a Trapezoidal Waveform.

START $0300 LDA

2 STA
5 LDX
LOOP1 $0307 STX
A DEX
B BNE
D JSR
LOOP2 $0310 STX
3 INX
4 BNE
6 JSR
END $0319 JMP

$FF
ABEZ
% #FF
AEEL

Note: Output frequency is ca.

#FF
$A003
#FF

SA001

$0307
SED2C

$SA001
$0310

$ED2C
$0307

(PADD)
(PAD)

(LOOP1)
(DEBK1)

(PAD)
(LOOP2)

(DEBK1)
(LOOP1)

Make Port A (ORA) Output

Load S$FF into X Index
Store in Port A
Decrement value of X
Stay in LOOPl until X = 0
Otherwise take 5mS Delay
before

Storing X in Port A then
Incrementing X Index and
Staying in LOOP2 until

X =0

Otherwise take 5mS Delay
Before repeating process

Scope Trace

67 Hz. Amplitude = 10V P-P.
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Exp. 31 - Digital-> Analog Conversion

GOAL: Generation of Sharktooth Pulses.

START $0300 LDA #FF Make Port A (ORA) Output
2 STA S$SA003 (PADD)
LOOP1 $0305 LDA #FF Load S$FF into Accumulator
LOOP2 $0307 STA $SA001 (PAD) Output to Port A
A LSR A Divide contents of A by 2
B BNE $0307 (LOOP2) Stay in LOOP2 until [A]=0
END $030D JMP $0305 (LOOPl) Otherwise repeat process
AIM Printout Scope Trace

A

3
[
A

P R RN R |

Exercise: Replace the LSR instruction in the preceding
program with an ASL instruction and observe
the effect on the shape of the pulses.

Note: Output frequency is ca. 13 kHz.
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The next four experiments (Nos. 32-35) illustrate (via
software) the two most common approximating techniques involved
in analog-> digital conversions; the Ramp Approximation (Exps.

32,33) and the Successive Approximation (Exps. 34,35). In Exp.

32, an unknown input voltage is digitized in real time via the
Ramp Approximation for continuous output to the AIM 65 display
(in Hex format). The Ramp Approximation is also employed in
Exp. 33. Here however, the start of program execution enables
256 data points to be digitized and stored for later display on
an oscilloscope. Repeated jumps to a 5mS Monitor subroutine
produce the appropriate DELAY intervals (ca. 1 sec.) between
data points. Exp. 34 is similar to Exp. 35 with the sole
exception that the Successive Approximation routine is employed
in Exp. 35. Exp. 36, besides using the Successive Approximation
routine, demonstrates four additional programming features;

(1) the use of function keys (i.e. F1-F3) for selecting
either conversion or display routines.

(2) automatic level-triggering of the start of the
data-acquisition process.

(3) dynamic display during the entire acquisition process,
and

(4) the generation of precise, program-independant, time
delays using Timer T1 of the 6522 VIA in an interrupt-driven

format.
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Exp. 32 - Analog-> Digital Conversion -~ Ramp Approx.

GOAL: Analog-> Digital Conversion of Input Voltage and

START

CONVT
RAMP

DISP

END

AIM Printout

Note:

$0300

$0305
$0307

$0310
$0313

S031A

LDA
STA
LDX
STX
LDA
BPL
INX
JMP
TXA
JSR

JSR
JMP

#FF
SA003
#00
SA001
SA000
$0313

$0307

SEA46

SEB44
$0305

(PADD)
(PAD)
(PBD)
(DISP)
({RAMP)

(NUMA)

(CLR)
(CONVT)

Output to the AIM 65 Display.

Make Port A (ORA) Output

Initialize X Index
Begin Ramp
Test PBD. Branch to
DISP if PB7 = 0
Increment value of X
Ramp to next value
Transfer X to Accumulator
Convert Hex value to
ASCII value and output
to AIM 65 display
Clear display pointers
Go to CONVT for next data
point

Input voltages of 0-10V will register on the AIM
display as the Hex values $00-$FF. This represents
a precision of 1/256 or ca. 0.4%.
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Exp. 33 - Analog-> Digital Conversion - Ramp Approx.

GOAL: Analog-> Digital Conversion (Ramp Approx.) and
Storage of 256 Data Points into Page 2 of RAM with
Readout on Laboratory Oscilloscope.

START $0300 LDY #00 Initialize Y Index
$0302 LDA #FF
4 STA $A003 (PADD) Make Port A (ORA) Output
CONVT $0307 LDX #00 Initialize X Index
RAMP $0309 STX $SA001 (PAD) Begin Ramp
C LDA $A000 (PBD) Test PBD. Branch to
F BPL $0315 (TABLE) TABLE if PB7 = 0
$0311 INX Increment value of X
2 JMP $0309 (RAMP) Ramp to next value
TABLE $0315 LDA S$SA001 (PAD) Store Port A data in
8 STA $0200,Y Page 2 of RAM
B INY Increment value of Y

C BEQ $0332 (RDOUT) Branch to RDOUT if done
E JSR $0329 (DELAY) Delay between points

$0321 LDA #00 Initialize PB7 = 0 before
3 STA $A000 (PBD) starting new RAMP approx
6 JMP $0307 (CONVT) Go to CONVT for next data
point
DELAY $0329 LDX #C8 Load Counter with $C8 for

1 second delay
COUNT $032B JSR S$ED2C (DEBK1l) Call 5mS Monitor Routine

E DEX Decrement Counter
F BNE $032B (COUNT) Counter finished?
$0331 RTS Return to Main Program
RDOUT $0332 LDA #01

4 STA $A002 (PBDD) Make PBO Output (Scope
(Trigger)

7 LDY #00 Initialize Y Index of
Table

C EOR #01

E STA $A000 (PBD)
DUMP $0341 LDA $0200,Y

4 STA $A001 (PAD)

TRIG $0339 LDA $A000 (PBD)
Toggle PBO(Scope Trigger)

7 INY Read out Table of Values
8 BNE $0341 (DUMP)
END $034A JMP $0339 (TRIG) Re-trigger scope and

Refresh Display
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AIM Printout

Ramp Approximation

s Mol

[ XA

et

i

X

o
ey

Do I O A I A
[N LR

Scope Trace

Digitized values of the ampli-
fied output of a thermocouple
momemtarily exposed to a flame.
Total scan time = 256 secs.
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Exp. 34 - Analog-> Digital Conversion - Success. Approx.

GOAL:

START

CONVT

TEST

NEXT

TABLE

DELAY

COUNT

RDOUT

TRIG

DUMP

END

Analog-> Digital Conversion (Successive Approx.) and
Storage of 256 Data Points into Page 2 of RAM with
Readout on a Laboratory Oscilloscope. Location $0000
is used for temporary storage.

$0300
$0302
4
7
$0309
C

B
$0310

LDY
LDA
STA
LDA
STA
LDA
STA
STA
LDX
BMI

SEC
SBC
LSR
BCS
ADC
JMP
LDA
STA
INY
BEQ
JSR
JMP
LDX

JSR
DEX
BNE
RTS
LDA
STA

LDY
LDA
EOR
STA
LDA
STA
INY
BNE
JMP

#00
#FF
SA003 (PADD)
#00

$AQ00 (PBD)
#80
$00
$SA001 (PAD)
$AQ000 (PBD)

$031B (NEXT)

$00

$00

$0324 (TABLE)
$00

$0310 (TEST)
$AQ01 (PAD)
$0200,Y

$033C (RDOUT)
$0333 (DELAY)
$0309 (CONVT)
#C8

SED2C (DEBK1)
$0335 (COUNT)

#01
$AQ002 (PBDD)

#00

$A000 (PBD)
#01 }
$A000 (PBD)
$0200,Y

$SA001 (PAD)

$034B {(DUMP)
$0343 (TRIG)

Initialize Y Index

Make Port A (ORA) Output
Initialize PB7 = 0 before
starting Approximation

Load A with 1000 0000
Store in temp. loc. $0000
Output value to Port A
Test PBD
If PB7= 1, branch to next
significant bit
If PB7= 0, subtract bit
from current value of A
Shift to next sig. bit
Branch to TABLE if done
Add to A if not done
Test new apprximation
Store Port A data in
Page 2 of RAM
Increment Y Index
Branch to RDOUT if done
Delay between points
Go to CONVT for next data
Load Counter with $C8 for
1 second delay
Call 5mS Monitor Routine
Decrement Counter
Counter finished?
Return to Main Program

Make PBO Output (Scope
Trigger)
Initialize Y Index

Toggle PBO(Scope Trigger)

Read out Table of Values

Refresh Display
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AIM Printout - Successive Approximation

S Ol
Pod)
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Exp. 35 - Interrupt-Driven A-> D Conversion {(Success-
ive Approximation) with Dynamic Readout on
Laboratory Oscilloscope

GOAL: Timer Tl Interrupt-Driven A-> D Conversion and
Storage of 256 Data Points into Page 2 of RAM with
Dynamic Scope Readout. The number of 0.05 sec.
intervals between data points is contained in loc-
ation $0000 and the trigger value (in Hex) to start
the conversion routine is contained in loc. $0001.

Note: Function key Fl is used to start a new conversion
routine (after the present one is processed) while
Keys F2 & F3 are used to enter the Display Routine.
Hitting the <ESC> key exits the Display Routine and
re-enters the Monitor. Zero Page locations $02, $03
and $04 are used for temporary storage of variables.

START $0300 LDA #4C Load Fl, F2, F3 function
2 STA $010C (F1l) locations with JMP
5 STA $010F (F2) instructions (i.e. $4C)
8 STA $0112 (F3)
B LDA #37 (F1-L) Level-triggered Start
D STA $010D Conversion Routine-->
$0310 LDA #03 (F1-H) ~—-> (LEVEL)
2 STA S$SO10E
5 LDA #AA (F2-L) Display Routine (RDOUT)
7 STA $0110
A LDA #03 (F2-H)
C STA $0111
F LDA #AA (F3-L) Display Routine (RDOUT)
$0321 STA $0113
4 LDA #03 (F3-H)
6 STA $0114
9 LDA #FF Make Port A (ORA) Output
B STA SA003 (PADD)
E LDA #00 Initialize PB7 = 0 before
$0330 STA S$A000 (PBD) starting Successive
Approximation Routine
3 STA $04 Initialize Table Index
5 BRK Return to Monitor
$0336 NOP No operation
LEVEL $0337 LDA $01 Load level-triggering

value from loc. $0001
9 STA $A001 (PAD) and output to Port A
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IDLE

TIMER

INIT

IRQ

TEST

$033C

F
$0341

$035

VNoOoOOmOoNN

~ U1

$0389
$038C
F

$0391
2

LDX
BPL
SEI
LDA
STA
LDA
STA
LDA
STA
LDA
STA

LDA
STA

LDA
STA
LDA
STA

CLI
LDY
LDA
STA
INY
BNE
LDA
STA
JMP
PHA
TYA
PHA
DEC

BEQ

JMP
LDA
STA

LDA
STA
STA
LDX
BMI

SEC
SBC

SAQ00 (PBD)
$033C (IDLE)

$00

$02

#76

$A404 (IRQL)
#03

$A405 (IRQL)
#40

SAQ00B (ACR)

#CO
SAQOE (IER)

#4E
SA004 (T1L-L)
#C3
$A005 (T1L-H)

$#00
#00
$0200,Y

$0369 (INIT)
#00
$04
$03AA (RDOUT)

$02
$0380 (CONVT)
SO03CB (RESETI1)

#00
$SA000 (PBD)

#80
$03
SA001 (PAD)
SAQ000 (PBD)

$0394 (NEXT)

$03

Test PBD. Stay in IDLE
routine if PB7 = 0

Set IRQ Disable Flag

Load A with timing byte
Store A in temp. loc. $02

Load IRQL

Load IRQH
Set Timer Tl in Free
Running Mode with
PB7 disabled
Set Interrupt Enable Reg-
ister (IER) to allow IRQ
interrupt by T1 timeout
Load T1L-L with $4E

Load T1L-H with $C3 and
start Timer Tl --> cont-
inuous 0.05sec. timeouts

Clear IRQ Disable Flag

Initialize Y Index

Initialize (to zero) the
contents of Page 2

Initialize Table Index

Go to Display Routine
Save Accumulator on Stack
Save Y Index on Stack

Is the prescribed number
of timeouts completed?
If yes, go to conversion

routine--> CONVT
If no, go to RESETI!
Initialize PB7 = 0 before
starting Successive
Approximation Routine
Load A with 1000 0000
Store in temp. loc. $03
Output value to Port A
Test PBD
I1f PB7 = 1, branch to
next significant bit
If PB7 = 0, subtract bit
from current contents of
Accumulator



NEXT

TABLE

RDOUT

TRIG

DUMP

RESETI1

RESET?2

END

$0394
6
8
A
$039D

F
$03A2
5
7
9

S03AA
C

SQ3AF
$S03B1
4
7
9
$03BC
F
$03C2
3
5
8
S03CB
E

F
$03D0
1

$0302

LSR
BCS
ADC
JMP
LDY

LDA
STA
INC
BNE

SEI

LDA
STA

LDY

STY
LDA
EOR

STA
LDA
STA
INY
BNE
JSR

JMP

LDA

PLA
TAY
PLA
RTI

LDA
STA
LDA

PLA
TAY
PLA
RTI

$03

$039D (TABLE)
$03

$0389 (TEST)
$04

SA001 (PAD)
$0200,Y

$04

S03D2 (RESET2)
#01

SA002 (PBDD)
#00

SAQ00 (PBD)
SAQ00 (PBD)
$#01

SAQ00 (PBD)
$0200,Y

$AQ01 (PAD)
S03BC (DUMP)
SE907 (RCHECK)
SO03AF (TRIG)
SA004 (T1L-L)
$00

$02

SA004 (T1L-L)
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Shift to next sig. bit
Branch to TABLE is done
Add to A if not done
Test new approximation
Load Y Register with
current Table Index
Store Port A data in
Page 2 of RAM
Increment Table Index
Branch to RESET2 if
Table is not complete
If Table is complete,
set IRQ Disable Flag
Enter Display Routine
Make PB0O output (Scope
Trigger)
Initialize Y Index of
Table
Initialize PBO = 0

Toggle PBO (Scope
Trigger)

Read out Table of Values

Escape to Monitor by
hitting <ESC>
Re-trigger scope and
refresh display
Clear T1 Flag in
Interrupt Flag
Register (IFR)
Restore Y Index
from Stack
Restore A from Stack
Return from interrupt
to Display Routine
Reload A with timing byte
Store A in temp. loc. $02
Clear T1 Flag in
Interrupt Flag
Register (IFR)
Restore Y Index
from Stack
Restore A from Stack
Return from interrupt
to Display Routine
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Note: A hex value of $01 written into location $0000 produces
a total scan time of 256 x 0.05 x 1 = 12.8 secs. A value
of $FF results in a total scan time of 256 x 0.05 x 255

54.4 mins. Scope sweep time for readout both during
and after data acquisition is ca. 3.3 mS/Sweep.

AIM Printout
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7.4 HARDWARE A/D CONVERTERS

The preceding A->D conversion techniques can also be
performed in hardware with a servo-type A/D converter. These
devices contain an on-board D/A converter, op-amp comparator,
shift-register, clock and logic programmer. By doing the
conversion process in hardware instead of software, they permit
the microprocessor/microcomputer to be available for other tasks
during the conversion periods. They are commercially available
in IC form for interfacing to the I/0 ports of a microcomputer
or, in some cases, directly to the microprocessor busses (i.e.
address, data and control). These latter types are classified
as MPU-compatible. Depending upon the number of bits,
conversion times for the common successive-approximation types
are in the range of 1-30 microseconds. A conversion cycle
usually begins with a START or CONVERT (CNVT) pulse. Upon
completion of the conversion, an END OF CONVERSION (EOC), DATA
READY (DR) or STATUS (STS) line will go low and the data will
appear at the output in the form of n binary voltages or
currents for an n-bit converter. These two lines are employed
in a handshake fashion with a microcomputer or VIA for the
efficient transfer/storage of digitized information. Fig. 7-10
demonstrates this concept for the Analog Devices AD570 8-bit

A/D Converter interfaced to an output port (PAD) of a 6522 VIA.
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CA2__ —lcnvT
CA1l DR
8502 e 6522 AD570
PAO-PA7

Fig. 7-10. 1Interfacing an 8-bit A/D Converter to a VIA.

Another type of A/D Converter called the tracking converter

is really based on the Ramp Approximation and employs a positive
or negative ramp through the use of up/down counters. It
continuously tracks the input voltage by monitoring a
comparator ‘s output to indicate which direction the ramp should
go to reach the unknown voltage.

In the dual-slope converter an unknown input voltage is

converted to a charge by applying a proportional current to an
integrating capacitor for an exact time. At the end of this
period, a START pulse is generated and a constant current source
of reverse polarity is applied to the capacitor. When the
capacitor is precisely discharged to zero volts, a STOP pulse is
generated. The measured time interval (a digital value) between
START and STOP pulses is proportional to the input voltage.
Conversion times for this type of A/D conversion are on the

n+1

ordexr of 2 clock cycles for an n-bit converter. So for a

12-bit converter Jperating at 1MHz, a full scale conversion will
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be completed in 8.192 milliseconds. Though too slow for fast
data acquisition, dual-slope converters are adequate for such
sensors as thermocouples and capacitance manometers where
millisecond conversion times can be tolerated. One reason for
the general acceptability of the dual-slope converter is its
inherently good noise rejection. Noise pulses are reduced
considerably by the integrating capacitor thereby allowing this
converter s use in such commercial items as digital panel meters

and digital voltmeters (DVM's).

7.5 OTHER ANALOG-> DIGITAL CONVERSION SCHEMES

Another technique for converting an analog input into a

digital output involves the use of Voltage-to-Frequency (V/F)
conversion. Although not as widely employed as the other
analog-> digital conversion techniques, this method is useful in
systems where slow conversion times can be tolerated and in
those applications where a sensor is remotely situated with
respect to the measurement/control system. Once an unknown
input signal (from a sensor, for example) is converted to a
frequency, it can be counted by a microcomputer using either
software-timing loops and/or timer/counter routines. An example
of this conversion process is demonstrated in Fig. 7-11 where a

general-purpose 555 Timer IC is used to convert an unknown

resistance into a digital freguency.
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—O+ 9V
Variable
Resistance
4 8
LA| 220
1.2K 3 VYV Frequency
2 5 5 5 Output
6
1
A~ 0.1
Fig. 7-11. Resistance-to-Frequency Converter.

For slowly changing analog signals (<100Hz), the
frequency-conversion technique can be modified to produce a

Pulse-Duration Converter. 1In this process, an analog signal

(usually a voltage, current or resistance) generates a pulse
whose duration or width is proportional to the magnitude of the
analog signal. A microcomputer is programmed to accurately
measure the length of the pulse by employing its
crystal-controlled index registers/counters or timers. An
overall analog--> digital conversion is thereby effected. If
16-bit external timers (such as Tl or T2 in the 6522 VIA) are
used to measure the pulse durations, 16-bit resolution or 0.002%

precision is possible. Although the corresponding conversion
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times may be large (i.e. milliseconds), this may not be much of
a problem in certain laboratory measurements (barometric
pressure readings, for example).

Fig. 7-12 demonstrates one method of generating pulse-width
modulated signals using an op amp comparator. Here, the output
is a train of pulses whose frequency depends on the input
sawtooth frequency and whose pulse width depends upon the level

of the DC input voltage.

0sC

100K

_|_o0.001

)
L

:/_ Triangular wavetorm /\/\/\/\

- Puise-Width Output

356 \HHHI l

DC Input +

Fig. 7-12. Voltage-to-Pulse Width Converter.

For resistance measurements, a modification of the 555

Timer circuit is described in Fig. 7-13. It is configured in
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such a way that a trigger pulse {(from a microcomputer) begins
charging capacitor Cp to a fixed voltage through the unknown
resistance R. The time required to charge Cop is directly
proportional to the charging rate and hence the magnitude of the
unknown resistance. Upon completion of this charging period,
the 555 forces the output line, which is input to the
microcomputer, to go high. Appropriate time~delays and range
settings are selected by choosing different values for capacitor

C R can be either an externally variable resistance

o
(potentiometer) or a resistance transducer such as a thermistor,
photoresistor, or strain-gauge which is capable of transforming

a physical variable (heat, light, stress) into a resistance

value.

?-I-SV
R
4 8
Tﬂggm'o——ii‘ 7
.| 555 |
Output O—|
5 1 —1_ ¢

0.01

Fig. 7-13. Resistance-to-Pulse Duration Converter.



189

One point worth noting in this circuit is the fact that the 555
IC begins discharging capacitor CT after the output line is
brought high. Cop will continue to discharge until the 555 is
triggered again. Care should be taken to ensure that sufficient
time is allowed for the capacitor to fully discharge between
trigger pulses lest timing aberrations lead to erratic A->D
conversions.

When extremely fast conversion times are required, the

flash or parallel analog-to-digital converter is necessary.

These devices are relatively new items and are finding increased
application in such emerging fields as high-speed data analysis,
speech recognition and flash spectroscopy among others. Their
principle of operation relies on a comparison of an unknown
input veoltage with a series of prescribed reference potentials.
A voltage/divider chain of resistors along with a bank of
comparators and encoding circuitry perform the two basic
functions of quantification and decoding. This is demonstrated
in Fig. 7-14 for the simple 2-bit flash A/D converter. As the
input voltage is increased from 0 to 8V, the comparators
successively change states (at 2V intervals) to reflect the
level of the incoming signal. An LED-bargraph indicator such as
found on certain audio equipment is an example of this process.
If this information is to be input to a microcomputer,
appropriate encoding circuitry is needed to produce a normal

binary code from the comparator output lines.
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+ Reference Potential (8V)

% «b—+>_J Encoder Digital Outputs
R

1
RS T

L—< Analog Input

Fig. 7-14. 2-Bit Flash A/D Converter.

The encoding process, though it involves complex circuit
design, does not significantly reduce the high speed of
conversion which is a result of the simultaneous or parallel
comparison of all output levels. 1Indeed, the singular drawback
of the flash A/D converter is its circuit complexity. An n-bit
converter requires 2R-1 comparators. Consequently, an 8-bit
A/D device of this type requires 255 comparators not to mention
the encoding circuitry, latches, voltage reference and control
lines. This is perhaps the chief reason why these converters
have not been as rapidly developed as the more simpler types.
Nevertheless, despite these complexities, TRW, Inc. manufactures
an 8-bit flash A/D Converter, the TDC1007J which completes a

conversion in 33 ns and RCA has recently developed a CMOS 8-bit
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flash A/D, the CA3308 which completes a conversion in 70 ns.
Other manufacturers have also produced their versions of the
flash converter. As submicron lithographic techniques continue
to improve, there is no doubt that higher precision models of

this converter will evolve.

7.6 BEYOND 8-BITS

Interfacing 10, 12 and 16-bit A/D and D/A converters to an
8-bit microprocessor bus or I/0 Port involves additional
hardware circuitry. For high precision A/D converters, the bit
pattern or total number of logical 0°s and 1 s which is output
from the converter must be presented to an 8-bit port in two
stages. The first process presents 8-bits for subsequent
capture and processing while the second involves the remaining
n-8 bits for an n-bit converter (16>n>8). Conversely, for a
high precision D/A converter to work properly the total n-bit
pattern must be presented simultaneously to its input pins.
Both of these processes involve circuitry which employ specific
hardware devices called digital data latches. One example of
this is the popular 74100 8-Bit Bistable Latch. This device
contains two sets of four synchronously-clocked D-type
flip-flops which are capable of snatching and holding 8-bits of
information for output at a later prescribed time. Data (i.e.
0’s and 1's) applied to the input pins are output only when the

strobe terminals are brought high (_-"). When the strobe
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terminals are brought low (™\.), the output terminals maintain

(latch) that data present at the last strobe-high transition.
An example demonstrating how two 74100 s can be used to

interface a 12-bit D/A converter to two 8-bit output ports (Port

A and Port B) of an I/0 device (such as a 6522 VIA) is described

in Fig. 7-15.

7
2 S5
PA7 3 2 1"
22 19
21 20
Port A 11 74100 8
10 9 .
12-bit ; Analog
:: :; D/A Output
PAO
. 12] 23 lz-t
+sv ([
STROBE ( °

7
PB7 |—¢ I—j—

10 9
15 18
PBO 16 17
2 (Lu
+5V

Fig. 7-15. 1Interfacing a 12-bit D/A Converter.

The .output ports (Port A, Port B) in the circuit are themselves

latched ports. The strobe pins of one 74100 latch are tied
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together to enable 8-bit data transfer from Port A whereas a
single strobe line is used in the second 74100 for 4-bit
transfer from Port B. 1In one execution cycle, the highest

8 bits (nos. 4-15) of the 12-bit word are written to Port A. 1In
the following (or later) cycle, the remaining 4 bits (nos. 0-3)
are written to the output pins PBO-PB3 of Port B. Simultaneous
with this last operation, both 74100 latches are strobed by
writing a logical "1" to PB7 thereby enabling the entire 12-bit
word to be presented to the D/A converter for output as an
analog signal.

Interfacing high precision A/D converters to 8-bit
microcomputers can be either simple or complex depending upon
the type of A/D converter and the microcomputer port or bus. It
is relatively simple for latched A/D converters and latched I/0
Ports. Unlatched converters and 1/0 ports require the addition
of external data latches thereby increasing the hardware {(and
timing) complexity. For the sake of simplicity, we will
consider the former types. Fig. 7-16 illustrates this for the
latched input ports of a 6522 VIA interfaced to the latched
output pins of the Hybrid Systems’ HS574 12-Bit A/D Converter.
Analog input voltages (from a sensor amplifier, for example) are

restricted to the 0~10V range.
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—_— — |PBO_

Fig. 7-16. Interfacing a 12-bit A/D Converter.

In the configuration shown, a negative-going pulse (™\.)
from CAl applied to the R/C (READ/CONVERT) line will initiate a
12-bit conversion. Some 200 ns later, the STS (STATUS) line
will go high and remain that way until a conversion cycle is
completed (ca. 25 microseconds). After that time, the STS line
will drop low and signal the 6522 via the CA2 line that a 12-bit
digitized version of an input analog voltage (0-10V) is
available on Ports A and B for readout and processing (i.e.
storage, addition, subtraction --~). Moreover, since not all of
the Port B pins are used, control lines CAl and CA2 can be

replaced by PBO and PBl for example. In that event, PBO would
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have to be programmed for output (PBDD = 0000 0001 = $01) since
it is responsible for supplying the CONVERT pulse to initiate
the A->D conversion. Subsequently PBl, which is now connected
to the STS line, can be examined for a logical 1-->0 transition
(by an idling BIT loop, for example) which signals the end of

the conversion process.

7.7 SAMPLE AND HOLD CIRCUITS

When the rate of change of an analog signal approaches or
1s greater than the speed of conversion of a sampling A/D
converter, the final digitized values are not representative of
the input signal waveform. This is a case where the measurement
system is slower than the system to be measured. 1In order to
overcome this difficulty, what is needed is some type of
"camera" which is capable of taking various snapshots of the
high speed analog signal at specified time intervals for later
processing by the A/D converter. This interface between the
signal and A/D converter is commonly referred to as a

sample-and-hold (S/H) circuit. As its name implies, the input

signal is sampled at a given instant in time and held for
subsequent processing. This is most often accomplished by
allowing the analog signal to charge/discharge a capacitor
during the sampling period and then isolating the capacitor in
the hold period using a fast analog switch for measurement of

its charge by a high input impedance amplifier. A typical 2-op



196

amp-based sample-and-hold circuit is depicted in Fig. 7-17.

Input + p—C Output

1=
(¢}
t

Mode Control
on = sample/track
off = hold

Fig. 7-17. Sample and Hold Circuit.

The input buffer amplifier is usually a high gain op-amp with a
current output that charges the capacitor via the logic
controlled switch. The capacitor C is discharged by the unity
gain buffer/follower. Since the output is tied to the inverting
input of the op-amp follower, the charge on the capacitor is
forced to follow the input in the sampling (or tracking) mode.
In the hold mode, the capacitor retains its charge and is
measured (slightly discharged) by the high impedance output amp.
The tracking capacitor C is commonly fabricated from a low
loss dielectric such as teflon or polystyrene. Because of their
low moisture retention and low dielectric absorption, these
materials are capable of being repeatedly charged and discharged
(i.e. polarized and depolarized) in a uniform and reproducible

manner. The response time of the S/H circuit is limited by the
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internal RC time constant which should be much less than the
rate of change of the input analog signal. This dictates a low

value for the internal resistance R. Acquisition time of the

S/B is defined as that minimum time necessary to acquire and
track the input voltage (within a specified error band) after

having been switched into the sample mode. Aperture time is

that total delay interval between the hold command and the
actual switching into the hold mode (ca. 10-50ns) during which
time the sampling process continues. Droop is the drift in the
output voltage per unit time (V/s) during the hold mode and slew
rate is the maximum rate of change in the output voltage (V/s)
of the S/H circuit.

Various monolithic IC versions of sample-and-hold circuits
are commercially available. They are finding increased
application in those high speed data acquisition systems where
high resolution (>12 bit) A/D-converters are employed. A fast
12-bit A/D-converter, for example, will digitize an input signal
in ca. 1 microsecond. For 12-bit resolution, this demands input
signal changes of less than 0.02% during the time necessary for
A-> D conversion. As a result of this restriction, input signal
waveforms must be confined to frequencies less than ca. 230Hz in
order to avoid substantial linearity errors. Extension to
higher speed signals dictates the use of a S/H circuit. The
digital counterpart to the sample-and-hold circuit is the data

latch.
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CONTROL

A microcomputer can control an external device or process
by way of its digital outputs. These digital outputs (0°s and
1°s) can be used directly in certain cases while in others they

must first be converted to an analog value {(i.e. D->A).

8.1 SOLID-STATE RELAYS

The simplest case of direct digital control is the binary
on/off switch as exemplified in the Solid-State Relay (SSR).
There are basically three common SSR’'s, two of which have no
moving parts. Although not truly solid-state, the

reed-coupled triac is a hybrid-SSR (HSSR) which is comprised of

a reed relay which controls a current-handling triac.

O—— ' O

Input

Control / K Triac

o— pE o

Fig. 8-1. Reed-Coupled Triac.
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The transformer-coupled SSR uses an oscillator which is

excited by the input voltage and transformer-coupled to a Sense

circuit that controls a high current triac.

Fig. 8-2.

Control L]

O—

Input

Oscill.

3¢

Sense
Circuit

o—

Transformer-Coupled Solid State Relay.

Triac

The opto-coupled SSR consists of a light-emitting

diode (LED), which activates a phototransistor/sense circuit

combination to energize a current-handling triac.

High voltage

isolation between input/output circuitry and zero-voltage

turn-on are the major advantages of this type of SSR.

O—
—
Control
Input LED
O —
Fig. 8-3.

Sense
Circuit

Opto—-Coupled Solid State Relay.

Trlac
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These latter features are especially important considerations
when interfacing static-prone digital circuits {(i.e.
microcomputers) to high voltage/current devices (viz. flash

photolamps, large motors, lasers, RF transmitters ---).

8.2 STEPPER MOTORS

Quite often in a laboratory situation, it is necessary to
precisely control the exact velocity or position of a specific
device (a grating in a monochromator, for example). This can be
accomplished under digital or computer control by a particular
type of motor called a stepper motor.

As its name implies, a stepper motor’ s principle of
operation relies on the response of a multipoled (usually 12 or
24) rotor to a precisely pulsed-voltage pattern applied to the
surrounding stator windings (usually 2 or 4). The shaft of
the stepper motor responds by rotating an exact fraction of a
turn (usually given in step angles) for each sequential voltage
pulse applied to the motor windings. A motor with a l12-pole
rotor in a stator housing of 4 windings completes one revolution
in exactly 48 steps. The step angle is therefore 360°/48 or
7.5°. Between steps, the rotor is "frozen" in place by the
magnetic field arrangement. Stepper motors are ideal
positioning devices because their steps are precise, uniform and
reproducible. Most applications are in the moderate speed range

of 25-2000 steps/second with a torque range of 1-2000 oz./in.
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They are used commercially in such products as printers,
recorders, clocks, disk drives and metering-pumps and are
finding increased application in the emerging field of Robotics.
One popular type of switching sequence is the two-phase
unipolar drive in the 4-coil motor. In this type of motor, two
coils comprise each half of the stator housing (bifilar
winding). The winding flux is reversed by energizing one coil
or the other from a single power supply in a 4-step sequence.
Speed and direction of motor rotation is governed by the
frequency and sequencing of the digital pulses applied to the
stepper motor. Drive transistors are used to amplify the low
level input pulses to appropriate voltage and current levels.
An illustration of a 4-coil stepper motor in the normal

unipolar drive circuit is depicted in Fig. 8-4.

TE
Al

5

Fig. 8~-4. Four-Coil Unipolar Drive Stepper Motor.
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NORMAL 4-STEP SEQUENCE {

CW
Step No. A B C D Binary HEX
1 | ON | OFF | ON | OFF | 1010 SO0A
2 ON | OFF | OFF| ON 1001 09
3 OFF| ON OFF| ON 0101 05
4 OFF| ON ON | OFF | 0110 06
1 ON | OFF | ON | OFF | 1010 0A
CCW

In the 4-step sequence outlined above, a sequential
voltage-pulse pattern (in HEX) of $0Aa, $09, $05, $06, SOA ---
will rotate the motor shaft in the clockwise (CW) direction.
The opposite sequence holds for the counter-clockwise (CCW)
direction. Speed of rotation is approximated by the
time-duration between pulses. For example, a series of
l1-millisecond spaced pulses applied to a 48-step motor will
cause the motor shaft to rotate at a speed of (1/0.048)60 = 1250
RPM (revolutions per minute}).

Stepper motors can also be driven in a single phase fashion
commonly referred to as wave drive . 1In this type of drive,
only one coil is energized in each sequence. This makes for

more efficient use since fewer windings are active per sequence

although step accuracy is appreciably diminished.
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WAVE DRIVE

Step No. A B Binary HEX
|1 ON | OFF o i OFF 1000 | 580 |
1 2 OFF | OFF | OFF| ON_ | 0001 | 01 | ]

3 OFF| ON FF _OFF [ 0100 | 04 |
] 4 OFF | OFF “OFF | 0010 02

1 ON | OFF | OFF OFF | 1000 80

CCwW
A third type of drive is the 1/2~Step 8-Step Sequence.
This particular drive doubles the stepping resolution of a motor
(i.e. 7.5%s.a. --> 3.759). However, this is accomplished at
the expense of stepping accuracy since the winding and flux

conditions are not similar for each step as when full stepping.

1/2 STEP SEQUENCE [

Step No. A B C D Binary HEX

| 1 ON | OFF | ON [ OFF [ 1010 | $0A |
|72 7 | ON | OFF | OFF| OFF | 1000 08 |
3 ON | OFF | OFF| ON | 1001 E
] 4 OFF| OFF | OFF| ON | 0001 01 |

5 OFF | ON OFF | ON 0101 | 05 |
6 OFF| ON OFF| OFF | 0100 | 04 |

|
|

) OFF| OFF | ON | OFF | 0010 02 1
11 _ON | OFF_| ON [ OFF | 1010 | ~0a T

CCW

Other types of stepper motors such as mechanical steppers
and variable-reluctance types are also available. Both have
their drawbacks, however. The highest practical stepping rate

for a mechanical stepper is ca. 15 steps/second while the
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variable-reluctance types have a tendency to overshoot at high

stepping speeds.

Hardware drive circuitry is either available

or can be easily designed for the various motor types. Stepper

motors (and their drive transistors) can also be software-

controlled directly from the output ports of a microcomputer.

An example of how one may use the output ports of an

interface device (such as a VIA) to‘control a 4-coil stepping

motor via software programming is as follows;

6502
MPU

—=>

6522
VIA

Step

-p
PAO-PA3 Motor

Fig. 8-5. Microprocessor Control of a Stepper Motor.

To step the motor in the clockwise (CW) direction, the

following short assembly language program is used.

INIT

START

END

LDA
STA
LDA
STA
JSR
LDA
STA
JSR
LDA
STA
JSR
LDA
STA
JSR
JMP

#0F
PADD
#0A
PAD
DELAY
#09
PAD
DELAY
#05
PAD
DELAY
#06
PAD
DELAY
START

Initialize PADD for
outputs on PAO-PA3
Step 1

Delay between steps

Step 2

Step 3

Step 4

Repeat sequence
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The DELAY (between pulses) routine can be implemented with index
registers and/or timers, nested or otherwise. To operate the
stepper-motor in the opposite (CCW) direction, the step sequence
must be programmed in reverse order.

An illustration of hardware circuitry which can provide the
normal 4-step switching sequence for a 4-coil stepper motor is
shown in Fig. 8-6.

Step 1=CW,0=CCW

Rotation

EN7473N

) o
4 3 v

r SN7400N

Clock
Input

Fig. 8-6. Stepper Motor Interface.

Here, a dual J-K flip-flop (SN7473) is used with a guad-NAND
gate (SN7400) to provide the correct stepping signals at the
appropriate clock frequency. Clock signals and the sequence
bit(s) are generated {(via programming) by a microcomputer. 1In
the simple program below, this is accomplished by using Bit#0

(PBO) of Port B (PBD) of a VIA to set the sequence (CW or CCW)
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bit while Bit#0 (PAO) of Port A (PAD) provides the clock signals

as determined by the DELAY routine.

START LDA #01 Initialize PBDD for

STA PBDD output to PBO
STA PBD Set PBO=1 for CW rotation
LDA #01 Initialize PADD for
STA PADD output on PAO
LDA #01

LOOP STA PAD Turn on PAO
JSR DELAY Delay between toggles
EOR #01 Toggle PAO

END JMP LOOP Repeat sequence

One extension of this (or any other) motor-controller
routine involves the use of interrupt-service routines which are
called up after suitable delay intervals to provide the stepping
signals. Such a modification has the singular advantage of
allowing the microprocessor to be available (during the delay
intervals) for other tasks such as monitoring the number of
motor revolutions via shaft-encoders, for one.

Stepper motor interfaces and drivers are also available in
IC form in standard 16-pin dual-in-line (DIP) packages.

Examples include the Airpax/North American Philips SAA 1027 and
the Sprague UCN-4202A, -4203A stepper-motor translator/drivers.
Operating voltages can vary from 5V to 48V, although 12V and 24V
are the most common.

The distinct advantages of stepper motors include: (1)
brushless operation, (2) large speed ranges, (3) low cost,

(4) ease of interfacing and (5) precise control.
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8.3 PROGRAMMABLE-GAIN AMPLIFIERS

Besides controlling relays and stepper-motors, the digital
outputs of a microcomputer can be used to control the gain of an
amplifier. When this is accomplished under program control, a

programmable-gain amplifier is the result.

Fig. 8-7 depicts a simple inverting amplifier built around

a standard operational amplifier (op amp).

Ro

Vout=-( Ro /R}) Vin

Fig. 8-7. Op-Amp Inverter.

The voltage gain of the circuit is the ratio of the value of the
feedback resistor (RO) to the value of the input resistor

(Ri). The polarity of the gain is negative since the

amplifier operates in the inverting mode. If RO or Ri were
replaced by a potentiometer (or variable resistor), a
variable-gain amplifier would result. Similarly, selectable

fixed gain settings can be achieved by a parallel network of

resistor/switch pairs as shown in Fig. 8-8.
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Vin —0

vbut

Ingii)

Fig. 8-8. Selectable-Gain Amplifier.

The feedback resistor (Ro) is replaced by the parallel network
combination in order to maintain a constant input impedance for

the various gain settings.

Switch No.

1 2 3 Voltage Gain

0 0 0 -

1 0 0] Rl/Ri "1% = on
0 1 0 R2/Ri "0" = off
0 0 1 Ry/R;

1 1 0 RR, /R, (Ry+R,)

1 0 1 R1R3/Ri(Rl+R3)

0 1 1 R2R3/Ri(R2+R3)

1 1 1 R1R2R3/Ri(R2R3+RlR3+R1R2)
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It is not too difficult to see that 2Ny gain settings are
possible for N resistor/switch pairs. 1In practice however, this
is limited by the maximum available (open-loop) gain of the
op—amp and the tolerance ratings of the resistors.

- If the manual switches are replaced with complementary
metal oxide semiconductor (CMOS) analog switches, the gain of
the op-amp can be digitally controlled via microcomputer. This
is illustrated in Fig. 8-9 where an RCA CD4066 CMOS Quad

Bilateral Switch is used in lieu of the three manual switches.

+15V ]
Tl4 7

—_ —15V

820
control a —J\/V\M—L 2
9.92K
control b ¢—AAAAA—Y CD4066 |4
99.92K 8 9
control ¢ ¢
lf l? J;s
a b ¢
digital inputs
+ 15V
o——¢v1\%v\~ 2 7
V. 6 —0
n 741 y
3 out
i ‘ _J:_

Fig. 8-9. Programmable-Gain Amplifier.
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With the selected resistor values, which were chosen to offset

the normal "on" resistance (80Q) of the CD4066, gain settings of
10-1000 can be programmed by applying the proper digital code to

the CMOS inputs (a-c).

a b c GAIN

1 0 0 10

0 1 0 100

0 0 1 1000

The inverted output of this circuit can be re-inverted by the
addition of another op-amp inverter configured for unity gain.
Many available dual op-amp IC's (the 1458, for example) are
useful in this regard. Although the gain range is large, one
minor disadvantage of this design is its inability to provide
uniform increments of gain throughout the range (i.e. 110,
101--> Gains of 9.09, 9.90). This can be somewhat obviated by
the proper use of offset voltages.

Recently, several IC devices combining both functions of
amplification and programmable gain have appeared on the market.
One such example of this is the Analog Devices  AD524
Programmable Instrumentation Amplifier. This particular 16-pin
dual-in line-packaged (DIP) chip is pin-programmable for gains
of 1, 10, 100, and 1000 with intermediate gains set by external

resistors. It is shown in Fig. 8-10 for a gain setting of 100.



212

Optional Input
Offset Null

= Input O—

+ Input O

—VS

Fig. 8-10. Programmable Instrumentation Amplifier.

8.4 THYRISTORS (SCR’s and Triacs)

Solid state semiconductor switches belong to the generic
class of devices called thyristors. The name has functionally
evolved as a conseguence of their similarity to the earlier
thyratron tubes. They are finding increased use in power
switching/control applications at DC and AC voltages from
1-1000V and currents from 1-1000A. The two specific devices
most often categorized as thyristors are the Silicon-Controlled
Rectifier (SCR) and the Triac.

The SCR is basically a four-layer gated diode and is
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represented symbolically in Fig. 8-11.

Fig. 8-11. Circuit Symbol for a Silicon Controlled Rectifier.

A=pnode, C=Cathode and G=Gate. In the normal course of events,
an SCR is triggered into conduction by the application of a
current pulse to the Gate(G) terminal. In the absense of any
gate current, the applied voltage across A and C must reach the
breakover voltage of the SCR before switching occurs. Normally,
SCR s are operated at voltages below this value and are turned
on by gate signals of sufficient amplitude to enable complete
turn-on independent of the applied voltage. Once turned on, the
SCR will remain in the conducting state independent of gate
voltage or current until the primary current flow (between A and
C) is reduced to a value below what is known as the

characteristic holding current. For SCR’s, voltages are

considered to be in the forward direction when the anode(dA) is
positive with respect to the cathode(C). 1In this configuration,

there is only one mode of gate triggering capable of switching
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the device into the conducting state, i.e. a positive gate
signal for a positive anode(A). 1In situations where power
control involves conversion of AC voltages and/or currents to DC
and control of their values, SCR’s are employed because of their
inherent rectifying properties.

Several of these restricting limitations of the SCR are
lifted in the bidirectional thyristor more commonly known as the
Triac. This device operates primarily as two SCR’s connected in
a parallel head-to-tail fashion and is symbolically illustrated
as such in Fig. 8-12.

MT2

MT1

Fig. 8-12. Circuit Symbol for a Triac.

MT1, MT2 = Main Terminals 1 and 2 and G = Gate. An appropriate
signal applied to the Gate(G) terminal in this device triggers
conduction in both directions thereby effecting an AC Switch.
Because of its structure, a triac can be triggered by either a
positive or negative gate signal regardless of the voltage

polarity across its main terminals MT1 and MT2. As with SCR’s,

triacs are normally operated at voltages below their
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characteristic breakover voltages and are sustained in the

conducting mode at currents above their characteristic holding

currents.

They can be triggered by both positive and negative

DC currents as well as AC currents and pulses. Triacs were

specifically developed for the control of AC power to a load.

A typical application of an SCR is the control of a DC

motor from an AC source as depicted in Fig. 8-13.

Fig.

8-13.

AC

Trigger
Circuit

AL A 4. _J3____Line Current

_ _, _____ L _____ l. _____ Trigger Pulse

_D____D_ __D_____Motor Current

SCR Control of a DC Motor.
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In this system, the trigger circuit turns the SCR on once during
each AC cycle. When the AC line current approaches zero or
drops below the holding current(usually milliamps) of the SCR,
it ceases to conduct any current to the motor until it is
triggered to do so again. By varying the timing of the trigger
pulses, the average current supplied to the motor can be varied

from zero to complete half-waves. This method of power

triac whose analogous circuitry is depicted in Fig. 8-14 for the
case of an AC motor. Here the triac is triggered into
conduction during each half-cycle to produce an alternating
current waveform. Suitable timing between trigger pulses can
vary the average AC current supplied to the motor from zero to
complete full-waves. This allows for total full-wave phase
control of the AC current, a process which is inherently more
efficient than resistive current control where the unused
power(IZR) is dissipated as heat. This particular feature of
both SCR’'s and triacs permits their use in commercial power
control circuits where a limited amount of space is
available(i.e. lamp-dimmers, variable-speed hand drills,

electric blankets, cooking ranges....).
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AC

Trigger

Circuit

— -\~ — — - Line Current

__l_-l._,l__L~_l__‘_ -.Trigger Pulse

—_ D_D, L\ _D_B U_ Motor Current

Fig. 8-14. Triac Control cof an AC Motor.

In most applications the trigger pulses for the SCR or
triac can be derived from the power line itself using
appropriate RC time constants. In microprocessor and/or
microcomputer applications, they can be derived (usually via
opto-isolation) from the digital outputs of an appropriate I/O

chip interfaced to the system’s busses and control lines. This
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allows for the complete digital control of DC and AC power
circuits. An example of such an interface using a commercial
opto-isolator in conjunction with a triac and AC load(i.e.
heater, motor,...) is depicted in Fig. 8-15. Voltage dropping,
current-limiting resistors are used to avoid burnout of the low

voltage opto-isolator.

+5V

330
330 — AN -

HEP5002 AC Load

N HEPR1723
120VAC

10K

From

Output Port >

Fig. 8-15. Triac Control using Opto-Isolation.

The HEP5002 opto-isolator and HEPR1723 triac are devices

manufactured by Motorola, Inc., Phoenix, AZ.

8.5 POWER MOSFET s

Power MOSFET s (Metal-Oxide Field Effect Transistors)

represent a relatively new breed of device which is finding
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increasing application in power~-control circuits. They were
specifically designed to interface logic circuits with power
devices. Depending upon their particular fabrication geometry
and the manufacturer s penchant for abbreviation, they are also
known as VMOS(V for Vertical), DMOS(D for Double-diffused),
HEXFET{ International Rectifier), TMOS(Motorola) and SIPMOS
(Siemens) transistors.

Unlike SCR’s and triacs which are phase-control devices and
hard to switch off except when the power line voltage goes to
zero, power MOSFET s can be rapidly turned on and off at will,
operated as linear amplifiers, and are capable of being employed

as voltage-variable resistors. They also possess the advantages

of high input impedance and low "on" resistances (<1 ohm). In
addition, their gates can be driven by low voltages{(ca. 10V)
thereby enabling sub-microsecond switching speeds for hundreds
of volts and tens of amperes. Their two principal drawbacks are
their processing expense (although this is diminishing almost
continually) and their susceptibility to static discharge (a
generic feature of FET 's). This last problem can be
circumvented to varying extents by special input protection
circuitry.

An example of a power MOSFET used as a digitally programm-
able current regulator is depicted in Fig. 8-16. The current

1, flowing through the load resistance R, is determined by

S

the voltage V, which, in turn, is generated via the

R
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digital-to-analog converter (D/A). For example, if an 8-bit D/A
converter is employed in the circuit, the resultant current,

IO, which is proportional to the voltage ratio VR/VS, can

be regulated in steps of 256 increments depending upon the byte

value(i.e. $00-->S$FF) written to the D/A converter.

Vs
: Lo
i V,
digital . R
inputs | D/A + Power
. - MOSFET

Fig. 8-1lé6. Programmable Power MOSFET Current Regulator.

Alternatively, Fig. 8-17 demonstrates a pulsed-approach
which can be employed in power control circuits using these
devices. Here, the on-off switching characteristics of power
MOSFET ‘s can be employed to control the average power delivered
to a resistive(e.g. heater) or inductive(e.g. motor) load. The

heart of the system is the Pulse-Width Modulator(PWM) that
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switches the MOSFET full-on and full-off for selected intervals
of time. The ratio of "on" time to the total period(i.e. "on"
time + "off" time) is commonly referred to as the duty cycle. It
is controlled by the voltage output of the D/A converter which

is fed to the noninverting(+) input of the op-amp comparator.

Input from
Sawtooth Oscillator
0 Vg
: — Power
digital VR M MOSFET
inputs 4 D/A + Output |
. Rg

Fig. 8-17. Pulse-Width Modulated Power MOSFET.

The frequency of these variable-duty-cycle pulses is
determined by the frequency of the sawtooth waveform fed to the
inverting(-) input of the op-amp. By controlling the width of
the voltage pulses, the average power supplied to the 1oad(RS)
can be controlled. An n-bit D/A converter is capable of

delivering 2™ different power levels to a load at a fixed
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input sawtooth frequency. If the sawtooth frequency is also
varied, the number of power levels can be increased even
further. This type of synchronous switching control is
sometimes employed in heating systems and forms the heart of

many temperature-proportional controllers where the power levels

to a resistive heating element are controlled by the output from
a temperature-sensing network. The overshoot/undershoot
problems normally associated with a simple on/off system are
minimized and better temperature regulation is achieved.
Finally, RCA Corporation has recently developed a power
MOSFET which requires only 5V of gate drive and can be directly
connected to logic circuits. These logic-level power MOSFET s,
or L2FET’S as they are called, can be directly driven by TTL,
NMOS or CMOS circuits to provide high current-handling
capabilities at high speeds with very low "on" resistances(ca.

0.5 ohms).
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A computer system’ s busses (address, data, control) are
made available to a peripheral I/0 device by a data
communication interface. Digital information is transmitted and
received along the line(s) comprising the interface in a variety
of different formats and protocols depending upon the particular
application and/or peripheral device. Some of the more popular
types are the 9@,@,@?92'1959&1@,1,1,%1,: RS-232C serial, and the
IEEE-488 parallel interfaces. Each is discussed in this
section. A few points will be also made about other bus systems
(§-100, STD, Multibus ---) which may be more appropriately
regarded as "localized" interfaces and often referred to as

backplane busses.

9.1 CENTRONICS PARALLEL INTERFACE

The parallel interface is sometimes called the Centronics
interface after the company (Centronics Corp., Hudson, N.H.)
that developed it for its low cost dot-matrix printers in the
early 1970°s. Unlike the other types, the Centronics interface
is not officially recognized as an industry standard.
Nevertheless, because it was one of the first interfaces to be
widely used in the industry, it became a de-facto standard.

The electrical and physical parameters specified for this
interface call for eight unidirectional data lines, several

control and signal lines and return and ground lines. It is a
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one-way interface in that it only transmits data (bytes) in one
direction on the eight data lines. Its D-shaped 36-pin
connector is standard and the Amphenol male/female versions are
the (DDK)57-30360/(DDK)57-40360 connectors. Other connectors
are available from other manufacturers in both ribbon and
multiconductor cable versions. The complete pin-out diagram of
a Centronics parallel connector is shown in Fig. 9-1. The
voltage levels that represent the high/low (i.e. binary 1/0)
control levels are TTL-compatible. Binary "1" is defined as a
voltage between +2.5 and +5.0 volts and binary "O" is a voltage
between 0 (ground) and +0.7 volts.

Besides the eight unidirectional data lines (labelled DATA
1-8) that transfer data (bytes) to a peripheral device, a BUSY
line controlled by the peripheral is used to inform the computer
that it is busy doing some operation. For example, a printer
employs it to tell the computer that it is in the midst of
printing a character, advancing the paper, etc. When the
particular action is completed, the printer signals the computer
via the ACK (Acknowledge) line which is active in its low state
and represented as ACK. Another active-low (or negative-true)
line is the STROBE line which is used by the computer to inform
the printer that a byte is ready on the data lines for
processing. In the absence of this signal, the printer has no
way of knowing if the proper arrangement of 8-bits (usually an

ASCII Code) has been placed on the data lines.
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CENTRONICS PARALLEL INTERFACE

PIN 1 STROBE 19 STROBE )
2 DATA 1 20 DATA 1
3 DATA 2 21 DATA 2
4 DATA 3 22 DATA 3
5 DATA 4 23 DATA 4
6 DATA 5 24 DATA 5
7 DATA 6 25 DATA 6 ¢ RETURN
8 DATA 7 26 DATA 7
9 DATA 8 27 DATA 8
10 ACK 28 ACK
11 BUSY 29 BUSY
12 PE 30 INIT J
13 sLCT 31 INIT
14 *ov 32 FAULT
15 OSCXT’ 33 NC
16 *ov 34 LINE COUNT PULSE’
17 CHASSIS GND 35 RETURN
18 +5V 36 NC

* Generally not used today

9 3
000000000 OCOGOIOGOIOGSOIOOS

:.0...............
18

Fig. 9-1. <Centronics Parallel Interface.

Several additional control signals are defined in this
interface although few are used today. PE (Printer Error)

indicates a printer malfunction (ribbon break, jammed
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mechanism...). SELECT is used by a printer to inform the
computer of its on-line status. This simply means that the
printer can accept data over the cable lines as opposed to other
sources (keyboards, paper tape, disk...). FAULT is used to
indicate an abnormal error condition such as paper run-out or an
opened case. In more sophisticated printer/driver software
routines, these error control signals are analyzed to inform the
user of the exact nature of the error condition. 1In most
applications, however, the BUSY signal is used to indicate all
error conditions. In fact, the majority of 36-pin parallel
interfaces on the market use only the STROBE and BUSY/ACK lines
to control data transfer, a process commonly referred to as
handshaking.

In a typical parallel-transmision scheme using the
Centronics interface, the sequence of events is as follows: The
computer puts 8-bits of data on the data lines (DATA 1-8) and
approximately one microsecond later causes the STROBE line to go
low. This signals the printer that valid data is ready for
processing and it in turn makes the BUSY line go high {or the
ACK line go low if so configured) until the data has been
processed (i.e. printed). The computer usually sits idling in a
software loop doing nothing but observing the BUSY line. When
it goes low, the entire scheme is repeated with the computer
placing valid data on the data lines and activating the STROBE

line which is being continually watched by the printer. 1In this
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handshaking fashion, a slow peripheral device like a printer can

accept and process data from a much faster computer.

9.2 RS-232C SERIAL INTERFACE

The most widely known and accepted interface is the EIA
(Electronic Industries Association) RS-232C Interface. RS
stands for Recommended Standard. The standard was introduced in
1962 as RS-232. The latest version (i.e. Version C) is the one
presently in use, RS-232C.

Since the RS-232C interface was developed before the advent
of TTL circuits and their associated voltages, logic "0" is
represented as a positive voltage between +5 and +15V and logic
"1" constitutes a negative voltage between -5 and -15V. The
data lines (pins 2 and 3) are active low while all other signals
are active high. Most RS-232C connectors use a 25-pin DB-25
connector which is available in many configurations including
both multi-conductor and ribbon-cable adaptors. A pin diagram
with signal names for the RS-232C Interface is depicted in
Fig. 9-2.

As originally outlined, the RS-232C serial communications
protocol was designed to connect Data Terminal Equipment {(DTE)
which was a terminal to Data Communucation Equipment (DCE) which
was a modem. A modem (short for modulator/demodulator) is a
device which converts serial data into standardized signals for

transmission over dedicated lines. Frequently, though not
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always, these lines are standard telephone lines.

DIRECTION NAME O NAME DIRECTION
10 Earth Ground N.A.
To DCE Secondary —0 14
Transmitted Data log Transmitted Data To DCE
To DTE Transmit Clock O
O Receilved Data To DTE
To DTE Secondary —0
Received Data o Request to Send To DCE
To OTE Receiver Clock e}
og Clear to Send To DTE
Unassigned -O
O- Data Set Ready To DTE
To DCE Secondary -0
Request to Send (o) Logic Ground N.A.
To DCE Data Terminal -0
Ready O Carrier Detect To DTE
To DTE Signal Quality —O
Detect e, Reserved
To DTE Ring Detect —0
O~ Reserved
To DTE Data Rate Select O
(e} Unassigned
To DCE  Transmit Clock —0
O Secondary To DTE
Unassigned 025 Carrier Detect
130~ Secondary To OTE
\ Clear to Send
O

Fig. 9-2. RS-232C Serial Interface.

In this case, the modulator section of the modem converts the 0
and 1 bits of the serial data into two different tones which are
transmitted over the telephone lines and re-converted to 0°'s and
1’s by the demodulator section of the modem at the other end.
This type of modem is usually referred to as an acoustic modem.

In the early days before microprocessors or microcomputers, a
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user terminal (DTE) was interfaced to a larger (and more
expensive) mainframe computer via the R$-232C interface to a
modem (DCE).

The RS-232C Interface is used for the serial transmission
of data. This simply means that each data bit is transmitted
{or received) one after the other in single-step fashion.
Signal timing is precise and the transmission speed is usually
given in bits per second (bps) sometimes called the baud rate.
Standard baud rates include 75, 110, 150, 300, 600, 1200, 2400,
9600 and 19,200. The nominal EIA-approved upper transmission
limit for RS-232C is 20K bps although this rate is often
exceeded by some computer manufacturers in some of their more
advanced products. Acoustic modems generally operate at 300
baud although some modems can operate as high as 1200 baud over
normal telephone lines. The RS-232C standard limits the cable
connection between devices to 50 feet although in practice
RS-232C signals can be run for 100-200 feet without serious
problem. The addition of a modem removes these limitations and
data transmission between devices is governed only by the
quality of the propagated signals (i.e. telephone tones, radio
waves, light pulses, etc.).

In normal ASCII Code transmission, as outlined in
Chapter 2, the DTE generates a start bit {(active low) thereby
alerting the DCE of the beginning of a character transmission on

Pin No. 2. The next 7 (in some cases 8) bits are then
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interpreted as an ASCII character. After the transmission of
mark the end of the character. Parity is a form of error
checking for a loss of bits during transmission. Even parity
implies an even number of "on" bits and odd parity an odd number
of "on" bits. Stop bit(s) allow the receiver adequate time to
assemble and process the serial bits received. They can be 1,
1-1/2 or 2 bits long depending upon the transmission protocol.
As an example, the code for ASCII "R" is depicted in Fig. 9-3 in
odd-parity serial transmission.

The total number of characters transmitted per second can
be simply calculated by dividing the baud rate by the number of
total bits per character. For instance, a 1200 baud modem

transmits an 1ll-bit character (7 ASCII data bits + 1 start + 1

Least significant
data bit

Stop bits

Start bit

/

Fig. 9-3. Serial Transmission of ASCII "R".
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parity + 2 stop bits) at the rate of 1200/11 or 109 characters
per second. Although we have chosen to focus on ASCII Code
transmission, other bit-oriented codes (BAUDOT, EBCDIC, etc.)
can be transmitted over the RS-232C interface as well.

Even though only two pins (i.e. Pins 2 and 3) are used for
the transmission and reception of data, they can be a major
source of error in some configurations. This arises when both
the DTE and the DCE are equipped with female DB-25 connectors
and it is not clear what is the DTE and what is the DCE. As a
rule, the DTE should have Pin 2 wired to transmit data and Pin 3

to receive data while a DCE should transmit on Pin 3 and receive

on Pin 2. If a computer is mistakenly wired as a DCE and it is
connected to a modem (also a DCE), they will not interact
properly. The solution to this problem (a not too uncommon

occurence) is a null modem adaptor which is a RS5-232C connector
with Pins 2 and 3 cross-wired.

The remaining pins of the RS-232C connector comprise
several ground lines and a number of signal and handshaking
lines. In actual practice, however, a minimal number of these
lines are used. As illustrated in Fig. 9-4, the simplest

RS-232C connector uses just three lines.
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2 Transmitted Data 2
DTE(Terminal) 3 Received Data 3 DCE(Modem)
7 Signal Ground 7

Fig. 9-4. RS-232C Signal Paths.

Two data lines enable full-duplex communication where data can
be simultanecusly interchanged between devices. An extension of
full-duplex is echo-plex where a character entered at a terminal
is transmitted to a remote computer which returns or echoes the
character to the terminal s screen. 1In this way, proper data
transmission is confirmed. Half-duplex is two-way communication
over one data line which is used to either transmit data or
receive data but not both simultaneously.

One final point worth noting is the use of the RS-232C
interface in the transfer of data (ASCII characters) to
printers. Unlike the parallel Centronics interface, there are
no standard handshake lines available for a printer to control
the rate of data transfer. Since this interface was originally

developed for use between a terminal and a modem, this was not a
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problem at the time. 1In an effort to circumvent this
difficulty, several printer manufacturers have chosen to use
several pins which were not originally intended for data
handshaking. Because of this non-standard use of the RS-232C
interface, it is wise to consult the interface manuals of both
devices whenever a handshake mechanism in an RS-232C format is

implemented.

9.3 TIEEE-488 PARALLEL INTERFACE

In comparison to the RS-232C serial interface, the IEEE-488
parallel interface is a more rigidly specified standard. It was
developed in the early 1970 s by Hewlett-Packard and is also
known as the Hewlett-Packard Interface Bus (HPIB). In 1975 it
became adopted by the Institute of Electrical and Electronic
Engineers (IEEE) as approved Standard IEEE-488-1975, "Digital
Interface for Programmable Instrumentation". In mid-1978,
various editorial revisions were made in the standard to clear
up some potential ambiguities and it became known as
IEEE-488-1978, the "IEEE Standard Digital Interface for
Programmable Instrumentation”. Today it is collectively known
as the IEEE-488, HPIB or the GPIB (General Purpose Interface
Bus) parallel interface.

The IEEE-488 differs from other parallel interfaces, which
are oftentimes used to connect a single device to a computer, by

allowing up to 15 external devices to be interconnected and
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thereby rendered inter-communicative. In this aspect, the
IEEE-488 interface is also regarded as the IEEE-488 Bus.
Devices on the bus are categorized according to three types:
Controllers, Talkers, and Listeners. At any one time there is
exactly one controller on the bus. This controller allows a
specific talker to communicate with selected listeners. One
talker is active at any one time, but there may be several
listeners. Control is delegated from one controller to another
using specific sequences defined in the standard. Upon
power-up, one controller designated the System Controller is
active. Most often, this system controller is the main
computer. All remaining controllers become active only when
control is passed on to them. For example, an intelligent
plotter can become a controller and request data from other
system instruments (voltmeters, thermocouple amplifiers...).
After plotting out the data, control can be returned to the main
computer or another system device. The IEEE-488 interface
allows data rates of up to 1 Mbyte/second although most
instruments are limited to rates well below this maximum.
Typically, instrumental data rates are in the 1-10 Kbyte/second
range. 1In actual practice however, the rate of data transfer on

the IEEE-488 bus is governed by the slowest active listener.

Sixteen (16) signal lines make up the IEEE-488 interface.

They are divided as follows:
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8 Data Lines (DIOl through DIO8)

5 Control Lines (SRQ, IFC, ATN, EOI and REN)

3 Transfer Lines (DAV, NRFD, and NDAC)
All 16 signal lines in the IEEE-488 interface are active-low or
negative-true which simply means that they become active when
driven to low voltage levels. The common designation for a
signal line with this negative-true logic is a bar placed over
the specified line (i.e. DAV becomes DAV). However, in order to
avoid confusion (and repetition), we will eliminate the bar in
the following discussions remembering all the while that the
standard specifies negative-true logic.

The 8 Data Lines designated DIOl through DIO8 are used to
transfer all data to and from all instruments connected to the
bus. This is accomplished by sending 8 bits of information in a
parallel fashion (i.e. bit-parallel). These 8-bit groups
(bytes) of information can represent any type of I/0, control,
address or status information. Although all 8-bits are
transmitted and received in parallel, bytes are sent in a
byte~serial format where each byte is transmitted one after the
other is serial fashion. In the case of a printer, each byte
may represent an ASCII character. The printer interprets and
processes each symbol and control character in a stepwise manner
until the entire text is printed.

The 5 Control or Management Lines designated SRQ, IFC, ATN,

EOI and REN are responsible for an orderly flow of information
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and control over the IEEE-488 bus. Their functional
descriptions are as follows:

SRQ - Service Request. This line is made active or driven low
by a particular device on the bus requesting the
attention of the controller and an interruption of the
ongoing sequence of events. It may be either ignored or
serviced by the controller. Except when IFC is active,
the SRQ line can be activated at any time.

IFC - Interface Clear. When active, all devices assume an
inactive status and control is returned to the system
controler. When inactive, all bus operations proceed as
normal. It is typically used in error/fault situations
to override all bus activity.

ATN -~ Attention. When active, all devices are required to
monitor the data lines (DIOl-DIO8) where the information
is control/address information (messages to devices).
When inactive, all information on the data lines is
interpreted as data. ATN is asserted by the active
controller.

EOI - End or Identify. Activated by a talker to identify a
data byte as the last in a series of transmitted data
bytes. It can also be used with the ATN line to effect
a polling sequence.

REN - Remote Enable. Activated by the system controller and
monitored by instruments capable of being remotely
controlled. The status of the REN line informs active
listeners on the data bus of the intent of an active
controller to use information sent to it by an active
talker. 1In this manner, the REN line is used to choose
between two different sources of device program data.

The 3 Data Transfer Lines designated DAV, NRFD and NDAC

control the flow of information (bytes) over the data lines
DIO1~DIO8. They operate in a 3-wire interlocked handshake mode
which allows the asynchronous transfer of data-bytes between
devices on the bus. The speed of transfer is dictated by the

talker or the slowest active listener lest any data be lost by
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any of the listeners.

DAV - Data Valid. Activated by a talker (to potential
listeners) when valid data is present on data lines DIOl-
DIO8. When inactive, information on the data lines is
regarded as invalid data.

NRFD- Not Ready for Data. Activated by a minimum of one
listener on the bus to indicate (to the talker) its
inability to receive data. When inactive, all potential
listeners are ready to receive data (from the talker).

NDAC~ Not Data Accepted. Activated by a minimum of one
listener on the bus to indicate (to the talker) that it
has not yet accepted the data. When this line is
inactive, it indicates (to the talker) that all have
accepted (or processed) the data.

The 16 signal lines of the IEEE-488 bus are depicted in the

interconnection diagram in Fig. 9-5.

Data transfer on the IEEE-488 bus is asynchronous and
controlled by the transfer lines, DAV, NRFD and NDAC. The DAV
signal is transmitted by an active talker for reception by
potential listeners. The opposite is true for the NRFD and NDAC
signals which are sent from the potential listeners to the
active talker. As each listener becomes available to accept
data, i1t releases its NRFD line. When all listeners are
available, the entire NRFD line is made high thereby signalling
the talker to place data on the data lines and assert its
validity by activating the DAV line. As each listener detects
DAV active, 1t in turn makes NRFD active to allow sufficient
time for accepting and processing the present data. The fastest

listener activates the NRFD line. As each listener on the bus

accepts the valid data, it releases its NDAC line.
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Fig. 9-5. 1IEEE~488 Parallel Interface.
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Data Lines sy,

DAV

NRFD !

NDAC :
1

TIME —>

Fig. 9-6. Timing Diagram of IEEE-488 Transfer Lines.

When the last listener has finished accepting the data, the
entire NDAC line is released thereby indicating to the talker
that the data has been accepted (by all active listeners). This
informs the talker that it may release the DAV line to indicate
its intention of changing the information on the line.
Simultaneously with the release of the DAV line, each listener
pulls NDAC low to indicate unacceptable data. At this point the
contents on the data lines DIO1-DIO8 can be changed since they
are, in effect, disconnected from any listeners. When each
listener has finished processing the previously accepted data,
it releases its NRFD line. When all listeners have finished

their processing routines, the entire NRFD line is released and
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a new data-transfer-cycle begins. The slowest listener is
responsible for de-activating the NRFD line. This overall
process is schematically depicted in the timing diagram of
Fig. 9-6.

The primary attraction of the IEEE-488 interface is its
limited number of signal lines with defined, standardized
functions. Piggyback connection and daisy-chain configurations
are possible. Although primarily used with laboratory
instrumentation systems, the IEEE-488 interface is becoming
increasingly available in commercial microcomputers and their
peripherals. The applications of this bus will increase even
further as microcomputers interact with increasingly complex

laboratory devices.

9.4_ BACKPLANE BUSSES

A backplane bus is so named on account of the backplane
circuit board containing the electrical bus connectors. It
differs from the preceding types by virtue of its "localized"
nature. In its normal configuration, it is used to provide
short-range communication paths between circuit boards via
mating edge-card connectors in a supporting card cage. In this
manner, physical and electrical paths with sockets attached are
used for the addition of a number of peripheral circuit boards
and external devices.

A variety of different backplane busses exist depending
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upon the design needs of computer manufacturers. Some of the
more general types include the $-100, STD, and Multibus systems.
Other more specific types include the IBM PC Bus, Applebus and
the C-44 Bus. Each has its own merits and faults depending upon
the particular configuration.

The S$-100 Bus was originally developed in the mid-1970’s
for use with the MITS Altair 8800 microcomputer manufactured by
Micro Instrumentation and Telemetry Systems (MITS) of
Albuquergue, NM. It was subseguently called the Altair Bus
after the 8080-based computer and used a 100-pin connector. It
soon became known as the Altair/IMSAI Bus after it found use in
the IMSAI 8080 microcomputer developed by IMS Associates, Inc.
In 1976, after other computer manufacturers adopted the same
architecture in their systems, it became generally known as
Standard-100 or S$-100 for short. Upon final approval by the
Institute of Electrical and Electronic Engineers (IEEE) in late
1982, it became formally known as IEEE-696. Today it is
referred to by both names; S-100 or IEEE-696.

The 100 pins of the S5~100 bus are generally organized into
eight (8) categories:

24 Address Lines

16 Data Lines

9 Status Lines

6 Control Input Lines

5 Control Output Lines
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10 Interrupt Lines
8 DMA Control Lines

22 Utility Lines

Although a detailed description of each of the 100 pin
functions is beyond the scope of this text, they can be
organized into two general groups according to the type of
device driving the board, i.e. Master and Slave devices.

Masters control the bus and comprise such devices as
processor-cards and direct-memory access (DMA) boards. There
are two types of Masters; permanent and temporary. Every S-100
system has a permanent Master but may (or may not) have up to 16
temporary bus Masters. Temporary control is delegated to the
temporary bus Master from the permanent Master. Upon completion
of its task, the temporary bus master returns control to the
permanent master.

Slaves are devices or cards that are controlled by Masters
(permanent or temporary). They receive data from or transmit
data to the bus Master. Examples of Slaves are memory boards,
I/0 boards, serial/parallel I/O interfaces, terminals, etc.

The general acceptability of the S-100 bus today derives
from its modularity, versatility and long-term cost
effectiveness, particularly in a business-computing environment.
Although a commercial S-100 system may be costly. to implement

initially, it becomes more cost-effective as the system is
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upgraded. A number of hardware/software developers prefer the
S-100 bus because the latest technology seems to appear there

first. For example, 16 S-100 data lines are ideal for 16-bit

microprocessors while 24 address lines allow a total of 16

Megabytes (224

) of directly-addressable semiconductor memory.

In addition, the de facto industry standard operating system for
microcomputers, CP/M? was originally designed for an S$-100
system thereby making that system accessible to a large variety
of business-related software. Ease of upgrade, software
availability and multi-user capabilities are important
considerations in an office environment. These are compelling
reasons to see continuing state-of-the-art developments on the
S-100 bus, at least for the foreseeable future.

The STD-Bus is currently supported by a number of
companies. Originally developed by several manufacturers for
use in Z-80 based systems, it has since been adapted for use
with many different 8-bit microprocessors. Standard size STD
boards are approximately 4.5 in. wide and 6.5 in. long and
terminate with a 56-pin edge connector. Sixteen address lines
and eight data lines are present and are driven by 3-state bus
drivers to allow their connection/disconnection to/from any
system device. A variety of power, I/0, control, timing,
interrupt and status lines comprise the remainder. The STD bus
enjoys industry-wide popularity and will be made available for a

number of peripheral devices for some time to come.
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Other bus systems such as the Intel Multibus and lgg_ggiggg
have their pros and cons. The Multibus has 20 address lines, 16
bidirectional data lines, 8 interrupt lines and a variety of
power, status and control lines for a total of 86 lines. It is
currently being standardized as IEEE-796. The IBM PC Bus also
has 20 address lines although it specifies only 8 data lines
since the 8-bit version of the Intel 8086 16-bit microprocessor
was chosen for the IBM PC. Six interrupt lines and a number of
control, handshaking and timing functions make up the remainder
for a total of 62 lines. As the IBM PC bus was designed for
compatability with the IBM PC, so too was the Applebus designed
for expansion/peripheral devices for the AppléglI/IIe computers.
Expansion memory cards and controller/peripheral boards
currently exist and will continue to be manufactured for both of
these popular personal computer systems.

A bus system which has been developed for low-power,
battery-based systems is the C-44 Bus. Bus cards based on this
system are available from two manufacturers at present (Onset

Computer Corp., North Falmouth, MA and Quartic Systems, Salt

Lake City, UT). C-44 bus cards are similiar in size to the STD
bus cards. However, instead of 56 connecting pins, the C-44
cards are configured with 44-pin edge card connectors. They

also differ physically from the STD bus card by being somewhat
smaller in size and having larger pin-contact areas. Moreover,

unlike the other backplane busses, the C-44 bus was not
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developed for any one particular microprocessor thereby avoiding
many compatability-related problems.

The most prominent feature of the C-44 bus is its capacity
to control power dissipation in a system. This is an especially
important feature in portable, battery-based systems requiring
low-power dissipation. Two low power modes are specified for a
microprocessor on this bus to take advantage of the fact that an
MPU ordinarily spends a large amount of its time doing nothing
but waiting for an interruption or an external event. During
these waiting periods, the MPU can be programmed in a low-power
off-line mode then re-activated as the need arises. Two low
power modes {(wait and stop) direct bus activity. In the wait
mode, all bus activity is halted with the system voltage
maintained at a nominal +5V. In the stop mode, this voltage is
reduced to +3V. This lower voltage is sufficient, in most
cases, to allow the system RAM and I/0 chips to hold their
current values. Power dissipation in the stop mode is typically
50 microwatts for most peripheral C-44 bus cards, each of which
requires a single supply voltage of +8V to +18V. 1In small,
portable systems this particular bus design offers many

advantages.
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10.1 ASSEMBLERS

All of the preceding experiments and programs developed
thus far have been done so without the aid of any sophisticated
hardware or software resources. The process of translating
individual program instructions written in mnemonic or symbolic
form (source code) into actual processor instructions (object
code) is accomplished by a program called an Assembler. Up
until now, we have been using a rather primitive version of an
assembler to enter/alter/display programs. A more extended
assembler, among its many features, allows both instructions and
data addresses to be specified symbolically rather than
requiring absolute addresses. Program relocation/alteration is
simply and effectively accomplished. 1In this section, we will
consider some of the more salient features of a typical 6502
Assembler and its use in machine language program development.

The program development process, briefly outlined in
Chapter 1, is restated diagrammatically in Fig. 10-1. The
programmer (human) normally uses a text editor (word processor)
to create a text file of an assembly language program (source
program). This is then input to an Assembler which produces an
object program. This object program is then fed into a Loader
which loads the executable machine language program into the
memory of the target computer. The text editor and assembler
can be run on another computer but the loader and machine

language program must be run on the target computer.
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Programmer
keyboard
Source Object
Text Editor | (——, > | Assembler| T— > | Loader
Program Program
Machine
Program

Target Computer

Fig. 10-1. Assembly Language Program Development.

The Assembler (a type of program) reads each of the mnemonic
instructions of the input program and translates it into the
required bit pattern as specified by the encoding (i.e. TAX =
10101010). It is designed to provide a convenient symbolic
representation of the source program while at the same time
providing a simple means of converting these mnemonics into
their binary equivalents. Assembler formats depend upon the
particular microprocessor and, in some cases, upon the
particular machine it is situated in. There appears to be

general agreement, however, on certain definitions and syntax

conventions considered necessary in most 6502 Assemblers.
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Several of these conventions are presented in the following
discussions.

Most assembly language programs can be categorized as being
line-oriented whereby each program statement is contained in a
single line according to a prescribed format. Each simple line
statement can be divided into as many as four fields arranged as

follows:

[ LABEL] [OP-CODE] [ OPERAND] [ ; COMMENTS )

All of these fields are optional in an assembly language
statement although their relative order within a single line is
not. For example, if a Comment is chosen to be the first field
in a line statement, it must be the only field present in that
statement. At least one space must be present between fields on

the same line.

Labels
The LABEL field contains labels which are simply symbols of
1-6 characters beginning with a letter that designate the
address of the instruction that follows. When used, a label
must appear as the first field on a line, although in any
column. Op-code mnemonics and register names (A, X, ¥, S and P)

are not permitted as symbols here.
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Op-Codes

The OP-CODE field contains the standard mnemonics of either
a machine instruction (1 of 56 for the 6502) or a symbolic
assembler directive. Assembler directives are defined symbols
that are not translated (i.e. pseudo-instructions) but rather
direct the assembler to perform a specific task. Examples of
these include the symbols,

.BYTE
.WORD
.DBYTE
.PAGE
.SKIP
.OPT
.FILE
.END
where:

(1) the equate directive, "=", assigns a symbol to a
constant or an expression containing no forward references. For
example,

NAV = $3711
assigns the hex value $3711 to the NAV symbol. From that point
on, wherever NAV is in a program, it will be replaced by the hex
value $3711.

(2) the .BYTE directive loads specified bytes of data into
one or more consecutive memory locations beginning with the
labelled address. For example,

NAV .BYTE $32

loads the byte value $32 into the location specified by the
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address symbol NAV. 1In like manner, the expression

NAV .BYTE $32, SFF, $43
loads locations NAV, NAV+1l, and NAV+2 with $32. SFF and $43
respectively.

(3) the .WORD directive is similar to .BYTE except that two
bytes of data are stored in memory, low-byte first. Namely,

NAV .WORD $32FF
stores the hex values $FF and $32 into the symbolic address
locations NAV and NAV+1l, respectively.

(4) the .DBYTE directive is equivalent to .WORD except that
the two bytes of data are stored in memory high-byte first.
Namely,

NAV .DBYTE S$32FF
allocates memory as:

[NAV] --> $32
[NAV+1] --> SFF

where the brackets denote "contents of".

(5) the .PAGE directive instructs the assembler to finish
the current output page listing, move on to the next page, and
print a title if so desired.

(6) the .SKIP directive inserts n blank lines into the
output listing according to the format .SKIP n.

(7) the .OPT directive allows the programmer to control
his/her output fields and expand ASCII strings in .BYTE

expressions.
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.OPT LIST generates a list file.
.OPT GENERATE prints object code for ASCII strings in .BYTE.
.OPT ERROR prints only the errors in an assembly listing.
.OPT SYMBOL lists the symbol table.

(8) the .FILE directive allows the appending of files when
the last statement in an existing file is .FILE NAME and NAME is
the symbolic name of the next file.

(9) the .END directive is required as the last statement in
the last file of the source program. It instructs the assembler

to ignore the remaining information.

Operands
The OPERAND field specifies zero or more operands separated
by commas. It may be an expression containing symbols,
constants and operators. The 56 mnemonics of the 6502 and the
reserved letters A, X, Y, S, and P may not be used as symbols

here.

A location counter symbol, "*", is used by the assembler
to:

(1) specify its location counter, i.e. * = $0400 means that
the next executable instruction is stored at memory location
$0400.

(2) reserve space in memory, i.e. * = * + 5 tells the
assembler to jump over 5 addresses, leaving them for the
programmer ‘s use, and continue from that point forward.

(3) reference the current contents of its location counter,
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i.e. NAV .WORD * stores the current value of the location
counter at addresses NAV and NAV+1l, low-byte first.

The symbolic expressions for the various addressing modes

are defined as:

Addressing Mode Example

Immediate LDA #NAV where NAV = 1 byte

Absolute LDA NAV NAV = 2 bytes
Zero Page LDA NAV NAV = 1 byte

Implied INX, etc.

Accumulator ASL, etc.

Absolute Indexed, X LDA NAV, X NAV = 2 bytes
Absolute Indexed, Y LDA NAV, Y NAV = 2 bytes
Indexed Indirect LDA (NAV, X) NAV = 1 byte

Indirect Indexed LDA (NAV), Y NAV = 1 byte

Zero Page Indexed, X LDA NAV, X NAV = 1 byte

Zero Page Indexed, Y LDA NAV, Y NAV = 1 byte

Relative BCC NAV NAV = 1 byte

Indirect Absolute JMP (NAV) NAV = 2 bytes

Constants are usually expressed in either decimal,
hexadecimal, octal or binary notation depending upon the

particular prefix used;

none --> decimal number, 123
S --> hexadecimal number, $20FC
@ --> octal number, @101
% --> binary number, %10101010

Care must be exercised when writing these numeric prefixes in
the source program in order to avoid number-base errors. For
example, the instruction LDA #15 will load the accumulator with
the binary value 00001111 (=1510) while LDA #$15 will load
00010101 (=1516). This number-base distinction is not made in

the primitive assembler used in the Instruction Mnemonic Entry
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Mode <I> of the AIM 65 where all numerical values default to
hexadecimal. It is available, however, in the 4K Assembler ROM
Option. ASCII literal constants are enclosed by single gquotes,
i.e. LDA # 'R’ and LDA #$52 are equivalent expressions.

Operators such as +, - and others further facilitate the
generation of symbolic programs. They are evaluated in the
usual left-to-right fashion. Special operators such as > and <
truncate a two-byte value to its high (<) or low (>) byte value,
respectively. More advanced assemblers also incorporate the
multiply, divide, shift, logical and comparison operations.
Unlike higher-level languages however, they usually don’t permit

the use of parentheses or recognize operator precedence.

icomments
The COMMENTS field is entirely optional and is intended for
meaningful human-language descriptions of the program. It is
ignored completely by the assembler. Comments are written to
the right of the operand field or anywhere on a line if preceded
by a semi-colon, ";". The liberal use of comments is always

recommended as good programming practice.

Macros
A Macro is simply that name given to a group of
assembly-language statements. It is a programming tool that is

especially convenient in those cases where a given set of
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instructions is called upon a number of times within a program.
A simple macro call inserts the particular sequence of
statements within the body of the calling program where it is
assembled along with the rest of the program. Unlike a
subroutine call which transfers program control from the main
program to the address of a defined subroutine and then back
again, macro calls occur only during the assembly process.
During program execution, the main program is not exited since
the assembly language statements that comprise the macro are
situated within the main program. The assembler simply replaces
the macro name with the appropriate sequence of instructions.

In this context, a macro can be regarded as an assembly-time

facility whereas a subroutine is an execution-time facility.

Like subroutine calls, macro calls may also be nested, i.e.
macros inside of macros.

Macro assemblers can also contain conditional assembly
operations that allow the assembly of subsequent statements only
if a specified condition is cobeyed. A programmer can devise a
generalized program which can be conditionally assembled for
specific applications. This is particularly useful in

laboratory/industrial program development.

Two-Pass Assemblers

A Two-pass assembler is an assembler that passes through

the assembly language source program twice. During the first
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pass, all symbols are collected and defined in a symbol table.
As each line is scanned, the encountered symbols are used to
build the symbol table. During the second pass, the lines are
scanned again and actual machine language instructions and data
values are generated via referencing the symbol table formed
during the first pass and the op-code table contained within the
assembler. Two-pass assemblers are usually employed in

microprocessor-based systems.

10.2 THE FORTH LANGUAGE

In much of the preceding text attention was focused on the
concepts and applications of assembly/machine language
programming. Higher-level languages were not discussed in any
great detail primarily because of their tendency to isolate the
programmer further from the actual processes of the computer.

An exception to this is the FORTH language.

FORTH is a relatively new computer language whose
popularity is increasing rapidly. Unlike BASIC, it has the
capability of providing a programmer with total control over the
machine in a highly interactive environment. Also unlike most
other computer languages, FORTH was developed by a single
person, Charles H. Moore, formerly of the National Radio
Astronomy Laboratory, over a span of time beginning from the
early 1960°s. It is a structured language whereby complicated

programs can be fabricated from numerous simpler ones. It
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differs from most languages by the fact that it does not have a
fixed vocabulary. Programming in FORTH is accomplished by
defining new words out of the present ones available in the
current FORTH dictionary. These new words may be executed or
used in the definition of other new words which may be executed
and so on... For each new application, a custom-built FORTH
program can be designed simply by defining new words from old
ones. The program is executed by executing the new word which,
in turn, executes all of its composite words. All programs
(words) are executed from a keyboard by simply typing in the
word name and following it with a carriage return. Debugging is
quick and easily accomplished by examining word definitions.

In contrast to most traditional computer languages (BASIC,
FORTRAN...), FORTH uses Reverse Polish Notation (RPN). This is
a form of post-fix notation which eliminates the need for
parentheses and operator precedence. Some types of hand-held
calculators (most notably certain Hewlett-Packard models) use
RPN in their input command structures. A simple example of
traditional (i.e. in-fix) and RPN (post~fix) notation is the
following series of equivalent mathematical operations.

Traditional (3-4)+9*78/26
RPN 34 -9 78 % + 26 /

Computer systems with FORTH use a data stack to pass

arguments between operators. If a particular number is entered

from the keyboard, it goes on the stack. Subsequent numbers,
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when entered, also go on the stack and push the preceding

entries further down on the stack. Various mathematical
operations (+, -, *,...) take the top two numbers off the stack,
operate on them, then push the result on top of the stack. For

example, if an 18 is typed and the carriage return hit, an 18
goes on the stack. If a 3 is similarly entered, it also goes on
the stack leaving the stack containing 18 3 with the 3 on top.
The contents of the stack are usually represented bottom-to-top
in left-to-right fashion. If a "+" is then entered, the 18 and
3 are taken off the stack and replaced by a 21. If a 3 * is
then executed, the 21 is removed and a 63 put in its place. 1In
general, all words get (pull) their arguments from the stack and
leave {(push) their results on the stack.

Some examples of mathematical operations in FORTH are:

Operation Function Example Results
+ PLUS 12 6 + --> 18
- MINUS 12 6 - --> 6
* TIMES 12 6 * -=> 72
/ DIVIDE 12 6 / -—> 2
1+ ONE PLUS 12 1+ --> 13
1- ONE MINUS 12 1- -=> 11
2* 2 TIMES 12 2~* -=> 24
2/ 2 DIVIDE 12 2/ -=> 6
*/ A*B/C 12 6 3 */ -=-> 24

Special stack-manipulating operations also exist in the
FORTH language to effect additional flexibility and control.

Some functional examples of these are:
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[stack Contents, bottom -> top]

Operation Before ---> After
DUP 5917 59177
DROP 5917 591
SWAP 5917 5971
ROT 5917 5179
OVER 5917 59171
2DROP 5917 59
2DUP 5917 591717

The text interpreter in FORTH is extremely simple. All
numbers and words are separated by one or more spaces. The
number of operations is limited only by the number of characters
allowed per line. Processing begins when a carriage return is
pressed. The FORTH dictionary is searched for the first word.
If it is present, the word is either executed or compiled
depending upon the particular mode that FORTH 1s in (i.e.
execute or compile mode). 1If the word is not found, FORTH will
try to convert it to a number. Failing this, an error condition
exists and FORTH will usually respond with a question mark (?).
After the first word is processed, the remainder of the text 1is
processed accordingly. When finished, FORTH responds with an
"OK" and expects more input. Naturally, the input is not
limited to the keyboard but may come from a tape, a disk or any
device capable of storing text files. 1In this way, a FORTH
program can be created by a simple word processor for later
execution by FORTH.

In addition to mathematical and stack operations, FORTH

also employs logic operators which use the stack in the same
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way. For example, when the "=" operator is executed, it takes
the top two arguments (numbers, constants, variables) off the
stack and leaves a "1" if they are equal and a "Q" if they are
unequal. In conditional structures, a "l1" represents a TRUE
flag and a "0" a FALSE flag. Some of these conditional

structures are:

BEGIN....UNTIL
BEGIN....WHILE....REPEAT
1F....ELSE..... THEN

In the BEGIN-UNTIL structure, the operations (words)
between BEGIN and UNTIL are executed until the flag becomes
true. Similarly, in the BEGIN-WHILE-REPEAT structure, the
operations between BEGIN and REPEAT are executed until the flag
becomes false. In the IF-THEN-ELSE structure, both states (true
& false) of this flag are examined. Here, the operations
between IF and ELSE are executed if the flag is true, otherwise
the operations between ELSE and THEN are executed (i.e. flag =
false). Program execution continues after THEN.

An example of a non-conditional control structure in FORTH
is the DG-LOOP. In the DO...LCOP family of structures, the
operations between DO and LOOP are repeated a specific number of
times as determined by an index. When the DO operation is
executed, it takes two arguments from the stack; the top stack
number being the initial index value and the second argument the

final value + 1. At the completion of each LOOP, the index is
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incremented by 1 and compared against the final value + 1. If
it is less than this number, another loop is performed and so
on... When the index equals the final value + 1, the DO-LOOP 1is
exited and control is passed on to the next word. For example,

in the structure

the operation(s) between DO and LOOP are performed exactly three
times. At the end of the third cycle, the index 1s incremented
(by 1) to yield a value of 6 whereby the loop is exited. Since
the increment-and-compare operation is not performed until LOOP
is encountered, a DO-LOOP will always be executed at least once.
Memory operations are also carried out by appropriate FORTH
words. The words represented by "!" and "@", for example,
represent a store (!) and a fetch (@) operation. The apostrophe
word, "!", stores a two-byte number (16 bits with sign) into a
specified location. The starting address of the location(s) and
the number are stored on the stack and followed by the ! word.
For example,
3711 400 !
stores the number 3711 at locations 400 and 401. The 8-bit
version of the ! word is represented by C!. Here a single byte
is written into a specific (16-bit) memory location;
37 400 Ct
In the preceding operation, the number 37 is stored at memory

location 400.
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The analogous memory-fetch operations are represented by
the words "@" and "C@", respectively. They fetch (copy) a two-
or one-byte number from a specified memory location and place it
on the top of the stack. For example,

400 @
places the contents of locations 400 and 401 on top of the stack
while

400 ca
places the contents of location 400 on top of the stack. Double
precision (i.e. 32-bit) store and fetch operations are
represented by the words "2!" and "2@" respectively. Other
memory operations enable moving blocks of memory, erasing and
filling memory, etc. For a more comprehensive treatment, the
reader is encouraged to consult the many available texts on the
FORTH language.

Up until now, FORTH appears to be a rather average
high-level language. Most of the preceding operations appear in
some form or another in other high-level languages. For
example, the FORTH words C! and C@ are functionally equivalent
to the POKE and PEEK structures in the BASIC language. FORTH,
however, is not simply just another computer language but
derives its real power from what is called its Colon
Definitions. These particular structures allow a programmer to

define his/her own words for addition to the FORTH dictionary.

In this manner, the vocabulary of FORTH words can grow
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indefinitely, much like that of a natural language where new

words are defined in terms of the old ones.

A colon definition begins with a ":" and ends with a ";".
The colon (:) is really a FORTH word that creates a dictionary
entry for the name after it. It also alerts the compiler and

tells the text interpreter that the following words will not be
executed but instead compiled. The semicolon word (;), which
should always be preceded by a space, signals the end of the
definition. The execution of a newly defined word is
accomplished simply by typing in the word-name followed by a
carriage-return. For example, suppose we want an operation that
takes the top number on the stack, adds 3 to it and squares the
result, i.e. (x+3)2. If we choose the name ROOT for the
operation, it can be defined as follows;

ROOT 3 + DUP * ;
Thereafter, whenever a number (x) is entered from the keyboard
and followed by the word ROOT and a carriage-return, the result
(x+3)2 is placed on top of the stack.

The overall process can be simply followed by examining the

contents of the stack after each operation.

Operation --> x 3 + DUP *

Stack Level 1 x 3 %+3 x+3  (x+3)2
2 - x - %43 -

3 — _ — _ —_

4
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This entire process can also be verified by using the dot-word,
".", which removes the top number from the stack and prints it
in the active number base (usually decimal upon power-up). The
dot-word can also be used in colon definitions. So if we want
to find and print the results of an algebraic multiplication
such as [(x+3)2 —2]2, the following new word POLY can be
defined in terms of the previously~defined word ROOT:

: POLY ROOT 2 - DUP * ., ;

Subsequently, whenever a number (x) is entered from the keyboard

and followed by the word POLY and a carriage-return, the value

of [(x+3)2 ~2]2 will be printed out.
X POLY
0 49
1 196
2 529

.

When a colon definition is first executed, a program word is
compiled or translated into a machine language program beginning
at a specific starting address. Later, when the program word is
typed in and executed, the FORTH operating system simply
searches its dictionary for the name and, if found, jumps to the
starting address of the machine language program. If the word
doesn’t exist in the dictionary, FORTH will usually respond with
a question mark "?". 1In general, every word used inside of a
colon definition compiles only two bytes--> the starting address

of the machine language routine. This type of compact coding
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(threaded code) makes for greatly reduced memory requirements.
Every address points to other addresses which eventually point
to executable machine language programs.

Other FORTH features include changing the number base of
the numeric input/output and controlling the print format. The
former is especially useful in number base conversions. If we
want to convert decimal 255 to its hexadecimal equivalent and
print the result, the following sequence can be used;

DECIMAL 255 HEX
The resultant printout will read FF OK, the "OK" indicating a
valid operation. From that point on, FORTH will remain in the
hexadecimal number base until it is changed or re-initialized to
its default decimal base. Typical number base words include
DECIMAL, HEX, and OCTAL although in principle any number base,
N, can be selected with the N BASE ! word.

Finally, one of the most outstanding features of the FORTH
language 1is its speed, especially in those applications
requiring high-speed machine control. Although not as fast as
machine language (ML), FORTH is usually 20-100 times faster than
BASIC and uses one-half to one-third as much memory. A relative
speed comparison of each language can be demonstrated by
performing an "equivalent" operation in each of the languages
and comparing the execution times. With this in mind, the
following set of programs were used in conjunction with a 6522

Versatile Interface Adapter (VIA) in the AIM 65 computer.
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Installation of the appropriate language ROM options enables the

generation of the FORTH and BASIC programs.

ML(Disassembled) FORTH BASIC(Interpreted)
START $0300 LDA #SFF HEX 10 POKE 40963, 255
2 STA $A003 : WAVE FF AOO3 20 POKE 40961, 255
LOOP $0305 LDA #SFF C! BEGIN FF 30 POKE 40961, 0
7 STA $A001 AQO01l C! 00 40 GOTO 20
A LDA #$00 A001 C! AGAIN ; 50 END

C STA $A001

END $030F JMP $0305 (LOOP)
Though written in three different languages (ML, FORTH and
Interpreted-BASIC), each program performs the functionally
equivalent task of writing an alternating 8-bit number ($FF or
$00) to a specific I1/0 location (Port A of the 6522 VIA). 1In
the machine language (ML) program (disassembled version), the
first two instructions initialize Port A for output by setting
all bits (=1) in PADD (location $A003). The remaining
instructions repeatedly set (=1) and clear (=0) all bits in the
Port A Register (location $A001} in an endless JMP-loop. In the
FORTH program, defined by the word WAVE, these operations are
carried out by the 8-bit store operation, C!, in an endless
BEGIN-AGAIN loop. The BASIC version uses the POKE command to

store the decimal equivalent of the 8-~bit values $FF (= 255,.)

10

and $00 (= 010) into locations S$AQ003 (= 4096310

). Here, an endless GOTO-loop alternately sets and

) and $A001

(= 4096110

clears all bits in the Port A Register (location 40961. ).

10

The resultant square-wave patterns produced at the Port A pins
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are contained in the oscilloscope traces of Fig. 10-2.

Fig. 10-2. Oscilloscope Traces of the Voltage Patterns
on the Port A Pins of the 6522 VIA.
ML(top), FORTH(middle), BASIC(bottom).

In this context, it is apparant from the resultant square-wave
frequencies that the FORTH program is ca. 30 times slower than
its ML version (ca. 67 kHz) although 30 times faster than its
BASIC (Interpreted) equivalent (ca. 67 Hz).

In its attributes, FORTH appears to present a unified
approach to computer programming. Total software development
time is greatly reduced as a consequence of its extreme
modularity and extensibility. Memory requirements are minimal

and execution times are fast.
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10.3 ~STRUCTURED PROGRAMMING
Structured Programming is the name which has been given
recently to a methodology of designing computer programs.
Computer programming is the task of program development and must
be done carefully. This task of developing a program can be
subdivided into several steps which involve:
1. Defining the problem - Understand the problem, the
input data and the desired results.
2. Producing an algorithm to solve the problem - Plan the
overall job as a series of smaller jobs that the
computer can do.

3. Coding the algorithm - Speak to the computer in a
language that it understands.

4. Testing the program - Check/debug, check/debug ....
until the desired results are output.

5. Iterating Steps 1 to 4 until the program is correct.

Each stage in this process is really an expansion of the
previous step with a greater degree of detail. As it stands,
this is really a top-down analysis whereby the problem is
initially defined at a low level of complexity and gradually
elaborated upon. The difficulty involved in each step will
depend upon the problem and the solution constraints.
Nevertheless, the structure should be kept as simple as possible
to effect a complete understanding. The advantages of such an

organized approach are:
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1. Progress can be measured in stages.

2. Debugging is done in stages.

3. Errors are detected in a systematic manner.

4. The final structure is a logical consequence of the

correctness of the algorithm.

10.4  FLOWCHARTS

A flowchart is a pictorial representation of what a piece
of software does. It can be employed as a graphics aid before
the writing process begins or as a description of the software
after it has been written. The stepwise flow of the process is
represented by lines and arrows while various tasks are depicted
by boxes of different shapes.

Flowcharts are one possible way to conveniently develop and
logically check segments of the program for correct operation.
Using flowcharts it is possible to develop programs independent
of any specific computer. When a flowchart is written and
debugged, it can be coded into any computer language. It is
also easier to discover logic errors in the flowchart
representations than in the assembled program. In this respect,
a picture is worth a thousand words.

The most commonly used standard flowchart symbols and their

functions are described in the diagrams on the following pages.
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These symbols are used to
designate the start and finish
of a routine.

INPUT/ Used when data is read from (ex.
OUTPUT LDA or written to (STA) a device.
YES Used when there are 2 possible
DECISION routes for a program to take,
? depending upon a certain
condition, i.e. is a>b?, is a=0?,
NO is the I flag set?
Symbol used for mathematical or
PROCESS string calculations, i.e.-->
Subtract b from a and store the

result in a.

> f ti .
(SWRGH’NE Symbol used for subroutines

@ Used to identify beginnings and
ends of program segments.

Notes: 1. A process box can have any number of inputs
but only one output.

2. A decision box can also have any number of
inputs but only two outputs.

Fig. 10-3. Flowchart Symbols.
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( START )

PROCESS X

PROCESS Y

FINISH

Fig. 10-4. Segquential Routine.

START

FALSE TRUE

PROCESS X PROCESS Y

Fig. 10-5. Branching Routine.



START

PROCESS X

TRUE

)

Fig. 10-6.

Unmodified Loop.

PROCESS X

Tnur-:

FALSE

Fig. 10-7.

Modified Loop.

A specific process
(X) is repeated over
and over until the
condition becomes
false. The process
(X)) does not affect
the condition.

The process (X) is
repeated over and
over until the con-
dition becomes
false. Here, how-
ever, the process
(X) does modify the
condition.

273
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START

CASE X,Y,Z....N PROCESS X
\ 4
PROCESS Y
\ 4
PROCESS Z
]
’ .
. L[]
Case N
\ 4
PROCESS N
( FINISH )
Fig. 10-8. Selective Branching Routine.

Depending upon the Case selected, there are several
processes which may be chosen. 1f Case Y is selected, process Y
is chosen to service it. Cases X, Y, Z, ...N may be devices
which if selected require specific processes to service them.

Ex., if an auto seatbelt is unfastened, an alarm will sound.
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10.5 DEVELOPMENT SYSTEMS

The design and fabrication of a digital/analog data system

involves three steps:

(a) debugging

(b) testing

{(c) application
The overall process involves matching the performance of the
system against the specifications/requirements and modifying the
design parameters until satisfactory operation is achieved.

With microcomputer-based systems, this process is essential
and often comprises what is usually called a ‘development
system’. The prime functions of such a development system are:

(a) categorizing symptoms
(b) diagnosing
{(c) making corrections
Three approaches are considered here:
(a) Simulator
(b) Microcomputer with Monitor Program

(c) Microcomputer with Hardware Testing

Procedure
The transition from the first program to the final
operational system can be broken down into steps:
1. Select the peripheral hardware (A/D, D/A converters,

relays, etc.) and connect to the development system.
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2. Load the program from a permanent storage medium (viz.
a printed listing) into the development system and test. Modify
the program and peripheral hardware until satisfactory operation
is achieved. Record each modification as you proceed.

3. Transfer the program to ROM or PROM (Programmable Read
Only Memory) and test in the development system.

4. Replace development system with production system and
test.

5. Apply that system in production configuration.

In the scheme just outlined, the peripherals are discrete
units, separate from the microcomputer, but essential to the
final system. Secondly, the hardware used in the development
system may or may not be used in the final system. Finally, a
good development system evolves into a production system with as

simple a hardware change as possible.

The basic commands of a development system will include:

(a) Run and stop program execution

(b) Read and write memory locations, registers and
I/0 ports

(c} Single step program

{d) Trace program segments via breakpoints
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Cosmetic features might include:
(a) Number conversion (i.e. hex --> decimal)

(b) Output to selected peripheral (i.e. scope, chart
recorder, disk, printer, etc.)

{(c) Data search (i.e. idling for an input)
(d) Output format/speed (a scope requires a fast
repetitive refresh as opposed to a chart

recorder where a single slow stream of data is
processed

Simulator
A Simulator is usually a program which takes the machine
code of the microprocessor as input and simulates the
instruction execution sequence. It is usually run on a large
computer where the error-checking aids and memory capabilities
are more than adequate. The chief drawback is the slow
execution time which, in some cases, may not reflect the true

relationship between input and output. A simulator is primarily

suited for checking the logical flow of events in a program.

Microcomputer with Monitor Program

A more realistic way of running the machine code of a
microprocessor is to use the microprocessor itself or, more
specifically, the Monitor Program. There are definite
advantages in using the monitor as a communications link between

the user and the development system.
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In a single processor system, software is used to make the
processor switch from the monitor to the user program and back
again. In effect, one processor is made to look like two by
switching from one program to the other. A wide range of
debugging aids such as memory examination, trace operations,
single-step execution, etc. becomes available to the user in
this configuration. The primary drawback of a single-processor
system is the inability to examine certain registers or operate
trace routines at normal execution speed since the program must
return to the monitor after every instruction. To a great
extent, this drawback is overcome in multi-processor systems.

Their discussion, however, is beyond the scope of this book.

Microcomputer with Hardware Testing

In the two approaches described thus far, the user may feel
too remote from the hardware, a sensation many scientists and
engineers dislike. With a hardware test setup, the user is more
aware of what is happening because he/she is closer to the
machine. A typical configuration is a development system
including such components as the processor, Read/Write (RAM)
memory, I/0 modules, A/D, D/A converters, TTY, logic analyzers,
debugging aids, oscilloscope, printers, recorders, etc. It can
be either complicated or simple depending upon the eventual

applications of the producticn system.
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R650X e R651X

R650X and R651X
MICROPROCESSORS (CPU)

DESCRIPTION

The 8-bit R6500 microprocessor devices are produced with N-
Channel, Silicon Gate technology. Its performance speeds are
enhanced by advanced system architecture. This innovative
archi ks in ler chips—the semiconductor
threshold is cost-effectivity. System cost-effectivity is further
enhanced by providing a family of 10 software-compatible
microp (CPU) d described in this document.
Rockwell also provides memory and microcomputer system—
as well as low-cost design aids and documentation.

Ten CPU devices are available. All are soltware-compatible.
They provide options of addressable memory, interrupt input,
on-chip clock oscillators and drivers. All are bus-compatible with
earlier generation microprocessors like the M6B00 devices.

The R650X and RE51X tamily includes six microprocessors with
on-board clock oscillators and drivers and four microprocessors
driven by external clocks. The on-chip clock versions are aimed
at high performance, low cost applications where single phase
inputs, crystal or RC inputs provide the time base. The external
clock versions are geared for multiprocessor system applica-
tions where maximum timing control is mandatory. All R6500
microprocessors are also available in a variety of packaging
{ceramic and plastic), operating frequency (1 MHz, 2 MHz and
3 MHz) and temperature (commercial and industrial) versions.

ORDERING iNFORMATION

Part Number: R65XX

l- Temperature Range:

No letter = 0°C to +70°C
€ = -40°Cto +85°C
Package:
C = Ceramic
P = Plastic
Frequency Range:
No letter = 1 MHz
A = 2MHz
B = 3MHz

—— Model Designator:

XX = 0203, 04 .. .15

FEATURES

N-channel, sificon gate, depletion load technology
8-bit paraliel processing

56 Instructions

Decimal and binary arithmetic

Thirteen addressing modes

True indexing capabifity
Prog ble stack poi
Variable length stack
Interrupt request
Non-maskable interrupt
Use with any type of speed memory

8-bit bidirectional data bus

Addressable memory range of up to 64K bytes
“Ready” input

Direct Memory Access capability

Bus compatible with M6800

1 MHz, 2 MHz, and 3 MHz versions

Choice of external or on-chip clocks

On-chip clock options

—External single clock input

—Crystal time base input

Commercial and industrial temperature versions
Pipeline architecture

Single +5V supply

R6500 CPU FAMILY MEMBERS

Microprocessors with intemal Two Phase Clock Generator

Model No. Pins Addressable Memory
R6502 40 64K Bytes
R6503 28 4K Bytes
R6504 28 8K Bytes
R6505 28 4K Bytes
R6506 28 4K Bytes
R6507 28 8K Bytes

Microprocessors with External Two Phase Clock Input

Model No. Pins Addressable Memory
R6512 40 64K Bytes
R6513 28 4K Bytes
R6514 28 8K Bytes
R6515 28 4K Bytes

Document No. 29000D39

Data Sheet Order No. D39
Rev. 5, August 1983
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R6500 Microprocessors (CPU)

INTERFACE SIGNAL DESCRIPTIONS

CLOCKS (91, g2)

The R651X requires a two phase non-overlapping clock that
runs at the V.. voltage level. The R650X clocks are supplied
with an internal clock generator. The frequency of these clocks
15 externally controlled

ADDRESS BUS (A0-A15, R6502)

The address line outputs access data in memory device loca-
tions or cells, access data in /O device registers and/or effect
logical operations in /O or controller devices depending on
system design. The addressing range is determined by the
number of address lines available on the particular CPU device.
The RB502 and R6512 can address 64K bytes with a 16-bit
address bus (A0-A15); the R6504, R6507, and the R6514 can
address 8K bytes with a 13-bit address bus (AG-A12); and the
R6503, R6505, R6506, R6513, and R6515 can address 4K
bytes with a 12-bit address bus (A0-A11). These outputs are
TTL-compatible and are capable of driving one standard TTL
load and 130 pF.

DATA BUS (D0-D7)

The data lines (D0-D7) form an B-bit bidirectional data bus
which transfers data between the CPU and memory or periph-
eral devices. The outputs are tri-state buffers capable of driving
one standard TTL load and 130 pF.

DATA BUS ENABLE (DBE, R6512 ONLY)

The TTL-compatible DBE input allows externaf controi of the tri-
state data output buffers and will enable the microprocessor bus
driver when in the high state. In normal operation DBE is driven
by the phase two (B2) clock, thus allowing data output from
microprocessor only during #2. During the read cycle, the data
bus drivers are internally disabled, becoming essentially an
open circuit. To disable data bus drivers externally, DBE should
be held low.

READY (RDY)

The Ready input signal allows the user to halt or single cycle
the microprocessor on all cycles except write cycles. A negative
transition to the low state during or coincident with phase one
{#1) will halt the microprocessor with the output address lines
reflecting the current address being fetched. If Ready is low
during a write cycle, it is ignored until the following read oper-
ation. This condition wilt remain through a subsequent phase two
(#2) in which the Ready signal is low. This feature allows micro-
processor interfacing with the low speed PROMs as well as
Direct Memory Access {DMA).

INTERRUPT REQUEST (iRQ)

The TTL level active-low TAQ input requests that an interrupt
sequence begin within the microprocessor. The microprocessor
will complete the current instruction being executed before rec-
ognizing the request. At that time, the interrupt mask bit in the
Processor Status Register will be examined. {f the interrupt
mask flag is not set, the microprocessor will begin an interrupt
sequence. The Program Counter and Processor Status Register

are stored in the stack. The microprocessor will then set the
interrupt mask flag high so that no further interrupts can occur.
At the end of this cycie, the program counter low wili be loaded
from address FFFE, and program counter high from location
FFFF, therefore transferring program control to the memory
vector located at these addresses. The RDY signal must be in
the high state for any interrupt to be recognized. A 3K!} external
resistor should be used for proper wire-OR operation.

NON-MASKABLE INTERRUPT (NMI)

A negative going edge on the NV input requests that a non-
maskable interrupt sequence be generated within the micro-
processor

NMI is an unconditional interrupt. Following completion of the
current instruction, the sequence of operations defined for IRQ
will be performed, regardless of the state interrupt mask fiag.
The vector address loaded into the program counter, low and
high, are locations FFFA and FFFB respectively, thereby trans-
ferring program control to the memory vector located at these
addresses. The instructions loaded at these locations cause the
microprocessor to branch to a non-maskable interrupt routine
in memory.

NMIi aiso reguires an external 3K} register to V¢ for proper
wire-OR operations.

Inputs IRQ and NMI are hardware interrupts lines that are sam-
pied during @2 (phase 2) and will begin the appropriate interrupt
routine on the @1 (phase 1} foilowing the completion of the cur-
rent instruction.

SET OVERFLOW FLAG (S.0.)

A negative going edge on the S.O. input sets the overflow bit
in the Status Code Register. This signal is sampled on the
trailing edge of #1 and must be externally synchronized

SYNC

The SYNC output line identifies those cycles in which the micro-
processor is doing an OP CODE fetch. The SYNC line goes high
during @1 ot an OP CODE fetch and stays high for the remainder
of that cycle. It the RDY line is pulled low during the 81 clock
pulse in which SYNC went high, the processor will stop in its
current state and will remain in the state until the RDY iine goes
high. In this manner, the SYNC signal can be used to control
RDY to cause single instruction execution.

RESET (RES)

The active low RES resets, or starts, the microprocessor from
a power down or restart condition. During the time that this line
is held low, writing to or from the microprocessor is inhibited.
When a positive edge is detected on the input, the micropro-
cessor will immediately begin the reset sequence.

After a system initialization time of six clock cycles, the mask
interrupt flag is set and the microprocessor loads the program
counter from the memory vector locations FFFC and FFFD. This
is the start location for program control.

After V¢ reaches 4.75 volts in a power up routine, reset must
be held low for at least two clock cycles. At this time the R'W
and (SYNC) signal become valid.
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R6502 FEATURES

vss 1 40D RES
e 64K addressable bytes of memory (AO-A15) Aoy A2 ”EW touT
@y toutic]a 38s.o
o IRQ interrupt ARG (== P £ =PI
. NC. s El )
« On-chip cbf:k N Je 35 :>:§
TTL-level single phase input SYNC é ? (=Y
. . vee 8 32 oo
RC nme' base lnpt_n a0 Js R6502 3,5 ‘;,
crystal time base input ar [= BT 313 02
e SYNC signal az [= 8t 0f3 03
(can be used for single instruction execution) : E : ; ;: S 3;
o RDY signal As [== RV 273 pe
(can be used to halt or single cycle execution) : 5 :: ;Z = ::5
o Two phase output clock for timing of support chips :: = “; 24 E ae
Ny — 23
o NMI interrupt Ato 19 22 :::
e 40-pin DIP An 20 213 vss
Ags . 7?2 @3 (0UT}
R6503 FEATURES p Ei :5 B Sou
* 4K addressable bytes of memory (AO-A11) b= B
e On-chip clock a0 e 13902
o [RQ interrupt :; E; R6503 :3 g z:
o NMi interrupt a3 E o f: g g:
as o
e 8-bit bidirectional data bus as n o7
as J12 iy Aan
e 28-pin DIP ar 3 163 Aaro
ag [J1a 15 ;:, ag
AES ! 28 P t0UT)
vss (32 27700 UN)
R6504 FEATURES ADY E a :: g ArE
RG (Ja oo
o 8K addressable bytes of memory (AQ-A12) vee E s :; g o¥
. AQ [ D2
e On-chip clock a1 07 pesoq 2P 00
B A2 s 213 Da
e IRQ interrupt a1 o 0P ps
e 8-bit bidirectional data bus As o 191 p6
5 s CJn arjoz?
 28-pin DIP = v an
ar 31 =¥yl
ag e 1510 A9
AES ] 28 0z touT)
R6505 FEATURES e 5 : o aa
25 el
* 4K addressable bytes of memory (AG-A11) veeqys rbor
e On-chip clock A e 2302
avath [ F) 22103
o IRQ interrupt :; = RES0S _| Hoa
e RDY signal ae E 9 j: g z:
as o
e 8-bit bidirectional data bus a6 CJun o7
i a7 (Jiz by Az
e 28-pin DIP as 13 16 .EAH
A9 14 151A0
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vss 1 284~ RES
R6513 FEATURES 9 2 2715 ¢,

fRG 26 A/W

o 4K addressable bytes of memory (AO-At1) LR—,\: E : 25 g Do
o Two phase clock input veetys 24 D1
o AQ interrupt A Js 23§ b2
L A1 C]7 R6513 221 D3
. NM.' m}te}rrup? a2 s 21{5 Da
« 8-bit bidirectional data bus a3 o 20} OS
o 28-pin DIP A4 Ji0 191 D6
A5 11 183 o7

A6 (12 173 AN

A7 13 16D A10
AB (114 15 A9

vss .1 28[ RES
¢, 2 24 = 2%

iRQ I3 263 RAW
veec (s 251 DO
R6514 FEATURES a0 s 2a5 oy
« 8K addressable bytes of memory (A0-A12) = 23 g b2
. A2 17 R6St4 22 D3
o Two phase clock input a3 s 21| Da
o IRQ interrupt A4 o 203 DS
o 8-bit bidirectional data bus AS [J10 1910 06
A6 111 18§ 07

AT (12 17 A2

A8 o B ] 16 An

A9 (w7 15 At0

vss 31 2813 RES

ADY (]2 27 E 02

¢ 3 2613 A/W
R6515 FEATURES AG 4 2513 Do
vee s 24701
e 4K addressable bytes of memory (A0-A11) a0 e 23 b2
e Two phase clock input Al g 7 R6515 22D pa
« iRQ interrupt A2 8 214
N A3 s 2011 DS
o RDY signal as 110 193 06
e 8-bit bidirectional data bus As Jn 18[Jo7
AE (112 17 Aan

A? 112 16 E A10
AB (114 15 A9
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RES [ U} 283 ¢, touT)
vSs 2 27 ¢ (IN)

R6506 FEATURES ¢ toun]a 26 3R
iRQ Ja 25 00
e 4K addressable bytes of memory (A0-A11) vce s 24 01
« On-chip clock A0 =13 23] o2
= Al 7 Resos 22| D3
« IRQ interrupt . Az s 215 0e
e Two phase output ciock for timing of support chips A3 s 20708
e B8-bit bidirectional data bus As 1o 19306
e 28-pin DIP A5 qn 18007
A6 2 173 An
A7 13 161 A10
A8 Jra 1S A9
RES .1 28} &3 (OUT)
vss 32 27 ¢ UN)
RDYC]3 26 3 RW
R6507 FEATURES vecHa4 2519 oo
Ao s 243 01
e 8K addressable bytes of memory (A0-A12) A1 e 2311 02
e On-chip clock a2 37 Res07 2290 03
. A3 ]s 215 04
. RD_Y s_lg.nal » Aq TJo 20 05
e 8-bit bidirectional data bus as o 19} 06
o 28-pin DIP as Cln 18 o7
A7 (12 17 A2
Ag CJ1a 16 A11
aAg e 1573 A0
vss 11 40 AES
ADY (}2 3900 ¢ (OUT)e
¢, a3 382 s.0
iRa (4 37D 5.
R6512 FEATURES vss s 36 peE
NMi e s Ne
e 64K addressable bytes of memory (A0-A15) sYNc 7 343 R/W
o IRQ interrupt vee g8 33 oo
—_— A0 [Jo R6512 32/ o1
o NMi interrupt A1 J10 31 b2
o RDY signal A2 n 3030 O3
o 8-bit bidirectional data bus A3 12 290 g;
. A4 13 2880
e SYNC signat A5 1a 2713 os
e Two phase clock input A6 15 263 D7
« Data Bus Enable A7 s 253 a1s
o 40-pin DIP A8 17 24 Ata
A9 118 23 A3
A10 19 22177 A12
Al1 20 21 vss
“Pins 37 and 39 are connected internally
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R6500 Microprocessors (CPU)

FUNCTIONAL DESCRIPTION

The internal organization of all R6500 CPUs is identical except
for some variations in clock interface, the number of address
output lines, and some unique input/output lines between
versions.

CLOCK GENERATOR

The clock generator develops all internal clock signais, and {(where
applicable) external clock signals, associated with the device. It is
the clock generator that drives the timing control unit and the exter-
nal timing for slave mode operations.

TIMING CONTROL

The timing control unit keeps track of the instruction cycle being
monitored. The unitis set to zero each time an instruction fetch is
executed and is advanced at the beginning of each phase one
clock pulse for as many cycles as is required to complete the
instruction. Each data transfer which takes piace between the reg-
isters depends upon decoding the contents of both the instruction
register and the timing control unit.

PROGRAM COUNTER

The 16-bit program counter provides the addresses which step
the microprocessor through sequential instructions in a program.

Each time the microprocessor fetches an instruction from pro-
gram memory, the lower byte of the program counter (PCL) is
placed on the low-order bits of the address bus and the higher
byte of the program counter (PCH) is placed on the high-order 8
bits. The counter is incremented each time an instruction or data
is fetched from program memory.

INSTRUCTION REGISTER AND DECODE

Instructions fetched from memory are gated onto the internal
data bus. These instructions are latched into the instuction regis-
ter, then decoded, along with timing and interrupt signals, to gen-
erate control signals for the various registers.

ARITHMETIC AND LOGIC UNIT (ALU)

All arithmetic and logic operations take place in the ALU including
incrementing and decrementing internal registers (except the pro-
gram counter). The ALU has no internal memory andis used only to
perform logica! and transient numerical operations

ACCUMULATOR

The accumulator is a generai purpose 8-bit register that stores
the resuits of most arithmetic and logic operations, and in addi-
tion, the accumulator usuaily contains one ot the two data words
used in these operations.

INDEX REGISTERS

There are two 8-bit index registers (X and Y), which may be used
to count program steps or to provide an index value to be used in
generating an effective address.

When executing an instruction which specifies indexed addressing,
the CPU fetches the op code and the base address, and modifies
the address by adding the index register to it prior to performing the
desired operation. Pre- or post-indexing of indirect addresses is
possible (see addressing modes).

STACK POINTER

The stack pointer is an 8-bit register used to control the addressing
of the variable-length stack on page one. The stack pointer is auto-
maticaily incremented and decremented under control of the micro-
processor to perform stack manipulations under direction of either
the program or interrupts (NMi) and JRQ). The stack allows simpie
implementation of nested subroutines and multiple level interrupts.
The stack pointer should be initialized before any interrupts or stack
operations occur.

PROCESSOR STATUS REGISTER

The 8-bit processor status register contains seven status flags.
Some of the flags are controlled by the program, others may be
controlled. both by the program and the CPU.
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<“4——— REGISTER SECTION CONTROL SECTION ———P

AES TRG AWM

B 1hd

REGISTER Losic
12
) ‘ l $
a2 - INDE X
MEGISTER
X j#——————— rov
Ay --—p
ABL
ne ] o STACK
A Bld o
4 REGISTER
< 1S} 1
as - F
i INSTAUCTION
z DECODE
A - l K
ALy oo
A7 -3
O
ADDRESS
aus (n
— x
- a e
a8 < ACCUMULATOR TIMING
i A I controw
z ]
x
29 ]
z &y (1N}
5 tn)
g PcH
- PROCESSOR cLocx
STATUS 1 8 _(IN)
K aecisten seneraton [ % @
A2 -l [
INPUT
Ta
el - @, out
an (oL) @5 0uT
_L—> AN
a4
DBE (5)
DATA BUS INSTRAUCTION
BUFFER REQISTER
A5 -g— ._J
- t i
t )
(-1}
LEGEND
- 02
o3 DATA
=8 BIT LINE = D4 aus
05
' S BT LINE oe
D7
Note: 1. Clock Generator is not included on R6512, R6513, R6514 and R6515.

1
2. Addressing capability and control options vary with each of the R6500 Products.
3. R6502, R6503, R6504, R6505, R6506 and R6507.

4. R6512. R6513, R6514 and R6515.

5. R6512 only.

R650X and R651X Internal Architecture
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R6500 Microprocessors (CPU)

INSTRUCTION SET

The R6500 CPU has 56 instruction types which are enhanced
by up to 13 addressing modes for each instruction. The accu-

mulator, index registers, Program Counter, Stack Pointer and
Processor Status Register are illustrated below.

Alphabetic Listing of Instruction Set

Mnemaonic Function Mnemanic Function
ADC Add Memory to Accumulator with Carry JMP Jump to New Locaton
AND “AND" Memory with Accumulator JSR Jump to New Location Saving Return Address
ASL Shift Left One Bit (Memory or Accumulator)
LDA Load Accumulator with Memory
BCC Branch on Carry Clear LDX Load Index X with Memory
BCS Branch on Carry Set Loy Load Index Y with Memory
BEQ Branch on Result Zero LSA Shift One Bit Right (Memory or Accumuiator)
BT Test Bits in Memory with Accumulator
BMI Branch on Result Minus- NOP No Operation
BNE Branch on Result not Zero
BPL Branch on Result Plus ORA "OR" Memory with Accumulator
BRK Force Break
BvC Branch on Overflow Clear PHA Push Accumulator on Stack
BVS Branch on Overtiow Set PHP Push Processor Status on Stack
PLA Pull Accumulator from Stack
(oK e} Clear Carry Flag PLP Pull Processor Status from Stack
CLD Clear Decimal Mode
CL Clear Interrupt Disable Bit ROL Rotate One Bit Left (Memory or Accumutator)
CLv Clear Overflow Flag ROR Rotate One Bit Right (Memory or Accumulator)
CMP Compare Memory and Accumulator RT} Return from interrupt
CPX Compare Memory and Index X RTS Return from Subroutine
CcPY Compare Memory and index Y
sBC Subtract Memory from Accumulator with Borrow
DEC Decrement Memory by One SEC Set Carry Flag
DEX Decrement Index X by One SED Set Decimal Mode
DEY Decrement Index Y by One SEI Set Interrupt Disable Status
STA Store Accumulator in Memory
EOR “Exclusive-OR” Memory with Accumulator STX Store Index X in Memory
STY Store Index Y in Memory
INC Increment Memory by One
INX increment Index X by One TAX Transfer Accumuiator to Index X
INY increment Index Y by One TAY Transfer Accumulator to Index Y
TSX Transfer Stack Pointer to Index X
TXA Transfer Index X to Accumulator
TXS Transfer Index X to Stack Register
TYA Transfer Index Y to Accumulator
7 . g 7 0
| A | ACCUMULATOR A lN v]i|ejojrjz CIPROCESSOR STATUS REG P
7 0
[~ ) iNDEXREGISTER v CARRY T TRUE
7 0
[ }noexmecister  x ZERO 1 - RESULT ZERO
15 7 0
PCH L PCL j PROGRAM COUNTER "'PC" IRQ DISABLE 1 = DISABLE
8 7 j 3]
mj: STACK POINTER DECIMAL MODE 1= TRUE
BRK COMMAND 1 - BRK
OVERFLOW 1= TRUE
NEGATIVE 1= NEG

Programming Model
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ADDRESSING MODES

The R6500 CPU family has 13 addressing modes. In the following
discussion of these addressing modes, a bracketed expression fol-
lows the title of the mode. This expression is the term used in the
Instruction Set Op Code Matrix table (later in this product descrip-
tion) to make it easier o identify the actual addressing mode used
by the instruction.

ACCUMULATOR ADDRESSING (Accum}—This form of ad-
dressing is represented with a one byte instruction, iImplying an
operation on the accumulator

IMMEDIATE ADDRESSING {IMM|—In immediate addressing.
the second byte of the instruction contains the operand. with no
funther memory addressing required.

ABSOLUTE ADDRESSING [Absolute|—In absolute address-
ing, the second byte of the instruction specifies the eight low
order bits of the eftective address whiie the third byte specifies
the eight high order bits. Thus, the absolute addressing mode
allows access to the entire 64K bytes of addressable memory

ZERO PAGE ADDRESSING |ZP)—The zero page instructions
aliow for shorter code and execution times by fetching only the
second byte of the instruction and assuming a zero high address
byte. Careful use of the zero page can result in significant
increase in code efficiency

INDEXED ZERO PAGE ADDRESSING |ZP, X or Y]—(X, Y
indexing)—This form ot addressing is used with the index reg-
ister and is referred to as “Zero Page, X" or "Zero Page, Y.
The effective address is calculated by adding the second byte
to the contents of the index register. Since this is a form of “Zero
Page” addressing, the content of the second byte references
a Jocation in page zero. Additionally, due to the “Zero Page”
addressing nature of this mode, no carry is added to the high
order eight bits of memory and crossing of page boundaries
does not occur.

INDEXED ABSOLUTE ADDRESSING |ABS, X or Y]—(X, Y
indexing)—This form of addressing ts used in conjunction with
X and Y index register and is referred to as "Absolute, X" and
“Absolute, Y. The effective address is formed by adding the
contents of X or Y to the address contained in the second and
third bytes of the instruction. This mode allows the index register
to contain the index or count value and the instruction to contain

the base address. This type of indexing allows any location ref-
erencing and the index 10 modify multiple fieids. resulting in
reduced coding and execution time

IMPLIED ADDRESSING |Implied}—In the imphed addressing
mode, the address containing the operand i1s implicitly stated in
the operation code of the instruction

RELATIVE ADDRESSING |Relative|—Relative addressing is
used only with branch instructions and establishes a destination
for the conditional branch

The second byte of the instruction becomes the operanag which
is an "Offset” added to the contents of the lower eight bits of
the program counter when the counter is set at the next instruc-
tion. The range of the offset is 128 to + 127 bytes from the
next instruction.

INDEXED INDIRECT ADDRESSING [(IND, X))—In indexed
indirect addressing (referred to as ({Indirect. X})). the second byte
of the instruction is added to the contents of the X index register.
discarding the carry. The result of this addition points to a
memory location on page zero whose contents are the low order
eight bits of the effective address. The next memory location in
page zero contains the high order eight bits of the elfective
address. Both memory locations speciltying the high and fow
order bytes ot the elfective address must be in page zero.

INDIRECT INDEXED ADDRESSING [(IND), Y]—in indirect
indexed addressing {referred 10 as (indirect), Y). the second
byte of the instruction points to a memory location in page zero.
The contents of this memory location are added to the contents
of the Y index register, the resuit being the low order eight bits
of the effective address. The carry from this addition is added
to the contents of the next page zero memory location, the resuit
being the high order eight bits of the effective address.

ABSOLUTE INDIRECT [indirect]—The second byte of the
instruction contains the low order eight bits of a memory loca-
tion. The high order eight bits of that memory location are can-
tained in the third byte of the instruction. The contents of the
fully specified memory location are the low order byte of the
effective address. The next memory location contains the high
order byte of the effective address which is loaded into the six-
teen bits of the program counter. (JMP (IND) only)

291
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INSTRUCTION SET OP CODE MATRIX

The following matrix shows the Op Codes associated with the
R6500 family of CPU devices. The matrix identifies the hex-
adecimal code. the mnemonic code. the addressing mode, the

number of instruction bytes, and the number of machine cycles
associated with each Op Code. Also, refer to the instruction set
summary for additionai information on these Op Codes

L
a D 1 2 3 a 5 6 7 8 9 A B c 0 E F
@
z BRK | ORA ORA | ASL | AMBO | PHP | ORA ASL ORA | ASL | BBRO
0 | Impled [{IND. X} 2P zr zP | imphed | iMM | Accum ABS ABS zP 0
v 7128 232525 ta3le2 12 3436|235
BPL ORA ORA ASL RMB1 CLC ORA ORA ASL BBR1
1 | Relatve|{IND). Y P X | ZP. X zP Imphed | ABS, Y ABS. X | ABS, X zP 1
2 2|2 8 24| 26|2s5 12 |3 e 3 a3 7 |3 5
JSA AND 8T AND ROL AMB2 PLP AND ROL BIT AND ROL BBR2
2 | Absolute| {IND. X) Fid zP zP zpP Imphed IMM Accum ABS ABS ABS P4 2
3 6 2 6 23 23 2 5 2511 4 22 1t 2 J 4 3 4 3 6 3 5
BMIL AND AND ROL AMB3 SEC AND AND ROL BBR3
3 | Relatve/| (IND, Y) ZP. X | ZP. X P Impled | ABS. Y ABS. X | ABS, X zP 3
22712 5 2 a 2 6 2 5 12 3 4 3 4 a7 3 5
AT EOR EOR LSR RMB4 PHA EOR LSR JMP EOR LSR BBR4
4 | imphed | (IND, X) zP zP zP imphed | IMM | Accum ABS ABS ABS zP 4
t6 |26 23fj25)|2s5 13|22 12 3313436 135"
BvC EOA EOR LSR RAMBS CLI EOR EOR LSR BBRS
5 | Relatve| (IND), Y ZP. X § ZP, X zP Impled | ABS, Y ABS, X | ABS. X Fid 5
22012 % 2 4 2 6 2 5 12 3 4 3 4 3 7 3 57
ATS ADC ADC ROR RMBE& PLA ADC ROR JMP ADC ROR BBR6
6 | Imphed | {IND. X) zP zZP zrP Imphed iMM Accum Indirect ABS ABS zP 6
16126 231251})25 vt al22 12 35| 3436 |35
BVS ADC ADC ROR RAMB7 SEt ADC ADC ROR BBR7
7 | Relative | (IND, Y) P X | 2P, X zP | impliea | ABS, Y ABS, X | ABS, X | ZP 7
2 27|25 2426|2523« 34|37 |35
STA STY STA STX SMBO DEY TXA sTY STA STX BBSO
8 {IND, X) 2P 2P zr zZP | imphed Implied ABS ABS | ABS P 8
2 6 23 |]23}23]z2s 12 12 34|03 4})3 435
BCC STA STY STA sTx | smB1 | Tva STA TXS STA BBS1
9 | Relative|(IND. Y} P . X | ZP.x | zZP. Y ZP | impued | ABS. Y | Impled ABS, X zr 9
2 21 2 6 24| 24]24a]2s 12 |35 12 35 3 5
Loy LDA LDX LoY LDA Lox | smez2 | Tay LDA TAX LDY LDA LDX | BBS2
Al MM (ND.X) | MM P Fid zP zp | impied | IMM  |Implied ABS ABS | ABS P A
22286 |22 23|23 |23}2s 12 |22 12 34| 3 4|3 4a}3 5
BCS LDA LDY LDA LDX SMB3 | CLv LDA TSX LDY LDA LDX B8B53
B | Relatve| (iND). ¥ P x | zP.x | zP, ¥ ZP  {imphed | ABS. Y |Impled ABS, x| ABS. X | ABS. Y | zP 8
2 20|25 24 j2a]2a)l2s 12 |34 |12 343 4|3 a3 5
CPY CMP cPY CMP DEC SMB4 INY CMmP DEX Cry CMP DEC BBS4
C | MM [(IND, X) zp P P ZP | implied | IMM |impliea ABS ABS ABS zP c
22) 26 23 |23|25}25s v2 |22 12 34| 34|36 |3 5
BNE CcmpP CMP DEC SMBS CLD CMP CMP DEC BBSS
D | Relatve|(IND). Y 2P x | zP. X 2P | impled |ABS. Y ABS, X |ABS, X | ZP 0
2 20|25 24| 286]25 12 |3 a 3 4|37 3 5
CPX sBC CPX s8C INC SMBé INX sec NOP CPX SBC INC BBS6
E iMM 1 (IND. X) zP zP zP ZP Imphed | MM |imphed ABS ABS ABS P E
22 2 6 23 23 2 5 2 5 12 2 2 12 3 4 3 4 3 6 3 5
BEQ sBC SBC INC SMB7 SED sBC sBC INC 88S?
F | Relatve| (IND). ¥ ZP. X | ZP. X ZP | impted | ABS, Y ABS. X |ABS. x| 2zZP f
22012 % 2 4 2 6 2 5 t 2 K 3 4 37 3 5
0 1 2 a 4 5 6 7 8 9 A B c o] E 3
0 "Add 1 to N if page boundary 1s crossed
*Add 1 to N if branch occurs to same page
BRK —OP Code add 2 to N if branch occurs to different page
0 | implied | —Addressing Mode
17 —Instruction Bytes; Machine Cycles
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INSTRUCTION SET SUMMARY

WSTAUC 1OwS mwsots [ assouure [ zenovace | accou T wrueo | owo s [ wworv Jrvace x ] ass v | mss.v | mivanwe | womics [ 7 race, v] gy ssonstarus

MNEMONC oeEaaTiON op| o | a fop[ n [ efor) ] efor n{ufor| a|nlor] n{eforfal|afornfefor| ]u]osfalalor]n]e]or]~Teioe] -Li":;;f;g““‘ u
apC a-wmoc-a wfes] 2]z [eo| a3 ]es] 317 sl elafnr|sfafm|afz|m|s]2]m]s]s Nv....2¢] a0c
AND LRLURY Y ml29f 2|2 |zofaj3fas) a2 Af 6|2 St2 | a|2 |30t a4ty 9|4l N e AND
AS c-fC -0 oe! 6|3{os| 5|2 Joaf 2f + wle|2 el 7 fa N.L ooz asy
BCcC BRANCHONC m0 21 90 212 D T BCC
BCS BRANCHONC =1 32) Bo| 2} 2 D R T BCS
BEQ BRANCHONZ =1 21 DEE . e .....{Bf0
81 Anm 2c| a3l 3] Mo o2 e
Mt BRANCHONN = 1 (21 wlz]2 N T
BNE BRANCHONZ =0 ook 2 e LT
LIS BRANCHONN & 0 21 wl2]2 P
BAK BREAR o7 [0 e - | eAx
BvVC BRANCHONMY = 0 121 sol2]2 e eve
BYVS BRANCHONV =1 (2t |22 N T
cie | o-c wl2f B T
cLD 0-0 ol 2 [ I I
cL o-1 8|24 T e B ]
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I NC LR EEf 6 | JJE6f S ]2 FoE6{ 2 FE[ 7] 3 N oo 2olaNe
T R 2] N2 fmn
INY ¥Yarav cs{2 | Noe ooz liny
J P JUMP TO MEW LOC 4Cl 372 6|53 D I MP
ssR | aumesus 6|3 o] ssa
Loa PRY) wss) 22 fanfafafastaf2 adel2leifsi2]es|a|2lap|«]|a]as]a]s Necs--2-lioa
ton X an [A2] 2 ) 2IAE[ 4| 3|As[ 3] 2 BE|4 | 3 B6ja|2iN -+ - v - 2 FLDX
LOY MY " {A0l 2| 24AC| 4 [ 3 As) 3] 2 Ba|a| 2|BCl a3 N« 2Dy
LsA [t ey S 4€| 6| 3]es[ 5[ 2]aaf2]0 selel2[sel 7|3 0-----2cluisnr
NOP NO OPERATION Eal 2]+ P TS
ORA | avu-a 03] 21 2 Jooj o] 3fosf3]2 orfsfz|nfsia]mfal zbolafa]im]|a]s N.--:-2.]0Ra
PHA A+ Ms S 1.5 a3t e e v s e ool PHA
PHP P-Ms §-1+8§ o8l LY B
Pia | se1es  msea 6afals . N ezl B
Py Se1as s - P 2| ait (RESTORED) pLe
ROL S — 1 o I 26| 63| s]2famf2] e 2]]7]a Moo ou gm0
ROR [N ™ covmmn 2 ecfsl3fes|s]|2feal 2] 7616 2|7%] 713 .- icleon
RT ATAN INY 40|61 +RESTORED LR
ATS RYRN SUB 60|61 e s+ e o RTS
sec | a-wm.C-a  mles|2{2]eo|o|a]es]a]2 €6 fz]s1]s|2]es)a| 2frofafsfeofa]s Nve -2, s58C
SEC 1-¢ wl2f 1 TS
SED 1.0 IR ce et o sED
SET Vel 182+ T s
sta | a-m o0 ¢ | 3fes|af 2 sifefztole]zdos|a|2feo|s)3]oe[s]s IR IS Y
sTx xam 8 o [ 3[0ef 3|2 gelafaf- - - - - Pstx
STy Y- 8C 4| 3|0e] 3| 2 4| af2 ... c s sl sTY
JAX A [aaf 2|1 Ne o+ oozl tanx
Tav | a-v a8 2| 1 Nz TAs
Tsx | s-x oa ¢ | 1 M R
Txa | x-a aa| 2] 0 Woece ez ]1xa
Txs x5 9al 2} 1 I Y
Tva | ve.a %|z] ne o ze]vva

. ADDVIo N F PAGE BOUNDARY IS CROSSED X MDEX x < ADD M MEMOAY BT 7

@10 pemerocou s mct v ot s T

v anvor : eommon v vemomestatscIv ot Y on Do
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R650X CLOCK TIMING
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RECOMMENDED TIME BASE GENERATION

1.8K 1.8K
VAVAV
RE50X
¢ {IN)
o
13K 7404 7404
Nk o touT —p 42
1 0} :
XTAL

{1 MHz ~ 3 MH2)*
“CRYSTAL: CTS KNIGHTS MP SERIES, OR EQUIVALENT
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MAXIMUM RATINGS*

Rating Symbol Value Unit *Note: This device contains input protection against damage to
T high static voltages or electric fields; however, precautions should
Supply Vottage Vee 0310270 | Vo be taken to avoid application of voltages higher than the maximum
Input Voitage Vin -0.3t0 +7.0 | Vdc rating.
Operating Temperature Range Ta °C
Commerciat 0to +70
Industrial -4010 +85
Storage Temperature Tsre -551t0 +150 | °C

DC CHARACTERISTICS

(Vee = 5.0V = 5%, Vgg = 0, T4 = T to Ty, unless otherwise noted)

Characteristic Symbol Min. Typ. Max. Unit'"? Test Conditions
Input High Voltage Vin v
Logic. #0.m 20 Vee
81, B2 -0.3 Vee + 0.25
Input Low Voltage Vi v
Logic, #0 ) -0.3 0.8
21, 92 -0.3 0.4
Input Leakage Current I uA Vi = OV 10 5.25V
Logic (Excl. RDY, 5.0.) — 25 Vee = OV
21, 82 — 100
#0,1) - 10
Input Current lrss pA Vin = 0.4V 10 2.4V
Input Leakage Current for Three-State Off Vee = 5.25V
Data Lines - - 10
Output High Voltage _ Vou v loap = —100 A
SYNC, Data, AG-A15, R'W, #1, @82 +2.4 — — Vee = 4.75V
Output Low Voltage Voo v lioap = 1.6 MA
SYNC, Data Lines, A0-A15, R/W, g1, g2 +0.4 Voo = 475V
Power Dissipation Po mw
1 and 2 MHz — 450 700
3 MHz - 500 800
Input Capacitance o] pF Vee = 5.0V
Logic Cin — — 10 Vin = OV
Data _ — — 15 f=1MHz
AD-A15, R/W, SYNC Cour — — 12 Ta = 25°C
0w, Cloiny — — 15
Al ce — 30 50
2 c#2 — 50 80
Notes:
1. Ali units are direct current (DC).
2. Negative sign indicates outward current fiow, positive indicates inward flow.
3. TRQ and NMI require 3K pull-up resistor.
4. 91, @2 applies to R6512, 13, 14, and 15; @y applies to R6502, 03, 04, 05, 06 and 07.
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AC CHARACTERISTICS
RE5XX RE65XXA R65XX3
(1 MHz) (2 MHz) (3 MHz)
Characteristic Symbol Min , Max Min Max Min I Max Unit

R650X CLOCK TIMING
Ciock Cycle Time Teve 1.0 10 0.5 10 0.33 10 [re]
PO.n) Low Time Tieo 480 — 240 —_ 160 — ns
P0n) High Time Trieo 470 — 240 — 160 — ns
90,) Rise and Fall Time!' Tao. Tro — 10 — 10 — 10 ns
@1 Pulse Width Towne 460 — 235 — 155 — ns
92 Puise Width Tewrez 470 — 240 — 160 — ns
Delay Between @1 and 2 To 0 — 0 — (4] — ns
91, 02 Rise and Fall Time""-2 Ta, Te - 25 — 25 — 15 ns

R651X CLOCK TIMING
Clock Cycle Time Teve 1.0 10 0.5 10 0.33 10 us
Pt Pulse Widih Towror 430 — 215 — 150 — ns
92 Pulse Width Towroz 470 - 235 — 160 — ns
Delay Between @1 and 2 To 0 — 0 — 0 — ns
@1, and P2 Rise and Faft Time,.q, Ta. Te — 25 — 20 — 15 ns

RE65XX READ/WRITE TIMING
RW Setup Tme Taws — 225 — 140 — 110 ns
RW Hold Time Traw 30 — 30 — 15 — ns
Address Setup Time Taos — 225 — 140 — 110 ns
Address Hoid Time Tha 30 — 30 — 15 — ns
Read Access Time Tacc — 650 — 310 — 170 ns
Read Data Setup Time Tosu 50 — 40 — 35 — ns
Read Data Hoid Time Tur 10 — 10 — 10 — ns
Write Data Setup Time Tumos — 175 — 100 — 85 ns
Write Data Hold Time L™ 30 — 30 — 30 — ns
SYNC Hold Time Tsvn 30 — 30 — 15 - ns
RDY Setup Time Taoy 100 — 50 - 35 — ns
S.0. Setup Time Tso 100 - 50 — 35 — ns
SYNC Setup Time Tawn — 225 — 175 — 100 ns

Notes:

1. Load :- 130 pF » 1 TTL

2. Measured beiween 0.8 and 2.0 points on waveform load

3. Measured between 10% and 90% points on waveforms.

4. "RDY must never switch states within Rgpy 10 end of P2
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R6522

VERSATILE INTERFACE
ADAPTER (VIA)

R6522

DESCRIPTION

The R6522 Versatile Interface Adapter (VIA) is a very flexible VO
control device. In addition, this device contains a pair of very
powerful 16-bit interval timers, a senal-to-paraliel/parallel-to
serial shift register and input data fatching on the peripheral
ports. Expanded handshaking capability allows control of
bidirectional data transfers between VIA's in multiple processor
systems.

Control of peripheral devices is handled primarily through two
8-bit bidirectional ports. Each line can be programmed as either
an input or an output. Several peripheral /O lines can be
controlied directly from the interval timers for generating
programmable frequency square waves or for counting exter-
nally generated pulses. To facilitate control of the many powerful
features of this chip, aninterrupt flag register, an interrupt enable
register and a pair of function control registers are provided.

ORDERING INFORMATION

FEATURES

o Two 8-bit bidirectional /0 ports

e Two 16-bit programmable timer/counters
e Serial data port

o TTL compatible

o CMOS compatible peripheral control lines

e Expanded “handshake’’ capability allows positive control of
data transfers between processor and peripheral devices.

o Latiched output and input registers
® 1 MHz and 2 MHz operation
e Single + 5V power supply

PART NUMBER:
R6522 _

TEMPERATURE RANGE
BLANK = 40°C TO +70°C™
E = 40°C TO +85°C

PACKAGE
C = CERAMIC
P = PLASTIC

FREQUENCY
NO LETTER = 1 MHz
A =2 MHz

Vss 1 40 |3 cAt
PAQ 2 sfcaz
PA1 CJ 3 18 |3 RSO
PA2 C] 4 37 {3 Rs1
PA3 ] 5 36 {3 RS2
[ J = I 35 I RS3
PAS CJ 7 34 [ RES
PAG ] 8 33 [ oo
PAT CF 9 32301
PBO T 10 31 [ o2
pB1 . 11 30 [ 03
PB2 T] 12 29 [ D4
pea 13 28 [ D5
PB4 ] 14 27 {3 pe
peS T 15 2607
PB6 CJ 16 25 D¢z
PB7 (] 17 24 [ ¢81
cet ] 18 23 11 Cs2
cB2 ] 19 22 O RW
vee & 20 21 DIRG
R6522 Pin Configuration

Document No. 29000D47

Data Sheet Order No. D47
Rev. 6, November 1983
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Versatile Interface Adapter (VIA)

INTERFACE SIGNALS
RESET (RES)

Alow reset (RES) input clears all R6522 internal registers to logic
0 (except T1 and T2 latches and counters and the Shift Register).
This places all peripheral interface lines in the input state, disa-
bles the timers, shift register, etc. and disables interrupting from
the chip.

INPUT CLOCK (PHASE 2)

The input clock is the system 2 clock and triggers all data
transfers between processor bus and the R6522

READ/WRITE (R/W)

The direction of the data transfers between the R6522 and the
system processor is controlled by the RW line in conjunction with
the CS1 and CS2 inputs. When R/W is low, (write operation) and
the R6522 is selected), data is transferred from the processor bus
into the selected R6522 register. When R/W is high, (read opera-
tion) and the RB522 is selected, data is transferred from the
selected R6522 register to the processor bus.

DATA BUS (D0-D7)

The eight bidirectional data bus lines transfer data between the
R6522 and the system processor bus. During read cycles, the
contents of the selected R6522 register are placed on the data
bus lines. During write cycles, these lines are high-impedance
inputs and data is transferred from the processor bus into the
selected register. When the R6522 is not selected, the data bus
lines are high-impedance.

CHIP SELECTS (CS1, CS2)

The two chip select inputs are normally cormected to processor
address lines either directly or through decoding. The selected
R6522 register is accessed when CS1 is high and CS2 is low.

REGISTER SELECTS (RS0-RS3)

The coding of the four Register Select inputs select one of the 16
internal registers of the R6522, as shown in Table 1.

INTERRUPT REQUEST (iRQ)

The Interrupt Request output goes low whenever an internai
interrupt flag is set and the corresponding interrupt enable bit is a
logic 1. This output is open-drain to allow the interrupt request
signal to be wire-OR'ed with other equivalent signals in the
system.

PERIPHERAL PORT A (PA0-PA7)

Port A consists of eight tines which can be individuallly pro-
grammed to act as inputs or outputs under control of Data Direc-
tion Register A. The polarity of output pins is controlied by an
Output Register and input data may be latched into an internal
register under control of the CA1 line. All of these modes of oper-
ation are controlied by the system processor through the internal
control registers. These lines represent one standard TTL load in
the input mode and will drive one standard TTL foad in the output
mode. Figure 2 illustrates the output circuit.

$2 —————————

R6500 RW ——— ¥
MICROPROCESSOR . 2

BUS €81, C82 —— £~
INTERFACE

RS0-RS3 ——7/3——>
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IRQ ————— ¥

R6522
VIA

PAO-PA7

la—————— ca1
l¢—————» ca2
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l¢———» cB2
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Figure 1. R6522 VIA Interface Signals
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PORT A CONTROL LINES (CA1, CA2)

The two Port A control lines act as interrupt inputs or as hand-
shake outputs. Each line controls an internal interrupt flag with a
corresponding interrupt enable bit. In addition, CA1 controls the
latching of data on Port A input lines. CA1 is a high-impedance
input only while CA2 represents one standard TTL load in the
input mode. CA2 will drive one standard TTL load in the output
mode.

PORT B (PB0-PB7)

Peripheral Port B consists of eight bidirectional lines which are
controlied by an output register and a data direction register in
much the same manner as the Port A. In addition, the polarity of
the PB7 output signal can be controlled by one of the interval tim-
ers while the second timer can be programmed to count pulses
on the PB6 pin. Port B lines represent one standard TTL load in

the input mode and will drive one standard TTL load in the output
mode. in addition, they are capable of sourcing 1.0 mA at 1.5 Vdc
in the output mode to allow the outputs to directly drive Darlington
transistor circuits. Figure 3 is the circuit schematic.

PORT B CONTROL LINES (CB1, CB2)

The Port B control lines act as interrupt inputs or as handshake
outputs. As with CA1 and CA2, each line controls an interrupt flag
with a corresponding interrupt enable bit. In addition, these lines
act as a serial port under controt of the Shift Register. These lines
represent one standard TTL load in the input mode and will drive
one standard TTL load in the output mode. Unlike PBO-PB7, CB1
and CB2 cannot drive Darlington transistor circuits.

Table 1. R6522 Register Addressing

INPUT DATA

Register RS Coding F g /Dy iption
Number [ ASZ | RS1 | RSO Desig. Write (R'W = L) Read (RAW = H)
0 [} 0 0 0 ORB/IRB Qutput Register B Input Register B
1 V] 0 0 1 ORA/NRA Output Register A Input Register A
2 [} 0 1 0 ODRB Data Direction Register B
3 0 0 1 1 DDRA Data Direction Register A
4 0 1 0 0 T1C-L T1 Low-Order Latches [ T1 Low-Order Counter
5 0 1 0 1 T1C-H T1 High-Order Counter
6 4] 1 1 0 TiL-L T1 Low-Order Latches
7 0 1 1 1 TIL-H T1 High-Order Latches |
8 1 0 0 0 T2C.L T2 Low-Order Laiches [ T2 Low-Order Counter
9 1 0 0 1 T2C-H T2 High-Order Counter
10 1 0 1 0 SR Shift Register
11 1 0 1 1 ACR Auxiliary Control Register
12 1 1 0 0 PCR Peripheral Control Register
13 1 1 0 1 IFR Interrupt Flag Register
14 1 1 1 0 IER Interrupt Enable Register
15 1 1 1 1 ORA/IRA Output Register B" r nput Register B*
NOTE: *Same as Register 1 except no handshake.
+5V
+5V
INPUT
OUTPUT —
CONTROL
| PBO-PB7,
et cB1, CB2
1/0 CONTROL : OUTPUT
OUTPUT DATA Do—!' DATA

INPUT DATA

Figure 2. Port A Output Circuit

Figure 3. Port B Output Circuit
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FUNCTIONAL DESCRIPTION

The infemal organization of the R6522 VIA is #lustrated in Figure
4.

PORT A AND PORT B OPERATION

The RE522 VIA has two 8-bit bidirectional 1/O ports (Port A and
Port B) and each port has two associated control lines.

Each 8-bit peripheral port has a Data Direction Register (DDRA,
DDRB) for specifying whether the peripheral pins are to act as
inputs or outputs. A 0 in a bit of the Data Direction Register
causes the corresponding peripheral pin to act as an input. A 1
causes the pin to act as an output.

Each peripheral pin is also controlled by a bit in the Output Regis-
ter (ORA, ORB) and the input Register (IRA, IRB). When the pin is
programmed as an output, the voltage on the pin is controlied by
the corresponding bit of the Output Register. A 1 in the Output
Register causes the output to go high, and a “0” causes the out-
put to go low. Data may be written into Output Register bits corre-
sponding to pins which are programmed as inputs. In this case,
however, the output signal is unaffected.

Reading a peripheral port the cor of the Input Regis-
ter (IRA, IRB) to be transferred onto the Data Bus. With input
latching disabled, 1RA will atways reflect the levels on the PA
pins. With input latching enabled, IRA will reflect the levels on the
PA pins at the time the latching occurred (via CA1).

The IRB register operates similar to the IRA register. However,
for pins programmed as outputs there is a difference. When
reading IRA, the leve! on the pin determines whetheraOoralis
sensed. When reading IRB, however, the bit stored in the oufput
register, ORB, Is the bit sensed. Thus, for outputs which have
large loading effects and which pull an output 1" down or whigh
pull an output “0” up, reading IRA may result in reading a *'0”
when a “1"” was y prog d, and reading a 1" when
a “‘0" was programmed. Reading IRB, on the other hand, will
read the *'1" or "‘0" level actually programmed, no matter what
the loading on the pin.

Figures 5 through 8 illustrate the formats of the port registers.
In addition, the input latching modes are selected by the Auxiliary
Control Register (Figure 14).

INTERRUPT G
CONTROL
FLAGS NFUT LaTC
(FR) __
"ENABLE ~ | OUTPUT BUFFERS k:>
) o Ko PORT A
DATA DATA DIR
gﬁl‘ <::> BUS | (DDRA)
BUFFERS PORT A REGISTERS
PERIPHERAL
| _(PCR)__ ]
AUXILIARY PORT A cAY
wemy | NI | cA2
FUNCTION PORT B
CONTROL
HANDSHAKE
LATCH | LATCH CONTROL
RES | (TILH) ¢ (kL) | SHIFT REG | cB1
RW :> COUNTER | COUNTER (SR) on2
92 — (T1C-H) micL)
o CHIP PORT B REGISTERS
cs2 AcCESS neeR INPUT LATC
RSO CONTROL TIMER 2 T
RS1 LATCH __{RB)__ |
RS2 [_(T2L-L) | OUTPUT <—:‘> BUFFERS <:> PORT B
AS3 —— COUNTER' COUNTER __(orRB) | (PB)
(T2C-H) | (T2C-L) DATA DIR
(DDRE)

Figure 4. R6522 VIA Block Diagram
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HANDSHAKE CONTROL OF DATA TRANSFERS

The R6522 allows positive control of data transfers between the
system processor and peripheral devices through the operation
of “handshake” lines. Port A lines (CA1, CA2) handshake data
on both a read and a write operation while the Port B lines (CB1,
CB2) handshake on a write operation only.

Read Handshake

Positive control of data transters from peripheral devices into the
system processor can be accomplished very effectively using
Read Handshaking. In this case, the peripheral device must gen-
erate the equivalent of a “"Data Ready” signal to the processor
signifying that valid data is present on the peripheral port. This
signal normally interrupts the processor, which then reads the

data, causing generation of a “Data Taken" signal. The periph-
eral device responds by making new data available. This process
continues until the data transfer is complete.

In the R6522, automatic “Read” Handshaking is possible on the
Peripheral A port only. The CA1 interrupt input pin accepts the
“Data Ready” signal and CA2 generates the “Data Taken" sig-
nal. The “Data Ready” signal will set an intemal flag which may
interrupt the processor or which may be polled under program
control. The “Data Taken™ signal can either be a pulse or a level
which is set low by the system processor and is cleared by the
“Data Ready"” signal. These options are shown in Figure 9 which
illustrates the normal Read Handshake sequence.

REG 0—ORB/IRB

|7 6|54 JI? 1 ol
| MUY
Pat

82

OUTPUT REGISTER
#e3| B (ORB) OR

Pea| INPUT REGISTER
res| B’ (IRB)

P86

 E——— -} }

DATA DIRECTION WRTE READ
SELECTION
DORS = “1” (OUTPUT MPUWRITES QUTPUT LEVEL | MPU READS OUTPUT REGISTER
(0RB) BT W ORB. PIN LEVEL HAS NO
AFFECT

MPU WRITES INTO ORB, BUT | 145U READS INPUT LEVEL ON PB
(WPUT LATCHING DISABLED) | MO EFFECT ON PN LEVEL. | PW

UNTIL DORB CHANGED
DONS » 0" (NPUT) MPU AEADS IRB BIT, WHICH 1S THE
DNFUT LATCHING ENABLED) LEVEL OF THE PB PN AT THE TRME

OF THE LAST CB1 ACTIVE
TRANSITION

Figure 5. Output Register B (ORB), Input Register B (IRB)

REG 1—ORA/IRA

|7 65| ]I)[! DI
I | PV
PAY
42 QUTPUT REGISTER

ra3] “A" (ORA) OR
»as| INPUT REGISTER

sas| “A” (IRA)
PAS
PA7
L]
DATA DIRECTION WRITE READ
SELECTION
ODAA = ™17 (OUTPUT) WP WRITES OUTPUT LEVEL | MPU READS LEVEL ON PA PiN
{INPUT LATCHING DISABLED) (ORA}
DORA = "1 (QUTPUT) [ WHICH IS THE
(MPUT LATCHING EMABLED) LEVEL OF THE PA PN AT THE TIME
OF THE LAST CAY ACTIVE
e
DDAA = T (INPUT) MPU WRITES INTO ORA, BUT | MPU READS LEVEL ON PA PIN
(MPUT LATCHING DISABLED) MO EFFECT OM PW LEVEL
UNTR. DORA CHANGED
DORA = "0~ (INPUT) MPU READS IRA BIT. WHICH IS THE
NPUT LATCHING ENABLED) LEVEL OF THE PA PIN AT THE TIME
OF THE LAST CA1 ACTIVE
TRAMSITION

Figure 6. Output Register A (ORA), Input Register A (IRA)

REG 2--DOR8

|7 6 slu 3f2] ol
T
)
Pa1
re2

———Fes DATA DIRECTION
L vearas| REGISTER ‘B’ (DDRB)

PBSPAS

[LYYINY

PBIPAT

‘0" ASSOCIATED B PIN S AN INPUT
{HIGH IMPEDANCE)

“1" ASSOCIATED PB PIN 1S AN OUTPUT
WHOSE LEVEL IS DETEAMINED BY

ORB REGISTER BIT

REG3—DDRA
|7 615 |a|3l2] OI
[
war

PR3l DATA DIRECTION
ras| REGISTER ‘A" (DDRA)

‘0" ASSOCIATED PA PIN IS AN INPUT
(HIGH IMPEDANCE)

"1 ASSOCIATED PA PiN IS AN OUTPUT
WHOSE LEVEL 1S DETERMINED BY
ORA REGISTER BIT

Figure 7. Data Direction Register B (DDRB)

Figure 8. Data Direction Reglister A (DDRAO)
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R6522
L2 p T e U WP O e Ml LIy
DATA READY 1 |2 2| J
(CAY) [ @ N
iRG OUTPUT 1 2 h
READ IRA OPERATION . I »
2 2
“DATA TAKEN"
HANDSHAKE MODE * L » |
(CA2) 1 s
“DATA TAKEN" » »
PULSE MODE N | I b
(CA2)

Figure 9. Read Handshake Timing (Port A, Only)

Write Handshake

The sequence of operations which allows handshaking data from
the system processor to a peripheral device is very similar to that
described for Read Handshaking. However, for Write Handshak-
ing, the RE522 generates the “Data Ready" signal and the
peripheral device must respond with the “Data Taken” signal.
This can be accomplished on both the PA port and the PB port on
the R6522. CA2 or CB2 act as a “Data Ready” output in either
the handshake mode or pulse mode and CA1 or CB1 accept the
"Data Taken" signal from the peripheral device, setting the inter-
rupt flag and clearing the ‘‘Data Ready’’ output. This sequence
is shown in Figure 10.

Selection of operating modes for CA1, CA2, CB1, and CB2 is
accomplished by the Peripheral Control Register (Figure 11).

REG 12—PERIPHERAL CONTROL REGISTER

Il o]
T
Fp— Car inTERRUST ConTROL

7]6{5|OPERATION 0 NEGATIVE ACTIVE EDGE

0100 INPUT NEGATIVE ACTIVE EDGE 1 _POSITIVE ACTIVE EDGE

010]1[INDEFENGENT INTERRUPT

Li [ pweurneceoce | CAaZconTROL

o1 [o[1nPuT POSITIVE ACTIVE €DGE_| 1J2Th[oreravnion

0] 1| 1[INDEFENDENT INTERRUPT [0]cTo[NPLUT NEGATIVE ACTIVE EOGE
INPUT POS £0GE — — 0)C| 1| INDEPENDENT INTERRUPT

1[0]0[WaNDSHAKE OUTPUT _ INPUT NEG £DG

1[0 [y [PuLsE ouTRLT N [6]3]olinPuT PoziTIvE ACTIVE E0GE

1] ][ vow ouTeur - 67} 1] INOEPENOENT INTERRURT

T[7 |3 ]Hian ouTeuT t | [weurroseocr

€81 INTERAUPT CONTROL Hote LT

0 NEGATIVE ACTIVE EDGE [ilile}c .

1 POSITIVE ACTIVE £DGE DI wienouteor ~ -

I Control Reglster (PCR)

Figure 11. Perip

2 Jmnwaw
WRITE ORA, ORB
OPERATION | 2 2 J L
“DATA READY" &
HANDSHAKE MODE 2 I |
(CAZ, A READY * 1 & ‘
PULSE MODE } ‘L———
(CA2, CB2) » 2
“DATA TAKEN N 1 |, 2
(CA1, CB1) N |
iRG OUTPUT “ L 2 I

Figure 10. Write Handshake Timing
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COUNTER/TIMERS

There are two independent 16-bit counter/timers (called Timer 1
and Timer 2) in the R6522. Each timer is controlled by writing bits
into the Auxiliary Control Register (ACR) to select the mode of
operation (Figure 14),

Timer 1 Operation

Interval Timer T1 consists of two 8-bit latches (Figure 12) and a
16-bit counter (Figure 13). The latches store data which is to be
loaded into the counter. After loading, the counter decrements
at P2 cleck rate. Upon reaching zero, an interrupt flag is set, and
IRQ goes low if the T1 interrupt is enabled. Timer 1 then disables
any further interrupts, or automatically transfers the contents of

the latches into the counter and continues to decrement. In ad-
dition, the timer may be programmed to invert the output signa!
on a peripheral pin {(PB7) each time it “times-out”. Each of these
modes is discussed separately below.

Note that the processor does not write directly into the low-order
counter (T1C-L). instead, this half of the counter is loaded auto-
matically from the low order latch (T1L-L) when the processor
writes into the high order counter (T1C-H). In fact, it may not be
necessary 1o write to the low order counter in some applications
since the timing operation is triggered by writing to the high order
latch.

REG 6--TIMER 1 LOV/-ORDER LATCH

7lefstalalz2|r]o
L,
L——?
— 4
—————=% | COUNT
6| VALUE
32
L. 64

WRITE - 8 BITS LOADED INTO T1 LOW-ORDER
LATCHES THIS OPERATION 15 NO
DIFFERENT THAN A WRITE INTO
REG 4

AEAD - 8 BITS FROM T1 LOW-ORDER LATCHES
TRANSFERAED TO MPU UNLIKE REG 4
OPERATION, THIS DOES NOT CAUSE
RESET OF T1 INTERRUPT FLAG

REG 7—TIMER 1 HIGH-ORDER LATCH

l?l&lﬁll]] ZII i

2038 | COUNT
4096 VALUE
- 8192

16384

32768

WRITE - 8 8ITS LOADED INTO Tt HIGH-ORDER
LATCHES UNLIKE REG 4 OPERATION
NO LATCH-TO-COUNTER TRANSFERS
TAKE PLACE

READ - 8 BITS FAOM T1 HIGH-ORDER LATCHES
TRANSFERRED TO MPU

Figure 12, Timer 1 (T1) Latch Registers

REG 4--TIMER 1 LOW-ORDER COUNTER

7|6]5|af3

WRITE - 8 BITS LOADED INTO T1 LOW-ORDER

ORDER COUNTER 15 LOADED (REG 5/
READ - 8 BITS FROM T1 LOW-ORDER COUNTER

TRANSFERAED TO MPU IN ADDITION

T1 INTERRUPT FLAG IS RESET (BIT 6

IN INTERRUPT FLAG REGISTER)

REG 5—TIMER 1 HIGH-ORDER COUNTER
. 6f5]|4]|3)2 10
512

L—— 1024

b————————248 [ COUNT
4096 VALUE
e ——————————— B192

L

16384,

32768

WRITE 8 BITS LODED INTO T1 HIGH-ORDER
LATCHES ALSO. AT THIS TIME BOTH
HIGH. AND LOW-ORDER LATCHES
TRANSFERRED INTO T+ COUNTER
T1INTERRUPT FLAG ALSO IS RESET

AEAD B 1BTS FAUM T1 HIGH-ORDER COUNTER
TRANSFERREL TO MPU

Figure 13. Timer 1 (T1) Counter Registers
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REG 11—AUXILIARY CONTROL REGISTER

I7551]2|0|

OPERATION
FWNVETUPV
£ACH TIME 1118
LOADED
CONTINUOUS
INTERRUPTS
TIMED INTERRUPT
EACH TIME T1 1S
LOADED

[ v[conTinuOUS
INTERRUPTS.

PB?

DISABLED

ONE SHOT
ouTPUT

=]

LS

T2 TIMER CONTROL
OPERATION
TIMED INTERRUPT
COUNT DOWN WITH
PULSES ON PRG

5
12
1ol

1

[

LATCH ENABLE ‘DISABLE

T
—[_—‘__ Pa
L] 0 - DISABLE
1 - ENABLE LATCHING

L SWiFT REGISTER CONTROL

a[3]z[crERATION
[o[o]o[oisaBLED

1 }_uvﬂ IN UNDER CONTROL
|0{SHIFT 1N UNDER
3

]

1

]

(7]

F 72

OF p2
SHIF T IN UNDER CONTROL GF EXT. CLK
HIFT OUT FREE RUNNING AT T2 RATE
MIFT OUY UNDER CONTROL OF 12
SHIFT OUT UNDER CONTROL OF 2 |
SHIFY OUT UNDER CONTROL OF EXT CLK

3
[]
o
1
1
[]
0
1
1

1
f)
1

Figure 14. Auxillary Control! Register (ACR)

Timer 1 One-Shot Mode

The Timer 1 one-shot mode generates a single intecrupt for each
timer load operation. As with any interval timer, the delay
between the “write T1C-H" operation and generation of the pro-
cessor interrupt is a direct function of the data loaded into the tim-
ing counter. In addition to generating a single interrupt, Timer 1
can be programmed to produce a single negative pulse on the
PB7 periphral pin. With the output enabled (ACR7=1) a “write
T1C-H" operation will cause PB7 to go low. PB7 will return high
when Timer 1 times out. The result is a single programmable
width puise.

T1 interrupt flag will be set, the IRQ pin will go low (interrupt ena-
bied), and the signal on PB7 will go high. At this time the counter
will continue to decrement at system clock rate. This allows the
system processor to read the contents of the counter to deter-
mine the time since interrupt. However, the T1 interrupt flag can-
not be set again unless it has been cleared as described in this
specification.

Timing for the R6522 interval timer one-shot modes is shown in
Figure 15.

In the one-shot mode, writing into the T1L-H has no effect on the
operation of Timer 1. However, it will be necessary to assure that
the low order latch contains the proper data before initiating the
count-down with a “write T1C-H” operation. When the processor
writes into the high order counter (T1C-H), the T1 interrupt flag
will be cleared, the contents of the low order latch will be
transtferred into the low order counter, and the timer will begin to
decrement at system clock rate. If the PB7 output is enabled, this
signal wili go low on the ¢2 following the write operation.
When the counter reaches zero, the T1 interrupt flag will be set,
the {RQ pin will go low (interrupt enabled), and the signal on PB7
will go high. At this time the counter will continue to decrement at
system clock rate. This allows the system processor to read the
contents of the counter to determine the time since interrupt.
However, the T1 interrupt flag cannot be set again unless it has
been cleared as described in this specification.

FCJ NN IO s T e U s O oy PRy I oy Sy Ny S Ny B

WRITE T1C-H

IRG OUTPUT

P87 OUTPUT I

o

N | N2 | N3 ;

L,, — == —--N + 1.5 CYCLES —-- -~ ~—- —-I

[ o [N] | Nt | N2 | wa

Figure 15. Timer 1 One-Shot Mode Timing
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Timer 1 Free-Run Mode

The most important advantage associated with the latches in T1
is the ability to produce a continuous series of evenly spaced
interrupts and the ability to produce a square wave on PB7
whose frequency is not affected by variations in the processor
interrupt response time. This is accomplished in the “free-
running” mode.

In the free-running mode, the interrupt fiag is set and the signal
on PB7 is inverted each time the counter reaches zero. However,
instead of continuing to decrement from zero after a time-out, the
timer aulomatically transfers the contents ot the latch into the
counter (16 bits) and continues to decrement from there. The
interrupt flag can be cleared by writing T1C-H, by reading T1C-L,
or by writing directly into the flag as described tater. However, itis
not necessary to rewrite the timer to enable setting the interrupt
flag on the next time-out.

Allinterval timers in the R6522 are “re-triggerable”. Rewriting the

counter will always re-initialize the time-out period. In fact, the
time-out can be prevented completely if the processor continues
1o rewrite the timer before it reaches zero. Timer 1 will operate in
this manner if the processor writes into the high order counter
{T1C-H). However, by loading the latches only. the processor can
access the timer during each down-counting operation without
affecting the time-out in process. Instead, the data loaded into
the latches will determine the length of the next time-out period.
This capability is particularly valuable in the free-running mode
with the output enabled. In this mode, the signal on PB7 is
inverted and the interrupt flag is set with each time-out. By
responding to the interrupts with new data for the latches, the
processor can determine the period of the next half cycle during
each half cycle of the output signal on PB7. In this manner, very
complex waveforms can be generated.

A precaution to take in the use of PB7 as the timer output con-
cems the Data Direction Register contents for PB7. Both DDRB
bit 7 and ACR bit 7 must be 1 for PB7 to function as the timer out-
put. If one is 1 and the other is 0, then PB7 functions as a normal
output pin, controlled by ORB bit 7.

WRITE T1C-H
OPERATION

I

o2 wmm

IRQ OUTPUT

—

PB7 OUTPUT | .

| ,
T e T
=

L,,, N + 1.5 CYCLES *v«—lo——”v N + 2 CYCLES —”4—’1

| S

Figure 16. Timer 1 Free-Run Mode Timing

Timer 2 Operation

Timer 2 operates as an interval timer {in the “one-siot” mode
only), or as a counter for counting negative pulses on the PB6
peripherai pin. A single control bit in the Auxiliary Control Register
selects between these two modes. This timer is comprised of a
“write-only” lower-order latch (T2L-L), a “read-onty" low-order
counter (T2C-L) and a read/write high order counter (T2C-H).
The counter registers act as a 16-bit counter which decrements
at @2 rate. Figure 17 illustrates the T2 Latch/Counter Registers.

Timer 2 One-Shot Mode

As an interval timer, T2 operates in the ‘‘one-shot’’ mode similar
to Time 1. In this mode, T2 provides a single interrupt for each
“write T2C-H" operation. After timing out. the counter will con-
tinue to decrement. However, setting of the interrupt flag is
disabled after initial time-out so that it will not be set by the counter

decrementing again through zero. The processor must rewrite
T2C-H to enable setting of the interrupt flag. The interrupt flag
is cleared by reading T2C-L or by writing T2C-H. Timing for this
operation is shown in Figure 18.

Timer 2 Pulse Counting Mode

In the pulse counting mode, T2 counts a predetermined number
ol negative-going pulses on PB6. This is accomplished by first
loading a number into T2. Writing into T2C-H clears the interrupt
flag and allows the counter to decrement each time a puise is
applied to PB6. The interrupt flag is set when T2 counts down
past zero. The counter will then continue to decrement with each
pulse on PB6. However, it is necessary to rewnite T2C-H to allow
the interrupt flag to set on a subsequent time-out. Timing for
this mode is shown in Figure 19. The puise must be low on the
leading edge of ¢2
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REG 8—TIMER 2 LOW-ORDER LATCH/COUNTER REG 9—TIMER 2 HIGH-ORDER LATCH/COUNTER

r|e|s|etzjz]r]o ris]sfala]z]]e
N

————— 1024

s COUNT e 20es | COUNT
6 VALUE | S 4096 VALUE
2 8197
—_ 6 15384
- 32768
WRITE - 8BITS LOADED INTO T2 LOW ORDER WRITE  8BITS LOADED INTD T2 +1iGH ORDER
LA COUNTER ALSO. LOW ORDER LATCH
T e o 2 camus
SLAG IS RESET

FLAG IS RESET

READ - BBITS FAOM T2 NIGH ORDER COUNTER
TRANSFERRED TO MPU

Figure 17. Timer 2 (T2) Latch/Counter Registers

oz Wmm

WRITE T2C-H }

. y
iRQ OUTPUT

PN N N2 ) N |

‘»o——-— N + 1.5 CYCLES ‘———1

Figure 18. Timer 2 One-Shot Mode Timing

WRITE T2C-H

OPERATION ___ | L
PB6 INPUT 1T LI LJ LI

iR@ OUTPUT

Figure 19. Timer 2 Puise Counting Mode
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SHIFT REGISTER OPERATION

The Shift Register (SR) performs serial data transfers into and
out of the CB2 pin under control of an intemal modulo-8 counter.
Shift pulses can be applied to the CB1 pin from an external
source or, with the proper mode selection, shift pulses generated
internally will appear on the CB1 pin for controliing external
devices.

The cantrol bits which select the various shift register operating
modes are located in the Auxiliary Control Register. Figure 20
ilustrates the configuration of the SR data bits and Figure 21
shows the SR control bits of the ACR.

SR Mode 0 — Disabled

Mode 0 disables the Shitt Register. In this mode the micropro-
cessor can write or read the SR and the SR will shifton each CB1
positive edge shifting in the value on CB2. In this mode the SR
interrupt Flag is disabled (held to a logic 0).

SR Mode 1 — Shift In Under Control of T2

in mode 1, the shifting rate is controlled by the low order 8 bits of
T2 (Figure 22). Shift pulses are generated on the CB1 pin to con-
trol shifting in external devices. The time between transitions of
this output clock is a function of the system clock period and the
contents of the low order T2 latch (N).

The shifting operation is triggered by the read or write of the SR
if the SR flag is set in the IFR. Otherwise the first shift will occur
at the next time-out of T2 after a read or write of the SR. Data
is shitted first into the low order bit of SR and is then shifted into
the next higher order bit of the shift register on the negative-going
edge of each clock pulse. The input data should change betore
the positive-going edge of the CB1 clock pulse. This data is shifted
into the shift register during the §2 clock cycle following the
positive-going edge of the CB1 clock pulse. After 8 CB1 clock
pulses, the shifi register interrupt flag will set and IRQ wikt go low.

SR Mode 2 — Shift in Under $2 Control

In mode 2, the shift rate is a direct tunction of the system clock
frequency (Figure 23). CB1 becomes an output which generates
shift pulses for controlling external devices. Timer 2 operates as
an independent interval timer and has no effect on SR. The shift-
ing operation is triggered by reading or writing the Shift Register.
Data is shifted, first into bit 0 and is then shifted into the next
higher order bit of the shift register on the trailing edge of each ¢2
clock pulse. After 8 clock pulses, the shift register interrupt flag
will be set, and the output clock putses on CB1 will stop.

REG 10—SHIFT REGISTER

i

SHIFT
REGISTER
BITS

NOTES

) WHEN SHIFTING QUT BIT 7S THE FIRST 81T
OUT AND SIMUL TANEOUSLY 1S ROTATED BACK
INTOBIT O

2 WHEN SHIFTING IN BITS INITIALLY ENTER
Bt7 D AND ARE SHIF TED TOWARDS 817 7

Figure 20. Shift Registers

REG 11—AUXILIARY CONTROL REGISTER

l_ SHIFT REGISTER

MODE CONTROL

OPERATION
DISABLED ~
SHIFT IN UNDER CONTROL OF 12 |
SHIFT IN UNDER CONTROL OF 1
SHIFT IN UNDE R CON
SHIFT OUT FREE RUNN

SHIFT OUT UNDER CONTROL O

SHIFT OUT UNDER CONTROL OF 1,
SHIFT OUT UNDE R CONTROL OF EXT CLK

L= ]-lelelolo]e
~[ol=lol=]o =]~
+

~[=lsla ~tlelat

Figure 21. Shitt Register Modes

¢2
WRITE OR READ ‘ i !
SHIFT REG 1 | | +— J
N+ 2CYCLES = v S 2e '
CB1 OUTPUT 1 2 3 r—" ‘—'] 8 r———
SHIFT CLOCK L L2 J L2

CB2 INPUT T WX

DATA
IRG |

Figure 22. SR Mode 1 — S5hift In Under T2 Contro!
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SR Mode 3 — Shift in Under CB1 Control

In mode 3, extemal pin CB1 becomes an input {Figure 24). This
allows an external device to load the shift register at its own pace.
The shift register counter will interrupt the processor each time 8
bits have been shifted in. However, the shift register counter
does not stop the shifling operation; it acts simply as a pulse
counter. Reading or writing the Shift Register resets the Interrupt
Flag and initializes the SR counter to count another 8 pulses.

Note that the data is shifted during the first systern clock cycle fol-
lowing the positive-going edge of the CB1 shift pulse. For this
reason, data must be held stable during the first full cycle follow-
ing CB1 going high.

SR Mode 4 — Shift Out Under T2 Control (Free-Run)
Mode 4 is very similar to mode 5 in which the shitting rate is set by

T2. However, in mode 4 the SR Counter does not stop the shifting
operation (Figure 25). Since the Shift Register bit 7 (SR7) is
recirculated back into bit 0, the 8 bits loaded into the shift register
will be clocked onto CB2 repetitively. In this mode the shift regis-
ter counter is disabled.

SR Mode 5 — Shift Out Under T2 Control

in mode 5, the shift rate is controlled by T2 (as in mode 4). The
shifting operation is triggered by the read or write of the SR if the
SR flag is set in the IFR (Figure 26). Otherwise the first shift will
occur at the next time-out of T2 after a read or write of the SR.
However, with each read or write of the shift register the SR
Counter is reset and 8 bits are shitted onto CB2. At the same
time, 8 shift puises are generated on CB1 to control shifting in
external devices. After the 8 shift pulses, the shifting is disabled,
the SR interrupt Flag is set and CB2 remains at the last data
level.

« [UUuvuuuuiurunnnunniunnng

READ SR gl ;

b En Epp g plgNpl|
e T T 3 X2 X3 X X s X s X X e X
|

-

iRQ

]

Figure 23. SR Mode 2 — Shift In Center ¢2 Control

« UL UL
CBt OUTPUT __1 l — ! ' l l l l 7
SHIFT CLOCK ! 2 3 hd 8

peaebl /11111 I, /11, ST, /11, ST S, 1 Y111y, S
[

[L1]

] S

Figure 24. SR Mode 3 — Shift In Under CB1 Control

o AN VTSI
WRITE SR n l J ‘L

N + 2 CYCLES {-

CB1 OUTPUT
SHIFT CLOCK Lt ] 2

N+2
CYCLES

X 3 X X8 X1

. X

Figure 25. SR Mode 4 — Shift Out Under T2 Control (Free-Run)
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SR Mode 6 — Shift Out Under ¢2 Control

In mode 8, the shift rate is controlled by the 2 system clock (Fig-
ure 27).

SR Mode 7 — Shift Out Under CB1 Control

In mode 7, shifting is controlied by pulses applied to the CB1 pin
by an external device (Figure 28). The SR counter sets the SR

Interrupt Flag each time it counts 8 pulses but it does not disable
the shitting function. Each time the microprocessor, writes or
reads the shift register, the SR Interrupt Flag is reset and the SR
counter is initialized to begin counting the next 8 shift puises on
pin CBt. After 8 shift pulses, the Interrupt Flag is set. The
microprocessor can then load the shift register with the next byte
of data.

wRITE sr __[ I\ I ' ‘ I i '
N + 2 CYCLES {f o »1{N+2 CYCLES ' { ‘
SMIFT CLOCK Tl L L e
g:ﬁ:’“""” RIIITTTHITTTTTTT 1 2 X 3 J”[ s i
iRQ L__

Figure 26. SR Mode 5 — Shift Out Under T2 Control

WRITE SR I‘ LI | ! I '

CB1 OUTPUT 1 2
SHIFT CLOCK

e

DATA

IRQ

Figure 27. SR Mode 6 — Shift Out Under ¢$2 Control

Finigigigigigipigipigligigigl/aiglpiniah

{
WRITE SR _I_'i

L
CB1 INPUT I 1 I | 2 I 17 I 8 l
SHIFT CLOCK )

CB2 OUTPUT \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 1

X 2z ] 8

DATA

R

iRQ

Figure 28. SR Mode 7 — Shift Out Under CB1 Control
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Interrupt Operation

Controlling interrupts within the R6522 involves three principal
operations. These are flagging the interrupts, enabling interrupts
and signaling to the processor that an active interrupt exists
within the chip. Interrupt flags are set in the Interrupt Flag Regis-
ter (IFR) by conditions detected within the R6522 or on inputs to
the R6522. These flags normally remain set until the interrupt
has been serviced. To determine the source of an interrupt, the
microprocessor must examine these flags in order, from highest
to lowest priority.

Associated with each interrupt flag is an interrupt enable bit in
the Interrupt Enable Register (IER). This can be set or cleared
by the processor to enable interrupting the processor from the
corresponding interrupt flag. If an interrupt flag is set to a logic 1
by an interrupting condition, and the corresponding interrupt
enable bit is set 10 a 1, the Interrupt Request Output (ﬁ’iﬁ) will
go low. IRQ is an “open-collector”’ output which can be *‘wire-
OR’ed” with other devices in the system to intefrupt the processor.

Interrupt Flag Register (IFR)

In the R6522, all the interrupt flags are contained in one register,
i.e., the IFR (Figure 29). In addition, bit 7 of this register will be
read as a logic 1 when an interrupt exists within the chip. This
allows very convenient polling of several devices within a system
to locate the source of an interrupt.

The interrupt Flag Register (IRF) may be read directly by the proc-
essor. In addition, individual flag bits may be cleared by writing
a ‘1" into the appropriate bit of the IFR. When the proper chip
select and register signals are appptied to the chip, the contents
of this register are placed on the data bus. Bit 7 indicates the

status of the IRQ output. This bit corresponds to the logic func-
tion: IRQ = IFR6 x IER6 + IFRS x IERS + IFR4 x IER4 +
IFR3 x IER3 + IFR2 x IER2 + IFR1 x IER1 + IFRO x IERD.

Note:
% = logic AND, + = Logic OR.

The IFR bit 7 is not a flag. Therelore, this bit is not directly cleared
by writing a logic 1 into it. it can only be cleared by clearing all the
flags in the register or by disabling all the active interrupts as dis-
cussed in the next section.

Interrupt Enable Register (IER)

For each interrupt rlag in IFR, there is a corresponding bit in the
Interrupt Enabte Register (IER) (Figure 30). Individual bits in the
{ER can be set or cleared to facilitate controlling individual inter-
rupts without affecting others. This is accomplished by writing to
the (IER) after bit 7 set or cleared 1o, in turn, set or clear selected
enable bits. If bit 7 of the data placed on the system data bus
during this write operation is a 0, each 1 in bits 6 through O clears
the corresponding bit in the Interrupt Enable Register. For each
zero in bits 6 through 0, the corresponding bit is unaffected.

Selected bits in the IER can be set by writing 10 the fER with bit 7
in the data word setto a 1. In this case, each 1 in bits 6 through 0
will set the corresponding bit. For each zero, the cofresponding
bit will be unaffected. This individual control of the setting and
clearing operations allows very convenient control of the inter-
rupts during system operation.

In addition to setting and clearing JER bits, the contents of this

register can be read at any time. Bit 7 will be read as a logic 1,
however.

REG 13--INTERRUPT FLAG REGISTER

SET BY CLEARED BY
CAZ ACTIVE EDGE READ OR WRITE
caz REG ) (ORA)*
CA1—4CAY ACTIVE EDGE READ OR WRITE
REG 1 {ORA]

SHIFT REG{COMPLETE 8 SHIFTS | READ OR WRITE
SHIFT REG

CB2 ACTIVE EDGE READ OR WRITE ORB*
TB1 ACTIVE EDGE__| READ DR WAITE ORB |
TIME-OUT OF T2

READ 72 LOW OR
WRITE T2 HIGH

TIME-DUY OF T1

TIMER 1
|
ANY ENABLED

CLEAR ALL
INTERRUPT INTERRUPTS

READ T1 LOWOR
WRITE 11 HIGH

" IF THE CA2/C82 CONTROL IN THE PCR IS SELECTED AS
“INDEPENDENT" INTERRUPT INPUT, THEN READING OR
WRITING THE OUTPUT REGISTER ORA/ORB WILL NOT
CLEAR THE FLAG BIT. INSTEAD, THE BIT MUST BE
CLEARED BY WRITING INTO THE IFR, AS DESCRIBED
PREVIOUSLY

REG 14—INTERRUPT ENABLE REGISTER

7165|4320

l——'—CAZ
cal
- SHIFTREG o = INTERRUPT
b———————cez DISABLED
oo 1 = INTERRUPT
L mmen; ENABLED
TIMER 1
SET/CLEAR]

NOTES.

Y IFBIT71S A 0", THEN EACH 17 IN BITS 0 - 6 DISABLES THE
CORRESPONDING INTEARUPY

2 tFBIT71SA “17 THEN EACH “17 IN BITS 0 - 6 ENABLES THE
CORRESPONDING INTERRUPT

3. 1F A READ OF THIS REGISTER IS DONE, 81T 7 WiLL BE “1~ AND
ALL OTHER BITS WiLL REFLECT THEIR FNABLE/DISABLE STATE

Flgure 29. Interrupt Flag Register (IFR)

Figure 30. Interrupt Enable Registes (IER)
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PERIPHERAL INTERFACE CHARACTERISTICS

Symbol Characteristic Min, Max Unit Figure

,‘ t 4 Rise and Fall Time for CA1, CB1, CA2 and CB2 Input Signals — 1.0 us —

[ caz Delay Time, Clock Negative Transition to CA2 Negative Transition (read handshake or — 1.0 P 31a, 31b

f puise mode)

r— tRs, Delay Time, Clock Negative Transition to CA2 Positive Transition (pulse mode) — 1.0 KS J1a
tas2 Delay Time, CA1 Active Transition to CA2 Positive Transition (handshake mode) — 2.0 s 31b
lwhs Delay Time, Clock Positive Transition to CA2 or CB2 Negative Transition 0.05 1.0 »S 31¢. 319

(write handshake)

H 1os Delay Time, Peripheral Data Valid to CB2 Negative Transition 0.20 15 us 31c. 31d

{ tass Delay Time, Clock Positive Transition to CA2 or CB2 Positive Transition (pulse mode) — 1.0 nS 31c
tnss Delay Time, CA1 or CB41 Active Transition to CA2 or CB2 Positive Transition — 20 i 31d

(handshake mode)
12 Delay Time Required from CA2 Output to CA1 Active Transition (handshake mode) 400 — ns 31d
4 Setup Time, Peripheral Data Valid to CA1 or CB1 Active Transition {input latching) 300 — ns 3le
tay CA1, CB1 Setup Prior to Transition to Arm Latch 300 — ns 31e
tepH Peripheral Data Hold After CA1, CB1 Transition 150 — ns Jte
5Rt Shift-Out Delay Time — Time from o, Falling Edge to CB2 Data Out - 300 ns 31t
52 Shift-In Setup Time — Time from CB2 Data In to ¢, Rsing Edge 300 — ns 31g
tsRa External Shift Clock (CB1) Setup Time Relative to ¢, Trailing Edge 100 Tey ns 31g
tow Pulse Width — PB6 Input Pulse 2 x Tey — 3
ew Pulse Width — CB1 Input Clock 2 x Tey — 31h
ps Pulse Spacing — PB6 Input Pulse 2 x Tey — 3t
I les Pulse Spacing -— CB1 input Pulse 2 x Ty — 31h
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PERIPHERAL INTERFACE WAVEFORMS

©2
0.8v 0.8V
READ IRA
OPERATION

CA2 2.0V
*‘DATA TAKEN"’ 0.8V
teaz a‘ e trgy =

Figure 31a. CA2 Timing for Read Handshake, Pulse Mode

READ iRA
OPERATION

CA2 2.0v
““DATA TAKEN" 0.8v
L
’
o toaz — -thsz
4
7 2.0V
CA1 .
"“DATA READY" . 0.8v
4 |
ACTIVE
TRANSITION
Figure 31b. CA2 Timing for Read Handshake, Handshake Mode
2.0V 2.0v
@2
fwus - gy ———
WRITE ORA, ORB
OPERATION
—
CA2, CB2 2.0v
“DATA READY" o.8v
- —-tgg —— !

s T

Figure 3tc. CA2, CB2 Timing for Write Handshake, Pulse Mode
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&2

twns ——
WRITE ORA, ORB / \
OPERATION
i
7L
CA2, CB2 Fa.ov
“DATA READY" 0.8V
tos
L
PA, PB \\ -2.0v §
PERIPHERAL
DATA 0.8V .
[—t2 thss
> | ———
CA1, CB1 2.0V
“DATA TAKEN' B 0.8V
7
ACTIVE
TRANSITION
Flgure 31d. CA2, CB2 Timing for Write Handshake, Handshake Mode
PA, PB (2.0
PERIPHERAL
INPUT DATA 0.8V
f—— ty ————=ttpon
CA1, CB1 1 2.0v
INPUT LATCHING
CONTROL . 0.8V
t
A ACTIVE
TRANSITION
Figure 31e. Peripheral Data input Latching Timing
2
| 0.8v
cB2
SHIFT DATA
(OUTPUT) 0.8V
tsp ——f
ce1
SHIFT CLOCK
(INPUT OR
OUTPUT) L _ DELAY TIME MEASURED FROM THE FIRST ¢,

FALLING EDGE AFTER CB1 FALLING EDGE.

Figure 311. Timing for Shift Out with internal or External Shift Clocking
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¢2

tsm2

cB2 T
SHIFT DATA ,////
(INPUT) 7

cB1
SHIFT CLOCK
(INPUT OR
OUTPUT)

| SET UP TIME MEASURED TO THE FIRST ¢,
" RISING EDGE AFTER CB1 RISING EDGE.

|—

Figure 319g. Timing for Shift in with internal or External Shift Clocking

cB1 2.0V 2.0V
SHIFT CLOCK
INPUT 0.8V 0.8V

ticw f tics 1

Figure 31h. External Shift Clock Timing

PB6 {2.0v 2.0V
PULSE COUNT
INPUT 0.8V 0.8v y
tipw b4es
COUNTER T2
DECREMENTS
HERE

Figure 31i. Pulse Count input Timing
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BUS TIMING CHARACTERISTICS

Read Timing
R6522 (1 MHz) R6522A (2 MHz)

Symbol Parameter Min, Max. Min. Max, Unit
Tey Cycle Time 1 10 0.5 10 us
Tach Address Set-Up?Eﬁ T 180 - 90 -~ ns
Tcar Address Hold Time 7 o 1 - 0 - ns
Tecr Peripheral Data Set-Up Time 300 - 150 - ns
Tcor Data Bus Delay Time - 365 - 190 ns
TuR Data Bus Hold Time 10 - 10 - ns

NOTE: tr, tt = 10 to 30ns.

Write Timing

R6522 R6522A
Symbeol Parameter Min Max Min. Max. Unit
Tey Cycle Time 1 10 0.50 10 us
Tc ¢2 Pulse Width 470 - 240 - ns
Tacw Address Set-Up Time 180 - 90 - ns
Tcaw Address Hoid Time 0 - 0 - ns
Twew R/W Set-Up Time 180 - 90 - ns
Toww R/W Hold Time 0 - 0 - ns
Tocw Data Bus Set-Up Time 200 - a0 - ns
Tuw Data Bus Hold Time 10 - 10 - ns
Terw Peripheral Data Delay Time - 1.0 - 05 us
Temos Peripherat Data Delay Time
to CMOS Levels - 2.0 - 1.0 us
NOTE: tr, tf = 10 to 30ns.
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BUS TIMING WAVEFORMS

Read Timing Waveforms

I Tacn Tev

@z
CLOCK
CHIP SELECTS, 2.0V 2.0V ¥
RE_GISTER SELECTS, ’ N\
RIW 0.8V 0.8V
Tecn —Tcar —
2.0V
PERIPHERAL
DATA 0.8V
JE— TNR -—
2.0V/ 2.0V
DATA BUS X
0.8V 0.8v

Write Timing Waveforms

©2
CLOCK

= Tacw—~

CHiP SELECTS, \ 2.0V
REGISTER SELECTS 0.8V
M Twew ™1 Tocw =1 Teww

2.0v

PERIPHERAL 2\
DATA
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MAXIMUM RATINGS*

Parameter Symbol Value Unit
Supply Voltage Vee -03to -70 Vdc
input Voitage Vin -03t0 +70 Vdc
Operating Temperature )

Commercial Ta Oto +70 °C
Industnal -4010 +85 °C
Storage Temperature Ts16 -5510 +150 °C

DC CHARACTERISTICS

(Voo = S0 Vdc 5%, Vg = 0 Mde, T4 = T_ 10 Ty, uniess otherwise noled)

“Note: This device contains circuitry (o protect the inputs against damage
due 10 high static voltages. However. normal precautions should be taken
to avord application of any voltage tugher than maximum rated voltages

Characteristic Symbol Min. Max. Unit Test Conditions
Input High Voltage Vin 24 Vee v
input Low Vollage Vi -0.3 04 v
Input Leakage Current '™ - *25 HA Viy = 0V lo 5.0V
R/W_RES, RS0, RS1. RS2, RS3, CS1, CS2. CA1, P2 Vee = OV
Input Leakage Current for Three-State Off hrsi - =10 KA Viy = 04Vito 24V
D0-D7 Vee = 525V
input High Current | -100 - HA Vin = 2.4V
PAQ-PA7. CA2. PBO-PB7, CB1, CB2
input Low Current [ — -1.8 mA Vi = 0.4V
PA0-PA7, CA2, PB0-PB7. CB1, CB2
Qutput High Voltage Vo 24 — \ Vee = 475V
PAQ-PA7. CA2, PBO-PB7, CB1, CB2 l.oap = -100 uA
Output Low Voltage Vou - 04 v Ve = 4.75V
PAD-PA7. CA2, PBO-PB7, CB1, CB2 lloap = 1.6 MA
QOutput High Current (Sourcing) lon
PAO-PA7, PBO-PB7 (TTL drive). DO-D7 -100 - A Vo = 2.4V
PBO-PB7 {other drive, e.g., Darlington) -1.0 — mA Vou = 1.5V
Qutput Low Current (Sinking) lor 1.6 — mA Voo = 0.4V
Output Leakage Current (Off State) lore - 10 pA
iRQ
Power Dissipation Py - 700 mw
Input Capacitance . Cin Vee = 5.0V
R/W. RES.RS0.RS1.RS2.RS3,CSt.CS2. - 7.0 pF Viy = OV
D0-D7.PA0-PA7. CA1, CA2. PBO-PB7
CB1. CcB2 - 10 pF 1 =1MHz
92 Input - 20 pF Ta = 25°C
Output Capacitance Cour - 10 pF

NOTES:
1. All Units are direct current {DC)

2. Negative sign indicates outward current flow, positive indicates inward flow.
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PACKAGE DIMENSIONS

40-PIN CERAMIC DIP
™1 T
; MILLIMETEAS| INCHES
s B DIM| MIN [ MAX 7 MIN MAX
\ A | 5029|5191 1980 2020
i | @ | 1486|1562 [0585] 0615
Y N C | 254 419]0100] 0165
— 0 | 038 053][0015) 002"
a J F | 076] 140]0030] 0055
| G | 2548SC_| 010085C
W | 076] 178]0030] 0070
3 | 020 033]co0s] 003
Tt eTee e e s e K | 254] a19]0100] 0165
U [1a60 [1537[0575] 0605
f W] o T0lo 30
N | os1] 152]c020] 0060
gal=B «
0 oo o s
40-PIN PLASTIC DIP
AALNAAAAAAANANANAAAS
| ? MILLIMETERS] _ INCHES
i i o] MIN ] MAX | MIN | MAX
A | 51285232 [2040 | 2080
B | 13721422 [0540 | 0560
c 355] 5080140 | 0200
D | 036] 0510014 ] 0020
F | 102] 152]0040] 0060
G | _25485C | 01008SC
W | 165] 216[0065] 0085
J | 020] 030]o008] 0oz
K | 305 356|0120] 0140
L | 1524BSC | 0600B5C
1] 7 1 7 10
W | 0s5t] 10210020 0040
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PART NUMBER
AB5-XXX

AIM 65
DATA SHEET

PRODUCT OVERVIEW

The AIM 65 microcomputer is a complete, assembled microcom-
puter system featuring a 20-column thermal printer, a 20character
alphanumeric disptay, and a full-size terminal style keyboard.
On-board memory. sockets accept up to 20K bytes of PROM/ROM
and 4K bytes of static RAM, A user R6522 Versatile Interface
Adapter {VIA} dedicates 16 parallel }/O data lines and four hand-
shaking control lines to application usage. The address, data, and
control lines are also accessible for off-board memory, peripheral
and 1/0 expansion. An 8K-byte ROM-resident debug monitor and
text editor provides immediate interactive operation upon power
twrn-oh.

With its self-contained printer and display, the AIM 65 microcom-
puter i$ ideal for educational and industrial desk-top applications.
The on-board printer, unique to single-board microcomputers in
its class, make the AIM 65 microcomputer a natural for any con-
trol and monitor application requiring hard copy output — such as
equipment performance monitoring, data iogging, test and evalu-
ation, specialized data acquisition and reduction, laboratory
measurements and analysis, and untold others.

The interactive monitor simplifies computer program checkout
with single step functions which trace instruction execution and
register contents as well as stop execution at specified breakpoint
addresses. Memory and registers can be examined and altered to
set up controlled execution conditions and to allow detailed analy -
sis of program performance. The text editor allows computer pro-
gram assembly and high level language instructions and data to be
easily entered and edited at the source code level

Optional ROM-based tanguages support computer program devel-
opment in both R6500 assembly language and high level lan-
quages. BASIC {by Microsoft) is the most popular microcomputer
{anguage used for computation and low speed control applications.
FORTH is a highly efficient language in terms of memory utiliza-
tion and execution speed — and also greatly shortens program
development time. PL/65 provides structured control statements
and compiles to 6500 assembly language to serve as an efficient
system implementation language. The AIM 65 Pascal is a unique
implementation of a substantial subset of standard Pascal which
features interactive statement entry and execution with debug fea-
tures at the source statement level

Standard documentation includes the comprehensive AIM_65
User's Guide, an assembly language tisting of the Monitor/Editor
computer program, the R6500 Programming Manual, the R6500
Hardware Manual, a handy pocket-size AIM 65 Summary Card and
a wall-size schematic of the AIM 65 microcomputer.

ORDERING INFORMATION

Part No. Description
Systems
A65-100 AIM 65 with 1K RAM and Monitor
A65-400 AIM 65 with 4K RAM and Monitar
A65-410 AIM 65 with 4K RAM, Monitor, &
Assembler
A65-415 AIM 65 with 4K RAM, Manitor, & Basic
A65-420 AIM B5 with 4K RAM, Monitor, Basic &
Assembler
AB65-450 AIM 65 with 4K RAM, Monitor, & Forth
Firmware
A65-010 Assembler for AIM 65
A65.020 Basic for AIM 65
AB5-030 PL/65 for AIM 65
A65-040 Math Package for AIM 65
A65-050 Forth for AIM 65
A65-060 Instant Pascal for AIM 65
Accessories
A65-002 AIM 65 Enclosure
A65-003 AIM 65 Service Test Board
AB5.005 Lab Power Supply
AB5-901 PROM Programmer & CO-ED

AlM 65 MICROCOMPUTER

FEATURES

Single Board Computer with on-board RAM, ROM, and 1/O

— Powerfui and Popular 6502 CPU

— Up 10 4K bytes of 2114 Static RAM

— Up to 20K bytes of 2532 PROM or R2332 ROM

— User-Dedicated Application Parallel 1/0 Interface

— Low-Cost Audio Cassette Recorder Interface with 2 Re-
corder Remote Control Lines

— 20 mA Current Loop Serial Interface

— Expansion Bus Interface

20-Column Thermal Printer

— 64 Character ASCII Format

— 120 Lines per Minute

— 5 x 7 Dot Matrix Character Font

20-Character Display

— 64-Character ASCiI Format

— 16-Segment Font

— High Contrast Monolithic Characters

Fult-Size 54-key Terminal Style Keyboard

— 26 Alphabetic, 10 Numeric, and 22 Special Characters

— 9 Control Functions and 3 User-Defined Functions

ROM-Resident Interactive Debug Monitor

— Monitor-Generated Prompts and Single Keystroke
Commands

— Single-Step Execution with Tracing and Breakpoints

— Memory and Register Examine and Alter

— Mnemonic Instruction Entry and Disassembly

Text Editor

— Line Oriented Commands {Read, Insert, Delete, List)

— Character String Find and Change

Paralie! Application Interface

— R6522 Versatile interface Adapter (VIA)

~ Two 8-bit Parallel Bidirectional Data Ports

- Two 2-bit Handshake Control Ports

— Two Programmable 16-bit Counter/Timers

— 8-bit Serial Intertace

Optional ROM-Based Languages

— 4K Symbolic Assembler

- 8K BASIC Interpreter

— 8K PL/65 Compiler

- 8K FORTH Compiler/Interpreter

- 20K Pascal Compiler/Interpreter {16K Bytes Off-Board)

ROkl T
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FUNCTIONAL DESCRIPTION

The AIM 65 microcomputer consists of a Master Module {which in-
cludes the central processing and control circuitry, decoders, memory,
1/O and printer control circuitry), an attached Display Module and a
separate Keyboard Modute. A thermat printer is mounted directly on
the Master Module while the Display Module is mounted on angle
brackets which are fastened to the Master Module.

Central Processing and Control

The RB6502 8-bit microprocessor, the central processing unit (CPU) of
the AIM 65 microcomputer, provides the overall control and monitor-
ing of all AJM B5 operations. The R6502 communicates with other
AIM 65 elements on three separate buses. A 16-bit address bus aliows
the CPU to directly address 65,536 memory locations. An 8-bit bidirec-
tional data bus carries data from the CPU to/from memory and inter-
face devices. The control bus carries various timing and control signals
between the CPU and interfacing peripherals, devices, and off-board
elements.

The CPU operates at 1 MHz, which is derived from a 4 MHz crystal-
controlled oscillator. The 02 system clock and read/write control
signals are generated by the CPU, and are buffered and routed to other
devices on-board and 1o the expansion connector.

A decoder circuit provides chip select signals to the on-board PROM/
ROM and RAM sockets and to the 1/O devices. 4K-byte chip selects
are sent to the PROM/RAOM sockets ($BXXX-$FXXX) while 1K-byte
select signals are routed to the RAM sockets {S00XX-SXCXX), On-
board 1/0 is aiso decoded to 1K-byte selects {(SADXX-SACXX).

A pushbutton switch initiates RESET to the on-board devices and to
interfacing equipment through the expansion connector. Installed
terminal posts allow connection to a remote RESET switch. The
STEP/RUN switch selects program execution in either the single-step
mode or the run mode. in single-step mode, execution of all instruc-
tions in the address range 0-S9FFF can be traced or can be stopped
at any of four specified breakpoints. The KB/TTY switch selects
operation using the AIM 65 keyboard and display or using a teletype-
writer attached to the 20 mA current loop interface.

Memory

Two 1024 x 4 2114 static RAM devices are required for each 1K-byte
of installed RAM. Both 1K and 4K versions are available. The 1K
version may be expanded on-board in 1K increments up to 4K using
the spare RAM sockets

Five PROM/ROM sockets accept installation of the 4K-byte R2332
ROM, 2532 PROM, or smaller devices with compatible pinouts, e.g.,
2K-byte 2516 PROM. The AIM 65 microcomputer comes with two
R2332 ROMs containing the Debug Monitor/Text Editor installed at
addresses $EODD-SFFFF

1/0

The 16 bidirectional data lines and 4 handshake control lines of the
user-dedicated R&522 VIA are routed directly to the application
connector The high current capacity of the VIA's eight “B” port
lines can directly drive many industry-standard devices, such as solid
state relays. One of the lines can be used as either a serial input or
output line.

The audio recorder interface connects to one or two low-cost audio
cassette recorders. Two remote control lines can control two separate
recorders independently during read and write operations using the
AIM 65 biocked audio recording format.

Peripherals

The printer prints on heat-sensitive roll paper by means of ten thermal
elements, mounted an a mavable head, each of which can print two
5 x 7 matrix dot characters. The printed characters are formed by dot
patterns stored in the AIM 65 Monitor/Editor ROMs. A motor-driven
platen advances the paper after each row of horizontal dots is printed.
The motor and therma! element driver voltages are derived from an

external +24V power supply. The printing is controlied by subroutines
resident in the Monitor/Editor ROMs.

The AIM 65 display consists of five four-digit 16-segment aiphanumeric
displays and an R6520 Peripheral Interface Adapter {(PIA) mounted
on the Display Module which connects to the Master Module through
two short solid-conductor ribbon cables. Each display quad contains
internal memory, decoder, and driver circuitry. The display quads
interface with the Master Module through the PIA. Data may be sent
to the display using Monitor ROM subroutines,

The Keyboard Module connects to the Master Module by a removable
16-conductor flat ribbon cable. The interface is through an RE532
RAM, /0, and Timer (RIOT) device which supports the Monitor
with the RAM and timer. The key matrix is strobed by eight lines
output through the RIOT with the matrix returns routed back through
eight R6532 input lines.

FFFF =~
AlIM 65
DEBUG MONITOR
& TEXT EDITOR ROMs
EODO
DFFF
OPTIONAL
ASSEMBLER
D000
> ON-BOARD
CFFF RESERVED
CO00 ) OPTIONAL [OPTIONALIOPTIONA bl
BFFF ] BAsIC** |[FORTH**| PL/65*" | opyiONAL
.
B0GO Pascal*®
AFFF AIM 65
ON-8OARD 1/0O
A000 {
9FFF
ESERVED**
8000 |
TFFF
OPTIONAL
USER AVAILABLE Pascal®” } OFFBOARD
4000 |
JFF}
1000
FFF
USER AVAILABLE
aA0
agF
USER AVAILABLE **
'zog > ON-BOARD
F 6502 STACK AND
100 AIM 65 SYSTEM
FF
PAGE 0°*
° J
NOTES *USER AVAILABLE (Ff MONITOR/EDITOR S NOT USED.

**USER AVAILABLE IF OPTIONAL LANGUAGE IS NOT USED:

LANGUAGE PAGE 0 PAGE 24
Assembler 0-DE- NOT USED
BASIC 0.06 200 - 211
FORTH 0.44 200 - 30A
PL/6S 0.0 200 - 49F
Pascal 0684, FC FF 200 - 2FF
Monitor /Editor DEFF NOT USED

AIM 65 Memory Map



Application Connector Pin Assignments

Top (Component Side)

Bottom (Solder Side)

Signal Signal
Mnemanic Signal Name Type HO | Pin Pin Mnemonic Signal Name Tvpe o
GND Ground 1 A +5V 15V Power o
PA3 Port A DataBit 3 NMOS 1/0 2 8 NC
PA2 Port A Data 8it 2 NMOS 170 3 C @2 CPU Phase 2 Clock NMOS ¢}
PA1 Port A DataBit 1 NMOS 110 a [0} RMW CPU Read/MWrite NMOS
PA4 Port A Data Bit4 NMOS | 11O 5 E TAPE 1B RTN Tape 1B Remote Control Return 110
PAS Port A Data Bit5 NMOS | /O 6 F TAPE 18 Tape 1B Remote Control [He]
PAG Port A Data Bit6 NMOS 1/0 7 H TAPE 2B RTN Tape 2B Remote Control Return 110
PA7 Port A Data Bit 7 NMOS 110 8 J TAPE 28 Tape 2B Remote Control (7[e)
PBO Port B Data Bit 0 NMOS 110 9 K NC
PB1 Port B Data Bit 1 NMOS 1/0 10 L AUDIO IN Audio Input Low !
PB2 Port B Data Bit 2 NMOS 170 1 M AUDIO OUT LO Audio Qutput Low Level [e]
PB3 Port B Data Bit 3 NMOsS | 110 | 12 N +12v +12 Vde ’ Power ¢}
PB4 Port B Data 8it 4 NMOS [¥[e} 13 P AUDIO OUT HIGH Audio Output High Level ¢}
PAD Port A Data Bit 0 NMOS i/0 14 R TTY KYBD RTN {+) | TTY Keyboard Return 20 mA {+)
P87 Port B Data Bit 7 NMOS [F[e] 15 S TTY PWR RTN {+) TTY Power Return 20 mA {+}
P8BS Port B Data Bit5 NMOS [F{e] 16 T TTY KYBD TTY Keyboard {Data In) 20 mA {-) 1
PB6 Port 8 Data Bit 6 NMOS [F/e] 17 U TTY PWR TTY Power (Data Out} 20 mA (-} [e]
c81 Port B Control Bit 1 |{ NMOS | /O | 18 v TAPE 2A Tape 2A Remote Control /0
ce2 Port 8 Control Bit2 | NMOS | 1/O | 19 w TAPE 1A Tape 1A Remote Contral 110
<A1 Port A Control Bit 1 | NMOS | 20 X NC
CA2 Port A Contral Bit2 | NMOS | IO | 21 Y SERIAL IN Serial Input 1
-12v -12 vde* Power ¢} 22 b4 +24v +24 vVdc** Power [e]
NOTES
*Pin 22 jumpered to ~12V through jumper.
**Pin Z jumpered to +24V through jumper.
Exp C Pin Assig ts
Top {Component Side) Bottom (Solder Side)

Signal Input/ Signal Input/
Mnemonic Signal Name Output Pin Pin Mnemonic Signal Name Output
SYNC SYNC [e] 1 A X¢] Address Bit 0 o
RDY Aeady | 2 B Al Address Bit 1 [e]

(3] Phase 1 Clock [¢] 3 [ A2 Address Bit 2 o
[:{e] Interrupt Request 1 4 s} A3 Address Bit 3 [o}
§.0. Set Overflow i ) E A4 Address Bit 4 o
NMi Non-Maskable Interrupt 1 6 F AS Address Bit 5 ]
RES Reset | 7 H AB Address Bit 6 o
D7 Data Bit 7 110 8 J A7 Address Bit 7 o
D6 DataBit6 110 9 K A8 Address Bit 8 [¢]

DS DataBit§ 110 10 L A9 Address Bit 9 [¢]

D4 Data Bit 4 /0 1 M A10 Address Bit 10 [¢]

D3 DataBit 3 /0 12 N A1l Address Bit 11 ¢}

D2 Data Bit 2 /0 13 P A12 Address Bit 12 o
D1 Data Bit 1 /0 14 R A3 Address Bit 13 [¢]

0o Data Bit 0 110 15 5 A14 Address Bit 14 o
-12v *-12 Vdc o 16 T A15 Address Bit 15 ¢}
+12v *+12 Vdc o] 17 u SYS 02 System Phase 2 Clock ¢}
Tsg Chip Select 8 [e] 18 v SYSRW System Read/Write [¢]
foksi:] Chip Select 9 o 19 w RW Read/Write “Not” o
CsA Chip Select A o] 20 X TEST Test [¢]
+5V +5 Vdc o 21 Y (7} Phase 2 Clock “Not” o
GND Ground 22 z RAM RW AAM Read/Write ¢]
NOTE

"Not used on AIM 65.
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PORT A PORT B
(10 LINES) (10 LINES}
APPLICATION CONNECTOR EXPANSION CONNECTOR
TELETVPE D(‘:’:;s::_’?éo USER-DEDICATED
INTERFACE <
INTERFACE Res22 via
READ/WRITE
L <=>1 M™EMORY (Ram)
3 (1K OR 4K}
SYSTEM ~l E
R6522 VIA << 1
[¥]
U £
hd
<
o
PRINTER 1 MHz g
INTERFACE cLock &
H PROM/RAM
A 2 K> EXPANSION SOCKETS
2 {UP TO 12K}
)
20.COLUMN 4 2
ALPHANUMERIC R6502 @
THERMAL cPU G =
PRINTER w
w
\/ >
w
ADV ANCED
RE532 INTERACTIVE
RAM.I/O-TIMER = Bl o= MONITOR
ﬁ (8K)
DISPLAY
INTERFACE [
KEYBOARD ]
INTERFACE U
20.CHARACTER
ALPHANUMERIC
DISPLAY

v
54-KEY

TERMINAL STYLE
KEYBOARD

AIM 65 Block Diagram




ELECTRICAL CHARACTERISTICS
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Power Requirements
Voltage Typ Max Peak Units
+5V +5% Regulated
1K RAM + 2 ROMs* 11 1.8 18 A
4K RAM + 5 ROMs 1.8 28 28 A
+24V 1 15% Unregulated 05 15 25 A
NOTES
“For additional RAM and ROM, atlow
Typ Max Units
1K 2114 RAM (2 devices) 0.160 0.200 A
4K 2332 ROM (1 device) 0.080 0.120 A
**+24V peak current specified as worst case with printer duty cycle of 75%. For most cases, a +24V 2A power supply is
sufficient.
NMOS Interface (Input Voltage = +5.0v, TA = 25°C}
-
Symbol Parameter Min Max Unit
VIH input High Voltage 24 5.0 \'%
V\L Input Low Voltage 03 +0.4 v
'IH Input High Current -100 ~300 nA
(VIH =24v)

e Input Low Current -1.0 -16 mA
(VIL =0.4A)

VOH Qutput High Voltage 24 5.0 \'%
“LOAD <-J00A)

VOL Qutput Low Voltage - 04 v
a < -3 mA)

LOAD

'ON Qutput High Current (Sourcing)
Vo, »24v) -100 - uA
(Vou 215V, VIA PBO-PB7 only) -1.0 - mA

oL Output Low Current {Sinking) 1.6 - mA
(VOL < 0.av)

TTL —  Industry standard LS TTL.

OCTTL ~  iIndustry standard Open Coliector LS TTL.

3STTL = Industry standard Tri-State LS TTL.

TPTTL —  Industry standard Totem Pole LS TTL.
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PHYSICAL CHARACTERISTICS

Parameter

Outside Dimensions®
Master Modute
Width
Depth
Height* *
Weight

Keybtoard Module

Width
Depth
Height
Weight

Environment
Operating Temperature
Storage Temperature
Relative Humidity

Power Connector

Interface Connector
J1 {Application} and
J3 {Expansion)

J2 {Printer)

J4 {Keyboard)

J5 (Display)
Shipping Specifications

Size lin box}

Weight {in box)

F—

11.5n. {292 mm)
1051n. (267 mm)
2.35n. {60 mm)

1th. 110z {630g)

11.5:n. (292 mm)
4.0 n. (102 mm)
1.2in. (30 mm}
11b. 3 0z2. 1443 g)

Og 1w sozc
0710 70°C
0% to 85% {without condensation)

6-Post Terminal Block

44-pin edge connector

{0.156 in. centers), Mates with Viking
2VH22/1ANDS or equivalent.

17-pin Hexible cable strip connector
16-pin DIP connector

32pin strip connector

13in. (330 mm) x 14 in. (355 mm)} x 7.5 in. (190 mm}
81b. (3 kg)

NOTES

“Reference PA00-DO10.
**To top of the display.

MONITOR COMMANDS

Major Function Entry
{RESET Button) — Enter and initialize Monitor

ESC — Reenter Monitor

E — Enter and initialize Text Editor
T — Reenter Text Editor

N — Jump to $8000

§ — Jump to $C000

]

-~ Jump 10 $C003

Instruction Entry and Disassembly

[} Enter mnemonic instruction entry mode
K — Disasiemble memory

Display/Alter Ragisters and Memory

hd Alter Program Counter to {address)

A — Alter Accumulator to (byte)

X — Alter X Register to {byte)

Y — Aiter Y Register to {byte}

P — Alter Processor Status to {byte}

S — Alter Stack Pointer to (byte)

R — Display all registers

M - Display four memory starting at { )
(SPACE) — Display next four memory locations

/ —~ Alter current memory location
Manipulate Breakpoints

# — Cleor all breakpoints

4 - Toggle breakpoint enable on/off

8 - Set one 1o four breakpoint addresses
? - Dispiay breakpoint addresses
Control Instruction/Trace

G ~ Execute user’s program

Z ~ Toggle instruction trace mode on/off
V — Toggle register trace mode onfoft

H Trace Program Counter history

MONITOR COMMANDS (CON'T)

Control Peripheral Devices

— Load object code into memory from peripheral 1/O device
Dump object code to peripheral 1/O device
Toggle Tape 1 control on/off

Toggle Tape 2 control onfoff

Verify tape checksum

CTRL PRINT — Toggle Printer onfotf

LF ~ Line Feed

PRINT — Print Display contents

Call User-Defined Functions

F1 — Cal$ User Function 1

£2 — Call User Function 2

F3 — Call User Function 3

L
D
1

2
3

TEXT EDITOR COMMANDS

R — Read lines into text buffer
I — lnsert line into text buffer
K ~— Delete current line of text

{SPACE) — Displey current line of text

List lines of text to peripheral 1/O device
Move up one line

Move down one line

Go to top line of text

Go to bottom line of text

Find character string

Change character string

Quit Text Editor, return to Monitor

cr

OOM® A0
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APPENDIX B: 6502 INSTRUCTIONS

* Descriptions

* Addressing Modes

* Internal Registers
* Mnemonics/Op-Codes

* Execution Times
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6502 INSTRUCTION SET

Mnemonic Description
ADC Add to Accumulator with Carry
AND Logical AND
ASL Arithmetic Shift Left
BCC Branch if Carry Flag Clear (C = 0)
BCS Branch if Carry Flag Set (C = 1)
BEQ Branch if Zero Flag Set (Z2 = 1)
BIT Test Bits in Memory with Accumulator
BMI Branch if Negative Flag Set (N = 1)
BNE Branch if Zero Flag Clear (2 = 0)
BPL Branch if Negative Flag Clear (N = 0)
BRK Break; Jump to Interrupt Routine
BVC Branch if Overflow Flag Clear (V = 0)
BVS Branch if Overflow Flag Set (V = 0)
CLC Clear Carry Flag [C--> 0]
CLD Clear Decimal Mode [D--> 0]
CLI Clear Interrupt Disable Flag [I--> 0]
CLV Clear Overflow Flag [V--> 0]
CMP Compare Accumulator to Memory
CPX Compare X Index Register to Memory
CPY Compare Y Index Register to Memory
DEC Decrement Contents of Memory by One
DEX Decrement Contents of X Register by One
DEY Decrement Contents of Y Register by One
EOR Logical Exclusive-OR Accumulator with Memory
INC Increment Contents of Memory by One
INX Increment Contents of X Register by One
INY Increment Contents of Y Register by One
JMP Jump to New Memory Location
JSR Jump to Subroutine Location
LDA Load Accumulator
LDX Load X Index Register
LDY Load Y Index Register
LSR Logical Shift Right
NOP No Operation
ORA Logical OR Accumulator with Memory
PHA Push Accumulator on Stack
PHP Push Processor Status Register on Stack
PLA Pull Accumulator from Stack
PLP Pull Processor Status Register from Stack
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6502 INSTRUCTION SET

Mnemonic

ROL
ROR
RTI
RTS
SBC
SEC
SED
SEI
STA
STX
STY
TAX
TAY
TSX
TXA
TXS
TYA

Description

Rotate Left through Carry
Rotate Right through Carry
Return from Interrupt Routine
Return from Subroutine

Subtract

from Accumulator with Borrow

Set Carry Flag [C~--> 1]

Set Decimal Mode [D--> 1]

Set Interrupt Disable Flag [I--> 1]
Store Contents of Accumulator in Memory
Store Contents of X Register in Memory
Store Contents of Y Register in Memory

Transfer
Transfer
Transfer
Transfer
Transfer
Transfer

Contents of Accumulator to X Register
Contents of Accumulator to Y Register
Stack Pointer to X Register

Contents of X Register to Accumulator
Contents of X Register to Stack Pointer
Contents of Y Register to Accumulator
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6502 ADDRESSING MODES

S ———

*

h

No. Mode Abbreviation*
S— S
1 Immediate #hh
2 Absolute (Non-Zero Page) hhhh
3 Zero Page hh
4 Implied
5 Accumulator A
6 Absolute Indexed, X hhhh, X
7 Absolute Indexed, Y hhhh, Y
8 Indexed Indirect or
Pre-Indexed Indirect (hh, X)
9 Indirect Indexed or
Post-Indexed Indirect (hh), Y
10 Zero Page Indexed, X hh, X
11 Zero Page Indexed, Y hh, Y
12 Relative hh or hhhh
13 Indirect Absolute (hhhh}

hexadecimal address digit.

S U P —



6502 INTERNAL REGISTERS

7 0
I::::E::t:[ Accumulator
70
I x Index Register X
7 0.
Iy Index Register Y
15 7 0
I:,mggﬂﬂ_ulwm_zgéﬂ__l Program Counter
7 0
117 S i Stack Pointer

Processor Status Register

I:E_TMV*I‘_iI:EtT Dl 1| z]c] = "P" Register

b ————-—-->Carry Flag

>Zero Flag

>Interrupt Disable

>Decimal Mode

>Break Command

->Not Used

—————————————>0verflow Flag

L >Negative Flag

331
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6502 Instruction Opcodes by Mnemonic and Addressing Mode

Addressing # | Status Flags
Instruction Mnemonic Mode OP-CODE Af fected
= ———————— ]
ADC ADC #hh Immediate 69 (2) c,z2,vV,N
ADC hhhh Absolute 6D (3)
ADC hh Zero Page 65
ADC hhhh,X| Absolute,X 7D (3)
ADC hhhh,Y| Absolute,Y 79 (3)
ADC (hh,X){ Indirect,X 61
ADC (hh),¥Y| Indirect,Y 71 (2)
ADC hh,X Zero Page,X 75
AND AND #hh Immediate 29 (2) Z,N
AND hhhh Absolute 2D
AND hh Zero Page 25 (2)
AND hhhh,X| Absolute,X 3D (3)
AND hhhh,Y| Absolute,Y 39 (3)
AND (hh,X){ Indirect,X 21
AND (hh),Y| Indirect,Y 31 (2)
AND hh,X Zero Page,X 35 (2)
ASL ASIL hhhh Absolute 0E (3) C,Z,N
ASL hh Zero Page 06 (2)
ASL A Accumulator 0A (1)
ASL hhhh,X | Absolute,X 1E (3)
ASL hh,X Zero Page,X 16 (2)

% Value in parenthesis is total no. of bytes/instruction.
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Addressing % | Status Flags
Instruction Mnemonic Mode OP-CODE Affected
=bﬁ —
BCC BCC hh Relative 90 (2) NONE
BCS BCS hh Relative BO (2) NONE
BEQ BEQ hh Relative FO (2) NONE
BIT * BIT hhhh Absolute 2C (3) Z,N,V
BIT hh Zero Page 24 (2) Z2,N,V
BMI BMI hh Relative 30 (2) NONE
BNE BNE hh Relative DO (2) NONE
BPL BPL hh Relative 10 (2) NONE
BRK BRK Implied 00 (1) B,I
BVC BVC hh Relative 50 (2) NONE
BVS BVS hh Relative 70 (2) NONE

% Value in paréenthesis is

total no. of bytes/instruction.
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Addressing % | Status Flags
Instruction Mnemonic Mode OP-CODE Affected
—— —— S e e
CLC CLC Implied 18 (1) C
CLD CLD Implied D8 (1) D
CLI CLI Implied 58 (1) I
CLV CLV Implied B8 (1) \%
CMP CMP #hh Immediate C9 (2) C,Z,N
CMP hhhh Absolute CD (3)
CMP hh Zero Page C5 (2)
CMP hhhh,X | Absolute,X DD (3)
CMP hhhh,Y | Absoclute,Y D9 (3)
CMP (hh,X){ Indirect,X Cl (2)
CMP (hh),Y| Indirect,Y D1 (2)
CMP hh,X Zero Page,X D5 (2)
CPX CPX #hh Immediate EO0 (2 c,z,N
CPX hhhh Absolute EC (3 W
CPX hh Zero Page E4 (2)
CPY CPY #hh Immediate CO (2) C,Z,N
CPY hhhh Absolute CC (3
CPY hh Zero Page Cc4

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing # |Status Flags
Tnstruction Mnemonic Mode OP-CODE Affected

DEC DEC hhhh Absolute CE (3) Z,N

DEC hh Zero Page cé (2)

DEC hhhh,X | Absolute,X DE (3)

DEC hh,X Zero Page,X D6 (2)
DEX DEX Implied CA (1) Z,N
DEY DEY Implied 88 (1) Z,N
EOR EOR #hh Immediate 49 (2) Z,N

EOR hhhh Absolute 4D (3)

EOR hh Zero Page 45 (2)

EOR hhhh,X | Absolute,X 5D (3)

EOR hhhh,Y | Absolute,Y 59 (3)

EOR (hh,X) { Indirect,X 41 (2)

EOR (hh),Y | Indirect,Y 51 (2)

EOR hh,X Zero Page,X 55 (2)
INC INC hhhh Absolute EE (3) Z,N

INC hh Zero Page E6 (2)

INC hhhh,X | Absolute,X FE (3)

INC hh,X Zero Page,X F6 (2)
INX INX Implied E8 (1) %,N
INY INY Implied c8 (1) Z,N

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing % | Status Flags
Instruction Mnemonic Mode OP-CODE Affected

JMP JMP hhhh Absolute 4C (3) NONE

JMP (hhhh) Indirect 6C (3) NONE
JSR JSR hhhh Absolute 20 (3) NONE
LDA LDA #hh Immediate A9 (3) Z,N

LDA hhhh Absolute AD (3)

LDA hh Zero Page A5 (2)

LDA hhhh,X| Absolute,X BD (3)

LDA hhhh,Y} Absolute,Y B9 (3)

LDA (hh,X)| Indirect,X Al (2)

LDA (hh),Y}] Indirect,Y Bl (2)

LDA hh,X Zero Page,X B5 (2)
LDX LDX #hh Immediate A2 (2) Z,N

LDX hhhh Absolute AE (3)

LDX hh Zero Page A6 (2)

LDX hhhh,Y | Absolute,Y BE (3)

LDX hh,Y Zero Page,Y B6 (2)
LDY LDY #hh Immediate A0 (2) Z,N

LDY hhhh Absolute AC (3)

LDY hh Zero Page A4 (2)

LDY hhhh,X{ Absolute,X BC (3)

LDY hh,X Zero Page,X B4 (2)

% Value in parenthesis is

total no. of bytes/instruction.
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‘ Addressing Y Status Flags
Instruction Mnemonic Mode OP-CODE Affected

LSR LSR hhhh Absolute 4E (3) C,%2,N

LSR hh Zero Page 46 (2)

LSR A Accumulator 4A (1)

LSR hhhh,X| Absolute,X 58 (3)

LSR hh,X Zero Page,X 56 (2)
NOP NOP Implied EA (1) NONE
ORA ORA #hh Immediate 09 (2) Z,N

ORA hhhh Absolute 0D (3)

ORA hh Zero Page 05 (2)

ORA hhhh,X| Absolute,X 1D (3)

ORA hhhh,Y ] Absolute,Y 19 (3)

ORA (hh,X)} Indirect,X 01 (2)

ORA (hh),Y{] Indirect,Y 11 (2)

ORA hh,X Zero Page,X 15 (2)
PHA PHA Implied 48 (1) NONE
PHP PHP Implied 08 (1) NONE
PLA PLA Implied 68 (1) Z,N
PLP PLP Implied 28 (1) ALL

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing % | Status Flags
Instruction Mnemonic Mode OP-CODE Affected

ROL ROL hhhh Absolute 2E (3) c,Z2,N

ROL hh Zero Page 26 (2)

ROL A Accumulator 2A (1)

ROL hhhh,X| Absolute,X 3E (3)

ROL hh,X Zero Page,X 36 (2)
ROR ROR hhhh Absolute 6E (3) C,Z2,N

ROR hh Zero Page 66 (2)

ROR A Accumulator 6A (1)

ROR hhhh,X| Absolute,X TE (3)

ROR hh,X Zero Page,X 76 (2)
RTI RTI Implied 40 (1) ALL
RTS RTS Implied 60 (1) NONE
SBC SBC #hh Immediate E9 (2) C,2,N,V

SBC hhhh Absolute ED (3)

SBC hh Zero Page ES5 (2)

SBC hhhh,X| Absolute,X FD (3)

SBC hhhh,¥}{ Absolute,Y F9 (3)

SBC (hh,X)| Indirect,X E1l (2)

SBC (hh),¥] Indirect,Y Fl (2)

SBC hh,X Zero Page,X F5 (2)

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing * Status Flags
Instruction Mnemonic Mode OP-CODE Affected
SEC SEC Implied 38 (1) C
SED SED Implied F8 (1) D
SEI SEI Implied 78 (1) I
STA STA hhhh Absolute 8D (3) NONE
STA hh Zero Page 85 (2)
STA hhhh,X| Absolute,X 9D (3)
STA hhhh,Y| Absolute,Y 99 (3)
STA (hh,X)]| Indirect,X 81 (2)
STA (hh),Y}! Indirect,Y 91 (2)
STA hh,X Zero Page,X 95 (2)
STX STX hhhh Absolute 8E (3) NONE
STX hh Zero Page 86 (2) \l’
STX hh,Y Zero Page,Y 96 (2)
STY STY hhhh Absolute 8C (3) NONE
STY hh Zero Page 84 (2) w
STY hh,X Zero Page,X 94 (2)

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing % | Status Flags
Instruction Mnemonic Mode OP-CODE Affected
TAX TAX Implied AA (1) Z,N
TAY TAY Implied A8 (1) Z,N
TSX TSX Implied BA (1) Z,N
TXA TXA Implied 8a (1) Z,N
TXS TXS Implied 9a (1) NONE
TYA TYA Implied 98 (1) Z,N

% Value in parenthesis is

total no. of bytes/instruction.
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Addressing
Mode

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute,X
Absolute,Y
Indirect,X
Indirect,Y
Zero Page,X
Zero Page,Y
Relative
Indirect

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute,X
Absolute,Y
Indirect,X
Indirect,Y
Zero Page,X
Zero Page,Y
Relative
Indirect

Instruction

ADC AND ASL BCC BCS BEQ BIT BMI BNE BPL
2 2 - - - - - - - -
4 4 6 - - - 4 - - -
3 3 5 - - - 3 - - -
- - 2 - — - - - - -
4* 4* 7 - - - - - - -
4* 4* - - - - - _ - _
6 6 - - - - - - - -
5* 5* - -— - - - -— - -
4 4 - - - - - - -
: : : 2** ;** 2** — 2** 2** 2**

BRK BVC BVS CLC CLD CLI CLV CMP CPX CPY
- - ~ - - - - 2 2 2
- - - - - - - 4 4 4
- - - - - - - 3 3 3
7 - ~ 2 2 2 2 - - -
- - T I ae
- - - _ - - - 4* - -
- - - - - - - 6 - -
- - - — — - -— 5* - -
- — — - - - - 4 - -
: 2%k Qkk - - - - - -

* Add 1 cycle if indexing crosses page boundary.
** Add 1 cycle if branch occurs; Add 2 cycles if branching

crosses page boundary.
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6502 Instruction Execution Times

(in Clock Cycles)

Addressing

Mode

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute, X
Absolute,Y
Indirect,X
Indirect,Y
Zero Page,X
Zero Page,Y
Relative
Indirect

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute,X
Absolute,Y
Indirect,X
Indirect,¥Y
Zero Page,X
Zero Page,Y
Relative
Indirect

Instruction

DEC DEX DEY EOR INC INX INY JMP JSR LDA
- - - 2 ~ - - - - 2
6 - - 4 6 - - 3 6 4
5 - - 3 5 - - - 3
- 2 2 - - 2 2 - - -
7 - - 4% 7 ~ - - - 4%
. - - 4* — - — —- - 4*
- - - 6 - - - - - 6
—_ - — 5 — — —_ — -— 5*
6 - - 4 6 - - - - 4
- - - - — —_ i 5 -— -

LDX LDY LSR NOP ORA PHA PHP PLA PLP ROL
2 2 - - 2 - - - - -
4 4 6 - 4 - - - - 6
3 3 5 - 3 - - - - 5
- - - 2 - 3 3 4 4 -
- - 2 - - - - - 2
- 4* 7 - 4% - -~ - - 7
4* - - - 4* - - — — -
- -— -— - 6 . — —_ _ —_
- — - - 5* — — - _ -—
~ 4 6 - 4 - ~ - -
4 —_ —_ - - - - - — -

* Add 1 cycle if

indexing crosses page boundary.
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Addressing

Instructionl

Mode

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute, X
Absolute,Y
Indirect,X
Indirect,Y
Zero Page,X
Zero Page,Y
Relative
Indirect

Immediate
Absolute
Zero Page
Implied
Accumulator
Absolute, X
Absolute,Y
Indirect,X
Indirect,Y
Zero Page,X
Zero Page,Y
Relative
Indirect

ROR RTI RTS SBC SEC SED SEI STA STX STY
- - - 2 - - - - - -
6 - - 4 - - - 4 4 4
5 - - 3 - - - 3 3 3
- 6 6 - 2 2 2 - - -
2 — - - — - - . . -
7 - - 4* - - - 5 - -
- - - 4* - - - 5 - -
- - - 6 - - . 6 - -
—- - - 5* - - - 6 - -
6 - - 4 - - - 4 - 4
- _ - - - - - —_ 4 —_

* Add 1 cycle if indexing crosses page boundary.
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Accumulator (A), 60

Acoustic modem, 229

ACIA s, 29

Acquisition time opf S/H, 197
Active low logic, 236

ADC instruction, 89

Addition of binary numbers, 18

Address bus, 3, 57
Address codes, 5

Addressing modes

-, absolute, 68

absolute indexed, 106, 107
immediate, 72

implied, 82

indexed indirect, 118
indirect absolute, 79, 115
indirect indexed, 116
relative, 95

zero page, 70

zero page indexed, 106,
109

LR T . T T T

i

Addressing modes, summary,
254

AIM 65 computer, 12, 66, 84,
321

ATIM 65 monitor routines, 146

~ Amplifiers
-, current, 158
-, differential DC, 156
+ Precision voltage, 157
¢+ programmable gain, 208,
210, 211
-, selectable gain, 209

A/D conversion, 163

INDEX

Analog-to-digital conversion
-, dual slope, 184

, £lash, 189

, hardware types, 183

, high precision, 191

-, pulse duration, 186, 188
; pulse width, 187

; V-to-F, 185

, 8-bit, 184

, 12-bit, 194

AND gate, 32

AND instruction, 85
Aperture time of S/H, 197

ASCII character code, 24, 26,
230, 255

ASCII hex->binary conversion,
28

ASL instruction, 103
Assemblers, 8, 60, 248
Assembler directives, 251
Assembler fields, 250
Assembly language, 7, 59
Assembly time facility, 256
Auxiliary control register,
138
Backplane busses, 241
BASIC language, 10
Baud rate, 230

Bifilar winding, 202



Binary numbers, 14
-, addition, 18, 89, 90
, division, 21
, fractions, 16
-, multiplication, 21
, signed, 20
, subtraction, 19, 89, 92

Binary-coded-decimal (BCD)
numbers, 16

Binary-to-decimal conversion,
18

Bit

~, definition, 2

-, mask, 86

BIT instruction, 101
Borrow flag, 89

Boundary (page), 95

Branch instructions, 95, 97
Break command (B) flag, 61
BRK instruction, 78, 123
Bubble sort routine, 110
Buffers, 49

Byte

-, definition, 3

-, order, 60

-, representation, 5

.BYTE directive, 251

C-44 bus, 245
Carry flag, 62, 88

Centronics parallel
interface, 224
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CLC instruction, 88

CLD instruction, 88

Clearing a bit value, 86

CLI instruction, 127

Clocked flip flop, 41

CLV instruction, 90

CMOS

-, devices, 50, 210

-, inverter, 54

-, switch, 210

Code conversions, 22

Colon definitions, FORTH, 263
Comments field, 255
Communication interfaces

-, Centronics parallel, 224
-, IEEE-488 parallel, 234

-, RS-232C serial, 228
Compare instructions, 96, 97
Compilers, 9, 260
Complementing a bit, 86

Computer organization, 1

Conditional structures in
FORTH, 261

Constants, assembler, 254

Control
-, bits, 61
-, bus, 57

-, devices, 198

Controllers, IEEE~488, 235



346

Conversions

-, BCD-> 7-segment, 24
-, binary-> decimal, 18
-, decimal-> binary, 18

Converters

-, analog-to-digital, 164,
183

-, current-to-voltage, 158

, digital-to~-analog, 163

-, frequency-to-voltage, 160

, pulse duration, 186

, resistance-to~frequency,

186

-, resistance-to-pulse
duration, 188

-, voltage~to-frequency, 159,
185

-, voltage-to-pulse width,
187

Current amplifier, 158
Current regqulator,
programmable, 220
D-type flip flop, 41
Data

-, acquisition, 153

-, bus, 3, 7, 57
-, communication equipment

(DCE), 228
-, communication interfaces,
223

-, latches, 191
-, selector, 45
, stack in FORTH, 258
. terminal equipment (DTE),
228
.DBYTE directive, 252
DEC instruction, 82
Decimal mode, 88

Decimal mode (D) bit, 61

Decimal numbers, 14

Decimal-to-binary conversion,
18

Decimal-to-hexadecimal
conversion, 105

Decoders, 44

Development systems, 275
DEX, DEY instructions, 82
Dictionary, FORTH, 260

Digital-to-analog conversion,
163

Digital-to-analog converters

-, 8-bit, 164

-, high precision, 191

-, 12-bit, 192

Digitized values

-, display readout, 174

-, scope readout, 175, 177,
179

-, thermocouple, 176

Diode logic functions, 37

Directives, assembler, 251

Disassembler, 8

Division, binary, 21

Droop of S/H, 197

Duty cycle, definition, 221

Dynamic scope readout, 179

Echo-plex communication, 233

Edge-triggering, 43, 124



.END directive, 253

EOR instruction, 85

Equate, "=", directive, 251
Equivalent gates, 38

Event timing, 144
Exclusive-OR gate, 36
Execution time facility, 256

Extended assembler, 248

Fegching an instruction, 6,
5

Field-effect-transistor
(FET), 50

Fields, assembler, 250
.FILE directive, 253

Flash A/D conversion, 189

Flip-flops

-, clocked, 41
-, D-type, 41

-, J-K, 42

-, R-S, 40

-, T-type, 43

Flowcharts, 270

FORTH, 257
-, colon definitions, 263
-, conditional structures,
261

-, dictionary, 258, 260

; memory operations, 262
-, number bases, 266
, Operators, 259
; Speed, 266
, Stack, 258
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FORTRAN, 10

Frequency-to-voltage
converter, 160

Full-duplex communication,
233

Full-wave phase control, 216

Function generation
-, sawtooth, 168
, square, 166, 167
-, sharktooth, 172
, trapezoidal, 171
, triangular, 169
, triangular-delayed, 170

Gain, amplifier, 208

Gates
-, AND, 32
-, diode, 37

equivalent, 38
inverter, 31
inverted 1/0, 39
NAND, 34

NOR, 35
open-collector, 46
open-drain, 48
OR, 33
transistor, 37
tri-state, 48
XOR, 36

I Y S N B |
D

Gates, summary, 39

General purpose interface bus
(GPIB), 234

Half-duplex communication,
233

Half-step motor drive, 204

Hal f-wave phase control, 216
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Handshaking, 227

Hardware code converters, 29
Hexadecimal

-, notation, 14, 63

-, numbers, 14

Higher level languages, 7

Hybrid SSR, 199

IBM PC Bus, 245
Idling loop, 99

IEEE-488 parallel interface,
234

Immediate addressing mode, 72
Implied addressing mode, 82
INC instruction, 82

Indexed addressing modes, 106
-, indexed indirect, 118

-, indirect indexed, 116

Index values, FORTH, 261

Indirect absolute addressing
mode, 79, 115

Initialization, 146
Instructions, MPU, 5, 63
Instruction times, 59

Interfacing

-, 8-bit A/D converters, 184
, 8-bit D/A converters, 164

-, stepper motors, 205
, 12-bit A/D converters, 193
, 12-bit D/A converters, 192

Interpreters, 9, 260
Interrupts, 123

Interrupt registers, 138
Interrupt request (IRQ), 123
Inverted gate I/0, 39
Inverters, 31, 53, 54

INX, INY instructions, 82
1/0

-, devices, 57

-, locations, 5, 57

IRQ

-, disable (I) bit, 61

-, memory locations, 78, 124
-, vector, 124

JMP instruction, 79

JSR instruction, 120

Labels, assembler, 250

LDA instruction, 68

LDX, LDY instructions, 74
LED bargraph indicator, 189
LED transmitter, 161

Level-triggering, 124, 173,
179

Listeners, IEEE-488, 235
LZFET’s, 222

Loader, program, 248

Location counter, 253



Logic

-, gates, 30

-, instructions, 103
-, voltage levels, 2

Lookup tables, 23

LSR instruction, 103, 105

Machine language, 7, 59
Macros, assembler, 255

Mask, bit, 86

Master-slave flip-flop, 42
Measurement and control, 154

Memory

-, locations, 5

, mapped I1I/0, 7

-, operations, FORTH, 262
+ paging

Microcomputer, 2

-, AIM 65, 12, 66, 84

-, control of stepper motor,
205

Microprocessor, 2
-, 6502, 56, 283
, addressing modes, 65, 330
, architecture, 57
+ €xecution, 59, 341
-, instructions, 63, 328
14

mnemonics, 59, 332
registers, 60, 331
stack, 62

stack pointer, 62
typical system, 58

Mnemonics, 59

Mnemonic entry mode,
AIM 65, 84

Modem, 229
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Monitor, 57, 146, 277
-, commands, 66
, display routine, 151
-, printout routine, 150
, routines, AIM 65, 147

MOS devices, 50
Multibus, Intel, 245
Multiplication, binary, 21

Multiplexers, 45

NAND gate, 34

Negative-edge triggering, 124
Negative (N) flag, 61

Nested loops, 99

NMT

-, locations, 124

-, vector, 125

NMOS inverter, 53

Non-conditional structures,
FORTH, 261

Non-maskable interrupt,
(NMI), 123

NOP instruction, 78
NOR gate, 35

NOT gate, 31, 53

Null modem adaptor, 232
Number bases, 14

-, conversions, 24

-, relationships, 17

Number systems, FORTH, 266
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Object code, 8

Octal numbers, 14

Op codes, 59

Open-collector logic, 46
Operand field, assembler, 253
Operational amplifier, 208
.OPT directive, 252

Optical fiber transmitter,
161

Optical fiber receiver, 162
Opto-coupled SSR, 200

OR gate, 33

ORA instruction, 85

Oscilloscope readout, 175,
177, 179

Overflow (V) flag, 61, 90
Page

-, boundary, 95

-, crossing, 106

.PAGE directive, 252
Parity, 24, 231

Peripheral control register,
135, 137

PHA, PLA instructions, 121
Phase control, 216

Phototransistor detector, 162

PHP, PLP instructions, 121
Pin-out diagrams

-, Centronics interface, 226
-, R§-232C interface, 229
Positive logic, 49

Postfix notation, 258

Post-indexed indirect
addressing mode, 116

Power MOSFET ‘s, 218

Precision voltage amplifier,
157

Pre-indexed indirect
addressing mode, 118

Processor status (P)
register, 61

Program
-, development, 247
-, loader, 248

Program counter (PC), 60

Programmable current
regulator, 220

Programmable-gain amplifier,
208, 210, 211

Programmed time delays, 99
Pseudo-instructions, 78, 251
Pullup resistor, 47
Pulse~-duration converter, 186
Pulse width

-, converter, 187
-, modulator, 220



RAM, 6, 57

Ramp approximation, 164, 174,
175

Read/write

-, line, 6

-, effects on 6522 VIA
registers, 140

Reed-coupled triac, 199

Register shifts, 21

Relative addressing mode, 95

RES vector, 126

Reset routine, 123

Reverse Polish notation
(RPN), 258

ROL instruction, 103

ROM, 6, 57

ROR instruction, 103

R-S latch, 40

RS-232C serial interface, 228
RTI instruction, 126

RTS instruction, 120

S-100 bus, 242
Sample-and-hold circuits, 195
SBC instruction, 89

SCR’s, 212
-, use in motor control, 215

SEC instruction, 88
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SED instruction, 88
SEI instruction, 127

Selectable-gain amplifier,
209

Sensors, 155

Serial data transmission, 25,
230

Setting a bit value, 86

Seven-segment code
conversion, 23

Shift register, VIA, 133
Signal conditioners, 155
Signed binary numbers, 20
Simulator, 277

.SKIP directive

Slew rate of S/H, 197

Software-driven A/D
converter, 165

Solid state relay (SSR), 199
Sorting lists, 110

Source code, 8

STA instruction, 68

Stack, 62, 121, 258

Stack operations, FORTH, 260
Stack pointer, 62, 121
Status flags, 61

STD BUS, 244
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Step angle, 201

Stepper motor, 201
-, interface, 206

Structured programming, 26
STX, STY instructions, 74
Subroutines, 120

Subtraction, binary, 19

Successive approximation,
164, 177, 179

Summary of gate functions,

T-type flip-flop, 43

Talkers, IEEE~488, 235

TAX, TAY instructions, 76

Temperature-proportional
controller, 222

Ten’s complement, 93

Text editor, 248

Thermocouple readings, 176
Threaded code, 266
Thyristors, 212
Time delays

-, interrupt-driven,
-, programmed, 99

142,

Timers, in 6522 VIA, 132

Timing
-, events, 144

-, IEEE-488 bus, 240

9

39

179

Transformer-coupled SSR, 200
Transistor inverter, 37

Triacs, 212
-, use in motor control,

217
Tri-state logic, 48

TTL logic, 160

Two s complement notation, 19
Two-pass assembler, 256

TXA,

TYA instructions, 76
TXS, TSX instructions, 121
UART ‘s, 29

Unipolar-drive stepper

motor, 202

Versatile interface adapter

(via), 128, 299
VIA
-, auxiliary control
register (ACR), 134, 136
-, interrupt registers (IER,
IFR), 138

-, I/0 registers (ORA, ORB,
DDRA, DDRB), 131

-, locations in memory, 129
-, peripheral control
register (PCR), 135, 137

-, shift register (SR), 133
-, timers (T1, T2), 132

Voltage-to-frequency
converter, 159, 185

Wave-drive stepper motor
control, 203



Wired-OR configuration, 48
.WORD directive, 252

Words, FORTH, 258

X-register, 60

XOR gate, 36

Y-register, 60

Zero (z) flag, 62

Zero page addressing mode,
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