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SCOPE OF THIS MANUAL

The INTELLEC®4/MOD 40 Reference Manual is part
of a three-volume set which describes the INTELLEC® 4/
MOD 40 microcomputer development system. The IN-
TELLEC®4 Operator’s Manual tells how to operate the
system, and describes the use of its standard software
provisions. The 4004/4040 Assembly Language Program-
ming Manual explains how to program the system using
the special INTELLEC®4/MOD 40 assembly language
mnemaonics.

This manual describes the capabilities of the IN-
TELLEC®4/MOD 40 system, with special reference to the
design concepts that underlie them. It covers the entire
system, and it covers the system’s individual modular com-
ponents. It describes the theory of operation of each
module both at the functional level and at the circuit
level. And it provides guidelines for those who intend to
use selected modules in other microcomputer systems.

All the information necessary to install, use and fix
the system is included here. But the book is not a mainte-
nance and repair manual. It is principally a guide for those
concerned with the system’s hardware aspects. Because
the INTELLEC®4 is basically a design aid, its users will
include system designers, who use the INTELLEC® system
in the modeling and development of their own specialized
microcomputer systems. Others who will refer to this book
are designers who use individual INTELLEC® modules in
other system applications. It is reasonable to assume that
users in these categories will not be disadvantaged by the
lack of step-by-step procedures.

This manual contains twelve chapters. Chapter 1,
which follows this introduction, describes the functional
operation of the INTELLEC®4/MOD 40, at the system
level. Chapters 2 through 11 describe the operation and
utilization of each of the individual modules. Chapter 12
discusses installation and interfacing.

Appendix A at the rear of this manual contains a
summary of the instruction set used to program the

vii

INTELLEC®4/MOD 40 system. Appendix C summarizes
activity on the system’s main data bus, during the execution
of each program instruction.

This manual also contains a number of schematic
diagrams, to facilitate the discussion of individual IN-
TELLEC modules. These drawings are provided for con-
venient reference, but may not reflect the latest engineering
changes. The drawing package furnished with the instrument
itself is the final authority for such changes.

GENERAL DESCRIPTION OF THE
INTELLEC®4 SYSTEM

Capabilities

The INTELLEC®4/MOD 40 is a general purpose,
stored program, digital computer, which uses components
of Intel's MCS-40™microcomputer set. lts general purpose
configuration permits it to simulate dedicated, stored
program, digital computers, which use components of the
MCS-40 microcomputer set. It is thus a design and develop-
ment aid. ’

The heart of the MCS-40 set is the Intel 4040 Central
Processing Unit, a monolithic MOS chip that performs all
the functions normally associated with the arithmetic and
control units of larger machines. This chip functions as a
four-bit parallel processor, in conjunction with several
specialized memory and 1/O components.

Two kinds of memory components are used in
MCS-40 microcomputers. We distinguish between the pro-
gram memory, or that used for the storage of instructions,
and read/write memory, that used for the storage of
intermediate results. This distinction may seem strange at
first to those accustomed to working with large-scale
equipment.

Processors that work under the supervision of an
operator generally use the same memory bank, both for



the storage of the program and for the storage of results.
The processor may write anywhere in memory, with
indifference, or even alter its own instructions. Micro-
processors, on the other hand, often work in control
applications, with no supervision whatever. Since there
is no one present to correct obvious blunders, their pro-
grams must be foolproof. Program memory must be
invariable under all circumstances; that is, firm.

But processors that handle any appreciable volume
of data also need memory for the storage of intermediates.
The processor’s internal registers simply cannot cope with
any realistic flow of data, without some help. Thus, a
true read/write memory is also a necessity.

It should be obvious that these two requirements are
mutually inconsistent. Memory which is firm cannot receive
data from the processor, and read/write memory cannot be
invariably constant. To meet these differing needs, two kinds
of memory are included in the basic MCS-40™set.

The 4001 256 X 8 Bit Read Only Memory and Four-
Bit Input/Output Port is the basic program memory element
in systems designed around the MCS-40™ set. It stores eight-
bit instructions and is programmed in manufacture, to user
specifications. The specifications include not only the data
contents of the memory, but also the use of each of the four
I/0 lines (input or output). Mask programming in manu-
facture further establishes the chip’s addressable identity,
as one element in a bank containing as many as sixteen
4001s. Program memory requirements can also be satisfied
by 4308 Read Only Memory elements. The 4308 element
is functionally identical to four 4001 chips. It provides
1024 X 8 bits of program storage and sixteen 1/O lines
(four ports of four lines each). Like the 4001, the 4308
is mask programmed in manufacture, to user specifications.

The 4002 320 X 4 Bit Random Access Memory and
Four-Bit Output Port is the basic read/write memory
element in the MCS-40. It is a true working memory,
organized to store four-bit words, and to retrieve them
upon command from the processor. Like the 4001, the
4002 is a dual purpose component designed to perform
both memory and 1/0 functions. Its addressable four-line
port, however, is used exclusively for output. The chip is
mask-programmed, to specify its identity, but this pro-
gramming is much less comprehensive than that which the
4001 receives. Only two variations exist. The two kinds of
RAM elements are designated 4002-1 or 4002-2, to dis-
tinguish them from one another. Chapter 2 of this manual
explains in detail how the processor identifies and add-
gresses these memories.

The 4001, 4308 and the 4002 all contain a good
deal of control logic, which enables them to perform
their respective functions with a minimum of direct
processor control. They are thus economical and versatile
components, when used for the mass production of OEM
microcomputers. The production virtues of the ROM,
however, make it something of a liability during the
development phases of a project. Program memory, by
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virtue of its design, cannot be read by its own processor
for purposes of output. This makes it difficult to “dump’’
the contents, for examination by the programmer. More-
over, the re-programming of a segment committed to ROM
involves re-ordering of elements from the factory, and that
often entails unacceptable delays. To circumvent these
difficulties, and to facilitate the development of OEM
systems, the INTELLEC®4 was introduced. The next
section describes the special features of the INTELLEC®4
system that enable it to serve as a development aid.

In addition to the 4040 processor, which recognizes
and responds to 60 program instructions, the system
contains 1K X 8 bits of basic program memory and 320 X
4 bits of working storage. It also contains a special 4K X
8 RAM memory, described in the next section, and provi-
sion for up to 4K X 8 bits of programmable read-only
memory (PROM), a special purpose program memory.
Three 4-line input ports and eight 4-line output ports are
provided. The standard system is expandable to accommo-
date up to 2560 X 4 bits of read/write memory, 16 input
ports, and 48 output ports. These figures, however, reflect
only the limits inherent in the system’s basic addressing
structure. If the user is willing to provide a modest amount
of additional decoding logic, even greater expansion is
feasible. The flexible, general purpose design of the IN-
TELLEC® 4 system thus permits bench simulation of aimost
any conceivable OEM configuration.

Special Features

The INTELLEC®4/MOD 40 contains provisions that
simplify and expedite the development process.

The 1K X 8 program memory of the standard system
is occupied by the firmware instructions of the INTELLEC®
4/MOD 40 System Monitor, a general-purpose program
designed expressly to simplify and speed the process of
developing specialized, application-oriented programs. Addi-
tional memory must therefore be provided in which to
store the instructions of the program actually being devel-
oped and tested. For that purpose, the system’s 1K X 8
program memory is augmented by a 4K X 8 memory of
special design, based on the use of 2102 RAM memory
components and known as program RAM. {Program RAM
is used solely for program storage and should not be con-
fused functionally with the 4002 data RAM memory
described previously.) This memory is arranged to simulate
the operation of 4001 program memory, but with an
important exception. Special instruction sequences permit
the operator to read and alter the contents of program
RAM, using the standard system software.

Moreover, the INTELLEC® 4/MOD 40 system incor-
porates a Control and Display Panel which not only per-
forms the routine functions of power control and RESET,
but also monitors the contents of any selected location in
program RAM. The operator can alter the contents of that
location simply and quickly, using switches on the panel. This
mode of operation is known as console memory access
({CMA).



Still another feature of the panel is the search and
display function. In the search mode, the operator presets
the panel controls to a given address in program memory.
He also presets a specific number of passes of that location,
as desired. The console display will latch and hold the
information on the internal main data bus during the entire
cycle in which the specified number of passes of the
specified address occurs. This information, including the
program address, the instruction stored there, and any data
in or out of the processor, can be inspected by the operator
at leisure.

In addition, the INTELLEC® 4/MOD 40 system con-
1ains a built-in teletype interface, enabling direct communi-
cation through aModel ASR 33 teletype set. With the minor
modifications described in Chapter 12 the teletype set can
function as operator’s console, paper tape reader, paper
tape punch, and listing device. A convenient point of
interface is thereby established for the testing and de-
bugging of programs.

System Software

The foregoing provisions furnish very powerful and
effective programming, debugging, and development aids.
They are supported by a versatile software package,
included with the standard system.

The System Monitor is a firmware program which is
built right into the system’s Central Processor Module. It is
selectable by means of a switch on the Control and Display
Panel. It contains a teletype 1/O routine, and service
routines which permit:

a) Loading program RAM from paper tape

b) Dumping the contents of program RAM

c¢) Modification of individual RAM instructions
d) Writing program RAM onto paper tape

e) Programming of Programmable Read Only Memory
(PROM)

Refer to the INTELLEC®4/MOD 40 Operator's
Manual for a full description of the System Monitor and its
capabilities.

The software package includes an Assembler, furnished
on perforated tape, which permits the rapid and convenient
assembly of object level programs. The INTELLEC®4
Assembler is a three-pass assembler. That is, the user’s
source program must be read three times in order to pro-
duce an object program tape on a listing of the assembly.
During the first pass, the assembler collects information
from the source program and builds internal tables, but
produces no output. During the second pass, a listing of the
assembled program including any errors detected is printed.
During the third pass, an object program tape in the form of
a hexadecimal file readable by the Monitor is produced on
the Teletype paper tape punch. Once the first pass has been
completed, the second and third passes may be done in any
order, or either may be omitted. Use of the Assembler

consists of the following steps:

1) The teletype console, in the off-line mode, is used
to prepare a paper tape containing the entire
assembly language listing of the program.

2) With the teletype (or high-speed paper tape reader)
on-line, and with the System Monitor selected, the
tape containing the Assembler program is run
through the teletype’s (or the high-speed) tape
reader. This loads the Assembler into program
RAM.

3) The program RAM memory is selected, using the
console RAM switch.

4) The tape containing the assembly language listing
is run through the tape reader {teletype or high-
speed) for the first pass.

5) The assembly language listing is run through the
reader again. The user can specify pass 2, which
will produce a listing of the assembled program,
or can specify pass 3, which will produce an
object program tape. Once the first pass is com-
pleted, the second and third passes may be done
in any order, or either may be omitted.
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If pass 3 has been executed (i.e., if an object tape
has been punched), the System Monitor is again
selected, using the console switch, and the object
tape is run through the reader to be loaded into
program RAM.

7
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Program RAM is again selected, and execution may
begin.

This procedure eliminates entirely the laborious and
time-consuming process of translating instructions into
binary machine code by hand. Because it is much easier
for a programmer to remember and use mnemonic words
like HLT (for “halt”) than it is to remember and write the
equivalent machine code (00000001) a great deal of time
and expense are saved in the course of programming the
system.

Programmable Read Only Memory

The INTELLEC®4/MOD 40 system has provision for
another kind of memory, intermediate between program
RAM and 4001 or 4308 ROM. This is the 4702A Program-
mable Read Only Memory, known as PROM.

The 4702A is a 256 X 8 bit read only memory, but
one considerably different from the 4001 ROM. The most
significant difference is that the 4702A may be programmed
by the user, with higher-than-usual current pulses from an
electronically controlled power supply. Moreover, the
PROM is erasable, by deliberate exposure to a threshold
ultraviolet level, permitting it to be erased and re-
programmed as often as desired.

The 4702A PROM thus has obvious advantages over the
4001 or 4308 ROM, as a vehicle of program development.
This suggests the possibility of a substitution, using the



4702A to simulate the 4001 or 4308. Unfortunately, the
PROM has neither the internal control logic nor the 1/0
provisions contained in the 4001 and 4308 ROM.

A special logic element, the 4289 Standard Memory
Interface, permits the simulation of ROM, using PROM.
This element is incorporated into the Central Processor
Module of the INTELLEC®4/MOD 40 system.

The standard system has no user-programmed PROMs.
Four factory-programmed PROMs, however, are used to
contain the System Monitor. These are mounted in sockets
on the Central Processor Module. Under certain circum-
stances, the user may wish to replace them with PROMs
of his own choice. That is perfectly feasible.

Optional modules are available, however, to imple-
ment an extended PROM memory capacity. Up to 4K X 8
bits may be accommodated, with no modifications required.
The modules simply plug in, and the PROM program
memory is switch-selected at the control panel.

A PROM Programmer Module is also provided, giving
the user complete PROM programming capability. The
System Monitor contains a routine which permits the
automatic transfer of information from program RAM to

non-volatile, firmware storage in PROM. Thus, still another
dimension of flexibility is added to the INTELLEC ®4/MOD

40 system.
Developing An OEM System

Given the convenience features built into the IN-
TELLEC® 4/MOD 40 system:; it is easy to visualize a straight-
forward, fast, and inexpensive procedure for developing
specialized MCS-40™microcomputer systems. Steps in devel-
opment will include:

a) the design and construction of interfaces;
b) the writing of an assembly language program;
c) assembly of the program, using system software;

d) preliminary testing and de-bugging of the system,
using system software;

e) commission of the program to semi-permanent
storage in PROM, using the system software;

f) final checkout of the system:

g) transfer of the program to paper tape, automatically
formatted by the system software for 4001 or
4308 ROMs from Intel.

With the advent of the INTELLEC® 4 system, the
most formidable obstacles of OEM microcomputer develop-
ment have been removed. Once the program is firm, it
becomes a relatively routine matter of preparing the printed
circuit artwork and ordering components for the production
of a tailor-made microcomputer system.

The Physical System

The hardware of the INTELLEC® 4/MOD 40 system
is based on a mainframe assembly which consists of a chassis,
a mother board and power supplies furnishing +5 Volts,

—-10 Volts and +80 Volits DC (for PROM programming).
The standard system includes the Control and Display
Panel, and four plug-in modules:

a) the Central Processor Module;

b) the Control Module;

c) the RAM Memory Module:

d) the PROM Programmer Module.

The Central Processor Module is essentially a self-
contained computer on a card, with processor, memory,
and 1/0 provisions included. The RAM Memory Module
contains the program RAM. The Control Module inter-
faces between the two. The PROM Programmer Module
enables programming of 4702 PROMs.

The standard INTELLEC® 4/MOD 40 system includes
a furnished cabinet enclosure, with cooling fan.

Expansion of the system’s basic capability is accom-
plished through the addition of plug-in modules. The
available modules include:

a) the Data Storage Module;

b} the Input/Output Module;

c) the PROM Memory Module;

d) the Instruction/Data Storage Module;
e) the Universal Prototype Module;

f) the Module Extender;

g) drawer slides and extenders for rack mounting.

MODULAR COMPONENTS OF THE
INTELLEC®4/MOD 40 SYSTEM

The capabilities of the individual system modules
are summarized below. Refer to the appropriate section in
this manual for a detailed description of each module.

With the exception of the mainframe and the Control
and Display Panel, all modules are implemented on 6.18 X
8.0 inch printed circuit cards. All are designed to mate with
standard 100-pin, double-sided PC edge connectors, like
those used in the universal socket of the INTELLEC® s
mother board.

The standard system is built up from a mainframe
consisting of chassis, a mother board, and two OEM
power supplies. The supplies provide DC power, at levels
of +56 VDC, -10 VDC, and +80 VDC. The mainframe
assembly accommodates the following system compo-
nents:

imm4-43 Central Processor Module

The imm4-43 is a complete microcomputer system,
with the processor, program memory, and 1/0 all included
on the card.

The 4040 Processor is the workhorse of the module.
This microprocessor handles 60 different program instruc-



tions, incorporates 16 working registers, and provides for
seven level nesting of subroutines.

The processor is augmented by sockets which accom-
modate 1K X 8 bits of PROM program memory and by
320 X 4 bits of 4002 RAM storage.

Three input ports and eight output ports are pro-
vided on the Central Processor Module. Four of the output
ports are those associated with the 4002 RAM elements.
The remaining three input and four output ports are
implemented in random logic. They represent the 1/O ports
that would normally be provided by the 4001 ROM pro-
gram memory chips, in a production version of the system.
A teletype interface is included on the module.

A crystal-controlled clock and a 4289 memory inter-
face complete the module’s provisions.

Memory Control Module

The Control Module contains the circuitry required
to interface the Central Processor Module to the RAM
Memory Module and to the Control and Display Panel. The
module also contains the RESET, STOP, SINGLE-STEP,
and memory selection logic.

imm6-28 RAM Memory Module

The RAM Memory Module is a 4K X 8 memory
system, which employs the Intel 2102 1024 X 1 bit Static
Random Access Memory element. Address latching, data
latching, and module seiection decoding are included on the
card. The imm6-28 is often referred to as the program
RAM.

Control and Display Panel

The Control and Display Panel permits operator
control of the INTELLEC®4/MOD 40 system and displays
the machine’s internal status on the console indicators.
Power control, RESET, STOP, SINGLE-STEP, and memory
selection functions are performed by means of switches on
the console.

In the search mode, the console permits the selective
examination of any program step. The CMA mode provides
the operator with the ability to alter the contents of pro-
gram RAM, using switches on the console. The panel thus
provides complete program development and de-bugging
facilities.

A socket for the programming of PROMs is installed
on the panel.

imm4-22 Instruction/Data Storage Module

This module duplicates the memory and 1/0 capacity
of the Central Processor Module itself. It contains 320 X 4
bits of data storage, sockets for 1K X 8 bits of PROM
program storage, four input ports, and eight output ports.
It expands the capabilities of the basic system.

NOTE: While this module is compatible with the IN-
TELLEC®system, it is usually not used for INTELLEC®
system expansion; other modules, such as the 1/O and PROM
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modules, provide greater expansion capabilities.

imm4-24 Data Storage Module

This module has space for sixteen 4002 RAM memory
elements (four banks). Four 4002’s are provided with the
card, giving the module an initial capacity of 320 X 4 bits
of working storage. A maximum INTELLEC®4/MOD 40
system may contain two imm4-24 modules, providing as
many as 2560 X 4 bits of read/write storage {32 RAMs).
The decoding logic for this expansion is provided with the
modules. Each RAM used incorporates a 4-bit output port,
with the result that as many as 32 additional output ports
are provided. This module expands the 1/O capabilities of the
basic system.

imm4-60 Input/Output Module

This module provides expansion of the INTELLEC®
4/MOD 40’s basic 1/O capacity, where no corresponding
expansion of the memory is desired. Eight 4-bit input
ports, and eight 4-bit output ports are provided.

imm6-26 PROM Memory Module

This module provides sockets for as many as sixteen
4702A PROMs. Address decoding logic is included on the
card.

imm6-76 PROM Programmer Module

This module is an electronically controlled, pulsed
power supply, with level shifting and data complementing
circuitry included. It is equipped to program 4702A PROMs
under the supervision of the INTELLEC®4/MOD 40 System
Monitor. Programming is entirely automatic. The procedure
is described fully in the INTELLEC®4/MOD 40 Operator’s
Manual.

imm6-70 Universal Prototype Module

This is a blank module which accommodates wire-
wrap sockets in 14, 16, 24, or 40-pin sizes. A maximum
of 52 sixteen-pin sockets may be used. The module provides
full breadboarding flexibility, for the development of cus-
tom circuits and specialized interfaces. Installation is sim-
plified by the 100-pin edge connector, which mates directly

with any vacant connector on the INTELLEC®4's ““universal
socket”.

imm6-72 Module Extender

This module is a simple PC board extender, providing
access to points on the individual modules, for trouble-
shooting and for system de-bugging.

imm4-90 HIGH-SPEED PAPER TAPE READER

At the customer’s request, an optional paper tape
reader will be supplied. The optional unit contains an
optical character reader and a high-speed incremental drive.
These enable it to transfer data at a minimum asynchronous
rate of 200 characters per second, 20 times faster than the
teletype’s paper tape unit.



Using the ASR 33's tape reader, the System Monitor
takes about 200 seconds to load 1K (1024) locations in
program RAM. It therefore takes nearly 14 minutes to load
completely the 4K locations in program memory. The
High-Speed Paper Tape Reader, however, only requires
about 40 seconds to load the entire 4K.

The convenience and economy of the high-speed unit
will therefore be most apparent in those situations that
involve the loading of lengthy programs or the frequent
re-assembly of object code. In either case, the high-speed
reader can shorten the development cycle considerably.

SPECIFICATIONS OF THE INTELLEC®4/MOD
40 SYSTEM

The system specifications are summarized in Table
0-1.

DESCRIPTIVE CONVENTIONS USED [N
THIS MANUAL

The INTELLEC®4/MOD 40 system uses both MOS
and TTL logic components. TTL components operate in the
positive zone, from 0 to +5 Volts. MOS elements operate
between —10 Volts and +5 Volts.

The voltage levels which define a logic HIGH or a
LOW are different for these two families, but the elements
still enjoy a limited compatibility. An MOS output is often
used to drive a TTL input, with the addition of a suitable
pull-up resistor. In general, however, a TTL output must
always be conditioned before being used to drive an MOS
Input. Several circuits in the INTELLEC® 4/MOD 40 system
use discrete level-shifters for this purpose.

TTL drive levels, moreover, conform to relatively
standard definitions. This is true of both inputs and outputs.
The same is not true of MOS elements. MOS-level signals are
so identified in the pin lists.

In many cases, logic definitions shift several times
between input and output. Both positive-true and negative-
true definitions are used. This is routine for those accus-
tomed to working with digital logic, and should present
little difficulty. To minimize confusion, the text refers
specifically to HIGH or to LOW whenever possible, without
mentioning negative-true or positive-true signals. A HIGH
is always more positive than a LOW.

INTELLEC® 4/MOD 40 Specifications

WORD SIZE: 4 Bit Data

8 Bit Instruction
MEMORY:

1K X 8 — Monitor PROM. Expandable to 4K X 8.
4K X 8 — Program RAM.

INSTRUCTION SET:
SYSTEM CLOCK:
MACHINE CYCLE:
MEMORY CYCLE:
1/0 CHANNELS:

POWER REQUIREMENTS:

INTERNAL POWER:

OPERATING
TEMPERATURE:

DIMENSIONS:

WEIGHT:
STANDARD SOFTWARE:

4K X 8 — Optional PROM.

320 X 4 — Data (4002 RAM). Expandable to 2560 X 4.
All switch selectable.

60, including conditionals, binary and decimal arithmetic, and 1/0.
Crystal-controlled, at nominal 5.185 MHz.

10.8 microseconds

900 nanoseconds

3 input/8 output. Expandable to 15 input and 48 output.
All ports 4-line TTL.

110-120 VAC/60Hz @ 200 W, or 230 VAC/50Hz @ 200 W

+5 VDC 5% @ 8 Amps {max)
-10 VDC £5% @ 1.8 Amps (max)

0°-55° Centigrade
7" H X 17-1/8" W X 12-1/4" D

(Suitable for mounting in standard RETMA 19" rack, with optional rack mount kit).

30 tb.

System Monitor (4 PROMs)
Assembler (Paper Tape)

Table 0-1.
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In a few cases, however, it is vital to know how
signals are defined. One example is the data outputs from
the 4040 processor chip. The levels here are referred to
“invisible’” events within the processor, and it is absolutely
essential to know that the output pins are defined to be
negative-true. Thus, an internal ‘1"’ which reaches an output
pin results in a LOW at that pin.

The only time this becomes problematical is in the
labeling of signals. Does the term D, applied to a signal
previously defined as negative-true, mean that the signal is

xiii

negative-true? Or does it mean that the initial definition is
reversed, and that the signal is positive-true at this point?

To minimize this kind of confusion, we adopt the
following convention, and apply it consistently throughout
text and drawings. All signals are named with respect to
positive-true logic, regardless of how the events they refer
to are defined. Thus a signal line which is grounded by the
actuation of a switch will be labeled SWITCH, irrespective
of the stipulation that the switch’s output is negative-true.
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FUNCTIONAL COMPONENTS

In its most basic form, the INTELLEC®4/MOD 40
system consists of five functional modules. They are:

a) the Central Processor Module

b} the Memory Control Module

c) the RAM Memory Module

d) the Control and Display Panel

e) the PROM Programmer Module

All systems contain these five modules.

Some systems contain additional modules, designed
to augment the capabilities of the standard INTELLEC®
4/MOD 40 system. These expand the system’s program
memory, working memory, or 1/O capacity, but they do not
affect the system functionally. Optional modules use existing
data busses, and they use control signals that are common
to the basic configuration. The five modules listed above
therefore constitute the functional essence of the IN-
TELLEC®4/MOD 40 system.

The Central Processor Module contains the processor,
program memory, working memory, 1/0 ports, and a tele-
type interface. With the simple addition of DC power, the
Central Processor Module itself becomes an entirely self-
contained computer. The functions performed by the RAM
Memory Module, the Contro! Module, and the Control and
Display Panel are subordinate to the operations of the
Central Processor Module. Operation of that module is
described fully in Chapter 2 of this manual.

The RAM ‘Memory Module is simply a specialized
extension of the imm4-43’s internal program memory.

The Control Module performs a number of incidental
minor functions, but it is basically an interface. As an
interface, it does three essential jobs. It contains the logic
that permits the RAM Memory Module to simulate the
processor module’s own internal program memory. It
contains the logic that permits programmed reading and
writing to program RAM. And it contains the logic that

permits the operator to enter data in program RAM, using
the selector switches on the Control and Display Panel.

The PROM Programmer Module permits rapid, auto-
matic loading of Intel 4602A and 4702A Programmable
Read Only Memories, as described in Chapter 11.

The Control and Display Panel also performs multiple
functions, but its principal purpose is to display the internal
status of the Processor Module on its panel indicators. The
panel also contains the switches that enable console memory
access (CMA) operations.

DATA FLOW IN THE SYSTEM

Figure 1-1 shows the flow of data among the five
basic modules. Four kinds of data transactions occur at

_ the modular level:

a) instruction mode—from program RAM to the
processor’s instruction register.

b) program read—from program RAM to the pro-
cessor’s accumulator.

c) program write—from the processor’s accumulator
to program RAM.

d) CMA write—from the Control and Display Panel
to program RAM.

In the instruction mode, the RAM Memory Module
receives a twelve-bit address from the Central Processor
Module. This address passes through the address switching
section of the Control Module, before being forwarded to
the memory module. The memory module returns an eight-
bit instruction to the processor module, as shown.

The program read is accomplished in several stages.
First the data being read passes from the memory module
to storage in the Control Module. The processor then
transfers the data from the Control Module to its own inter-
nal registers. In the program read mode, the memory module
receives a twelve-bit address from the processor. The
processor writes the most significant four bits of the address
into 1/0 ports in the address switching logic. The remaining



eight bits of the address are transmitted to the Control
Module on the lower eight lines of the processor’s address
bus. The eight bits which are returned go to a storage
latch in the Control Module, rather than going directly to
the processor. The latch is designed to simulate a pair of
four-bit input ports, like those found on the processor
module itself. From here, the data can be read into the
processor module four bits at a time, using two successive
1/0 instructions. Program instructions can also be read into
the processor, four bits at a time, using the Read Program
Memory (RPM) instruction.

In the program write mode, the processor module
transmits a twelve-bit address to the memory module. This
address passes through the Control Module’s address
switching logic, just as in the program read mode. The
processor module simultaneously outputs two successive
four-bit words to the memory module, on the appropriate
lines of the eight-line bus used to transmit write data. Note
that two four-bit 1/O transactions are required to store

each eight-bit instruction in program memory.

In the CMA mode, the memory address and the data
to be written in originate at the console. The address
switching and data logic in the Contro! Module dis-
connects the processor module, and connects the memory
module’s data inputs instead to the panel’s data outputs.
Note that the CMA transaction is an eight-bit parallel
write-in, in contrast to the dual four-bit program write.

Observe also that the panel receives a four-line input
from the processor module, through an intermediate data
buffer on the Control Module. This bus is an extension of
the processor module’s main internal data bus. The panel
logic uses this data input in conjunction with the system
timing signals, to develop the operator’s status display.

Timing and control signals coordinate the flow of
data between the several blocks. The timing is established
by circuitry on the Central Processor Module, and will be
described in Chapter 2.

CONTROL AND DISPLAY
PANEL
1 1 ADDR l WRITE
4 12 g| DATA
MAIN
BUS
DATA
4 BUFFER
ADDR
BUS ADDR
BUS
12— ADDRESS
— 12
+1 switcHing
INSTR INSTR
BUS BUS
CENTRAL
PROCESSOR 8 8 RAM
MODULE MODULE
8
SIMULATED
INPUT
~— 4| PORTS
10 #14/#15
BUS (LATCH)
4 -
WRITE DATA
T 7 BUS
- DATA 3
L—— switcHing
—> 4
CONTROL MODULE

Figure 1-1. INTELLEC®4 System Block Diagram



The imm4-43 Central Processor Module contains the
logic necessary to serve as a general purpose microcomputer.
All the classic elements of a computer’s architecture are
assembled on the 6.18 X 8.0 inch card, including:

a) system clock

b} control logic

c) arithmetic logic

d) memory

e) memory control

f) addressable data inputs
g) addressable data outputs

The only external requirement is DC power, at levels
of +6 VDC and —10 VDC. All connections to the card are
effected through a 100-pin, double-sided PC edge connector
(0.125" contact centers).

Control and arithmetic logic functions are performed
by an Intel 4040 monolithic CPU. The CPU incorporates
accumulator and adder, instruction register and program
counter, 24 index registers, and the miscellaneous timing
and control circuitry necessary to its operations. The
processor recognizes and responds to 60 programmed
instructions.

The Central Processor Module’s memory includes
1024 eight-bit words of fixed program memory (4702A
PROM) and 320 four-bit words of working storage (4002
Random Access Memory). Outputs on the module permit
the expansion of both program and working memories,
and interface, as well to special read/write program
memory elements {2102 Random Access Memory). With
the modest addition of a few logic elements, the imm4-43
can address over 4K X 8 locations in PROM, and 2560
locations in 4002 RAM. Intel 2102 RAM storage, up to
4K X 8, can also be accommodated. Additional memory
elements are available, both individually and module-
mounted, for the purpose of expanding the memory
capacity.

Three 4-line input ports and eight 4-line output ports
are incorporated into the module. All lines are TTL-

compatible. Teletype infcerface circuitry is also included
on the board. KEYBOARD IN, PRINTER OUT, and
READER CONTROL lines are provided.

The four 4702A PROM memory elements furnished
with the module contain the INTELLEC®4/MOD 40
System Monitor. This program is designed principally as an
aid to the prototype development of OEM microcomputer
systems and may not be suitable for some intended
applications. PROMs programmed to any specification may
replace the standard Monitor PROM:s in the four receptacles
on the board itself, permitting the user to implement any
alternative control program desired.

As a component of the INTELLEC®4/MOD 40
system, the imm4-43 Central Processor Module is primarily
a development model. lts general purpose configuration,
however, makes it adaptable to almost any application that
calls for the capabilities inherent in a four-bit micro-
processor system. In terms of engineering utilization, the
Central Processor Module gives the user a set of edge
connector pins in which the input-output relationship is
determined by the firmware contents of program memory.
The hardware investment is minimal, yet such a configuration
is capable of flexible and sophisticated responses to its data
environment. This permits the imm4-43 to replace many
large and cumbersom random logic systems, particularly
where limited production proscribes the high cost of
developing a more specialized, dedicated system.

For the OEM user, who does not utilize the IN-
TELLEC®chassis, an additional input port can be added
with strapping options (see CPU Module schematic, Figure

2-25).
GENERAL FUNCTIONAL DESCRIPTION
The Central Processor Module contains four func-

tional sections:

a) clock
b) processor
c) memory



d) input and output (1/0)

The relationship among these is illustrated in Figure
2-1.

Control signals time and coordinate the functions
that each block performs.

The major blocks exchange information via a four-
line arterial, known as the main data bus, which links the
processor, the memory, and the |/O elements.

Other circuitry on the module provides teletype
current interface capability. Level shifting provisions trans-
late external TTL-level control inputs to the MOS levels
used on the board.

Timing And Synchronization: The System Cycle

A crystal-controlled clock oscillator establishes system
timing. Circuitry on the module divides the 5.185 MHz
clock output, to obtain the seventh submultiple. Then the
resulting 740.7 KHz signal is separated into two non-
overlapping phases and distributed to the other functional
elements on the board. The two clock phases are labeled
01 and 02 on the module schematic {see Figure 2-23).

The 4040 processor divides 02 (a 740.7 KHz signal)
into one eighth submultiples to obtain a 92.589 KHz
‘SYNC signal. The processor then distributes the SYNC
signal to the memory and to the 1/0 blocks (see Figure
2-2).

The relationship between the three timing signals
is shown in Figure 2-3. The SYNC signal establishes a
basic 10.8 usec system cycle (1/92,589). The 01 and the
02 signals divide that basic interval into eight equal sub-
intervals, each of which is assigned a specific cyclic
function.

The first sub-interval following a SYNC pulse is
designated A;. It is followed by the A,, A3, M, M,,
X1, X3, and X3 intervals, in that order.

The Ay-A,-A3 portion is allocated to addressing.
During the A;-A,-Aj interval the processor transmits an
address to the memory controller, specifying the memory

location whose contents is to be read. In the M-M, interval,
the memory returns to the processor the contents of the
addressed memory location. The X;-X,-X3 time slot is
reserved for processing responses, which may include the
input or output of data.

There are two reasons for this timing scheme:

1) The first is that the processor, memory, and 1/0
all share the main data bus. Conflicts would arise,
should two or more blocks attempt to use the bus
simultaneously, for incompatible data transfers.
By cyclical regulation of all data exchanges, we
eliminate the possibility of conflicts. Thus, any
data on the bus during A;-A,-Aj is part of an
address, and the memory logic recognizes it as
such. In like fashion, the processor interprets the
bus levels during M;-M, as the contents of the
memory location just specified. Because 1/0O trans-
fers occur only at certain times, output data
cannot be mistaken for an address, and vice versa.
In this way, the system coordinates the use of the
main data bus.

2) The second reason for the timing is less obvious,
but equally important. All data exchanges between
functional elements of the module take place on
the main data bus. The main bus, as stated earlier,
is a four-line path. Most practical transactions,
however, require more than four bits. It takes
twelve bits, for example, to specify one of 4K
locations in memory. And a minimum of eight
bits are necessary, in order to distinguish the
60 separate instructions that the processor recog-
nizes. Such multiple-byte fields must be dismantled
and transmitted serially on the bus, as successive
parallel bytes of four bits each. Circuitry at the
destination then assembles the bytes, in local
registers, to reconstruct the original field. This is
referred to as multiplexing. Sectioning of the
10.8 usec system cycle, as described above, facili-
tates multiplexing. One four-bit address byte is

CLOCK

1/0 CPU ¢

MEMORY

Figure 2-1. Central Processor Module: Functional Block
Diagram
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Figure 2-2. System Synchronization



exchanged during each of the subintervals A, A,,
and A3, to form a twelve-bit address field. The
instruction word returned during M; and M, is a
two-byte or 8-bit field.

No general rufe exists for the X;-X,-X3 portion of
the cycle. Exchanges of data may or may not occur,
depending upon the instructions given to the processor.
The contents of the processor’s accumulator are displayed
on the bus during X;. When transfers are indicated, at
least one byte will be transmitted, during X,. A few trans-
actions require transmission of an additional byte, in the X3
interval. This depends, however, upon the kind of instruction
involved.

We shall say more about the sequence of steps in
the cycle at the close of this section, when we give some
examples of system operation. It is important to be aware
of the cycle, since much of the logic of main bus trans-
actions is performed within the monolithic elements on the
module, in response to the SYNC and the 01 and 02 signals.
Neither the mechanism of synchronization, nor the complex
switching functions that it governs, are particularly obvious
upon first examination of the module schematic.

Memory On The imm4-43

Figure 2-4 shows the organization of the memory
elements on the Central Processor Module. It is, however,
a conceptual representation only. The diagram helps to

explain logically how the processor chip sees and controls
the memory /0. 1t DOES NOT represent the real electrical
configuration, which is described later.

As Figure 2-4 indicates, the module contains two
kinds of memory elements:

a) read only memory (ROM), also known as program
memory, holds program data. This includes both
instructions and program constants. The processor
cannot alter the contents of program memory.
That is, it cannot store data in a ROM memory
location. Thus, although the data in ROM func-
tions as software, it also resembles a hardwired
program. For this reason, it is sometimes referred
to as firmware.

b

-

random access memory (RAM) is working storage,
or read/write memory. The processor can store
data in RAM and later retrieve it, as instructed by
the program. RAM memory permits the processor
to save intermediate results, in the course of
executing a program. lt is sometimes called data
RAM.

In speaking descriptively, the term Random Access
Memory might seem misleading. ROM storage is also
randomly accessible. Use of these terms is more conven-
tional than accurate, but as long as they are understood in
their intended sense, they serve conveniently to distinguish
the two kinds of memory on the board.
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Data is Operated on in the CPU, or
. [— 1.35us — Data or Address is Sent to/from the CPU
¢ —
/[ v/ J v/ / / /
" \_/ W
SYNC \ j —
Memory
Subcycles Xs Ay A, A, M, M, X, X, Xy
) 1£ 10R¢") the The CP
Device The CPU is Enabled The Program ———f 'The CPU Selected 4001 . ¢ CPU
Controlling Memory is Enabled is Enabled or 4002 are is Enabled
Data Bus Enabled. Other-
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Figure 2-3. System Timing Diagram



Each ROM memory element stores 256 eight-bit
words. The four ROMs together give the module a program
capacity of 1K X 8 bits.

Each RAM stores 80 four-bit words. The four RAMs
together therefore hold 320 words. There are sixty-four
directly addressable locations per RAM. The remaining
memory words are reached by using special instructions
in the processor’s repertoire.

Addressing Structure And Memory Control

The processor chip controls the memory elements, by
enabling command lines, and by placing address bytes on the
main data bus at the appropriate times. Command lines
and bus are shown in Figure 2-4.

Because of their different capacities, and because of
their different uses, RAM and ROM elements require
different addressing schemes.

The processor addresses ROM memory using a twelve-
bit field. The eight low-order bits within that field can
specify one of 256 locations in any given ROM. They are
said to span a “page’”’ of memory. The four high-order bits
are available to specify one of sixteen pages. Thus an
expanded memory, such as that used within the IN-
TELLEC®4/MOD 40 system, could contain as many as
sixteen ROM elements, all commanded by a single enabling
line, and differentiated from one another by a four-bit
page number. A single processor command line, CM-ROM,
is provided for that purpose. The 4040 CPU contains a
second ROM command line as well, but the INTELLEC®
4/MOD 40 system does not use this provision.

The processor addresses RAM on the other hand
using an eight-bit address. There are 64 directly addressable
locations in a RAM element, and six bits are therefore
sufficient to span one page of RAM. Two bits remain, to
identify the page. Two bits can distinguish among four
pages, and a separate command line will therefore be
required for every four RAMs used. A system such as the
INTELLEC®4/MOD 40 may have as many as 32 pages of
RAM.

To provide for such an expansion, the processor is
equipped with four CM-RAM lines, subscripted 0 to 3. The
CM-RAM O line controls the four RAMs on the Central
Processor Module. The remaining three lines can be decoded
to service any number of RAM banks within the system's
upper limit.

The CM-ROM line, when enabled, connects the ROM
inputs to the main data bus. The CM-RAM lines perform
a similar function for the RAM elements. By placing a four-
bit byte on the bus, and by simultaneously manipulating
command lines, the processor directs data to the RAM
bank, to the ROM bank, or to both at the same time.

Module Input And Output Ports

As shown in Figure 2-4, each of the module’s four
input ports, and each of its eight output ports, is associated
with one of the memory elements on the module. All are
four-line ports. This arrangement has three principal advan-
tages:
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a} It eliminates the need for special address logic for
each port, since the port can share the memory’s
logic.

b

It permits a greater functional density on the
memory chips, a consolidation that results in
system economies.

c) It obviates the need for an extended addressing
system in order to perform 1/O operations. An
input or output port is specified automatically,
every time a memory page is addressed. A sub-
sequent instruction then identifies the operation

as an input, output, or memory transaction.

The Processing Cycle

Everything that the processor does is the direct result
of an instruction, or the lack of one, as stored in memory.
Every program step therefore has two parts. The first is the
fetch, in which the processor obtains an instruction word
from the program memory. The second is the execution,
in which the processor performs the specified operation.
These twe segments together complete a system cycle.

The processor maintains a counter which tells it
where to find the next instruction in ROM memory. This
address is placed on the main data bus in three bytes, during
Ay-A,-Aj of the processor’s cycle. The least significant byte
Jis transmitted in A, the middle byte in A,, and the most
significant byte in Az. The ROM elements sense the page
and memory location of the instruction, and return two
bytes to the processor, on the main bus, during M{-M,.
Aj-Ay-A3-M-M, constitutes the fetch portion of the
processing cycle.

The two bytes returned to the processor during My
and M, are assembled in the processor’s instruction
register, to make up an eight-bit field. The four bits
returned during M;, are called the OPR. They specify
the kind of operation to be performed: procedural, 1/0, or
arithmetic. The OPA, returned during M,, is a modifier. 1t
may specify the location of an information byte that the
processor will need to execute the instruction, or it may
specify a sub-operation of the instruction group indicated
by the OPR. The function of the OPA byte depends upon
the nature of the instruction.

In most cases, the processor executes the instruction
during the remainder of the 10.8 microsecond processor
cycle, X1-X5-X3.

There are five instructions which are complicated
enough to require more information than can be conveyed
in the four bits of the OPA. These instructions use a double-
length format, requiring 21.6 microseconds to complete.

The first four bits, the OPR, of a double-length in-
struction are distinctive, so that the processor immediately
recognizes it as part of a double-length instruction. When
this happens the processor will interpret the results of its
next eight-bit fetch, not as a single instruction, but as the
additional information necessary to complete the execution

of an instruction. For this reason the successive portions
of double-length instructions are always stored in sequen-
tially adjacent memory locations, so that the processor
always knows where to look for the second half of the
instruction.

An address is sent out on the bus during A;-A,-A; of
the second half of the double-length instruction cycle, just
as for a normal instruction fetch. The information returned
during M;-M, is used to finish executing the command,
during X;-X,-X3 of the second 10.8 microsecond interval.
The processor reverts to its normal instruction mode, be-
ginning with the next fetch operation.

TYPICAL MODULE OPERATIONS

A few illustrative examples will help to clarify the
interaction between processor, memory, inputs and outputs.
We give examples of:

a) a RAM read

b) a RAM write

¢} an input sequence
d) an output sequence
e) a ROM read

All these transactions require several instructions
to execute. Every transfer of data between the processor
and another element consists of three logically distinct
steps:

1) Specification of an address
2) Specification of the kind of transfer
3) The actual transfer

RAM Read

A RAM Read sequence will be performed whenever
the program requires the four bits of information stored
in a particular RAM location. Readout is nondestructive;
that is, the contents of the cell being read are not altered or
erased in the process.

In the symbolic notation used by the programmer, a
typical read sequence might look like this:

LDM XDDD
DCL

LDM DDDD
XCH RRRO
LDM DDDD
XCH RRR1
SRC RRR1
RDM

The letters in the left-hand column are instruction
mnemonics. They represent the kind of operation to be
performed. Those in the right column are operands. They
represent the additional information that is required for
the execution of certain commands.

The first instruction (LDM XDDD) loads the program
constant ““XDDD’’ into the processor's accumulator. The
programmer, by -selecting the value of “XDDD"’, designates
one of eight RAM command lines (specified by the octal



field “‘DDD’’}, where each RAM command line controls
four RAMs. The binary digit ‘X’ is unspecified, since
it is not essential to the identification of the line. In the
case where the Central Processor Module stands alone, the
programmer would choose XDDD = X000, identifying
CM-RAMg as the command line to be enabled.

The next instruction {DCL) transfers the accumu-
lator’s contents to the processor’s command control register,
thus enabling the designated CM-RAM line. This line
remains selected until specifically altered by another DCL,
and is used to activate a memory bank consisting of four
RAM pages.

Having designated the RAM bank, the programmer
must specify the page and the location within the page.
Remember that this requires an eight-bit address. The two
most significant bits identify the RAM, and the remaining
bits specify one of 64 four-bit locations therein. The next
four instructions are designed to assemble the eight-bit
field required.

The third instruction (LDM DDDD) again loads a
constant of the programmer’s choice into the accumnulator.
“DDDD" will be the four most significant bits of the desired
address.

The fourth instruction (XCH RRRO) places the con-
tents of the accumulator in one of the processor’s index
registers (specified by RRRO). The register is chosen by the
programmer, but observe that the last digit of the operand
is always ““0”. This means that the most significant address
byte will always be stored in one of the even-numbered
index registers.

Instructions 5 and 6 select and load the four least
significant digits of the address.

Note, however, that the last digit of instruction
number 6 (XCH RRR1) is a ““1””. Thus, the least signifi-
cant address byte will always be stored in an odd-numbered
index register. Furthermore, this odd-numbered register
will always be the next register in sequence following that
which contains the most significant byte. If one byte is in
register number 0, for example, the next must be placed in
register number 1. The reason for this will be apparent in a
moment.

The seventh command {(SRC RRR1) directs transfers
of the two address bytes to the Main Data Bus. To do this,
the processor forwards the most significant byte during X,
of its cycle. The second byte is placed on the bus during X;.
The reason for storing these bytes in numerically adjacent
registers is now apparent. By specifying a single odd-
numbered register, “RRR1", the instruction implicitly
indicates the location of both bytes. An orderly transfer of
data is thus assured.

The address transferred to the bus during execution
of the SRC command enters the data bus inputs of the
RAMs on the enabled CM-RAM line. The RAM addressed
by the two most significant bits registers the address. The
other three RAMs ignore it. The designated RAM saves the

address in internal latches, pending the next 1/0 instruction.

Steps 1 through 7 have now specified an address. All
that remains is to specify the operation desired and to exe-
cute the transfer. The next step (RDM) indicates a readout
of the previously designated RAM address. That is accom-
plished as follows.

The first four instruction digits returned to the
processor during M; of the eighth cycle indicate an |I/O
operation to follow. When the processor senses this condi-
tion, it enables the CM-ROM line and the presently
designated CM-RAM line, during M,. This permits the
OPA portion of the instruction on the bus to enter the
input of any memory location alerted by the preceding
SRC instruction. The OPA specifies the kind of /0 opera-
tion required, a RAM readout in this case. The designated
RAM responds by placing the contents of the requested cell
on the main data bus during the X, interval of the RDM
instruction. The processor recognizes data on the bus at this
time as the contents of the requested cell and responds by
placing this byte in the accumulator. The memory read-
out is now complete.

RAM Write

Writing into a RAM cell is very similar to the process
of reading from RAM. The same steps are used to designate
an address. Only the last two steps are different. A typical
RAM Write sequence looks as follows:

LDM XDDD
DCL

LDM DDDD
XCH RRRO
LDM DDDD
XCH RRR1
SRC RRR1
LDM DDDD
WRM

It is immediately apparent that Steps 1 through 7 of
the write sequence are identical to the Steps 1 through 7 of
memory readout. These steps establish the address, as
required.

The eighth step (LDM DDDD) loads the accumulator
with the data to be written into the RAM. This step, or one
similar, is necessary, since all transfers to RAM are executed
via the processor’s accumulator. For the sake of this example
we assume that the data is a program constant ““DDDD"
established by the programmer. It might just as easily be an
intermediate result loaded into the accumulator from one
of the index registers.

The final step (WRM) writes the contents of the
accumulator into the specified memory location. The pro-
cessor executes this instruction as follows.

The OPR byte fetched during M alerts the processor
to an impending I/O operation. The processor enables the
selected CM-RAM line in time for the designated RAM to
receive the OPA byte, at time M,. The processor places its



accumulator’s contents on the bus during X,, and the RAM,
recognizing a write instruction, responds by routing the
contents of the bus to the selected memory location.

Input Operation

Input operations transfer data at one of the input
ports into the processor’'s accumulator, via the main data
bus. An input sequence typically looks like this:

LDM DDDD
XCH RRRO
SRC RRR1
RDR

Recall that the module’s input ports are associated
with the ROM memory elements. To specify an input
port, we need only identify a page in ROM memory. Since
no more than sixteen ROMs are used, four bits suffice to
identify the page.

The first instruction {LDM DDDD) specifies the
desired ROM port. The programmer selects the port, by
choosing the value of “DDDD". This value is then loaded
into one of the even-numbered index registers, by the
second instruction (XCH RRRO).

The third instruction {SRC RRR1) puts the contents
of register pair “RRR1”” on the Main Data Bus, during X,
and X3. The value stored in register RRRO will be sent out

at time X,, specifying the input port. The CM-ROM

command line is enabled simultaneously. Thus the processor
alerts the selected ROM port to an impending transfer.

Note that the SRC instruction also causes the pro-
cessor to release the contents of index register “RRR1"' to
the data bus, at time Xj3. This information, however, is
superfluous for the purpose of output. The ROM bank
simply ignores the nonspecific second byte, when executing
an 1/0 instruction.

The last instruction (RDR) specifies an input operation
in which the data at the previously selected ROM input
port is transferred to the processor’s accumulator. Execu-
tion is similar to other 1/Q group instructions. The processor,
sensing the OPR of an 1/0 group instruction, enables the
CM-ROM line during M,. The subsequent OPA then directs
the selected ROM to place the input data on the main data
bus during X,. The processor transfers the X, contents of
the bus to its accumulator register, completing the input
sequence.

Output Operation

An output operation transfers data from the pro-
cessor's accumulator to one of the system output ports,
via the main data bus. The output levels remain latched in
the designated output port, until they are displaced by
another command which addresses the same port, or until
the memory element is reset (4002 RESET).

An output may be addressed to either a ROM or a
RAM port. The procedure in both cases is similar. The

chief difference is that a CM-RAM line must be designated
when writing to a RAM port. ROMs, of course, do not
require a DCL. The general preface to a RAM output is this:

LDM XDDD
DCL

These steps select and designate the CM-RAM line,
just as in RAM operations described previously. The sub-
sequent steps, which identify the output port, are applicable
to both RAM and ROM output sequences:

LDM DDDD
XCH RRRO
SRC RRR1
LDM DDDD
WRR {or WMP)

The next three steps load the output port address
into the accumulator, transfer the load to one of the even-
numbered index registers and place the contents of “RRR0O"”
on the main bus during X, of the fifth cycle. This process
alerts one ROM and one RAM chip to an impending I/0O
operation. As in the case of an input operation, the un-
specified contents of register “RRR 1" are placed on the bus
at time Xj3. Just as in the input operation, these four
bits are ignored whenever an /O operation is executed.

The next step loads data, a program constant in this
example, into the accumulator. Conditions are now set for
the output transfer.

The final steps command the output. The instruction
will be a WRR, calling for a write at the enabled ROM
port, or a WMP, specifying the enabled RAM port. In both
cases, execution is similar. The processor enables CM-ROM
and CM-RAM after receiving an 1/0 OPR at time M;. The
OPA at M, causes the processor to place the accumulator
contents on the bus at X, time, and the designated memory

- element latches this data in its output port, completing the

output transfer.

ROM Read

Data in program memory is of two kinds: instructions
and program data. Data stored in memory for use by the
program is known as a program constant. The term constant
is used, because this data has the same value in all program
runs, regardless of the arguments or variables that may be
furnished. All program data committed to ROM is naturally
constant, since the contents of a read only memory never
vary.

One way of obtaining a data constant from program
memory is by using an LDM instruction. The use of this
command has already been described in earlier examples.
When an instruction such as (LDM DDDD) is performed,
the constant “DDDD" is loaded directly into the proces-
sor's accumulator. An operation such as this is known as an
“immediate instruction”.

It is sometimes more efficient to transfer an eight-bit



field directly into one of the processor’s eight pairs of index
registers than to execute two successive four-bit transfers.
For example, we might find it convenient to load the
binary constant D,D,D,D,D;D;D{D, into register pair
RRRO and RRR1. In programming symbology, such a
transfer looks like this:

D2D2D2D2 —— = RRRO
D,D,D,;D; —— RRR1

Each ROM memory location is eight bits deep and
accommodates an eight binary digit field. But the pro-
cedure for fetching the constant D,D,D,D,D;D;D D,
differs from the procedure for a RAM memory read. One
way of doing this is to use a double length instruction
known as an immediate fetch.

This instruction has the form:
FIM RRRO
D,D,D,D, D,;D,D,D,

where the mnemonic “FIM” indicates the fetch and
“RRRO" indicates the even-numbered register of the pair
where the constant will be stored.

The ROM location next in sequence, following the
address where the “FIM” OPR is stored, contains the
constant D,D,D,D,D;,D,D;D;. The processor sends the
contents of its instruction counter out on the data bus at
time A;-A,-Aj, but instead of interpreting the M;-M,
contents of the bus as an instruction the processor simply
stores this data in the designated index registers. In this
way, the ROM data is consigned to a location where it
may be addressed by the program (note that the processor
cannot address its own instruction register).

There is no counterpart for the RAM read process,
when reading out of ROM. RAM is always read in the
X1-X,-X3 portion of the system cycle. ROM, on the other
hand, is always addressed in A;-A,-Aj and read in M-M,.
Readouts from ROM, other than normal instruction
fetches, always make use of an immediate fetch (FIM) or
an indirect fetch (FIN). ‘

The indirect fetch is similar to the immediate fetch,
in that it requires two cycles for its completion (21.6
usec). The FIN command, however, is a single-length in-
struction and looks like this:

FIN RRRO

“RRRO" indicates the even-numbered register of the
pair where the results of the fetch will be stored.

To fetch data from ROM, the processor uses the eight
bits in register pair “0000” and ‘0001 as the low-order
segment of an address. This naturally assumes that a suit-
able address has been stored previously in those two
registers. The instruction further assumes that the cell to be
read is on the same memory page as the FIN instruction
itself. The processor therefore sends the high-order four
bits in its program counter, plus the eight bits in register
pair number 0, as an address during A;-A,-A; of the next
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system cycle. The data returned during M;-M, is placed in
the designated register pair, completing the fetch. The
system returns to a normal instruction cycle, beginning
with its next program instruction.

The net result of either fetch, FIM or FIN, is thus the
same. The principal difference is that an indirect fetch may
specify any cell on the same memory page, while the im-
mediate fetch always accesses the next sequential location
in memory. The indirect fetch is thus a somewhat more
versatile instruction. The immediate fetch, however, re-
quires no preparation sequence and may therefore be more
economical of processing time.

4040 FOUR-BIT CENTRAL PROCESSOR UNIT

The Intel® 4040 Central Processor Unit is the func-
tional core of the imm4-43 Central Processor Module. This
monolithic MOS processor performs the logical and control
functions generally associated with the central processing
units of larger machines. The 4040 recognizes and executes
60 different eight-bit binary instructions.

The 4040 CPU requires input power at levels of —10
VDC and +5 VDC. Its average power consumption is
225 mW.

Control inputs to the 4040 consist of:

¢, and ¢, CLOCK signals (741 KHz) — MOS levels

CPU RESET

STOP

INTERRUPT

TEST

The CLOCK is a periodic signal input obtained from
an external reference oscillator. CPU RESET, STOP,
INTERRUPT, and TEST are intermittent inputs that pro-
vide for external control of the program which the proces-

sor executes. All inputs to the CPU are defined as negative-
true.

TTL levels

The 4040 CPU generates the following outputs:
SYNC

CMI-ROW,.

CM-RAM,.3

STOP ACKNOWLEDGE

INTERRUPT ACKNOWLEDGE

SYNC is the eighth submultiple of the CLOCK input
frequency. 1t is derived by countdown circuitry on the chip
itself and is used externally to synchronize various kinds of
data transfers, including memory reference and input or
output transactions. CM-ROM and CM-RAM outputs are
under program control and permit the processor to address
selected groups of ROM and RAM chips. These command
lines are instrumental in the fetching of instructions, in the
temporary storage of data, and in the execution of input
and output instructions. STOP ACKNOWLEDGE indicates
externally when the processor is halted as a result of a




STOP command input. INTERRUPT ACKNOWLEDGE is
true whenever the CPU is engaged in the processing of an
INTERRUPT request. Control outputs from the 4040 are
at MOS levels, negative-true.

Data in and out of the CPU passes through a four-line
port, the principal nexus of the main data bus which con-
nects the processor to other elements in the system. The
port’s lines are negative-true, and its electrical character-
istics are typical of the other MQOS inputs and outputs.

Functional Description

Figure 3-5 is a block diagram of the 4040 CPU,
showing the most important details of its internal construc-
tion. The chip contains the following functional sections:

a) timing

b) control logic

c) arithmetic logic

d) program counter and stack
e) instruction register

f) bus multiplexer

g) memory control

h) index registers

i} 1/0 buffer

The timing section accepts the 01 and 02 clock
phases from the external reference oscillator. It contains
the divide-by-eight countdown circuitry which develops the
SYNC reference from these signals. The output of the

timing section coordinates the operations of the control
logic.

The control logic section uses the timer output to
direct the operations of the remaining blocks. It initiates an
instruction fetch, at the beginning of the cycle, by sending
an address to the program memory during A-A,-A3 and
by simultaneously enabling the CM-ROM command line.
It directs the storage of the memory’s reply, in the chip’s
instruction register. The control logic decodes and inter-
prets the contents of the instruction register, determines
the operation to be performed, and develops the signals
that cue the arithmetic and memory control sections during
execution of the instruction.

The arithmetic logic section is equipped to perform
all the required data manipulations, under supervision of
the control logic. This block contains the main working
register, the accumulator, into which the results of all addi-
tions are placed. It also contains a four-bit adder, an
auxiliary register for storing addends, a carry flag for ex-
tended arithmetic operations, and sensing logic to enable
conditional branching.

The program counter and stack is a set of eight
twelve-bit registers. The program counter is used to hold
the address in memory where the next instruction to be
executed is stored. The control logic maintains the program
counter automatically, incrementing the counter’s contents
immediately following each A3 fetch. Thus the location

CM-RAM ——— .
_ CM-ROM =ToF SYNC o1 ¢2
RESET | TEST l J'
INTERRUPT
TIMING
MEMORY
CONTROL
PROGRAM
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| I
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REGISTERS [€ LOGIC | I
[ |
ARITH T 1
LOGIC
[ | |
I OPR | OPA | 1
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4
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Figure 2-5. 4040 Processor Functional Block
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of the next instruction is always available in the program
counter. In the event of a program jump, the control logic
replaces the current contents of the program counter with
a new memory address, and program execution continues
from that point. The program counter is always set to zero,
following the application of a CPU RESET.

The procedure for maintaining the program counter
during subroutine jumps is different. A subroutine sequence
has to merge with the main program again, following execu-
tion of the subroutine. An ordinary program jump looks
like this graphically:

BEGIN

END

Figure 2-6. Program Jump

A subroutine jump, on the other hand, looks like this:

BEGIN
A
A > B
A
A+2 <+ Cc
v
END

Figure 2-7. Subroutine Jump

In order to execute a subroutine properly, the pro-
cessor must save the contents of its program counter,
before executing a jump. This preliminary assures that the
main program can resume its operation, following execu-
tion of the subroutine. The stack provides the storage
necessary for holding return addresses.

The stack consists of seven registers, each of them
similar to the program counter itself. Together, they form
a pushdown address stack, for accommodating nested sub-
routines. A stack pointer is maintained automatically by
the processor logic.

12

By way of example, suppose that a “jump to sub-
routine” instruction occurs in the course of the main
program flow. The processor logic stores the jump address
in the ““nearest” stack register; that is, the secondary level
register, as determined by the internal pointer logic. The
secondary register now becomes the program counter, This
register contains the effective program address, and this
register is incremented after each instruction fetch.

The end of the subroutine sequence is indicated by a
“branch back” instruction. When a branch back occurs, the
stack pointer moves in the reverse direction. The original
register again becomes the program counter, and execution
of the main program resumes immediately following the
point where the subroutine was called.

The stack pointer and the eight program counter/
stack registers allow the program to call seven levels of
subroutines. That is, the program can call subroutine 1,
subroutine 1 calls subroutine 2, and so on until the sixth
subroutine calls the seventh subroutine. Figure 2-8 shows
three-level subroutine nesting.

BEGIN
A > B C —p D
A+2 B+2 C+2
y A 4 y
END G F E
Figure 2-8. Nested Subroutines

Should an eighth subroutine be called, the deepest
stack address would be displaced by the address of the
eighth subroutine. Thus, the contents of the original pro-
gram counter would be lost, and return to the main pro-
gram would be impossible.

The stack also allows for seven-level interrupt proces-
sing. When an interrupt occurs, the program counter is not
incremented. Instead a Jump to Subroutine (JMS) at
location 3 instruction is forced onto the interna!l data bus.
The processor stores the subroutine address (in this case 3)
in the next available stack register just as it does during any
subroutine call. The stack pointer points to this stack
register, making it the current program counter; thus, the
instruction at location 3 is executed next. This instruction
will normally direct program control to an interrupt
service routine. The first instructions of the interrupt
service routine should save the status of the processor
(i.e., the contents of the processor’s registers) in one of the
index register banks. Before ‘branching back”, the service



routine must restore the processor status. When the branch
back occurs, the stack pointer returns to the previous
program counter. Because the contents of this program
counter were not incremented when the interrupt occurred,
execution of the interrupted program resumes where it was
stopped.

The instruction register is an eight-bit register used
to store the OPR and OPA bytes returned from the pro-
gram memory during M; and M, of the system cycle. The
instruction field stored in the register is available to the
control logic section. The control logic decodes the instruc-
tion, to determine the appropriate sequence of operations,
then directs the execution of the command.

The bus multiplexing logic controls use of the main
internal data bus, in response to the directions of the con-
trol logic. It places the program address on the bus, in
three sequential byte’s, during A;-A,-A3 of the processing
cycle. It then routes the contents of the bus during M; and
M, to the OPR and OPA segments of the instruction
register. The multiplex logic controls the switching of the
bus as required, during the execution phase of the cycle.

The memory contro!l section selects and buffers the
CM-ROM and the CM-RAM lines as necessary in the
course of the cycle. It is supervised in this function, by
the contro! logic. Note that the memory control section
communicates with the arithmetic logic section, via a
bussing arrangement. The CM-RAM command line, as de-
scribed in Section 3.2, is selected by first depositing a
numerical designator in the accumulator register. This desig-
nator is then transferred to a register in the memory con-
trol, when the DCL command is issued. The CM-ROM
command line is under the direct control of the control
logic section.

-
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Figure 2-9. Index Register Addressing
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The index registers serve as the working internal
storage for the processor chip. Twenty-four individually
addressable four-bit registers are provided.

Index registers are organized internally as three dis-
tinct blocks, each containing eight consecutively address-
able registers. One bank is enabled continuously, and
registers in that bank may be referenced at any time by any
program. Only one of the two banks that remain, however,
will be enabled at any given time. Bank selection is a
programmed function, and any reference to a particular
register in one of these two banks must therefore have been
preceded at some point in the program by an instruction
explicitly enabling that bank. Figure 2-9 shows the ad-
dressing structure within the processor.

The program may address registers individually, or
it may address them as members of a logical pair. For the
purpose of some instructions, the selected register bank
and the resident bank of registers may be visualized as
consisting of eight 8-bit registers, as illustrated in Figure
2-10. When an instruction of this kind is employed, the
pair will be identified in the instruction operand (OPA
byte) by specifying either the even- or the odd-numbered
member of the pair.

The buffer section of the 4040, under the supervision
of the control logic, acts principally as a switch. It
connects or disconnects the main internal data bus from
the main external data bus, thus maintaining logical
communication between the processor and the compo-
nents of the system.

I
I
= T =
= [ = ]
[ = | = |
= [ =]
e [ ]
[ [ e ]

Figure 2-10. Paired Index Registers

4040 Instruction Set

The instruction set for the 4040 CPU consists of 60
instructions which provide for register-to-register and regis-
ter-to-memory transfers, input and output of four-bit
quantities, binary and decimal arithmetic, and boolean logic
operations. A full range of program control instructions
enable the programming of conditional, unconditional, and
indirect jumps as well as the efficient management of sub-
routine calls and returns. The built-in interrupt facility may
be enabled or inhibited as the program logic may require.

Both single word and double word instruction for-



mats are used. Each single word instruction occupies one
eight-bit ROM memory location. Five instructions require
a sixteen-bit field and are stored in two consecutive
memory locations. Appendix A describes the CPU’s instruc-
tion set in detail.

Single word instructions are generally completed
within one processor cycle, or eight clock periods, as
determined by the system clock. The first three periods,
Ai-Aj-Aj are used to address program memory. The two
four-bit bytes of the instruction are returned to the pro-
cessor in the next two periods, M; and M,. Execution of
the instruction is accomplished in the remaining three clock
periods, X1-X,-X3.

An exception is the “indirect fetch’’ command (FIN),
a unit length instruction requiring two full processor cycles
for completion. The OPR and OPA of the indirect fetch
specify the fetch plus the even-numbered member of a
register pair. The contents of this pair is sent out as an
address during A;-A, of the succeeding cycle, and is fol-
lowed at A3 by the high-order byte in the processor’s
instruction register,

The contents of the addressed ROM memory location
are returned on the bus in M; and M,, the first byte being
stored in index register #0 and the second in #1.

The complete instruction set for the 4040 is listed in
Appendix A, with-a brief explanation of the logical
operations effected by each command.

Typical Processor Cycle

As an illustrative example of processor operation,
consider the sequence of steps involved in a typical double
length instruction, the “immediate fetch’” (FIM). The FIM

instruction is stored in two successive ROM locations,
like this:
OPR OPA
LOCATION #1 0010 RRRO
LOCATION #2 p,b,D,D, D;D;D;D;

D,D,D,D,D;D;D;D,; represents a binary program
constant consisting of two four-bit bytes. RRR is an octal
field which specifies one of the eight index register pairs in
the processor. The object of the instruction is to transfer
D,D,D,D,D;D;D;D; to the index register pair stipulated
by the OPA RRRO as foliows:

D2D2D2D2—_—’R R R 0
D1D1D1D1—>R R R 1

Suppose that the first half of the instruction is stored
in the thirty-second cell (#31) of the second page in pro-
gram memory (page #1). The contents of the program
counter will be (0001} (0001) (1111} at the beginning of
the first instruction cycle, indicating the location of the
current program instruction. i

In response to the-signals from the timing section,
the control logic sends cues to the multiplexer and to the
buffer logic. The multiplexer responds by placing the least
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significant byte in the instruction counter on the main
internal bus at time A;. The buffer gates this byte through
to the processor’s output port, and to its ultimate destina-
tion in the ROM memory bank.

The control logic now increments the least significant
byte {1111 + 1 = CARRY + 0000) and returns it to storage
at the top of the program counter stack. Note that incre-
mentation results in a carry, so that the byte returned to
the program counter is 0000. The control logic records the
occurrence of the carryover, for use in A,.

In the next period, A,, the multiplex logic gates the
middle address byte onto the main internal bus, where it
enters the buffer and passes to the program memory. The
control logic, finding that a carryover resulted from the in-
crementation of the first address byte, increments the second
byte as well, before returning it to storage in the top of the
program stack. The second byte now contains: 0001 + 1=
0010 + CARRY.

The most significant byte in the program counter is
forwarded to the bus during Az, just as the first two bytes
were previously. The control logic, finding that no carryover
resulted from the incrementation of the second byte, returns
the most significant byte to the program stack unchanged:
(0001 + 0 = 0001+ CARRY).

Transmission of the address field to program memory
is now completed, and the current address of the next
memory cell is stored in the program stack.

The memory stores the address transmitted by the
CPU and responds by returning the OPR to the processor,
during M;: (0010). This byte is gated through the enabled
input buffer, through the multiplex block, to storage in the
OPR section of the instruction register. In similar fashion,
the OPA sent from the memory during M, is gated through
the multiplex section to the OPA section of the instruction
register.

Instruction decoding depends on the type of instruc-

“tion. The control logic always examines the OPR byte,

immediately upon its return in My, to determine if any im-
mediate action is required. A code of (1110), for example,
would indicate that the instruction in progress was one of
the 1/0 and RAM group, as shown in Appendix A. Execu-
tion of any of these instructions requires that the memory
elements on the module should also receive the OPA instruc-
tion byte in M,. The control logic, under these circum-
stances, would enable the CM-ROM and the CM-RAM lines,
in time for the memory elements to be alerted to the opera-
tion in progress.

In our present example, the OPR indicates to the con-
trol logic that one of two kinds of instructions will be
performed, either the “immediate fetch” (FIM) or the
“send register control’”” (SRC). The processor logic will
therefore have to discriminate on the basis of the OPA to
follow. The control logic examines the last bit of the OPA
field, and finding it even (containing a 0"}, concludes a
fetch.



For the purposes of an “‘immediate fetch,” X-X,-X3
of the first cycle is idle time. No processor action is required.

The addressing cycle for the second half of the instruc-
tion is similar to the first. The three bytes of the program
address are multiplexed to the main bus, during A;-A,-Aj,
accessing the location where the program constant D, D, D,-
D,D{D{D ;D is stored.

The control logic, however, has been alerted by the
preceding OPR that the normal instruction cycle is tempo-
rarily suspended. As a result, it instructs the multiplexer
logic to route the M; and M, bytes to the index register
pair specified by the first cycle OPA. D,D,D,D, is stored
in the even numbered register and DD ;DD in the odd.
in the case of the FiM, execution of the instruction is com-
pleted at the end of M,. X;-X,-X3 is again idle time, and
normal instruction fetch resumes with the beginning of the
next system cycle.

CPU RESET

The CPU RESET pin on the processor enables an
operator to restart the program at any time. Execution fol-
lowing the CPU RESET always begins at program memory
location zero.

The CPU RESET is a negative-true input. Reset is ef-
fected by the momentary application of Vpp (GND, for
the Central Processor Module) to pin 9 of the CPU.

To obtain a complete reset of the CPU chip, the reset
level must be maintained for a minimum of eight full in-
struction cycles, or 64 periods of the external clock refer-
ence. Reset is effected by disabling the internal memory
refresh circuitry momentarily, with the result that all dy-
namic memory elements (accumulator, index registers, pro-
gram counter, instruction register) are filled with logic zero
voltage levels. This refresh counter completes its scan of the
chip every eight clock cycles, and a shorter CPU RESET
would thus fail to clear the entire memory.

STOP

STOP is a negative-true control input which permits
the system operator, or an external device, to stop the
execution of the program in progress.

Since the STOP input is asynchronous, the external
command which clamps this line may originate at any time
during the execution of a program. The CPU will finish
executing the instruction in progress, then respond to the
external request by clamping the STOP ACKNOWLEDGE
status line. While the STOP ACKNOWLEDGE output is low,
the processor remains in a pseudo-halt condition, in which
the ““no operation” command is executed repeatedly. The
program counter is not incremented, and the program will
therefore resume at the point of interruption whenever the
STOP request is terminated.

Exit from the STOP ACKNOWLEDGE -condition
occurs automatically when the clamp on the STOP request
line is lifted. A delay of up to eight clock periods may be

necessary, to complete the NOP in progress.

The STOP input may also be used to re-start a pro-
cessor which has been placed in the halted state by a
programmed “‘halt” instruction (HLT). This is accomplished
by clamping the STOP request line until a STOP ACKNOWL-
EDGE output is obtained. Once the status line is true (low),
the machine may be re-started automatically by simply re-
leasing the STOP request input. As before, several clock
periods may elapse before the program is resumed.

INTERRUPT

The INTERRUPT request line is a negative-true con-
trol which permits an external device to alter the normal
program sequence, at a regular interval or intermittently.

The INTERRUPT request is an asynchronous input,
which the CPU acknowledges upon completion of the in-
struction in progress. Recognition is indicated by a low at
the processor’'s INTERRUPT ACKNOWLEDGE output. This
output remains true until processing of the interrupt is
finished, as indicated by the execution of a “’branch-back
and send register control” instruction (BBS).

When the CPU acknowledges an INTERRUPT request,
it temporarily inhibits the routine incrementation of the
program counter and executes an automatic subroutine jump
to program memory address 003y. In this way, the con-
tents of the program counter are saved in the stack, and
execution of the interrupted program will be resumed with-
out loss of continuity when a “branch-back’ is used to
terminate the processing of the interrupt.

ROM location 003y is a dedicated address where the
first step of the interrupt service routine will always be
stored. The service routine is a special purpose program de-
signed to accommodate the interrupting device. Among
other functions, this program may be required to (a) save
and later restore the processor's internal status, {b) deter-
mine the identity of the requesting device and transfer con-
trol accordingly, and (c) return control eventually to the
interrupted program. The exact requirements depend on the
intended application. In most cases, the interrupt routine
should save the following internal processor status values:

® Contentof ACCUMULATOR and CARRY flip-flop

® Content of COMMAND REGISTER

@ Content of as many INDEX REGISTERS as
required

® The value of the last SCR address sent out prior to
the interrupt

@ The current ROM bank {(CM-ROMg or CM-ROM )}

These status values can be saved in the expanded index
register array, as is done in the following example of an -
interrupt service routine: '



EXAMPLE INTERRUPT SERVICE ROUTINE:

ROM Location

Bank / Page / Word Instruction
0 6 82 SRC 4
0 6 383 INC 9
0 6 84 (JMS 0}
0 6 84 (3)

0 0 3 SB1

0 0 4 XCH 7

0 Y] 5 I.CR

0 0 6 RAL

0 0 7 XCH 6

0 0 8

0 0 9 .

0 P n XCH 6
n+1 RAR
n+2 DCL
n+3 XCH 7
nt4 SBO
n+b5 BBS

0 B 84 WRM

If a suitable start-up routine is stored in location 003y
the INTERRUPT request line may be used to re-start a
processor that has been halted by a programmed HLT.
Start-up is automatic, once the request has been acknowl-
edged. Note, however, that the INTERRUPT ACKNOWL-
EDGE output must be reset by execution of a programmed
“branch-back,”” before the CPU will be able to respond to
other incoming INTERRUPT requests.

TEST
By clamping the processor’s TEST input low, an ex-
ternal device sets a condition flag that the processor’s internal

control logic can test. The flag is maintained only as long as
the control signal persists.

This enables the operator to program a conditional
jump in the program sequence, contingent upon the level at
the TEST input. Refer to Appendix A for the description
and use of the ““conditional jump”’ instruction (JCN).

PERIPHERAL LOGIC

The following section describes the peripheral logic
elements on the Central Processor Module; that is, the blocks
which support the functional requirements of the 4040
CPU. Functions to be discussed include:
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Comment
(IR 8, 9) sent to ROM & RAM, Load SRC Reg.

Interrupt occurs here.
Interrupt acknowledged, 6, 84
saved in stack; instruction at 6, 84 ignored.

Select IR Bank 1

(ACC)—IR7* — ACC saved

(CR)>ACC

{CY)—>Acc0, Accy—>Acc . . . Acc3—=>CY
(ACC)—IRB* CY, CR saved

Routine for determining and servicing interrupt
is executed here

(IR6*)>ACC

ACCy—>CY — CY restored

ACCy—>CR,, ACC;—~>CR,, ACC,—CR,,

CR restored

(IR7*)~>ACC

Select IR Bank O

Address 6, 84 loaded into PC; contents of SRC
register sent out;

program restored.

® Clock Circuitry
® Memory
® Input/Output Provisions

The Central Processor Module schematic is shown in
Figure 3-25, at the end of this chapter.

Clock Reference Oscillator And Timing Generator

The timing logic on the Central Processor Module
consists of a crystal-controlled square wave oscillator, a
divide-by-seven synchronous counter, decoding circuitry,
and a TTL-to-MOS level shifter. This circuitry is used to
derive two non-overlapping negative-going clock pulses, each
of 386 nanoseconds’ duration, at a nominal frequency of
740.7kHz. These timing signals, referred to as the 01 and
02 CLOCK, furnish the timing reference for all logical op-
erations on the module.

The quartz crystal, Y1, is the principal frequency
determining element. Cascaded TTL inverters, type 74H04,
provide the power amplification and phase shift required to
sustain oscillations. The resulting 5.185 MHz output is ap-
plied to a type 74HQO0 inverting gate, used here as a buffer,
and directed to the clock pulse input of a Fairchild type
9316 synchronous decade counter. The positive-true out-



puts from the second and third counter stages are applied
to another 74H00 NAND-gate, used to indicate coincidence
on the sixth count following counter reset. The coincidence
output is routed to the PE input of the 9316, enabling the
seventh clock pulse to reset the counter to zero.

The second stage output of the counter, and opposite
phases of the third stage output, are combined in two more
74H00 coincidence gates, to obtain the two non-overlapping
clock phases. The TTL output of each of these gates is
buffered, inverted, and applied to one input of an MH0026,
used to obtain the MOS levels required for driving the pro-
cessor and its peripheral logic elements.

Module Memory

Memory on the Central Processor Module is of two
kinds, RAM memory or working storage, and ROM or pro-
gram memory. This section provides detailed information
on the elements used. The ROM memory is described first.
A description of the 4002 RAM and Four-Bit OQutput Port
will follow.

ROM MEMORY AND SIMULATOR LOGIC

Up to this point, our description of the Central Pro-
cessor Module implies that ROM and RAM memory consists
of monolithic elements which incorporate the addressing
and /0O logic in the chips themselves, an implication that is
only partially accurate. For reasons we shall shortly explain,
this black box concept of memory is justifiable, since it
greatly simplifies our initial description of how the module
works.

Although the Central Processor Module may be used
independently of the INTELLEC® 4/MOD 40 system, often
to considerable advantage, it was designed primarily as part
of that system. The basic purpose of the INTELLEC® 4/
MOD 40 system is to simplify the development of OEM
microcomputers, compact, dedicated machines that use
components of Intel’'s MCS-40 Microcomputer Set. The
INTELLEC® 4/MOD 40 system is designed to model such a
system, prior to finalizing of the design and its firmware
package.

The MCS-40 Microcomputer Set contains at least one
4040 Central Processor Unit (monolithic CPU). It will also
contain one or more of the following components:

4001 256 x 8-Bit ROM and 4-Bit 1/O Port

4308 1024 x 8-Bit ROM and 4 |/0 Ports (4-Bits/Port)

4002 80 x 4-Bit RAM and 4-Bit Output Port

The 4001 and 4308 ROM and the 4002 RAM corres-
pond functionally to the ROM and the RAM elements that
we have so far been describing. Four 4002 RAMs are, in
fact, used for working storage on the CPU module. No
4001s or 4308s are used, however, anywhere in the INTEL-
LEC 4/MOD 40.

The 4001 and 4308 elements are production-oriented
devices. They are programmed during manufacture, to the
user’'s specifications. The 4001 and 4308 ROMs are ex-
tremely useful, compact and economical components. Un-
fortunately, the same traits that are virtues in production
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are liabilities in the development phase of a project. It is
extremely difficult, expensive, and time-consuming to detect
and correct program errors in ROM.

For this reason, ROM memory is simulated in the
INTELLEC®4/MOD 40 system using a memory element
known as a PROM. PROMs are Intel 4702A Programmable
Read Only Memories. The 4702A is a read only memory
with a 2566 X 8-bit capacity, similar to the 4001's basic
storage capacity. The most important difference is that the
4702A is programmed electrically, by high amplitude pulses,
rather than by metal mask, in manufacture. It is thus feasible
for users themselves to program these devices, eliminating the
longer lead time required when ordering 4001s. Moreover,
the contents of the 4702A are readily erasable by exposure
to high intensity ultraviolet radiation, permitting the user
to erase and re-program them as often as is necessary in
the course of developing a firmware program. They are
useful for simulating the behavior of a mask programmed
ROM.

There are other important differences, however,
between the ROM and the PROM:

a) The PROM has no input or output port provi-
sions.

The PROM is not page addressable, as is the ROM.
It does not recognize itself as one of sixteen
elements in a ROM array. It has only a single line,
ﬁa, which enables or disables its function.

c¢) The PROM and ROM are accessed differently.
The ROM has a single four-line interface to the
main data bus. This main data port serves both
as the point of entry for multiple byte addresses
and as the exit for the memory’s reply. The 4702A,
on the other hand, has separate ports for add-
ressing and reply. Moreover, the PROM contains
none of the internal multiplexing logic of the
ROM. It responds only to eight-bit parallel add-
ressing, by placing an eight-bit reply on its output
lines.

b

Accordingly, the addressing, multiplexing, and 1/0
logic of the 4007 ROM must be simulated on the Central
Processor Module, using other discrete and monolithic
components. In this way, the processor sees a “virtual”
4001 ROM memory, as accurate modeling requires.

Figure 2-11 shows the details of program memory
and 1/0 bussing on the Central Processor Module. The
module employs a type 4289 memory interface to simu-
late the multiplexing logic of the 4001 ROM.

The Intel 4289 controls the address multiplexing
functions. The 4289 communicates with the main data bus,
through a four-line input port.

A SYNC signal from the processor, and the 01 and 02
CLOCK reference signals, are also applied to the 4289. The
interface uses the timing signals to coordinate the assembly
of the three program address bytes, during the A-A,-A,



phase of the system cycle. The two low-order bytes are
applied in parallel to an eight-line address bus connecting
the inputs of all four 4702A PROMs on the module.

The most significant byte of the address, the four bits
transmitted in Ag, is directed in parallel to the module’s
chip select bus where it is used to drive the chip select
decoder. An OR-gate section {A27-1-2-3) and one section
of a dual 2-to-4 demultiplexer (A 18), perform the decoding
function. The demultiplexer’s one-to-four output is enabled
by a coincidence of the ENABLE MON PROM signal
applied to pin #14 of the demultiplexer and simultaneous
lows on the C, and C;3 chip select lines, indicating a program
page address in the range of #0 to #3. The demultiplexer’s
selected output line is instrumental in enabling one of the
four PROMs on the CPU module.

The selected output line from the 74155 demulti-
plexer, O43-O3, enables one page in program memory. Each
line is applied to the chip select input (C_SO) of one of the
four PROMs.

The 4289 interface element disassembles the contents
of the eight-bit PROM reply bus. The contents of the
specified PROM cell are returned to the module’s main
data bus, as two sequential four-bit bytes, during M; and
M, of the system cycle.

The 4289 also incorporates bus switching logic which

enables it to sense when an 1/0 instruction is in progress.
This is much the same function performed internally by
the 4001 ROM when its input or output port is accessed.
When an SRC is executed, the 4289 latches the X, page
address into internal storage elements, forwarding this code
to the chip select bus during each succeeding X, period.
Any subsequent 1/0 command is detected by the 4289's
instruction decoder, causing the 4289 to effect connection
between the 1/0 bus and the main data bus.

Input ports are simulated on the module, using a pair
of dual 4-to-1 multiplexers {type 8214). Each multiplexer
utilizesthe Cy and C lines from the chip select bus to switch
one of four input lines to the 1/O bus input gate.

Output ports are simulated using four 3404 hex
inverting latches. Four latches on each chip are used to
implement one four-line output port. All data inputs on
the latches are tied in common to the 1/0 bus.

Chip selection for the output ports is obtained
through the coincidence of the OUT strobe and the four-
line chip select output from the 4289.

This function is performed in the second stage of the
74155 demultiplexer, A18. Here the coincidence of an
inverted OUT strobe and simultaneous lows on both the
C, and Cj3 lines enables the demultiplexer’s remaining
decoder section, producing a one-of-four output that is

CPU RAM
2040 K -~ MAIN DATA BUS > 4002
I REPLY BUS
:> PROM
4289 ADDRESS BUS > 47024 —
PROM
— 4702A
S |
CHIP
PROM
DECODER A 27024 —
74155
¢
PROM
4702A
—»  |nPUT »  ouTPUT >
| —
—¥ e BUFFER
e 3404 ’
) 8214 . L

Figure 2-11. Central Processor Module Data Bussing
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determined by the combined states existing on the Cq and
C; chip select lines. The selected output is then used to
strobe the appropriate ROM output latch.

The 4289 programs an input or an output operation
by means of two control lines, the IN and the OUT. One of
these lines will be driven true during X,, depending upon
the kind of instruction code that the 4289 receives. If the
IN line is pulsed, then data at the selected input port passes
through the 1/O bus input gate, through the bus switching
logic of the 4289, to the module’s main data bus. Should
the OUT line be pulsed instead, then data on the main bus
will pass through the 4289 in the other direction, to be
strobed into the output latches.

RAM MEMORY

The 4002 RAM memory element is used for working
storage on the Central Processor Module. The module incor-
porates four of these chips.

The 4002 is a 320-bit dynamic storage element, orga-
nized as an 80 X 4-bit array. The 80 bytes are further
specified as belonging to one of four registers within the chip.
Each register contains 20 bytes.

Sixteen bytes in each register are numerically add-
ressable. The remaining four bytes in the register are

known as status characters, and are addressable by means
of special commands in the processor chip’s 1/0 and RAM
instruction group. Status character read and write instruc-
tions are described in Appendix A.

The RAM is also equipped with a four-line output
port which includes latch and buffer. The logic required
for the interpretation and execution of output instruc-
tions is provided within the chip.

Figure 2-12 shows the internal organization of the
4002. The RAM communicates with its associated pro-
cessor by means of an internal four-line data bus, which is a
simple extension of the bus shared externally by the pro-
cessor. A bus multiplexing section controls access to the bus
internally, in response to signals from the main control
logic section. The control logic, in turn, receives the 01
and 02 CLOCK signals from the external timing generator,
and the SYNC reference from the processor itself, and
uses these signals to coordinate the logical functions within
the chip.

The remaining functional blocks are the actual
memory cell arrays, the instruction and address decoding
circuitry, and the output port latch.

All RAM operations have three distinct phases, and
normally require at least three corresponding program

RESET CM-RAM ¢1 ¢2 SYNC
Vee
Po
Vbp TIMING
h 4 A 1
CONTROL
cp REGISTER
DECODE DECODE l
R
l h 4 y v A v Y A A ; I I A 4
1 MAIN STATUS
ADDRESS STAT 1/0
» MEMORY CHAR
DECODE ARRAY ARRAY DECODE DECODE
BUS MULTIPLEXING
A
——1 OUTPUT ouT
DATA BUS -~ i LATCH PORT

Figure 2-12. 4002 RAM Functional Block Diagram
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steps. These phases are:

a) command line enabling
b) addressing
c) execution

A typical read or write sequence is as follows:

First, the CM-RAM line must be enabled, a function
normally delegated to the processor with which the RAM
is associated. In a typical interface scheme, such as the
one used in the imm4-43, the application of an MOS low
on the command line selects a bank of four 4002s. This
line will enable the RAMs control logic only at certain
times in the system cycle. The designated command line is
enabled, for example, when an SRC instruction is exe-
cuted during X, and X3. The line would also be enabled
during M, of any cycle in which an 1/0 operation was
indicated, permitting the RAM to receive the OPA portion
of the instruction code.

Next, the chip must be addressed. An eight-bit
address field is used for this purpose. The first two bits
of the address identify one of four chips sharing the memory
command line. The second two bits specify one of the four
internal registers in the chip. And the remaining four bits
designate one of sixteen numerically addressable four-bit
cells within that register.

The chip is normally addressed through the processor,
by execution of an SRC instruction. In a case such as this,
the processor places two bytes on the main data bus, at
times X, and X3 of the SRC instruction cycle. The pro-
cessor simultaneously enables the previously designated
CM-RAM line, and the control logic of all chips on the
enabled line instructs the multiplex sections to gate the
first byte to the chip ID decoders. The second byte is
gated through the multiplex logic and stored in the
address decoder section of the chips on the enabled line.

One of the four chips on the line recognizes and
responds to the identification field contained in the first
two digits of the X, byte. The chip’s identity is established
in two ways. First, the chip is programmed in manufacture,
and thereafter identified as a 4002-1 or as a 4002-2. Next,
the user has the option of wiring the Py input (pin 10)
either to Ve (+5 VDC) or to Vpp {-10 VDC) at the time
the element is installed. There are thus four possible ID
combinations, as summarized in Table 2-1.

4002 Chip Identification
Chip No. Binary Code 4002 Option P_O
0 00 4002-1 Vgg (+5)
1 01 4002-1 Vpp (=10}
2 10 4002-2 Vgg (+5)
3 11 4002-2 Vpp (-10)
Table 2-1.
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The chip specified by the tD field gates the remaining
two digits in the first byte to the register decoder logic
within the chip. The decoder logic is a 2-to-4 line converter,
using these two bits to enable and drive one of four register
selection lines. The chosen line enables one register in the
main memory array and one in the status character array.

Thus, at the end of an SRC instruction cycle, one
RAM chip will contain both a cell address (the 4 bits of
the X3 byte) and an enabled register. Conditions are now
set for the execution of a subsequent 1/O or RAM
instruction.

An instruction in the 1/Q and RAM group is uniquely
identified by the M, OPR byte {(1110). Any instruction so
tagged causes the processor to enable the CM-RAM command
line, during M,. The bank of memory chips thus alerted
generates a control signal, enabling the multiplex logic to
gate the M, instruction byte to its I/O decoder section.

At time X,, the processor again enables the command
line of the selected RAM bank. The control logic enables
the 1/0O decoding section as a result, causing the decoder
to initiate one of three kinds of operations:

a) main memory
b) status character
c) output

depending upon the operation code stored in the decoder.

Should a main memory operation be indicated, the
decoder signals the address decoding logic of the Main
Memory array. The multiplexing logic is enabled, and data
is gated into or out of the array, to or from the bus, as
required by the instruction.

In the event of a status character transaction, the {/0O
decoder forwards the two least significant bits of the OPR
to the status character decoder. The intersection of lines
selected by the register decoder and the status character
decoder determines a single cell within the status character
array. The multiplexing logic is appropriately gated, and
the selected cell is read or written, as required.

If the 1/O decoder senses an output operation, it
simply pulses the output latch. Data on the internal bus
is then latched up on the output lines, to complete the
instruction cycle.

The RESET input (pin 9) permits an external signal
to clear the RAM array. The RESET line is a negative-
true input, at MOS logic levels. A low level must be main-
tained for 32 full instruction cycles, in order to com-
pletely clear the memory, allowing the internal refresh
circuitry to scan and store zeros in all memory cells.

Teletype Interface

The Central Processor Module contains a built-in
teletype interface which enables the input and output of
data via an ASR 33 teletype set. Three interface circuits
are provided: the receiver circuit (TTY IN), the transmitter
circuit (TTY PRINTER), and the reader control circuit.



In order to understand how the interface operates,
one must know something about the teletype itself. A
Model ASR 33 teletype set consists of:

a) a keyboard unit

b) a printer unit

c) atape punch unit

d) a tape reader unit

e) an electrical service unit

The keyboard unit is essentially a transmitter, and
the printer unit is essentially a receiver. The keyboard
originates messages, by causing a time-dependent series
of current interruptions, in a DC loop connecting the
keyboard and one or more printer units. The printer shares
a loop, in series with one or more keyboards, printing a
message in response to the pattern of interruptions in the
loop current. An interruption originating at any keyboard
within a loop causes a response at every printer within that
loop.

There are two ways of connecting a pair of teletype
sets, half duplex (HDX) and full duplex (FDX). In the half
duplex configuration, a single loop is used. This loop passes
through both the keyboard unit and the printer unit of
each teletype set. A message originating at either keyboard
therefore causes both printers to respond. in a half duplex
configuration, only one terminal can transmit at any given
time. Chaos would result if two or more keyboards
attempted to transmit messages simultaneously.

The full duplex hookup uses two current loops. The
first loop links the keyboard of one terminal with the
printer of the second. The other loop connects the second
terminal’s keyboard with the printer of the first set. In this
configuration, the keyboard of each set is independent of its
associated printer. Thus the terminal can receive a message
on its printer while simuitaneously using its keyboard for
transmission.

Although it is possible to use the half duplex mode for
data processing applications, this is seldom done in practice.
The principal advantage in using full duplex is that the
receiving terminal can ‘“‘echo’ the transmitter; that is, trans-
mit the received message back to the originating terminal
after a short processing delay. The delay involved is
generally so brief that the terminal operator is never aware
of the fact that he is working in full duplex. His printer unit
will apparently respond to the keyboard just as rapidly as it
would in the half duplex mode, but any transmission error
or hardware malfunction will promptly reveal itself in the
form of a garbled printout. This affords a highly desirable
check on the operation of the entire system. The teletype
interface on the Central Processor Module is of this
“echoplex’’ type.

The tape punch unit is associated with the printer
unit of the teletype set. When enabled, it punches a paper
tape record of all messages received by the printer.

The tape reader unit is associated with the keyboard
unit of the teletype set. The reader accepts a 1-inch paper

tape, punched in ASCII code, and produces a corresponding
series of current pulses in the loop it shares with the key-
board. A sprocket wheel on the reader advances the tape
automatically, at the maximum TTY rate of 10 characters
per second.

The electrical service unit is essentially a junction box,
interfacing the other units to the external transmit-receive
loops.

Figure 2-13 shows the functional interrelationship
of the five major units in the teletype set. Observe that the
mode of operation is established by shifting jumpers on a
terminal block within the electrical service unit. Connecting
ajumper between terminals C and D places the printer/punch
in series with the keyboard/reader, enabling operation in the
half duplex mode. Terminals A and F then become the
points of connection for the external section of the current
loop.

By deleting jumper C-D, and substituting jumpers
B-C and D-E, we obtain full duplex operation. The printer
and punch unit become part of the receive loop, established
through terminals A and B. The transmit loop, containing
the keyboard and reader units, connects to terminals E and
F. (Terminals A-F are illustrative examples, only, and do
not correspond to actual terminals within the electrical
service unit). Page 30 describes installation procedures,
including the wiring required for HDX or FDX operation.

Refer to Figure 2-25.

Transistor Qb and its associated circuitry make up
the teletype receiver section of the Central Processor
Module. The input loop is established by current flowing
from the +b Volt supply, through an external 220-ohm
resistor, the keyboard of the teletype set, and R23 on the
Central Processor Module, to the ~10 Volt supply. The
schematic of the module, Figure 2-25, shows the input
loop. Note that the 220-ohm dropping resistor is incor-
porated into the mother board, in the INTELLEC® 4/MOD
40 system. Other users of this module must make a separate
provision.
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Figure 2-13. TTY: Half Duplex/Full Duplex



































































































































































































































































































































































































