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PREFACE

This reference manual is intended as the primary source of information on the hardware within the INTEL-
LEC® MDS Microcomputer Development System. We have tried to explain, in an easy to follow format,
how each of the modules within the system works, as well as provide detailed information on how to utilize
each module, to its fullest extent, in the MDS System or in an independent OEM application. The reader is
also referred to the “INTELLEC® MDS OPERATOR’S MANUAL” for complete instructions on how to
operate the INTELLEC® MDS System.
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Chapter 1
INTRODUCTION

The INTELLEC MDS is a complete microcomputer
design center that provides total support through
your entire product design cycle, from the earliest
program development to the final in-circuit hard-
ware testing and debugging of your product. More-
over, the INTELLEC MDS is a modular system,
which you can custom-tailor to your own require-
ments. You can choose from a complete spectrum
of standard modules and options.

The basic INTELLEC MDS is a complete, coordi-
nated computer system, designed around Intel’s
popular 8080 Microprocessor. With the 8080, you
have a 2-us instruction cycle, a repertoire of 72
powerful instructions, unlimited subroutine nesting,
and a versatile interrupt scheme. The 8080 supports
up to 65,536 (64K) words of memory and up to
512 I/O devices (256 input and 256 output). But,
the INTELLEC MDS System is much more than
just an 8080 Microprocessor. The basic hardware
configuration includes 16,384 (16K) bytes of
Random-Access-Memory (RAM), and six fully-
implemented I/O interfaces to:

e 3 Teletype (including its paper tape reader),
e a CRT terminal (or other compatible device),
e 3 high-speed paper tape reader,
® 23 high-speed paper tape punch,

& 3 line printer, and

Intel’s Universal PROM Programmer.

The basic system also provides an easy-to-use front
panel, an 18-card chassis with etched motherboard
for module interconnection, two power supplies,
and a host of hardware features that includes:

e the Intel bus, which supports multi-processor
configurations (8 or 16-bit), and which aliows
for “master-slave” relationships between mod-
ules such as those used in high-speed Direct—
Memory-Access (DMA) transfers.
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e an 8-level, nested interrupt priority resolution
network, and

e a real-time clock with associated status bit and
interrupt request line.

The basic INTELLEC MDS software package is as
comprehensive as the list of hardware features.
Standard INTELLEC MDS software includes a Sys-
tem Monitor/Debugger (firmware implemented and
easily initiated by pressing a few switches on the
front panel), a Macro Assembler for generating
object code from symbolic macro and assembly
language instructions, and a powerful Text Editor
for efficient program alterations. All of these soft-
ware modules execute in the INTELLEC MDS
System.

The addition of INTELLEC MDS options can sig-
nificantly expand the system’s capabilities. You can
add on additional RAM memory up to 64K words
(in 16K increments). The read/write capability of
RAM memory allows you to write, debug, and
optimize your application routines without ever
having to wait, or spend the money, for changes in
metal-masked Read-Only-Memory (ROM). Or, you
can add erasable, electrically Programmable Read-
Only-Memory (PROM) to the system in 6K-byte
increments. PROMs are ideal for storing debugged
system software; less expensive than RAM but re-
programmable, unlike ROM. If you desire expanded
I/O capabilities, you can acquire Intel’s Input/
Output Modules. Each I/O Module provides four
input ports and four output ports. If your system
requires high-speed direct-memory-access capabili-
ties, Intel offers DMA Modules designed especially
for use with the powerful Intel Bus (5-MHz maxi-
mum transfer rate). Each DMA Module provides
five I/O ports, as well as complete bus interface
logic.



You can continue to expand your system capabili-
ties with:

e an In-Circuit Emulator (ICE), which allows

you to plug the INTELLEC MDS (with all its
capabilities) into your product, in place of
its microprocessor, to perform final product
debugging, production testing, and product
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verification in your system’s real-time envi-
ronment;

a complete diskette system, including Intel’s
Diskette Operating System Software (ISIS);
and

a Universal PROM Programmer to program
all of Intel’s programmable-read-only-memory
devices.



Chapter 2
SYSTEM OVERVIEW

The INTELLEC MDS is a complete, modular micro-
computer development system. In this chapter, we
identify each of the INTELLEC MDS modules and
discuss, in general, how the different modules inter-
act to provide a coordinated computer system.

The standard INTELLEC MDS System consists of
four modules:

Central Processor (CPU) Module
Front Panel Control Module
Monitor Module,

RAM Module (16K)

In addition, seven other modules that also plug
directly into the INTELLEC MDS chassis are
available as options:

PROM Module
Direct Memory Access (DMA) Module
Input/Output (I/O) Module

ICE-80 (In-Circuit Emulator for Intel 8080-
based applications)

ICE-30 (In-Circuit Emulator for Intel Series
3000-based applications)

ROM Simulator
e Diskette Controller

Figure 2-1 illustrates the various modules within
the INTELLEC MDS System. The ICE-80, ICE-30,
ROM Simulator and Diskette Controller options,
however, are not described in this manual. (Refer
to the appropriate reference manual for each of
these options.)

CENTRAL PROCESSOR (CPU) MODULE

The basic capabilities of the CPU Module are ob-
tained through the use of Intel’s 8080 Microproces-
sor. This processor contains an 8-bit accumulator,
six 8-bit general purpose registers, and an 8-bit
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parallel Arithmetic and Logic Unit (ALU). Sixteen
latched address lines enable the 8080 to address
65,536 bytes of external memory. As many as 256
8-bit input ports and 256 8-bit output ports may
also be addressed directly. A 16-bit program counter
and a 16-bit stack pointer permit flexible handling
of subroutines and multi-level interrupts. The 8080’s
internal control logic recognizes and executes 72
different instructions. These are encoded numeri-
cally in a binary format consisting of one, two, or
three 8-bit bytes. Five internal status flags enable
conditional jumps, calls and returns, based on carry
(overflow-underflow), sign, zero, parity, and auxil-
iary carry.

While the 8080 Microprocessor provides the module
with an impressive set of basic processing capabili-
ties, the module’s overall performance potential is
further enhanced by the remaining logic on the
board. A crystal-controlled oscillator and clock
generator provide a stable timing reference for all
circuitry on the board. Bus control logic on the
module resolves exchanges of bus control between
the CPU module and other modules capable of
acquiring control of the bus. The ability to resolve
such exchanges makes the CPU module an ideal
component in systems requiring a high-speed Direct
Memory Access (DMA) capability or for systems
employing a multi-processor configuration. Memory
and I/O interface logic is also provided on the CPU
module. The module drives a three-state, 16-line
address bus, which communicates with external
memory and I/O device decoding logic. A bidirec-
tional, 8-line data bus provides the pathway for the
actual data transfers. Logic on the CPU module
monitors the status signals from the 8080 processor,
and generates the appropriate transfer commands:
MRDC (memory read), MWTC (memory write),
IORC (I/O read), and IOWC (I/O write).

An 8-level, nested interrupt priority scheme rounds
out the CPU module’s capabilities. The interrupt
logic resolves simultaneous interrupt requests on a
priority basis and passes the appropriate vector to
the processor, causing it to interrupt program
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execution and branch to one of eight dedicated
memory locations.

FRONT PANEL CONTROL MODULE

The Front Panel Control Module, as its name im-
plies, controls the front panel in the INTELLEC
MDS System. The module drives the INTERRUPT,
RUN and HALT indicators, and responds to the
INTERRUPT, BOOT and RESET switches. The
256-byte bootstrap program is actually stored in a
PROM on the board. The module’s capabilities are
not, however, restricted to controlling the front
panel. The module provides the system with the
following additional features:

e Eight-level parallel bus priority network that
resolves all requests for control of the bus, on
the basis of relative priority.

e Real-time clock that sets a status bit and gen-
erates an interrupt request at 1-ms intervals;
the interrupt request, however, can be disabled
under program control.

e Failsafe scheme that can be used to prevent
the system from stopping because a non-
existent memory location or I/O port was
addressed. After waiting 10 ms, the failsafe
logic generates the necessary acknowledge
signal, asserts an interrupt request, and lights
an indicator on the module. This feature can
be very useful during program development
and debugging. The acknowledge and interrupt
portions can be easily disabled by disconnect-
ing two solderless jumper pads if the features
are not required.

MONITOR MODULE

The Monitor Module provides the INTELLEC MDS
System with firmware storage for the Monitor pro-
gram (2K words), and I/O interfaces to the follow-
ing peripheral devices:

e Teletype (TTY) including paper tape reader,

e Cathode Ray Tube (CRT) terminal or other
compatible device (TTL or RS232 interfaces
are jumper-selectable),

e high-speed paper tape reader and punch,
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® line printer, and
o PROM Programmer.

RAM MODULE

The RAM Module provides the INTELLEC MDS
System with 16,384 (16K) X 8-bit words of dy-
namic random access memory (read/write). Up to
four RAM Modules can be used in the INTELLEC
MDS System, providing the system with 65,536
words of read/write memory. The RAM Module
can complete a read cycle in 735 ns (worst case),
and a write cycle in 1.36 us (worst case). In addi-
tion, all of the logic required to refresh the dynamic
RAM elements (at 12-us intervals) is included on
the module.

PROM MODULE

The PROM Module provides up to 6,144 (6K) X 8-
bit words of PROM storage for the INTELLEC
MDS System. Up to twenty-four 8702A erasable
and electrically Programmable-Read-Only-Memory
(PROM) devices can be included on the module.
Each 8702A PROM provides 256 X 8 bits of stor-
age. In addition, Intel’s 1702 PROMs or 1302
ROMs (both are pin-compatible with the 8702A)
can be used with the PROM Module. Up to 12K of
PROM (or ROM) memory can be implemented in
the system (i.e., two PROM Modules).

DIRECT MEMORY ACCESS (DMA) MODULE

The DMA Module provides a direct memory access
capability for the high-speed transfer of data. Once
a DMA operation is initiated by the Central Proces-
sor Unit (CPU), the DMA Module controls the
actual transfer of up to 65,536 words of data
between memory and an external device without
any further intervention of the CPU required. The
DMA Module can “steal” cycles by requesting con-
trol of the system bus for each word transferred.
In addition, the CPU can, prior to the beginning of
a transfer operation, invoke an override capability
for the DMA Module. In this case, the DMA Module
retains control of the bus until the entire block of
data is transferred. After the entire transfer is com-
pleted, the CPU would, in response to a DMA



interrupt, reset the override capability. This mode
of operation allows for “burst” mode transfers
to/from very high-speed peripherals.

The DMA Module includes provisions that allow it
to be interrupt-driven. In fact, the DMA interrupt
request can be asserted on any one of eight inter-
rupt priority levels. A DMA interrupt request can
originate in the external device (with or without a
delay), in the DMA Module itself (upon comple-
tion of a transfer operation), or can be generated
by the program being executed in the CPU. The
CPU program can also enable/disable interrupts or
reset an existing interrupt request.

In addition to providing a high-speed data path be-
tween memory and peripheral devices, the DMA
module includes five I/O ports that allow the CPU
to direcﬂy address and access five devices (or
groups of devices). The fifth port is associated with
a 4-bit tag register. When this fifth I/O port is
addressed, the contents of the tag register can be
used to “‘steer” the input or output strobe to one
of 16 additional devices, thus expanding the I/O
capability of the DMA Module.

INPUT/OUTPUT (1/0) MODULE

The I/O Module includes four input and four out-
put ports. Each output port latches 8-bit data
words and issues a framed strobe pulse, of select-
able duration, to the device. All outputs are driven
by TTL-level buffer drivers. Each input port also
supports 8 bits of data, latched or unlatched.
All inputs are terminated by dual-in-line, socket-
mounted resistor packs.
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The I/O Module includes provisions for accepting
eight external interrupt requests, buffering them
and driving them on eight interrupt priority level
lines. In addition, each of the eight I/O ports in-
cludes an interrupt request line that is activated by
a strobe pulse from the device that is automatically
cleared after the port is serviced. These port inter-
rupt requests can be asserted on the system inter-
rupt status register on another module.

FRONT PANEL, CABINET, MOTHERBOARD,
AND POWER SUPPLIES

The INTELLEC MDS System is delivered ready-to-
use, housed in a cabinet capable of holding eighteen
12-in. X 6.75-in. PCBs, with an etched mother-
board that connects all of the system modules, and
two power supplies that provide the necessary DC
levels for system operation. The INTELLEC MDS
front panel is simple but highly functional, allow-
ing the operator to load a bootstrap program, reset
the entire system, or manually initiate an interrupt
request on any one of eight interrupt levels. Various
indicator lights inform the operator of the current

status of the system.
NOTE: All signals that appear on the INTELLEC MDS
System bus are active-low. Within a module, how-
ever, both active-high and active-low signals appear.
The following notation should eliminate any con-
fusion when reading subsequent chapters: When-
ever a signal is active-low, its mnemonic is followed
by a slash; for example, MRDC/ means that the
level on that line will be low when the memory
read command is true (active). If the signal is sub-
sequently inverted, thus making it active-high, the
slash is omitted; for example, MRDC means that
the level on that line will be high when the memory
command is true.



Chapter 3
CENTRAL PROCESSOR MODULE

The Central Processor Module has been designed
specifically to serve as the Central Processing Unit
(CPU) of the INTELLEC MDS Microcomputer De-
velopment System. However, its general purpose
architecture and varied capabilities permit the CPU
module to serve as the primary building block for
any 8-bit computer system. Thus, the CPU module,
like the other INTELLEC modules, is available in-
dependently on the OEM basis. All inputs and out-
puts are TTL-compatible, to simplify the external
interface.

The basic capabilities of the module are obtained
through the use of Intel’s 8080 Microprocessor.
This processor contains an 8-bit accumulator, six
8-bit general purpose registers, and an 8-bit parallel
Arithmetic and Logic Unit (ALU). Sixteen latched
address lines enable the 8080 to address 65,536
bytes of external memory. As many as 256 &-bit
input ports and 256 8-bit output ports may also be
addressed directly. A 16-bit program counter and a
16-bit stack pointer permit flexible handling of
subroutines and multi-level interrupts.

The 8080’s internal control logic recognizes and
executes 72 different instructions. These are en-
coded numerically in a binary format consisting of
one, two, or three 8-bit bytes. Instruction catego-
ries include:

(a) register-register transfers
(b) register-memory transfers
(c) arithmetic operations, including add and

subtract, with and without carry or borrow

(d)

Boolean logic operations, including AND,
OR, XOR

decimal arithmetic
input/output (I/O)

stack control

(e)
(f)
(&
(h)
(1)
@

interrupt control
register operate

branch control
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Five internal status flags enable conditional jumps,
calls and returns, based on carry (overflow-under-
flow), sign, zero, parity, and auxiliary carry.

While the 8080 Microprocessor provides the mod-
ule with an impressive set of basic processing capa-
bilities, the module’s overall performance potential
is even further enhanced by the remaining logic on
the board. A crystal-controlled oscillator and clock
generator provide a stable timing reference for all
circuitry on the board. The use of a 2-MHz clock
permits a basic machine cycle of 2-us for those in-
structions that do not reference memory during
their execution.

Bus control logic on the module resolves exchanges
of bus control between the CPU module and other
modules capable of acquiring control of the bus.
The ability to resolve such exchanges makes the
CPU module an ideal component in systems requir-
ing a high-speed Direct Memory Access (DMA)
capability or for systems employing a multi-proces-
sor configuration. The resolution of bus exchanges
is referred to a bus clock signal which is derived in-
dependently from the processor clock, thus allow-
ing processors (or other “bus master’” devices) of
different speeds to share resources on the same bus.
The bus has been designed to permit single or mul-
tiple read/write transfers at a maximum rate of 5
MHz. Such transfers, however, proceed asynchro-
nously with respect to the bus clock; transfer speed
is only dependent on the transmitting and receiving
devices.

Memory and I/O interface logic is also provided on
the CPU module. The module drives a three-state,
16-line address bus, which communicates with ex-
ternal memory and I/O device decoding logic. A bi-
directional, 8-line data bus provides the pathway for
the actual data transfers. Logic on the CPU module
monitors the status signals from the 8080 proces-
sor, and generates the appropriate transfer com-
mands: MRDC/ (memory read), MWTC/ (memory
write), IORC/ (I/O read), and IQWC/ (I/O write).
The CPU module can access up to 65,536 bytes of



* memory and up to 256 input and 256 output de-
vices (8-bit I/O addresses are duplicated on address
lines 0—7 and 8—15).

An 8-level, nested interrupt priority scheme rounds
out the module’s capabilities. The interrupt logic
resolves simultaneous interrupt requests on a prior-
ity basis and passed the appropriate vector to the
processor, causing it to interrupt program execu-
tion and branch to one of eight dedicated memory
locations. The interrupt vector is also saved in a
nested priority table. If a request is subsequently
received on a higher priority level, the vector for
the new level is pushed onto the nested priority
table and passed to the processor, causing it to in-
terrupt the current service routine in order to ser-
vice the higher priority request. After an interrupt
service routine for a particular level is completed,
the program pops the level’s vector off the priority
table, thus allowing the processor to resume execu-
tion of the service routine for the next lower level
interrupt listed in the table. All interrupt levels can
be disabled as a group, or individually, under pro-
gram control.

An initialization (INIT/) input to the CPU module
allows all module circuitry (except the interrupt
control logic) to be reset by an external device,
such as a console panel.

NOTE: Future revisions of the CPU module will utilize a
programmable interrupt control device. In antici-
pation of this future upgrade, we recommend that
you use a programmed initialization sequence to
reset the interrupt logic (in addition to INIT/), as
described in Section 3.4.6. This will prevent the
need to modify your existing software when the
future upgrade is implemented,

As a stand-alone product, the Central Processor
Module is almost entirely self-contained. It requires
only DC power, at levels of +5, +12 and —10 VDC.

All circuitry is mounted on a 12-in. X 6.75-in.
printed circuit board. Power and most signal con-
nections enter the module through an 86-pin,
double-sided PC edge connector (0.156-in. cen-
ters). An auxiliary 60-pin, double-sided PC edge
connector (0.1-in. centers) is also present for use at
the designer’s discretion.

In the following sections we describe the Central
Processor Module in detail. The material has been

organized such that with each succeeding section,
the reader is exposed to information of a more de-
tailed nature. It is hoped that this gradual approach
to the material will allow the user to acquire a
comprehensive understanding of the module in a
single reading.

The first section introduces certain basic computer
concepts which will be useful in later portions of
this chapter. The next section describes the module
in functional terms with the emphasis on how the
various functional blocks interact to provide a flex-
ible, but coordinated central processing unit. The
third section defines the internal operation of the
8080 Microprocessor in detail. A sound under-
standing of the 8080 is a necessary prerequisite to
examining the operations of the remaining support
logic. The fourth section presents the theory of
operation for all of the support logic on the board.
The fifth section provides information on how to
utilize the module outside of the INTELLEC MDS
System. The final section lists AC and DC charac-
teristics for signals and power inputs on the
module.

3.1 THE FUNCTIONS OF A COMPUTER

This section introduces certain basic computer con-
cepts. It provides background information and def-
initions which will be useful in later sections.
THOSE ALREADY FAMILIAR WITH COM-
PUTERS MAY SKIP THIS MATERIAL, AT
THEIR OPTION.

3.1.1 A TYPICAL COMPUTER SYSTEM
Though the Central Processor Module is an indi-
vidual module that can perform all of the process-
ing functions within a computer system such as the
INTELLEC MDS, it cannot, by itself, produce a
useful end result; the processor module must con-
tinually interact with other system components
that provide such capabilities as memory storage
and input/output. As a result, the discussion of any
individual module must constantly refer to the
activities of other modules in the same system. It is
therefore very important to know something about
the basic functions that must be performed in any
computer system before discussing the processor
module in detail.



A typical digital computer consists of:

(a) A Central Processor Unit (CPU)
(b) Memory
(¢) Input/Output (I/0) ports.

The memory serves as a place to store instructions,
the coded pieces of information that direct the
activities of the CPU, and data, the coded pieces of
information that are processed by the CPU. A
group of logically related instructions stored in
memory is referred to as a program. The CPU
“reads’ each instruction from memory in a logi-
cally determined sequence, and uses it to initiate
processing actions. If the program sequence is co-
herent and logical, processing produces intelligible
and useful results.

The memory is also used to store the data to be
manipulated, as well as the instructions that direct
that manipulation. The program must be organized
such that the CPU does not read a non-instruction
word when it expects to see an instruction. The
CPU can rapidly access any data stored in memory,
but often the memory is not large enough to store
the entire data bank required for a particular appli-
cation. The problem can be resolved by providing
the computer with one or more input ports. The
CPU can address these ports and input the data
contained there. The addition of input ports
enables the computer to receive information from
external equipment (such as a paper tape reader or
a floppy disk) at high rates of speed and in large
volumes.

A computer also requires one or more output ports
that permit the CPU to communicate the result of
its processing to the outside world. The output
may go to asdisplay, for use by a human operator,
to a peripheral device that produces “hard-copy”,
such as a line-printer, to a peripheral storage de-
vice, such as a floppy disk unit, or the output may
constitute process control signals that direct the
operations of another system, such as an auto-
mated assembly line. Like input ports, output
ports are addressable. The input and output ports
together permit the processor to communicate
with the outside world.

The CPU unifies the system. It controls the func-
tions performed by the other components. The
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CPU must be able to fetch instructions from mem-
ory, decode their binary contents and execute
them. It must also be able to reference memory
and I/O ports as necessary in the execution of in-
structions. In addition, the CPU should be able to
recognize and respond to certain external control
signals, such as INTERRUPT and WAIT requests.
The functional units within a CPU that enable it to
perform these functions are described below.

3.1.2 THE ARCHITECTURE OF A CPU

A typical Central Processor Unit (CPU) consists of
the following interconnected functional units:

® Registers
e Arithmetic/Logic Unit (ALU)

e Control Circuitry

Registers are temporary storage units within the
CPU. Some registers, such as the program counter
and instruction register, have dedicated uses. Other
registers, such as the accumulator, are for more
general purpose use.

Accumulator

The accumulator usually stores one of the operands
to be manipulated by the ALU. A typical instruc-
tion might direct the ALU to add the contents of
some other register to the contents of the accumu-
lator and store the result in the accumulator itself.
In general, the accumulator is both a source (oper-
and) and destination (result) register.

Often, a CPU will include a number of additional
general purpose registers that can be used to store
operands or intermediate data. The availability of
general purpose registers eliminates the need to
“shuffle” intermediate results back and forth be-
tween memory and the accumulator, thus improv-
ing processing speed and efficiency.

Program Counter (Jumps, Subroutines and the
Stack)

The instructions that make up a program are stored
in the system’s memory. The central processor ref-
erences the contents of memory, in order to deter-
mine what action is appropriate. This means that



to maintain the logical order of the program, the
processor must know which location contains the
next instruction.

Each of the locations in memory is numbered, to
distinguish it from all other locations in memory.
The number which identifies a memory location is
called its address.

The processor maintains a counter which contains
the address of the next program instruction. This
register is called the program counter. The proces-
sor updates the program counter by adding “1” to
the counter each time it fetches an instruction, so
that the program counter is always current.

The programmer therefore stores his instructions in
numerically adjacent addresses, so that the lower
addresses contain the first instructions to be exe-
cuted and the higher addresses contain later in-
structions. The only time the programmer may
violate this sequential rule is when an instruction in
one section of memory is a jump instruction to
another section of memory.

A jump instruction contains the address of the in-
struction which is to follow it. The next instruc-
tion may be stored in any memory location, as
long as the programmed jump specifies the correct
address. During the execution of a jump instruc-
tion, the processor replaces the contents of its pro-
gram counter with the address embodied in the
jump. Thus, the logical continuity of the program
is maintained.

A special kind of program jump occurs when the
stored program “calls’ a subroutine. In this kind of
jump, the processor is required to “remember” the
contents of the program counter at the time that
the jump occurs. This enables the processor to
resume execution of the main program when it is
finished with the last instruction of the subroutine.

A subroutine is a program within a program. Usu-
ally it is a general-purpose set of instructions that
must be executed repeatedly in the course of a
main program. Routines which calculate the square,
the sine, or the logarithm of a program variable are
good examples of the functions often written as
subroutines. Other examples might be programs
designed for inputting or outputting data to a par-
ticular peripheral device.
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The processor has a special way of handling sub-
routines, in order to insure an orderly return to the
main program. When the processor receives a call
instruction, it increments the program counter and
stores the counter’s contents in a reserved memory
area known as the stack. The stack thus saves the
address of the instruction to be executed after the
subroutine is completed. Then the processor loads
the address specified in the call in its program
counter. The next instruction fetched will there-
fore be the first step of the subroutine.

The last instruction in any subroutine is a refurn.
Such an instruction need specify no address. When
the processor fetches a return instruction, it simply
replaces the current contents of the program
counter with the address on the top of the stack.
This causes the processor to resume execution of
the calling program at the point immediately
following the original call.

Subroutines are often mested; that is, one subrou-
tine will sometimes call a second subroutine. The
second may call a third, and so on. This is perfectly
accceptable, as long as the processor has enough
capacity to store the necessary return addresses,
and the logical provision for doing so. In other
words, the maximum depth of nesting is deter-
mined by the depth of the stack itself. If the stack
has space for storing three return addresses, then
three levels of subroutines may be accommodated.

Processors have different ways of maintaining
stacks. Some have facilities for the storage of re-
turn addresses built into the processor itself. Other
processors use a reserved area of external memory
as the stack and simply maintain a pointer register
which contains the address of the most recent
stack entry. The external stack allows virtually un-
limited subroutine nesting.

In addition, if the processor provides instructions
that cause the contents of the accumulator and
other general purpose registers to be “pushed”
onto the stack or “popped” off the stack via the
address stored in the stack pointer, multi-level in-
terrupt processing (described later in this chapter)
is possible. The status of the processor (i.e., the
contents of all the registers) can be saved in the
stack when an interrupt is accepted and then re-
stored after the interrupt has been serviced. This
ability to save the processor’s status at any given



time is possible even if an interrupt service routine,
itself, is interrupted.

Instruction Register and Decoder

Every computer has a word length that is charac-
teristic of that machine. A computer’s word length
is usually determined by the size of its internal
storage elements and interconnecting paths (re-
ferred to as busses); for example, a computer
whose registers and busses can store and transfer
8 bits of information has a characteristic word
length of 8 bits and is referred to as an 8-bit parallel
processor. An 8-bit parallel processor generally
finds it most efficient to deal with 8-bit binary
fields, and the memory associated with such a
processor is therefore organized to store 8 bits in
each addressable memory location. Data and in-
structions are stored in memory as 8-bit binary
numbers, or as numbers that are integral multiples
of 8 bits: 16 bits, 24 bits, and so on.

This characteristic 8-bit field is often referred to as
a byte.

Each operation that the processor can perform is
identified by a unique byte of data known as an
instruction code or operation code. An 8-bit word
used as an instruction code can distinguish among
256 alternative actions, more than adequate for
most processors.

The processor fetches an instruction in two distinct
operations. In the first, it transmits the address in
its program counter to the memory. In the second,
the memory returns the addressed byte to the
processor. The CPU stores this instruction byte in a
register known as the instruction register, and uses
it to direct activities during the remainder of the
instruction execution.

The mechanism by which the processor translates
an instruction code into specific processing actions
requires more elaboration than we can here afford.
The concept, however, should be intuitively clear
to any logic designer. The 8 bits stored in the in-
struction register can be decoded and used to selec-
tively activate one of a number of output lines, in
this case up to 256 lines. Each line represents a set
of activities associated with execution of a particu-
lar instruction code. The enabled line can be com-

bined coincidentally with selected timing pulses, to
develop electrical signals that can then be used to
initiate specific actions. This translation of code
into action is performed by the instruction decoder
and by the associated control circuitry.

An 8-bit instruction code is often sufficient to
specify a particular processing action. There are
times, however, when execution of the instruction
requires more information than 8 bits can convey.

One example of this is when the instruction refer-
ences a memory location. The basic instruction
code identifies the operation to be performed, but
cannot specify the object address as well. In a case
like this, a 2 or 3-byte instruction must be used.
Successive instruction bytes are stored in sequen-
tially adjacent memory locations, and the proces-
sor performs two or three fetches in succession to
obtain the full instruction. The first byte retrieved
from memory is placed in the processor’s instruc-
tion register, and subsequent bytes are placed in
temporary storage, as appropriate; the processor
then proceeds with the execution phase.

Address Register(s)

A CPU may use a register or register-pair to hold
the address of a memory location that is to be
accessed for data. If the address register is pro-
grammable (i.e., if there are instructions that allow
the programmer to alter the contents of the regis-
ter), the program can “build” an address in the
address register prior to executing a memory refer-
ence instruction (i.e., an instruction that reads data
from memory, writes data to memory or operates
on data stored in memory).

Arithmetic/Logic Unit (ALU)

All processors contain an arithmetic/logic unit,
which is often referred to simply as the ALU. The
ALU, as its name implies, is that portion of the
CPU hardware which performs the arithmetic and
logical operations on the binary data.

The ALU must contain an adder which is capable
of combining the contents of two registers in ac-
cordance with the logic of binary arithmetic. This
provision permits the processor to perform arith-
metic manipulations on the data it obtains from
memory and from its other inputs.



Using only the basic adder, a capable programmer
can write routines which will subtract, multiply,
and divide, giving the machine complete arithmetic
capabilities. In practice, however, most ALUs pro-
vide other built-in functions, including hardware
subtraction, boolean logic operations, and shift
capabilities.

The ALU contains flag bits which specify certain
conditions that arise in the course of arithmetic
and logical manipulations. Flags typically include
carry, zero, sign, and parity. It is possible to pro-
gram jumps which are conditionally dependent on
the status of one or more flags. Thus, for example,
the program may be designed to jump to a special
routine, if the carry bit is set following an addition
instruction.

Control Circuitry

The control circuitry is the primary functional unit
within a CPU. Using clock inputs, the control cir-
cuitry maintains the proper sequence of events re-
quired for any processing task. After an instruction
is fetched and decoded, the control circuitry issues
the appropriate signals (to units both internal and
external to the CPU) for initating the proper pro-
cessing action. Often the control circuitry will be
capable of responding to external signals, such as
an interrupt or wait request. An interrupt request
will cause the control circuitry to temporarily
interrupt main program execution, jump to a spe-
cial routine to service the interrupting device, then
automatically return to the main program. A wait
request is often issued by a memory or I/O element
that operates slower than the CPU. The control
circuitry will idle the CPU until the memory or I/O
port is ready with the data.

3.1.3 COMPUTER OPERATIONS

There are certain operations that are basic to
almost any computer. A sound understanding of
these basic operations is a necessary prerequisite to
examining the specific operations of a particular
computer.

Timing

The activities of the central processor are cyclical.
The processor fetches an instruction, performs the

operations required, fetches the next instruction,
and so on. An orderly sequence of events like this

- requires timing, and the CPU therefore requires a

free-running oscillator clock which furnishes the
reference for all processor actions. The combined
fetch and execution of a single instruction is re-
ferred to as an instruction cycle. The portion of a
cycle identified with a clearly defined activity is
called a state. And the interval between pulses of
the timing oscillator is referred to as a clock per-
iod. As a general rule, one or more clock periods
are necessary to the completion of a state, and
there are several states in a cycle.

Instruction Fetch

The first state(s) of any instruction cycle will be
dedicated to fetching the next instruction. The
CPU issues a read signal and the contents of the
program counter are sent to memory, which re-
sponds by returning the next instruction word. The
first byte of the instruction is placed in the instruc-
tion register. If the instruction consists of more
than one byte, additional states are required to
fetch one byte of the instruction. When the entire
instruction is present in the CPU, the program
counter is incremented (in preparation for the next
instruction fetch) and the instruction is decoded.
The operation specified in the instruction will be
executed in the remaining states of the instruction
cycle. The instruction may call for a memory read
or write, an input or output and/or an internal
CPU operation, such as a register-to-register trans-
fer or an add-registers operation.

Memory Read

An instruction fetch is merely a special memory
read operation that brings the instruction to the
CPUs instruction register. The instruction fetched
may then call for data to be read from memory
into the CPU. The CPU again issues a read signal
and sends the proper memory address; memory re-
sponds by returning the requested word. The data
received is placed in the accumulator or one of the
other general purpose registers (not the instruction
register).

Memory Write

A memory write operation is similar to a read ex-
cept for the direction of data flow. The CPU issues



a write signal, sends the proper memory address,
then sends the data word to be written into the
addressed memory location.

Wait (Memory Synchronization)

As previously stated, the activities of the processor
are timed by a master clock oscillator. The clock
period determines the timing of all processing
activity.

The speed of the processing cycle, however, is
limited by the memory’s access time. Once the
processor has sent a read address to memory, it
cannot proceed until the memory has had time to
respond. Many memories are capable of responding
much faster than the processing cycle requires. A
few, however, cannot supply the addressed byte
within the minimum time established by the
processor’s clock.

Therefore, a processor should contain a synchroni-
zation provision, which permits the memory to re-
quest a wait state. When the memory receives a
read or write enable signal, it places a request signal
on the processor’s READY line, causing the CPU
to idle temporarily. After the memory has had
time to respond, it frees the processor’s READY
line, and the instruction cycle proceeds.

Input/Output

Input and Output operations are similar to mem-
ory read and write operations with the exception
that a peripheral 1/O device is addressed instead of
a memory location. The CPU issues the appropriate
input or output control signal, sends the proper
address and either receives the data being input or
sends the data to be output.

Data can be input/output in either parallel or serial
form. All data within a digital computer is repre-
sented in binary coded form. A binary data word
consists of a group of bits; each bit is either a one
or a zero. Parallel 1/O consists of transferring all
bits in the word at the same time, one bit per line.
Serial 1/O consists of transferring one bit at a time
on a single line. Naturally, serial I/O is much slower
but it requires considerably less hardware than
does parallel /0.
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Interrupts

Interrupt provisions are included on many central
processors, as a means of improving the processor’s
efficiency. Consider the case of a computer that is
processing a large volume of data, portions of
which are to be output to a printer. The CPU can
output a byte of data within a single machine cycle
but it may take the printer the equivalent of many
machine cycles to actually print the character spe-
cified by the data byte. The CPU could then re-
main idle waiting until the printer can accept the
next data byte. If an interrupt capability is imple-
mented on the computer, the CPU can output a
data byte then return to data processing. When the
printer is ready to accept the next data byte, it can
request an interrupt. When the CPU acknowledges
the interrupt, it suspends main program execution
and automatically branches to a routine that will
output the next data byte. After the byte is output,
the CPU continues with main program execution.
Note that this is, in principle, quite similar to a
subroutine call, except that the jump is initiated
externally rather than by the program.

More complex interrupt structures are possible, in
which several interrupting devices share the same
processor but have different priority levels. Inter-
ruptive processing is an important feature that
enables maximum utilization of a processor’s
capacity.

Direct Memory Access (DMA)

Another important feature that improves the
throughput of a processor is the ability to perform
Direct Memory Access (DMA) transfers.

In ordinary input and output operations, the proc-
essor itself supervises the entire data transfer. In-
formation to be placed in memory is transferred
from the input device to the processor, and then
from the processor to the designated memory loca-
tion. In similar fashion, information that goes from
memory to output devices goes by way of the
processor.

Some peripheral devices, however, are capable of
transferring information to and from memory
much faster than the processor itself can accom-
plish the transfer. If any appreciable quantity of



data must be transferred to or from such a device,
then system throughput will be increased by having
the device accomplish the transfer directly. The
processor must temporarily suspend its operation
during such a transfer, to prevent conflicts that
would arise if the processor and the peripheral
device attempted to use the system bus simultane-
ously.

3.2 FUNCTIONAL ORGANIZATION OF THE
CENTRAL PROCESSOR MODULE

The Intel 8080 Central Processing Unit is the major
functional element on the Central Processor Mod-
ule. All of the other logic on the module supports
or enhances the functions that the 8080 CPU can
perform. This leads to a natural and convenient dis-
tinction between the “processor” and its “periph-
eral logic”.

The “processor’ is a complete 8-bit parallel, 8080
CPU contained in a single 40-pin dual-in-line pack-
age (see Figure 3-1). The 8080 CPU includes the
following functional units:

e Arithmetic and Logic Unit (ALU)
e Register array and address logic
e Instruction register and control section

e Bidirectional, three-state data bus buffer
The 8080 CPU is fully described in Section 3.3.

The remaining logic on the Central Processor Mod-
ule constitutes what we refer to as the “peripheral
logic”. The peripheral logic consists of the follow-
ing functional blocks:

® Clock generator logic

e Bus control logic

e Data and address bus buffers and drivers

® Command generation logic (with line drivers)
e READY logic

e Interrupt logic

Figure 3-2 illustrates the interaction between the
various functional blocks on the Central Processor
Module.

Alg O——F 1 40 |—>0 An
GND O 2 39 —>0 Ans
D34 Qw—| 3 38 —»0O A13
D5 Qw—] 4 37 —»0 A1z
Dg Qw—>] s 36 —0O A1z
D7 Qw—>»| s 35 f—»0O Ag
b3 Qw—»] 7 34 —»0O Ag
D2 Q=w—>|s ® 33 —>0 A7
D1. Qe—>{ 9 INTEL 32 —>0 4
8080
Do Qw—»] 10 31 —>0 As
-5V O— 11 30 b—>0 As

RESET O— 12 29 —>0 Az
HOLD O——] 13 28 ——0 +12v
INT O—] 14 27 —>»0 A2
%2 O—f 15 26 f—»0O A1
INTE O=e-— 16 25 —»0O Ao
DBIN OQe—- 17 24 —»0 warr

WR Qw——-vF 18 23 ja——0 READY
sYNC Oe—1 19 22 fa——0 #
+5v O——f 20 21 f—»0O HLDA

Figure 3-1. 8080 Dual-In-Line Package

The bus control logic allows the Central Processor
Module to operate in a multi-processor configura-
tion or, for that matter, any configuration where
more than one module (e.g., processor and disk
controller) can assume control of the bus. Ex-
changes of bus control are particularly helpful in
direct memory access (DMA) transfers, where an
I/O device (e.g., a disk) becomes “master” of the
bus and transfers data directly to/from memory
without CPU intervention.

Transitions within the bus control logic are re-
ferred to the bus clock (BCLK/). If a higher prior-
ity device is not requesting use of the bus, the
Central Processor Module issues a bus request
(BREQ)/) signal. If no higher priority device has
control, as indicated by the bus priority (BPRN/)
line, the Central Processor assumes control and
issues BUSY/ to inform all of the other “master”
modules. In addition to BUSY/, the bus control
logic generates the select (SEL) signal which
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informs the other functional blocks on the Central
Processor Module that is has control of the bus.
Whenever the Central Processor Module relinquishes
the bus, the absence of SEL inhibits the generation
of READY. As a result, the 8080 processor idles in
a wait state.

As long as the Central Processor Module has control
of the bus, the processor is free to fetch and exe-
cute the program stored-in external memory. All
operations of the processor and the peripheral logic
(except the bus control logic) are referred to two
non-overlapping 2 MHz clock pulses (¢; and ¢9)
which are produced in the clock generation logic.
Without digressing into a detailed discussion of
internal processor timing (that comes in the next
section), let us for the moment merely state that
the processor requires one cycle for each external
access to memory or an I/O device. While the exact
nature of each cycle depends on the particular op-
eration to be performed (e.g., fetch an instruction
byte or write a data byte to memory), all cycles
have certain similarities. At the beginning of each
cycle, the processor places an address on its address
lines and places status information on its data lines.

The address uniquely identifies the “device” to be
accessed, whether it be a memory location, an I/O
device, or internal control logic. The address is out-
put by the tri-state address bus driver circuits.

The status information on the data lines specifies
the exact type of operation that is to occur during
the remainder of the cycle. The command genera-
tion logic interprets the status bits and issues the
appropriate command signal: memory read
(MRDC/), memory write (MWTC/), 1/O read
(IORCY)), interrupt (INTA/), or halt (HLTA/). The
processor then removes the status bits from the
data lines, thus freeing the lines for the subsequent
transfer of a data byte to/from the processor.

If a particular device recognizes the address and the
command, it acknowledges recognition (XACK/ is
generated) and responds according to the particular
command. For example, if IOWC/ is true and an
output device recognizes its address on the address
lines, it will generate XACK/ (which tells the proc-
essor ‘that the device is ready to respond), and will
accept the data byte that the processor has output.
Memory modules also acknowledge their respective
commands, MRDC/ and MWTC/, by generation of
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XACK]/. A special acknowledge, AACK/, may be
optionally used to provide an advanced indication
of the module readiness to transfer data. This sig-
nal allows the 8080 CPU to avoid unnecessary wait
states imposed by a conflict between the 8080
ready timing and the INTELLEC MDS Bus hand-
shake requirements. It does, however, cause the
memory timing to deviate from the INTELLEC
MDS Bus specifications and must be used only in
consideration of the system’s absolute timing re-
quirements (reference 3.4.4). The option is used in
standard INTELLEC systems to maximize instruc-
tion processing speed but it is easily modified by
use of prewired jumpers on the CPU module and
memory modules that generate AACK]/.

When the processor outputs data, it issues an active-
low write strobe (WR/) which is used by the com-
mand generation logic. When the processor expects
to input data, it issues an input strobe (DBIN).

The presence or absence of DBIN dictates direction
to the bidirectional data bus buffers; thus enabling
a data byte from the external data lines into the
processor (DBIN is active) or out of the processor
and onto the external data lines (DBIN is inactive).

The interrupt logic provides the Central Processor
Module with an 8-level,-nested interrupt priority
capability. The logic resolves simultaneous inter-
rupt requests on a priority basis and passes a three-
bit binary encoded vector, reflecting the level cur-
rently being recognized, to the processor. The
processor responds by interrupting program execu-
tion and automatically branching to one of eight
dedicated memory locations. The 3-bit vector is
also pushed onto a nested priority table in the in-
terrupt logic. If an interrupt request from a higher
priority level is subsequently received, the inter-
rupt logic causes the processor to interrupt the
service routine currently being executed and
branch to the dedicated memory location associ-
ated with the new, higher priority level. The inter-
rupt logic pushes the 3-bit vector for the new level
onto the nested priority table. After this higher
priority interrupt is serviced, the program pops its
vector off the nested priority table and resumes
execution of the previous, lower priority inter-
rupted service routine.

Any of the eight interrupt levels can be individu-
ally disabled by a program-controlled interrupt



mask. In addition, all interrupts can be disabled as
a group by execution of the DI instruction.

The ‘“peripheral logic” is described in Section 3.4.

3.3 THE 8080 CENTRAL PROCESSOR UNIT

The 8080 is a complete, 8-bit parallel, Central
Processor Unit (CPU) for use in general purpose
digital computer systems. It is fabricated on a
single LSI chip using Intel’s n-channel silicon gate
MOS process. The 8080 transfers data and internal
state information via an 8-bit bidirectional tri-state
Data Bus (Dg—D7). Memory and peripheral device
addresses are transmitted over a separate 16-bit tri-
state Address Bus (Ag—Ajs). Six timing and con-
trol outputs (SYNC, DBIN, WAIT, WR, HLDA and
INTE) emanate from the 8080, while four control
inputs (READY, HOLD, INT and RESET), four
power inputs (+12, +5, —5, and GND) and two
clock inputs (¢1 and ¢, ) are accepted by the 8080.

3.3.1 ARCHITECTURE OF THE 8080 CPU

The 8080 CPU consists of the following functional
units:

e Register array and address logic
e Arithmetic and Logic Unit (ALU)
e Instruction register and control section

e Bidirectional, tri-state data bus buffer

Figure 3-3 illustrates the functional blocks within
the 8080 CPU.

Registers

The register section consists of a static RAM array
organized into six 16-bit registers:

Program Counter (PC)
Stack Pointer (SP)

Six 8-bit general purpose registers arranged in
pairs, referred to as B,C; D,E; and H,L

A temporary register pair called W,Z

The program counter maintains the memory address
of the current program instruction and is incre-
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mented automatically during every instruction

fetch. The stack pointer maintains the address of -
the next available stack location in memory. The

stack pointer can be initialized to use any portion

of read-write memory as a stack. The stack pointer

is decremented when data is “pushed” onto the

stack and incremented when data is “popped” off
the stack (i.e., the stack grows “downward”’).

The six general purpose registers can be used either
as single registers (8-bit) or asregister pairs (16-bit).
The temporary register pair, W,Z, are not program
addressable and are only used for the internal exe-
cution of instructions.

Eight-bit data bytes can be transferred between the
internal bus and the register array via the register-
select multiplexer. Sixteen-bit transfers can pro-
ceed between the register array and the address
latch or the incrementer/decrementer circuit. The
address latch receives data from any of the three
register pairs and drives the 16 address output buf-
fers (Ag—Ajs), as well as the incrementer/decre-
menter circuit. The incrementer/decrementer cir-
cuit receives data from the address latch and sends
it to the register array. The 16-bit data can be in-
cremented or decremented or simply transferred
through the circuit.

Arithmetic and Logic Unit (ALU)
The ALU contains the following registers:

e An 8-bit accumulator (ACC) and a carry/link
flip-flop (CY)

e An 8-bit temporary accumulator (ACT) and a
temporary carry flip-flop

o A 5-bit flag register: zero, carry, sign, parity,
and auxiliary carry

e An 8-bit temporary register (TEMP)

Arithmetic, logical and rotate operations are per-
formed in the ALU. The ALU is fed by the tempo-
rary register (TMP) and the temporary accumulator
(ACT) and carry flip-flop. The result of the opera-
tion can be transferred to the internal bus or to the
accumulator; the ALU also feeds the flag register.

The temporary register (TMP) receives information
from the internal bus and send all or portions of it
to the ALU, the flag register and the internal bus.
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The accumulator (ACC) can be loaded from the
ALU and the internal bus, and can transfer data to
the temporary accumulator (ACT) and the internal
bus. The contents of the accumulator (ACC) and
the auxiliary carry flip-flop can be tested for deci-
mal correction during the execution of the Decimal
Adjust Accumulator (DAA) instruction.

Instruction Register and Control

During an instruction fetch, the first byte of an
instruction (containing the op code) is transferred
from the internal bus to the 8-bit instruction regis-
ter.

The contents of the instruction register are, in turn,
available to the instruction decoder. The output of
the decoder, combined with various timing signals,
provides the control signals for the register array,
ALU and data buffer blocks. In addition, the out-
puts from the instruction decoder and external
control signals feed the timing and state control
section which generates the state and cycle timing
signals.

Data Bus Buffer

This 8-bit, bidirectional three-state buffer is used
to isolate the CPUs internal bus from the external
data bus (Dg through D7). In the output mode, the
internal bus content is loaded into an &-bit latch
that, in turn, drives the data bus output buffers.
The output buffers are switched off during input
or non-transfer operations.

In the input mode, data from the external data bus
is transferred to the internal bus. The internal bus
is precharged at the beginning of each internal state,
except for the transfer state (T3 — described later
in this chapter).

3.3.2 THE PROCESSOR CYCLE

An instruction cycle is defined as the time required
to fetch and execute an instruction. During the
fetch, a selected instruction (one, two, or three
bytes) is extracted from memory and deposited in
the CPU’s instruction register. During the execution
part, the instruction is decoded and translated into
specific processing activities.
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Every instruction cycle consists of one, two, three,
four, or five machine cycles. A machine cycle is
required each time the CPU accesses memory or an
I/O port. The fetch portion of an instruction cycle
requires one machine cycle for each byte to be
fetched. The duration of the execution portion of
the instruction cycle depends on the kind of in-
struction that has been fetched. Some instructions
do not require any machine cycles other than those
necessary .to fetch the instruction; other instruc-
tions, however, require additional machine cycles
to write or read data to/from memory or I/O de-
vices. The DAD instruction is an exception in that
it requires two additional machine cycles to com-
plete an internal register-pair add.

Each machine cycle consists of three, four, or five
states. A sfate is the smallest unit or processing
activity and is defined as the interval between two
successive positive-going transitions of the ¢ clock
pulse. The 8080 is driven by a 2-phase clock oscil-
lator. All processing activities are referred to the
period of this clock. The two non-overlapping
clock pulses, labeled ¢1 and ¢, are furnished by
external circuitry. It is the ¢; clock pulse which
divides each machine cycle into states. Timing logic
within the 8080 uses the clock inputs to produce
a SYNC pulse, which identifies the beginning of
every machine cycle. The SYNC pulse is triggered
by the low-to-high transition of ¢, as shown in
Figure 3-4.

There are three exceptions to the defined duration
of a state. They are the WAIT state, the hold
(HLDA) state, and the halt (HALTA) state, de-
scribed later in this chapter. Because the WAIT, the
HLDA, and the HALTA states depend upon ex-
ternal events, they are by their nature of indeter-
minate length. Even these exceptional states, how-
ever, must be synchronized with the pulses of the
driving clock. Thus the duration of all states, in-
cluding these, are integral multiples of the clock
pulse.

To summarize then, each clock period, marks a
state; three to five states summarize a machine
cycle; and one to five machine cycles comprise an
instruction cycle. A full instruction cycle requires
anywhere from four to 17 states forits completion,
depending on the kind of instruction involved.
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Figure 3-4. ¢, ¢ and Sync Timing

Machine Cycle Identification

With the exception of the DAD instruction, there
is just one consideration that determines how
many machine cycles are required in any given
instruction cycle: the number of times that the
processor must reference a memory address, or an
addressable peripheral device, in order to fetch and
execute the instruction. Like many processors, the
8080 is so constructed that it can transmit only
one address per machine cycle. Thus, if the fetch-
ing and execution of an instruction requires two
memory references, then the instruction cycle as-
sociated with that instruction consists of two
machine cycles. If five such references are called
for, then the instruction cycle contains five machine
" cycles. '

Every instruction cycle has at least one reference
to memory, during which the instruction is fetched.
An instruction cycle must always have a fetch,
even if the execution of instruction requires no
further references to memory. The first machine
cycle in every instruction cycle is therefore a
FETCH. Beyond that, there are no fast rules. It
depends on the kind of instruction.
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Consider some examples. The add-register (ADD r)
instruction is an instruction that requires only a
single machine cycle (FETCH) for its completion.
In this 1-byte instruction, the contents of one of
the CPUs six general purpose registers is added to
the pre-existing contents of the accumulator. Since
all the information necessary to execute the com-
mand is contained in the 8 bits of the instruction
code, only one memory reference is necessary: that
actually used to fetch the instruction. Three states
are used to extract the instruction from memory,
and one additional state is used to accomplish the
desired addition. The entire instruction cycle thus
requires only one machine cycle that consists of
four states, or four periods of the external clock.

Support now, however, that we wish to add the
contents of a specific memory location to the pre-
existing contents of the accumulator (ADD M).
Although this is quite similar in principle to the
example just cited, several ddditional steps will be
necessary. An extra machine cycle will be needed,
in order to address the desired memory location.

The actual sequence is as follows: First the proces-
sor extracts from memory the 1-byte instruction



word addressed by its program counter. This takes
three states. The 8-bit instruction word obtained
during the FETCH machine cycle is deposited in
the CPU’s instruction register and used to direct
activities during the remainder of the instruction
cycle. Next, the processor sends out as an address
the contents of its H and L registers. The 8-bit data
word returned during this MEMORY READ ma-
chine cycle is placed in a temporary register inside
the 8080 CPU. By now, three more clock periods
(states) have elapsed. In the seventh and final state,
the contents of the temporary register are added to
those of the accumulator. Two machine cycles,
consisting of seven states in all, complete the
“ADD M” instruction cycle.

At the opposite extreme is the save H and L regis-
ters (SHLD) instruction, which requires five ma-
chine cycles. During an “SHLD” instruction cycle,
the contents of the processor’s H and L registers
are deposited in two sequentially adjacent memory
locations; the destination is indicated by two ad-
dress bytes which are stored in the two memory
locations immediately following the operation
code byte. The following events occur:

(1) A FETCH machine cycle, consisting of four
states. During the first three states of this
machine cycle, the processor fetches the
instruction indicated by its program coun-
ter. The program counter is then incre-
mented. In the fourth state, the contents of
the H and L registers are transferred to
temporary registers within the chip, W and
Z, respectively. Data previously held in the
H and L registers is thus saved, thereby
clearing H and L to receive incoming data.

(2) A MEMORY READ machine cycle, consist-
ing of three states. During this machine
cycle, the byte indicated by the program
counter is extracted from memory and
placed in the processor’s L register. The
program counter is incremented again.
(3) Another MEMORY READ machine cycle,
consisting of three states, in which the byte
indicated by the processor’s program coun-
ter is deposited in the H register. The pro-
gram counter is incremented, in anticipa-
tion of the next instruction fetch.
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4) A MEMORY WRITE machine cycle, of
three states, in which the contents of the Z
register are transferred to the memory loca-
tion pointed to by the present contents of
the H and L registers. The state following
the transfer is used to increment the H and
L pointers, so that they indicate the next
memory location to receive data.

(5) A MEMORY WRITE machine cycle, of
three states, in which the contents of the W
register are transferred to the new memory
location pointed to by the H and L reg-
isters.

The “SHLD” instruction cycle contains five ma-
chine cycles and takes 16 states to execute.

Most instructions fall somewhere between the ex-
tremes typified by the “ADD r” and the “SHLD”
instructions. The input (INP) and the output
(OUT), for example, require three machine cycles:
a FETCH, to obtain the instruction; a MEMORY
READ, to obtain the address of the object periph-
eral; and an INPUT or an OUTPUT machine cycle,
to complete the transfer.

There are nine types of machine cycles that may
occur within an instruction cycle; though no one
instruction cycle will consist of more than five
machine cycles:

(a) FETCH

(b) MEMORY READ
(c) MEMORY WRITE
(d) STACK READ

(e) STACK WRITE
() INPUT

(g) OUTPUT

(h) INTERRUPT

(i) HALT

The machine cycles that actually do occur in a
particular instruction cycle depend upon the kind
of instruction, with the overriding stipulation that

the the first machine cycle in any instruction cycle
is always a FETCH.

The processor identifies the machine cycle in pro-
gress, by transmitting an 8-bit status signal during
the first state of every machine cycle. Updated



status information is published on the 8080’s data
lines (Dg—D7), during the SYNC interval. This data
should be saved in latches, decoded, and used to
develop control signals for external circuitry. Table
3-1 shows how the positive-true status information
is distributed on the processor’s data bus.

Status signals are provided principally for the con-
trol of external circuitry. Simplicity of interface,
rather than machine cycle identification, dictates
the logical definition of individual status bits. You
will, therefore, observe that certain processor ma-
chine cycles are uniquely identified by a single
status bit, but that others are not. The M1 status
bit (Ds), for example, unambiguously identifies a
FETCH machine cycle. A STACK READ, on the
other hand, is indicated by the coincidence of
STACK and MEMR signals. Machine cycle identifi-
cation data can also be valuable in the test and de-
bugging phases of system development. Table 3-2
lists the status bit outputs for each type of machine
cycle.

State Transition Sequence

Every machine cycle within an instruction cycle
consists of three to five active states (referred to as
T1, T2, T3, T4, TS5, or TW). The actual number of
states depends upon the instruction being executed,
and on the particular machine cycle within the
greater instruction cycle. The state transition dia-
gram in Figure 3-5 shows how the 8080 proceeds
from state to state in the course of a machine cycle.
The diagram also shows how the READY, HOLD,

ships in a typical FETCH machine cycle. Events
that occur in each state are referred to transitions
of the ¢1 and ¢, clock pulses.

~ The SYNC signal identifies the first state (T1) in

and INTERRUPT lines are sampled during the ma-

chine cycle, and how the conditions on these lines
may modify the basic transition sequence. In the
present discussion, we are concerned only with
the basic sequence and with the READY function.
HOLD and INTERRUPT functions will be dis-
cussed later. '

The 8080 CPU does not indicate its internal state
directly, by transmitting a ‘“‘state control” output
during each state; instead, the 8080 supplie_s;direct
control output (INTE, HLDA, DBIN, WR, and
WAIT) for use by external circuitry.

Recall that the 8080 passes through at least three
states in every machine cycle, with each state
defined by successive low-to-high transitions of
the ¢1 clock. Figure 3-6 shows the timing relation-
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every; machine cycle. As shown in Figure 3-6, the
SYNC signal is related to the leading edge of the ¢-
clock. Status information is displayed on Dg—D~
during this same interval. Switching of the status
signals is likewise controlled by ¢9.

The rising edge of ¢, during T1 also loads the proc-
essor’s address lines (Ag—A1s). These lines become
stable within a brief delay (tp 5 ) of the ¢, clocking
pulse, and they remain stable until the first ¢o
pulse after state T3. This gives the processor ample
time to read the data returned from memory.

Once the processor has sent an address to memory,
there is an opportunity for the memory to request
a WAIT. This it does by pulling the processor’s
READY line low, prior to the “Ready set-up” in-
terval (tgr g) which occurs during the ¢, pulse with-
in state T2 or TW. As long as the READY line
remains low, the processor will idle, giving the
memory time to respond to the addressed data re-
quest. (Refer to Figure 3-6.)

The processor responds to a wait request by enter-
ing an alternative state (TW) at the end of T2,
rather than proceeding directly to the T3 state.
Entry into the Tw state is indicated by a WAIT
signal from the processor, acknowledging the mem-
ory’s request. A low-to-high transition on the
WAIT line is triggered by the rising edge of the ¢
clock and occurs within a brief delay (tpc) of the
actual entry into the Ty state.

A wait period may be of indefinite duration. The
processor remains in the waiting condition until its
READY line again goes high. A READY indication
must precede the falling edge of the ¢, clock by a
specified interval (trg), in order to guarantee an
exit from the Ty state. The cycle may then pro-
ceed, beginning with the rising edge of the next ¢
clock. A WAIT interval will therefore consist of an
integral number of Ty states and will always be a
multiple of the clock period.

The events that take place during the T3 state are
determined by the kind of machine cycle in pro-
gress. In a FETCH machine cycle, the processor



Table 3-1
8080 STATUS BIT DEFINITIONS

SYMBOLS DATA BIT DEFINITION
BUS
HLTA D3 Acknowledge signal for HALT instruction.
INTA Dy Acknowledge signal for INTERRUPT request. Signal should be used to gate a re-

start instruction onto the data bus when DBIN is active.

INP D¢ Indicates that the address bus contains the address of an input device and the input

data should be placed on the data bus when DBIN is active.

OuT Dy Indicates that the address bus contains the address of an output device and the data

bus will contain the output data when WR is active.

MEMR Dq Designates that the data bus will be used for memory read data.

My Ds Provides a signal to indicate that the CPU is in the fetch cycle for the first byte of

an instruction.

STACK Dy Indicates that the address bus holds the pushdown stack address from the Stack
Pointer.
WO D, Indicates that the operation in the current machine cycle will be a WRITE memory

will be executed.

or OUTPUT function (WO = §). Otherwise, a READ memory or INPUT operation

Table 3-2
STATUS BIT DECODING

STATUS BITS
TYPE g\l: é\:I-IECHINE Do Dy Dy Ds Da De De >,
INTA wo STACK | HLTA ouT M, INP MEMR

FETCH 0 1 0 0 0 1 0 1
MEMORY READ 0 1 0 0 0 0 0 1
MEMORY WRITE 0 0 0 0 0 0 0 0
STACK READ 0 1 1 0 0 0 0 1
STACK WRITE 0 0 1 0 0 0 0 0
INPUT 0 1 0 0 0 0 1 0
OUTPUT 0 0 0 0 1 0 0 0
INTERRUPT 1 1 0 0 0 1 0 0
HALT 0 1 0 1 0 0 0 0

*NOTE: 1 = high level; § = low level. Notice that the write/output bit (\76) is negative-true.
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()]
READY + HLTA
T2
D)
YES
HLTA
READY - ALTA
NO i .
READY INT
- Tw READY
Y
\ YES
HOLD »| SET HOLD F/F
SET HOLD F/F
NO
T3 J= * HOLD
| HoLD MoDE
e I RESET
| HOLD F/F
L . -——
HOLD F/F VES
SET
\
RESET RESET
HOLD F/F ‘ HLTA
RESET
HOLD F/F
SET -
INT F/F
* NOTES: (1) INTE F/F IS RESET IF INT F/F IS SET.
{2) INT F/F IS RESET IF INTE F/F IS RESET.

Figure 3-56. CPU State Transition Diagram
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