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This book covers both basic and advanced information on designing l
with microprocessors. It assumes that the reader is familiar with digital | MB§31
electronic circuit design, TTL (transistor-transistor logic) in particular. ) 1976
Martin Research has taken pains to ensure We have avotided unmecessary duplication of the manufacturers' literature [:“(31
the accuracy of the information in this on the 8080 and 8008 microprocessors within the text of this book, preferring
book. Nevertheless, Martin Research can to reserve as much space as possible for original hardware design information.
not assume any responsibility for the The 8080 and 8008 data sheets are reprinted at the end of the book for the
circuits shown, nor do we represent that peader's convenience. The reader should become familiar with them as he
their use is free from patent infringement. reads this book.

The novice might begin by reading through the 8008 and 8080 data sheets
and the following chapters:

2. The 8008 CPU
3. The 8080 CPU
5. Main Timing Logic
23. Software Tricks
25. Minimal Microcomputers
26. Nineteen-Chip Microcomputer
471. Central Processing Unit, Model 471 (an 8080 CPU board)

The reader already familiar with the 8080/8008 might start with these

chapters:
Cgpyright © 1976, Martin Research Ltd. All | 5. Maln Timing Logic i
rights rgserved. The contents of this bock 11' iﬁg?ﬁgoggggtIigiiizzzégzs
may not be reproduced by any method without ) J 2
writton permission from Marin Rescarch Lid. 13. Random Access Memory (especially the RAM-PAGE option, Sec. 13.4)

16. Interrupts
25. Minimal Microcomputers
26. Nineteen-Chip Microcomputer
471. Central Processing Unit, Model 471 (an 8080 CPU board)

No book can substitute for practical hands-on experience with micro-
. computers. The modular micros from Martin Research provide an excellent
Library of Congress Card Catalog Number: 76-1530. series of hardvare for educational and prototyping purposes. As this book
goes to press, both 8080 and 8008 versions are available, and microcomputers
based on other CPUs are due for awnouncement shortly. For more information
on the modular micros, contact Martin Research.

. Martin Research will appreciate receiving your comments on this book,
including eriticisms both negative and positive. Ideas and corrections

) ) will, with your permission, be used in future editioms.
Printed in the United States of America ’ ? | ’

Martin Research, 3336 Commercial Ave., Northbrook, IL 60062 (312) 498-5060
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SEC. 1.1 MICROCOMPUTER DESIGN

This book is about how to design a microcomputer. It focuses on
microcomputers based on the first single~chip eight-bit microprocessor to
reach high-volume production--the 8008--and on the improved second-generation
device, the 8080.

The microprocessor itself is the miniaturized central processing unit
(CPU) of a small computer. The significance of the microprocessor in elec-
tronic design is that the flexibility, adaptability, and logical processing
power of the digital computer are now realizable in relatively small and
inexpensive electronic products.

This bock fills a gap in the literature presently available on micro-
processors, since it concentrates on the hardware necessary to make the
microprocessor a part of a practical and cost-effective electronic system.

SEC. 1.2 DESIGNING WITH MICROPROCESSORS

1.2.1 Simple Microcomputers The first 8008 circuits published and
produced by the 8008 originator, Intel

Corporation, were designed to exhibit the full potential of these CPUs.

They used complex circuits to generate asymmetrical clocks, which optimized

8008 speed, but which--together with other such needless complicated designs--

made using microprocessors look difficult. This was at a time when the

technology was new, and the need was for design concepts to help engineers

get started.

The first edition of this book presented the simplest possible micro-
computer designs, using the fewest possible standard ICs to achieve the
desired features. Tt is easier to add ICs to a simple design, to increase
its potential, than it is to rework a needlessly complex design. Thus, for
example, Chapter 5 greatly simplifies 8008 main timing circuitry, and
Chapter 7 simplifies the creation of I/0 interface signals.

The second generation 8080 is a step forward for the designer. Largely
because it is housed in a LO-pin package (while the 8008 comes with 18), the
8080 makes more of its essential signals directly available to external
control circuitry. Still, upon reading the manufacturers' 8080 literature,
many designers are needlessly confused. The timing diagrams are complex
and essential information is scattered among many data sheets.

. In this second edition, our goal remains the same: to show how to use
meroprocessors--8080 and 8008--in practical microcomputers. The section
on the 8080, Chapter 3, is expanded, and a data sheet for the Model U471 8080
computer is reprinted near the end of the book.
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SEC. 1.2 DESIGNING WITH MICROPROCESSORS (cont'd)

1.2.2 LSI Chip Design and Cireuit Board Design  The integrated cir-

cuits now available
which make use of LSI (large-scale integration) are impressively com-
plex. One package may contain the equivalent of dozens of ordinary ICs
and over a thousand transistors. The 8008 and 8080 microprocessors are
good examples of this trend.

There is a distinct difference between an effective circuit design
meant to be implemented within an LSI integrated circuit, and a good
logic design using conventional ICs on a printed circuit board. The
circuit designer needs to be aware of these differences, or his design
may not be very efficient.

Take for example the 8008 microprocessor. Eight of the pins on
its eighteen-pin package are used for its eight-bit bidirecticnal data
bus. Nearly all communications between the 8008 and the outside world
take place via this bus. Information on this bus may travel to and
from the 8008's arithmetic logic unit; its seven eight-bit data registers;
its eight fourteen-bit memory address registers; its memory control
logic; and its instruction decoding logic. The data on the bus may
represent input information, output data, an instruction code, or a
memory address. All of these processes take place at distinct times
in the CPU's internal processor operations. (For details, see Chapter 2.)

Within the microprocessor, the eight-bit bus is piped around to all
the major sections of the CPU. One of the most important elements in
the chip's architecture is the control circuitry that selects which of
the various sections within the CPU drive the bus, and which receive
from the bus, at each stage in internal processor operations. (See
Chapter 6 on bus structures generally.)

Consider for a moment the implementation of a bus control circuit
using ordinary TIL ICs on a printed circuit board. These timing signals
must be decoded into their eight possible state combinations, and used
to activate a variety of devices connected to the bus at different
locations on the PC board. The board would need a 3-to-8-line decoder,
and a likely choice would be a single TTL IC. This chip would contain
eight 3-input”NAND gates plus six inverters. The disadvantage of
using a single-chip decoder is that, since eight decoder output lines
are needed in many different places on the PC board, eight rather than
three copper wires must be run all over the board. Still, no board
designer we know is likely to choose separate gates over the one decoder.

SEC. 1.2 DESIGNING WITH MICROPROCESSORS (cont'd)

The more complex IC and extra PC wires are generally much cheaper than
buying, stocking, testing, stuffing, and soldering extra ICs. After
all, adding just two IC pins means two extra bonding pads on the chip,
two bonds to the IC lead frame, two pins, two holes in the PC board, a
copper foil pattern, and two solder joints.

Contrast the design decisions which face the chip designer when
laying out the mask used in etching the silicon wafer from which a CPU
is made. An on-chip 3-to-8 decoder may well be implemented with eight
discrete 3-input NAND gates and up to twelve inverters, each gate and
any needed inverters located right where the decoded signal is needed.
Only the three lines to be decoded are bussed to the far corners of the
chip, rather than the eight decoded outputs. Otherwise, the five extra
bus lines would probably take up more chip area than any duplication
in gates.

These considerations affect the way the microprocessor is organized.
First, a relatively large number of special~purpose timing and control
signals are developed on the chip, at multiple locations; they are de-
rived from a minimal number of general~purpose timing signals. Second,
only these few undifferentiated timing signals are brought out of the
IC package to the outside world. This means that the hardware external
to the 8008 must redevelop many special-purpose control signals in
order to interface memory, input ports, and output ports with the CPU.

If one looks at the photomicrograph of the 8008, one sees that it
was laid out by an excellent chip designer, who uses extra gates sooner
than extra bus lines. But it is not effective for the hardware designer
to mimic the chip designer in developing his microcomputer control and
timing logic. He needs to develop circuitry which does its job with
a minimum number of parts. Thus his timing and control logic may not
look exactly the same as that used inside the CPU.

First, the designer must thoroughly grasp the internal processor
operations of the CPU. Next, he must understand how the microprocessor's
basic timing signals relate to the internal operations. (In the case
of the 8008, there are six basic timing signals: &1, 62, S2, S1, S0,
and SYNC). Only then should the design of his hardware begin. This
approach is much more likely to be productive than copying, or trying
to simplify, the 8008 designs published by the chip's manufacturers.

And, using this method, the chip count for the basic 8008 microcamputer
can be cut from 20 to 50%, depending on the application. (See Chapter
5 on main timing logie; Chapters 25 and 26 for design examples.)

The designer who thoroughly understands the operation of the micro-
Processor is also in a position to do things with the CPU that do not
appear in the manufacturers' manuals. (For a simple example, note how
extra input instructions can be added to the 8008, in Chapter 8.)

microcomputer
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SEC. 1.8 MICROCOMPUTERS

1.3.1 Applications Ultimately the speed and versatility of caming

generations of microprocessors will allow de-
signers to build microcamputers which will rival today's best minicom-~
puters. Much of the current excitement in the engineering community
about microprocessors seems to be focused on this prospect.

However, many applications exist already for the microcomputers
that can be built with today's microprocessors. The products in which
microcamputers are used are not necessarily computers themselves; the
word computer would not even occur to the average person using many of
them. They include a wide variety of digital electronic devices, from
automatic scales, to computer peripherals, to industrial controls, to
communications devices~-OEM equipment marketing for as little as
$500.00 or less.

Some examples: fancy programmable calculators, electronic games,
autotuning digital-display radios. Automotive carburetion and emission
control; anti-skid braking. Building security and temperature moni-
toring; elevator controls. Machine tool programmers, traffic light
systems. Medical patient-monitoring consoles, biochemical analyzers.
Low-frequency digital filters and Fourier analyzers. Complex elec-
tronic measurement instrumentation; circuit testers. Telephone ex-
changes, computer peripherals, typesetters, point-of-sale cash regis-
ter/computer terminals. '

Sometimes a microcomputer is employed because this technology has
made the use of digital electronics comercially feasible for the first
time. In many products, the microcomputer displaces a random logic de-
sign because it is more cost-effective--either in simple cost per unit,
or because of the design flexibility afforded the manufacturer by the
programmable microcamputer.

1.3.2 What a Microcomputer Does A microcomputer is a programmable
logic unit based on a microprocessor.
As the name implies, the basic principles of computer technology are
used in the microcomputer. The electronic circuitry is configured to
perform logical operations on discrete blocks of binary-encoded data
(eight-bit bytes, in the 8008/8080). Each operation takes place
sequentially at a set speed, and is under control of binary-encoded
instructions. The versatility of the microcomputer depends in part
on the microprocessor's instruction set, which generally provides basic
logic operations (AND, EXCLUSIVE OR, etc.) and arithmetic operations
(ADD, SUBTRACT, etc.). Also provided are instructions which receive
(INPUT) data and transmit (OUTPUT) data to and from associated equipment.

SEC. 1.3 MICROCOMPUTERS (cont'd)

The programs needed by the microcomputer in carrying out its func-
tions are usually stored in a permanent semiconductor memory (read-only
memory, or ROM). The microprocessor reads each instruction from mem-
ory, executes it and then proceeds to the next instruction. The
conditional instructions cause the microprocessor to jump nonsequentlally
to a designated step in the program only if the results of the previous
operation meet a specified condition. These instructions are basic to
computer programming, and are really what makes a mlcrocomputer a
computer, rather than just a moderately complex programmable logic unit.

Most microcomputers require more temporary data storage capacity
than is available within the microprocessor itself, and therefore in-
clude an array of RAM (random access memory). The microprocessor can
write data into RAM, read data from RAM, or read instructions from RAM.
The CPU includes facilities for addressing any given location in mem-
ory, as specified by the programming.

1.8.8 Advantages of Microcomputers A certain degree of design flexi-
bility is possible with conven-

tional digital logic designs. For example, an accessory can plug into

a main circuit board in order to add a desired feature. However, mi-

croprocessor technology implies a whole new level in design flexibility.

First of all, with conventional logic, a design change usually
necessitates a redrafted printed circuit board. When microcomputers
are used, frequently the only change necessary is a change in software
(programrmng) --which involves reprogramming (ie remasking) a ROM, or
reprogramming a PROM--more economical and rapid procedures in large—
scale production.

Second, the microcamputer can serve as the basic digital logic
element in a whole family of related equipment. For illustration, let
us assume that the designer is working with a series of computer periph-
eral devices: a CRT display, a line printer, a send/receive terminal
with keyboard, etc. The microcomputer itself fits on cne printed cir-
cuit board, and is used in each of these devices. It consists of the
microprocessor, main timing circuitry, ROM to store the programs, RAM,
and some general-purpose input and output interface chips.

On separate boards go the components needed for the specialized
functions of the machine: power drivers, keyboard encoders, deflection
amplifiers, modems, etc. The ROM needed to store the appropriate in-
structions for these different machines plugs into a socket on each
separate board. An efficient bus-structure design optimizes flexibility
and modularity.
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SEC. 1.4 NOTES ON THE 8008, 8080, AND MOS MEMORIES

The technology used in the manufacture of the 8008 microprocessor is
a fourteen-volt P-channel process. That is, the device requires +5 and -9
volt power supplies, for a total potential of 14 volts. This process is
also used to produce the 1101 (256 x 1 RAM) and the 1103 (1024 x 1 Dynamic
RAM). A similar process is used in the production of the 1702A (256 x 8 PROM).

Microprocessors are produced in relatively low volumes, at least in
comparison to the semiconductor memories which make up the bread-and-butter
sales for these manufacturers. The 1103 1024 x 1 dynamic RAM was the first
semiconductor memory to begin successful large-scale competition with core
memories, for application in computer mainframes. But since the same 14-volt
P-channel process is used to manufacture both these memory devices and the
8008, the extensive efforts to improve the process have resulted in improve-
ments in the 8008. Many standard 8008s test to 8008~1 speed specifications
(60% faster). Though you must buy an 8008-1 to be sure you get one, it is
not surprising for an ordinary 8008 to beat the 8008-1's 2.5-microsecond
cycle time.

Similar comments apply to the 8080 and its 17-volt N-chamnel process.
For example: the Intel 2104 high-speed UK RAM uses the same process as the
8080, requiring power supplies of +12, +5, and -5 volts. With competition
to capture the YK RAM market very tight, it 1s to be expected that the 8080
microprocessor will benefit from further improvements to the 17-volt N-chanmel
process.

For every microprocessor made and sold, a nurber of memory chips change
hands. Even in a small microcomputer, it is typical for there to be a
greater dollar investment in memory than in the CPU chip. From the manufac-
turer's standpoint, moreover, the microprocessor is a relatively expensive
device to develop. A large amount of his cost is tied up in initial R € D
(especially if he originated the device), in documentation, and in software
support (if it is offered). Often, for competitive reasons, there is a
great deal of price pressure on the CPU. The result: microcomputer
component 'packaging." Production-volume quotations from microprocessor
manufacturers often include not only the CPU, but various peripheral logic
devices (clock generators, bus drivers, etc.), plus an array of solid state
memory (PROM and RAM). The current price of a given microprocessor, in
large quantities, is often a well-kept secret, varying from transaction to
transaction, depending partly on the amount of adjunct circuitry purchased
at the same time.

SEC. 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS

In the past, only the simplest logic design techniques could be
used in small and inexpensive electronic systems. The technology whereby
many transistors can be included in a single package has made it feasible
to employ very sophisticated designs in low-cost products. The micro-
processor provides the most advanced example of this trend. The para-
graphs that follow trace the evolution in logic design that led to the
microcomputer.

2.1.1 Binary Logic Engineers discovered long ago that complex mach-

ines may readily be designed through the use of
binary logic. Perhaps the best early example is the telephone switching
system, making use of electro-mechanical switches (relays). Each con-
tact may be in one of two states, open or closed. These states are
generally represented as logic one (1), or true, and as logie aero (0),
or false.

Switches have long since been replaced with transistors, and volt-
age levels represent the logical states. Since only positive logic is
used in this book, a logic one always represents a higher (more positive)
voltage, and a logic zero represents a loawer (more negative) voltage.

The reader is presumably familiar with these matters in general,
and with transistor-transistor logic (TTL) in particular. For the novice,
a good place to start is with The TTL Applications Handbook (August, 1973,
Fairchild Semiconductor, 464 Ellis St., Mountain View, CA 94042.)

8.1.2 Combinational Cirveuits A circuit which cantains only gates,

and no latching elements, belongs to
that class called combinational cireuits. TFigure 2.1.1 shows a block
containing only combinational logic, with m inputs and » outputs. For
any given set of inputs, there is a unique set of outputs, which does
not depend on the previous history of the inputs. (This overlodks the
propagation delay of the gates, which is usually a negligibly short por-
tion of the history being considered.)

Logic equations, Boolean algebra, truth tables, and Karnaugh maps
are useful tools in analyzing combinational logic.
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SEC. 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS (cont'd)

GATES
or

— > PLAS LV
INPUTS or OUTPUTS
ROMs

Fig. 2.1.1--Combinational Logic

2.1.83  Sequential Circuits Combinational circuits are often combined

with latching elements such as flip-flops,
registers, latches, one-shots (moncstable multivibrators), etc. A cir-
cult designed with latching elements does not necessarily have a unique
set of outputs for a given set of inputs. In general, the outputs depend
not only on the current set of inputs, but also on the sequence of inputs
r*eoZJ:ved in the past. For this reason such designs are called sequential
machines.

Simple sequential circuits often consist of a number of gates and
flip-flops arranged in a manner which is specifically related to the
structure of the inputs and outputs required. Such circuits are often
referred to as random logic. Figure 2.1.2 shows the block diagram of
a random logic sequential circuit with m inputs and = outputs.

GATES

—f and >

INPUTS | FLIP-FLOPs | OUTPUTS

Fig. 2.1.2--Random Logic Sequential Cireuit

As mentioned above, the advent of large scale integration (LSI) has
made more compact logic circuits feasible. For very high-volume appli-
cations, a random logic design of moderate complexity may be put onto a
single integrated circuit. For small-volume applications, this approach
is not cost effective. The advantages of LSI may still be cbtained,

SEC. 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS (cont'd)

however, using structured sequential cireuits. TFigure 2.1.3 shows a
structured circuit where the memory elements are separated from the
conbinational logic elements. This allows the integrated circuit manu-
facturers to design general purpose logic arrays on some chips (inte-
grated circuits) and general purpose memory elements on other chips.
This means that the same chips may be used by many different customers
for totally different logic designs. In this way the low cost advantage
of volume production may be realized.

In addition, structured sequential circuits are often more easily
understood and modifications or corrections are more easily implemented.
Figure 2.1.3 shows a structured sequential circuit where the carbina-
tional logic is implemented with a read-only memory (ROM) or programm-
able logic array (PLA), and the latching memory elements are implemented
with chips containing multiple flip-flops with a cammon clock. Another
set of flip-flops for the purpose of synchronizing the inputs, and a two-
phase clock, complete the necessary elements of a simple structured
sequential circuit.

Whereas this circuit is excellent for a medium-complexity appli-
caticn, there are more complex problems where the size of the combina-~
tional logic required becomes unwieldy. In addition the nunber of
memory elements may not be adequate to perform larger tasks.

t/
7
COMBINATIONAL MEMORY
LOGIC s/ ELEMENT |/ |/ outpuTs
INPUTS SYNCHRONIZATION 7 / 7
",'/ "}/ ROM or PLA FLIP—FLOPS
FLIP ~FLOPS
TWO QI ]
PHASE D2
cLOCK

Fig. 2.1.3--8imple Structured Sequential Circuit

2.1.4 Computers More complex sequential circuits are often called
computers. The structure shown in Figure 2.1.4 is

a simplified representation of a camputer. Note that, near the center

of the diagram, the computer contains an array of carbinational logic.

More importantly, the overall structure is that of a sequential machine--

since memory elements are inserted in a digital feedback path between

the output and input of the cambinational logic.
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SEC, 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS (cont'd)
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Fig. 2.1.4--Simplified Block Diagram of a Computer

SEC. 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS (cont'd)

In Figure 2.1.4, input data is brought into the system at the left.
A multiplexer (MUX) switches between several sources of input data, in-
cluding the memory array (ROM and RAM) which is part of the system. After
being synchronized with the system's time frame, the input data passes
to an index (I) register, and thence to an array of combinational logic
which is used to decode the information and produce varicus strobe, enable,
and other control signals. These signals, in turn, are used to route
input data to other registers and to the arithmetic logic unit (ALU).

The ALU can perform arithmetic operations like addition and sub-
traction; logical operations like AND, OR, and ROTATE; and, in complex
units, other operations like MULTIPLY and DIVIDE.

The control signals may also be used to pass data to the outside
world through an output register.

The key to the computer is its use of memory. The computer carries
out one operation at a time, under control of a program which is stored
in memory. After carrying out each operation, the computer fetches
another instruction from memory, and then carries out the new operaticn
which is designated by the new instruction. Thus, referring to Figure
2.1.4, the sequence might occur as follows:

01d operation is finished.

Get ready to fetch a new instruction.

Enable the PC Register, which addresses the location in memory
where the next instruction is stored.

Get ready for the next instruction by incrementing the PC register.
Enable memory.

Read the new instruction by switching the input multiplexer to the
memory bus.

Decode the instruction to see what it wants.
Execute the instruction, i.e., carry out the designated operation.
Example: an Input 7 instruction. Switch the input multiplexer
to input port number 7; create the required strobe signals, and
pass this information along for temporary storage in the A register.
Fetch the next instruction from memory.

Ete.
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SEC. 2.1 BRIEF INTRODUCTION TO MICROCOMPUTERS (eont'd) SEC. 2.2 8008 ARCHITECTURE (econt'd)

As implied by the above example, the computer is a highly structured
sequential machine which moves through its operations in a very regular

manner. The PC register, or program counter, keeps track of the machine's M zs[ 3| =| 8 =] g] &
operations. < ; g
oo
The real power of the computer depends on instructions which do g 3

not necessarily follow the strict numerical sequence of instructions ITTETSETCE
stored in memory. For example, a JUMP instruction might tell the com-
puter to leave the current instruction number and fetch its next instruc-
tion from an entirely different address in memory. Even more powerful are
eonditional branch instructions, which send the computer to a new memory
address only 1f the contents of an index register meet a specified con-
dition. For example, a JUMP TRUE ZERO 010 300 instruction would cause

the computer to test an index register to see if the current contents

are zero. If so, the program counter is loaded with memory address

010 300, and this is where the next instruction cames from. If the
register contents were not zero, the computer simply proceeds with the
next instruction, in ascending numerical order.

(14)
(a}
(14)
1)
(14)
(14}
(18}
04

{88!m)
INTERNAL DATA BUS

STACK

MULTIPLEX

e

LEVEL NO.1
LEVEL NO. 2
LEVEL NO. 3
LEVEL NO. 4
LEVEL NO.5
LEVEL NO. 6
LEVEL NO.7
ADDRESS
STACK

PROGRAM COUNTER

HILNIOd XJVLS

Bi-DIRECTIONAL
DATA BUS

vaf——]

Though Figure 2.1.4 shows the use of memory for storing instructions, 28 = g3
for simplicity's sake it does not show the other important function of PR g8 EE fuf e.3 o @
memory--particularly random-access memory (RAM). That is, memory is & §§ = §§:> §§3§§§ — £2c ¢
used for temporary data storage by the computer in the course of com- a g= ge =78 e " “
plicated operations. . > >
SEC. 2.8 8008 ARCHITECTURE o L )

g zf—=
i . < £

The 8008 was the first eight-bit microprocessor on a single chip. ek g2 gf— o
Essentially the miniature central processing unit of a small computer, iz =< ] e
the microprocessor performs the essential logical and control functions £ — 8
of a miarocomputer. Figure 2.2.1 shows the block diagram for the 8008. 2 2]

Though more complex than the sequential machines shown earlier in th1§ PN |
chapter, the basic principles are the same. And even while the 8008 is o P
being superseded by the second-generation 8080 CPU (discussed in the Dg :_l
next chapter), 8008 architecture provides a useful transition between 52 .
these sequential machines, and more complex microprocessors. g; o ”
2 =

2.2.1 Bus Structure The 8008 handles data in eight-bit bytes. Thus, @ g L;_J

most of the elements within the CPU are inter- J r i
cormected via an eight-bit data bus. The data bus buffer, a bidirec- — 2%
tional bus driver, is used to drive external devices from the CPU, or
(when the driving direction is reversed), to input data from external
devices onto the CPU's internal data bus. (See Chapter 6 on bus
structures. )

Fig. 2.2.1--8008 Block Diagram
J e J

microcomputer microcomputer
MBA. Qesign  [(MEH: esion
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SEC, 2.2 8008 ARCHITECTURE (cont'd)

2.2.2 Instruction Decoding The instruction register is an eight-bit
temporary storage register which receives

instructions from external memory devices. The instruction decoder

deciphers what operations should be performed by the MiCroprocessor.

2.2.3 Program Counter The program counter stores the address in

memory from which the CPU is currently fetch-
ing instructions. 'The counter is made up of a stack of eight registers,
in eight levels. This enables the program counter to keep track of
subroutines in the program. For example, a CALL instruction makes the
CPU leave off processing the microcamputer's main line program (on level
no. 0), and jump to a subroutine whose instructions are stored at a new
location in memory. The former memory address remains on level no. 0, and
the new memory address is now at level no. 1 in the stack. Thus, the
8008 permits nesting of seven subroutines in the PC stack. At the end
of the subroutine, a RETURN instruction causes the CPU to returmn to
level no. 0 in the stack. The stack pointer keeps track of which level
in the stadk is cuwrrently being processed.

Often it is said that a CALL instruction pushes down one level
in the stack, and that the RETURN instruction pops the stack. Actually
the stack itself does not change; i.e., the contents of the various
levels do not get transferred among each other; only the stack pointer
is moved.

Note that each level in the EC stack has a fourteen-bit capacity.
This allows the 8008 to address 2 ]‘l, or 16 K bytes of memory (see Chap-
ter 13). 'The memory address is divided into eight low-order bits (PCL)
and six high-order bits (PCH).

2.2.4 Index Registers During the processing of data, it is useful

to have a seratch-pad: a small array of
easily-accessible memory. The 8008 has seven general-purpose index
registers, labeled 4, B, C, D, E, H, and L. Transfers of data between
these registers are easily accomplished in a direct manner through the
8008's instructions: i.e., LAB (load the A register from the B register).

The A register, also called the acouwmulator, is specially desig-
nated as the register used for cammunications between various elements
in the microcomputer. Thus, 4nput data to the 8008 fram an input de-
vice outside the 8008 ends up in the A register at the end of an input
instruction. Output data, intended for an external output port, must
first be loaded into the A register before an output instruction is
executed. And, the arithmetic logic unit both operates on data in the
A register, and stores its results in the A register.

SEC. 2.2 8008 ARCHITECTURE (cont'd)

The H and L registers are specially designated for referencing
memory external to the CPU, for the purpose of reading data from memory
(random-access memory, or RAM, or read-only memory, ROM) and for writing
data into memory (RAM only). (This function should be distinguished
from the PCH and PCL registers, which reference memory for the purpose
of fetehing instructions.)

2.2.5 Arithmetic Logic Unit The 8008's arithmetic logie unit (ALU)
is capable of addition, subtraction,

and several logical operations: AND, OR, EXCLUSIVE OR, comparison, and

rotation. (For details, see discussion of the instruction set below.)

2.2.6 Flag Flip-Flops Tour flag flip-flops may be set by the opera-
tion of the ALU: the carry (C), parity (P),
sign (S), and zero (Z) flags. (They are discussed further in the 8008
Manual and in Chapter 17.) In turn, each flag may be tested through the
use of conditional branch instructions, with subsequent program flow
dependent on the state of the tested flag. For example, a Jump True Zero--
JTZ--instruction will cause the CPU to jump to another location only if
the zero flag is true, i.e., logic ane.

2.2.7 Temporary Registers Two temporary registers provide storage

of intermediate data. They are used by
the CPU for internal data transfers, and are not directly accessible
through program instructions (as are the index registers). Labeled the
a and b registers, these temporary registers should not be confused with
the index registers, 4 and B.

2.2.8 Timing and Control The 8008 requires a two-phase clock, gen-

erated by external circuitry (Chapter §5).
The 41 and @2 signals are used to synchronize the various stages in the
8008's internmal processor operations, as described below.

SEC, 2.3 8008 TIMING SIGNALS

For complete details on 8008 processor operations, the reader is referred

to the 8008 data sheet which ig reprinted near the end of this book.

mlcrocorgputer
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Fig. 2.3.3--8008 Internal Processor Operation
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SEC. 2.3 8008 TIMING SIGNALS (cont'd)

CYCLE
ccZ2 ccl SYMBOL NAME & DESCRIPTION

0 0 PCI Instruction Cyele. The first byte of the in-
struction is read from memory.

1 0 PCR Read Cycle. Data, or additional instruction
byte(s), read from memory.

4] 1 PCC Command Cyele. Data to be inputted or outputted.
1 1 PCW Write Cyele. Data to be written into RAM.

Fig. 2.3.2--The Four 8008 Machine Cycles

The two control bits, ee2 and cel, are present on the data bus at
T2 time. They appear as the two high-order bits, D7 and D6, on the bus
during the T2 state. In most 8008 microcamputers, these bits are latched
up in the CC-DH register, external to the 8008, at T2 time, and are used
to control external circuitry (see Chapter 5).

The 8008 does not pass through every state, or every machine cycle,
during the executicn of every instruction. Flow-charts in the 8008
Manual show the state transitions which occur. The sections below de-
scribe the functions of the four machine cycles.

Figure 2.3.3 is a chart of 8008 internal processor operations. Per-
haps the most important single page in the manufacturers' manuals, this
chart is a basic prerequisite for the 8008 designer.

SEC. 2.4 PCI INSTRUCTION CYCLE

PCI is used to fetch the first byte of an instruction from memory .
The PCI cycle is always the first cycle in any instruction, and there
is only one PCI cycle per instruction. (If there is more than ane byte
in the instruction code, PCR cycles are used to fetch the remaining bytes.)
During PCI, the CPU decodes the instruction internally and (for most
instructions) prepares to complete the instruction in subsequent PCC, PCR,
or PCW cycles.

2.4.1 PCI-T1 The Tl state is the normal first state of a PCI cycle.

During PCI-T1 time, the CPU outputs the low-order eight
bits of the memory address where the first byte of the next instruction
is located. That is, the 8008 outputs the internal PCL register. At the
end of PCI-T1, the PCL register is incremented, in preparation for the
following instruction. If as a result an overflow cccurs in the PCL
register, the overflow is saved and used at PCI-T? time.

THE 8008 2-13
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SEC. 2.4 PCI INSTRUCTION CYCLE (cont'd)

2.4.2 PCI-TII  The T1I state replaces Tl during PCI cycles only if the

8008's INTERRUPT terminal has been brought to logic one.
During PCI-T1I, the internal program counter (PCL) is not incremented, as
it would be during a PCI-TI cycle; in every other respect, the PCI-T1I is
identical to PCI-T1. The TII state is decoded externally and used to jam
in a special interrupt instruction (see Chapter 16); PCL is not increment-
ed so that after the interrupt subroutine is over, the CPU will resume
operaticns just where it left off.

2.4.3 PCI-T2 PCI-T2 is the second state of every PCI cycle. During

PCI-T2 the CPU outputs the six high-order memory ad-
dress bits (ie, the PCH register) on the CPU bus, bits D5 through D0. If
the low-order address overflowed during PCI~T1 time, then the high-order
address (PCH) is incremented. The two high-order bits on the data bus,
D7 and D6, are the two cycle control bits, CC2 and CCl--and will be 00,
indicating that this is an instruction cycle (PCI).

2.4.4  WAIT STATE  The CPU enters the WAIT state when the READY input

is brought low before the beginning of T2 time.
During a PCI-WAIT state, the CPU is inputting data just as though it
were in the PCI-T3 state (below). Thus, the WAIT state is a form of ex-
tended anticipation of the T3 state. It lasts until the READY line is
brought high again. The sequence not ready (or busy); WAIT; T3 is used
in systems employing slow memories and for other purposes. The WAIT
state is skipped altogether when the READY line remains high.

2.4.5 PCI-T3 'The third state of a PCI cycle is always PCI-T3. During

this state, the CPU's intermal bidirectional bus driver
drives inwards onto the chip, and the 8008 receives the first byte of
the instruction code from memory.

2.4.6  STOPPED STATE  The CPU enters the STOPPED state following T3

only if a HALT instruction is being executed.
This ends the instruction. The CPU remains STOPPED until interrupted;
thus the next state entered must always be PCI-T1I. During the STOPPED
state, the CPU data bus is driving imwards onto the chip, and the CPU
stays in the PCI-T3 state internally. Externally the state signals indi-
cate a STOPPED state.

2.4.7 PCI-T4 The T4 state is skipped during the execution of many

instructions. When it does occur, it is used to trans-
fer information between internal CPU registers via the CPU's intermal
data bus.

MR mlcrocorgggtgerl;
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SEC, 2.4 PCI INSTRUCTION CYCLE (cont'd)

2.4.8 PCI-T5 Like T, the T5 state is also skipped in many instruc-
tions, and, when it appears, it is used for internal
data transfers. When TS5 occurs, it always terminates the instruction.

SEC. 2.6 PCR READ CYCLE

When a PCR (READ) cycle occurs, it is the second or third cycle
of an instruction. PCR cycles are used to read memory. They occur
during instructions which carry out the following functions: reading
data from memory into an index register; loading an index register with
a value contained in the second byte of an instruction code (Zoad imme-
diate instructions); jumping to or ealling an address in memory; and
performing an arithmetic operation on a value stored in memory, or a
value contained in the instruction code.

2.5.1 PCR-T1 The PCR cycle always begins with PCR-T1l. TIf the PCR

cycle is being used to read additional bytes of in-
structicn, then the PCL register is outputted at PCR-T1 time. In that
case the PCL register is then incremented, as with the PCI-T1 state. If
the PCR cycle is being used to read data from memory (for loading into
an index register or for an arithmetic operation), then the L register
is outputted at PCR-T1 time. (Recall that the PCL register addresses
memory for the purpose of fetching instructions, and the L register
addresses memory for the purpose of storing data.)

2.56.2 PCR-T2 PCR-T2 always follows PCR-T1 as the second state in a
memory read cycle. If the PCR cycle is reading addi-
tional bytes of an instruction, then PCH appears on the data bus at
PCR-T2 time; if the PCL register overflowed after incrementing, at PCR-
T1 time, the PCH register is incremented at the end of PCR-T2. When
the PCR cycle is reading data from memory, the six low-order bits of the
H register go out on the data bus at PCR-T2 time. The high-order bits
are the control bits, ccl and cc?, and are 10, designating a PCR cycle.

2.5.3 WAIT The READY line may be used to make the CPU enter the WAIT
state during a PCR cycle, when reading from slow memory.

2.5.4 PCR-T3 PCR-T3 is always the third state of a PCR cycle (unless

a WAIT state intercedes). If the PCR cycle is the
second cycle in the instruction, then data is read into the internal b
register. If the PCR is the third cycle, then data is read into the
internal a register.

SEC. 2.6 PCR READ CYCLE (eont'd)

8.56.5 PCR-T4 Tu4 takes place only in some PCR cycles. When there is
) a T4 state, and the PCR is the third cycle of an in-

struction, it is used to transfer the a register to the PCH register

on the 8008 chip. If the instruction is a eqll, the PC stack pointer

is pushed at the beginning of T4 time. During an arithmetic operation,

PCR-T4 provides a pause to the ALU which allows it to perform its opera-

tlon.

2.6.6 PCR-T5  PCR-T5 always follows PCR~T4. During arithmetic opera-

tions, the flag flip-flops are set according to the
results in the ALU, at the same time that the results are transferred
to the A register (accumulator). Other internal data transfers take
place during other PCR-T5 states.

SEC. 2.6 PCC COMMAND CYCLE

PCC cycles are used during input and output instructions. When it
occurs, the PCC cycle is the second cycle of a two-cycle instruction.
See Chapter 7 for an extended discussion of PCC cyeles.

2.6.1 PCC-T1  The contents of the accumulator (A register) appear on
. the data bus at PCC-T1 time. Note that the PCL register
1s not referenced and is not incremented.

2.6.2 PCC-T2 The contents of the internal b register appear on the

) ) bus. This contains the binary code for the input/output
instruction being executed. The two high-order bits, D7 and D6, are the
two cycle control bits, ce2 and ccl, which read 01, indicating a PCC
cycle is being executed. Note that all the binary codes for all the I/0
instructions begin with this 01 ccmbination.

2.6.3 WAIT If the READY line has been brought low, the CPU will enter
the WAIT state; the bus floats until the WAIT state ends.

2.6.4 PCC-T3 During imput instructions, the CPU data bus receives

information from an input port external to the CPU at
PCC-T3 time. During output instructions, PCC-T3 is present as an idle
state only; the CPU will check the READY line before completing the in-
struction. PCC-T3 time is used by circuitry external to the CPU to com-
plete external data transfers into an output port.
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SEC. 2.6 PCC COMMAND CYCLE (cont'd)
2.6.5 PCC-T¢ There is no PCC-T4 or T5 during an output instruction.

During an Zwmput instruction, the four flags appear on
the data bus at PCC-T4 time. (See Chapter 17.)

2.6.6 PCC-T5 During PCC-TS time of an input instruction, the input
data is transferred within the CPU from the b to the

A register.

SEC. 8.7 PCW WRITE CYCLE

PCW cycles are used for writing data into random-access memory (RAM).
The PCW is the second cyecle of an IMr instruction and the third cycle of
an IMI instruction.

2.7.1 PCW-T1 'The internal L register is outputted at PCW-T1 time;
this represents the low-order address of memory to be

written into.

2.7.2 PCW-T2 The six low-order bits of the internmal H register come
out at PCW-T2 time; this is the high-order memory write
address. The two high-order bits on the bus are ce?2 and ccl, the cycle

control bits, which read 11, denoting a PCW cycle.

2.7.3 WAIT 1In anticipation of PCC-T3, the WAIT state may be used to
begin outputting data onto the CPU bus. This provision,
for writing into slow memory, is accomplished by bringing the READY line

low before PCW~T2 time.

2.7.4 PCW-T3 'The PCW-T3 state is the only case where the CPU bus is
pointing outwards (driving external devices) during T3
time. The memory write data is outputted from the internal b register,
where it was stored temporarily during a previous internal data transfer.

The PCW-T3 state ends the memory write instruction.

SEC. 2.8 INSTRUCTION SET

The 8008 instruction set is explained in the manufacturers' manuals.
For the convenience of the reader, the 256 eight-bit instruction codes
are set forth in nurerical order in Figure 2.8.1.
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OCTAL

000
001
002
003
004
005
006
007
010
01l
012
013
014
015

2-8

BINARY

000
000
000
000
000
000
000
000
001
o0l
001
001
001
001
001
001
010
010
010
010
010
010
010
010
011
011
011
011
011
01l
011
011
100
100
100
100
100
100
100
100
101
101
101
101
101
101
101
101
110
110
110
110
10
110
110
110
111
111
111
11
111
111
111
i1l

000
ool
010

000
001
010
011
100
101
110
111
000
001
010
o
100
101
110
111
000
001
010

100
10
110
111

THE 8008

INSTRUCTION SET (cont'd)

MNEMONIC

HLT
RFC

ADL
RST 000
»

RST 010
LBI*

INC

SuL»
RST 020
LCI*
RET

IND

SBI*
RST 030

TESCRIPTION

Halt until interrupted
Halt until intertupted
Rotate A register left
Return false carry
Add immediate to the A register
Restart at locatrion 000000
Load A immediate
Return one level down in stack
Increment the B register
Decrement the B register
Rotate A register right
Return false zero
Add immediate with carry to A reg.
Restart at Jocation 000010
Load B immediate
(Same as 007)
Increment the C register
Decrement the C register
Rotate A reg. left thru carry
Return false sign
Subtract immediate from A register
Restart at location 000020
Load C immediate
(Same as 007)
Increment the D register
Decrement the D register
Rotate A reg. right thru carry
Return false parity
Subtract immediate with borrow from A
Restart at location 000030
Load D immediate
(Same as 007)
Increment the E register
Decrement the E register
(Unde fined}
Return true carry
AND immediate with A register
Restart at location 000040
Load E immediate
(Same as 007)
Increment the H register
Decrement the H register
(Unde fined)
Return true zero
EXCLUSIVE OR immediate with A reg.
Restart at location 000050
Load H immediate
(Same as 007)
Increment the L register
Decrement the L register
(Unde fined)
Return true sign
OR immediate with A reg.
Restart at location 000060
Load L immediate
(Same as 007)
(Undefined)
(Undefined)
(Unde fined)
Return true parity

immediate with A reg.
Restart at location 000070
Load memory immediate
(Same as 007)

OCTAL  BINARY

100

000
000
000
000
000
000
000
coo
001

001

101
110

110
110
110
110
110
111
111
111
111
111
i1
111
11

* Firgt byte of a multi-byte inatruction.

000

2-17

TESCRIPTION

Jump talse carry

Input #0 to A; out 4 reg.

Call false carry

Input #1 to A; out A reg.

Jump to indicated memory address
Input #2 to A; out A reg.

Call the indicated subroutine
Input #3 to A; out 4 reg.

Junp false zero

Input #4 to A; out 4 reg.

Input #6 to A; out 4 reg.
(Same as 106)

Input #7 to A; out 4 reg.
Jump false sign

Output A reg. to output #10
Call false sign

Output A reg. to output #11
(Same as 104)

Output A reg. to output ¥12
(Same as 106)

Output A reg. to output #13
Jump false parity

Output A reg. to output #14
Call false parity

Output A reg. to output #15
(Same as 104)

Output A reg. to output #16
(Same as 106)

Output A reg. to output #17
Junp true carry

Output A reg. to output #20
Call true carry

Output A reg. to output #21
(Same as 104)

Output A reg. to output #22
(Same as 106}

Output A reg. to output #23
Jump true zero

Output A reg. to output #24
Call true zero

Output A reg. to output #25
(Same as 104)

Output A reg. to output #26
(Same as 106)

Output A reg. to output #27
Jump true sign

Output A reg. to output #30
Call true sign

Output A reg. to output #31
(Same as 104)

Output A reg. to output #32
(Same as 106}

Output A reg. to output #33
Jump true parity -

Qutput A reg. to output #34
Call true parity

Qutput A reg. to cutput #35
{Same as 104)

Output A reg. to output #36
(Same as 106) )

Output A reg. to output #37

Fig. 2.8.1--The 8008 Instructions in Numerical Order (Page 1)
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SEC,

200 10
201 10
202 10
203 10
204 10
205 10
206 10
207 10
210 10
211 10
212 10
213 10
214 10
215 10
216 10
217 10
220 10

221 10
222 10
223 10
224 10
225 10
226 10
227 10
230 10
231 10
232 10
233 10
234 10
235 10
236 10
237 10
240 10
241 10
242 10
243 10
2u4 10
245 10
246 10
247 10
2%0 10
261 10
252 10
253 10
254 10
255 10
256 10
257 10
260 10
261 10
262 10

264 10
265 10
266 10
267 10
270 10
271 10
272 10
273 10
274 10
275 10
276 10
277 10

2.8

BINARY

000
000
000
000
000
[shiy
000
000
601
001
001
001
001
001
001
001
010

010
010
010
010
010
010
010
011
011
011
011
011
011
011
011
100
100
100
100
100
100
100
100
101
101
101
101
101
101
101
101
110
110
110
110
110
110
110
110
111
111
111
111
111
111
111
111

000
001
010
011
100
101
110
111
000
001
010
011
100
101
110
111
[slsls]

001
010

100
101
110
111
000
001
010
011
100
101
110
1
000
001
010
011
100
101
10
111
000
001
010
011
100
101
110
111
0oc
001
010
011
100
101
110
111
0G0
00l
010
011
100
101
110
111

Fig.

MNEMONIC DESCRIPTION

ADA
ADB

THE 8008

INSTRUCTION SET (cont'd)

Add A register to A register
Add B register to A register
Add C register to A register
Add D register to A register
Add E register to A register
Add H register to A register
Add L register to A register

Add memory to A register
Add A reg. to A reg. with
Add B reg. to A reg. with
Add C reg. to A reg. with
‘Add D reg. to A reg. with
Add C reg. to A reg. with
Add H reg. to A reg. with
Add L reg. to A reg. with
Add memory to A reg. with
Subtract A reg.
Subtract B reg.
Subtract C reg.
Subtract D reg.
Subtract E reg. fram A reg
Subtract H reg. fram A reg
Subtract L reg. from A reg

carry
carry
carry
carry
carry
carry
carry
carry

from A reg.
from A reg.
from A reg.
from A reg.

Subtract memory from A reg.

Subtract A reg.
Subtract B reg.
Subtract C reg.
Subtract D reg
Subtract E reg
Subtract H reg
Subtract L reg

. fram A with borrow
. fram A with borrow
. from A with borrow
. from A with borrow

Subtract memory from A with borrow

AND the A reg.
AND the B reg.
AND the C reg.
AND the D reg.
AND the E reg.
AND the H reg.
AND the L reg.
AND memory with the A reg.
EXCL. OR the A reg. with A
EXCL. OR the B reg. with A
EXCL. OR the C reg. with A
EXCL. OR the D reg. with A
EXCL. OR the E reg. with A
EXCL. OR the H reg. with A
EXCL. OR the L reg. with A
EXCL. OR memory with A

OR the A reg.
OR the B reg.
COR the C reg.
OR the D reg.
CR the E reg.
OR the H reg.
OR the L reg.
OR memory with the A reg.
Compare A reg. with A reg.
Campare B reg. with A reg.
Campare C reg. with A reg.
Compare D reg. with A reg.
Campare E reg. with A reg.
Compare H reg. with A reg.
Campare L reg. with A reg.
Compare memory with A reg.

with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.

with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.
with the A reg.

OCTAL

300
301
302
303
304
305
306
307

310
311

313
314
315
316
317
320
321
322
323
324
325
326
327
330
331
332
333
334
335

337
340
341
3u2
343
344
345
3u6
347
350
351
352
353
354
355
356
357
360
361
362
363
364
365
366
3687
370
an
372

374
375
376
377

BINARY

000
000
000
000
000
000
000
000

001
001
001
001
001
001
001
001
010
010
010
010
010
010
010
010
011
011
011
011
011
011

ol
100
100
100
100
100
100
100
100
101
101
101
101
101
101
101
101
110
110
110
110
110
110
110
110
111
111
111
111
111
11
111
111

000
001
010
011
100
101
110
111

000
001
010
011
100
10
110
111
000
001
010
011
100
101
110
111
000
001
010
011
100
101
110
11
000
001
010
011
100
101
110
11
000
001
010
011
100
101
110
111
000
001
010
011
100
101
110
111
000
a0l
010
011
100
101
110
111

MNEMONIC DESCRIPTION

LAA
1AB
LAC

EXEEEREEEEEEERS

e

BEESE

Load A
Load A
Load A
Load A
Load A
Load A
Load A
Load A

load B
Load

w®

load B
Load B
load B
Load B
Load B
load B
Load C
Load C
load C
load C
Load C
load C
Load C
Load C
load D
Load D

load H
Load H
load H
load H
Load L
load L
Load L
load L
load L
Load L
load L
Load L

register from A register
register from B register
register from C register
register from D register
register from E register
register from H register
register from L register
register from memory

register from A register
register from B register
register from C register
register fram D register
register from E register
register from H register
register from L register
register from memory

register from A register
register fram B register
register from C register
register from D register
register from E register
register from H register
register from L register
register fram memory

register from A register
register from B register
register from C register
register from D register
register from E register
register from H register
register from L register
register from memory

register from A register
register from B register
register from C register
register fram D register
register from E register
register from H register
register from L register
register from memory

register fram A register
register from B register
register from C register
register from D register
register from E register
register from H register
register from L register
register from memory

register from A register
register fram B register
register from C register
register from D register
register from E register
register from H register
register from L register
register from memory

Load memory from A register
Load memory from B register
Load memory from C register
Load memory from D register
Load memory from E register
Load memory from H register
Load memory fram L register
Halt until interrupted

2.8.1--The 8008 Instructions in Numerieal Order (Page 2)
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SEC. 2.8 INSTRUCTION SET (cont'd)

Note that in Figure 2.8.1, six instructions are labeled undefined,
since the 8008 manufacturers do not specify what these instruction codes
do. However, the 8008 user may consider these NOP (pronounced "no-op™)
or no-operation instructions. They can be used as time-fillers during
a program. The instructions 042, 052, 062, 070, 071, and 072 operate
as follows. Since the 8008 does not decode the instruction, it cannot
perform any data manipulations or skip over any states. The CPU goes
through all five states, Tl through T5, of a single PCI cycle. T5 ter-
minates the instruction, as it always does. During T4 and T5 times,
the CPU drives its data bus with the octal number 377. This implies
that no internal register is either listening or talking at this time.

Note also that several instructions have multiple binary codes.
Chapter 11 shows how these may be used to add extra instructions to the
8008 vocabulary. Chapter 16 puts some of these to practical use.

SEC, 2.9 A SIMPLE PROGRAM

In order to provide a feeling of how a microprocessor works, this
section reviews how a short program gets executed.

PROGRAM TO SWAP B AND C REGISTERS

LAB LOAD A REGISTER FROM B REGISTER
LBC LOAD B REGISTER FROM C REGISTER
LCA LOAD C REGISTER FROM A REGISTER

Fig. 2.9.1 Swap B and C Using A Register

In this example, before execution of the program, the A register
contained the number 123, the B register contained 234, and the C reg-
ister contained 345. The execution of the program is illustrated in the

chart in Figure 2.9.2.

REGISTER

INSTRUCTION [ A B C DESCRIPTION
123 234 345 | ORIGINAL STATE
LAB 234" " 345 | LOAD A FROM B
LBC 234 345/ " | LOAD B FROM C
LCA " \2% LOAD C FROM A

234 345 234 | FINAL STATE

Fig. 2.9.2--Chart Showing Transfers of Registers

puter
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THE 8080 3-1

SEC. 2.9 A SIMPLE PROGRAM

After the execution of these three instructions, the contents of
the B and C registers are reversed from what they were originally. In
the process of swapping, the contents of the A register were destroyed.
Of course, it was not the object of the program to change (or save) the A
register. The fact that a program destroys the contents of a particular
register must be remenbered by the programmer. Many programers insert
comments at the beginning of each program segment or subroutine telling
which registers are needed as information by the program, which registers
contain the results of the program's execution, and which registers are
used or destroyed during the execution of the program.

Chapter 23 containg some Software Tricks which further illustrate
how 8008 programs work.

SEC. 3.1 THE 8080

The 8080 was developed by Intel Corporation as an update of their
first-generation microprocessor, the 8008. The 8080 has a great many
advantages over the 8008; there are also a few minor disadvantages.
This chapter discusses the main features of the 8080, with comparisons
to the 8008.

SEC. 8.2 8080 HARDWARE

The 8080 is a much faster CPU than the 8008. The extra speed is
attained partially be using the 17-volt N-channel MOS process. The
8080 requires three power supply voltages: +12, +5, and -5 volts. (The
8008 requires +5 and -9 volts). The +12 volt requirement is also
for the external two-phase clock generator. Though the large voltage
swing required cannot be supplied by ordinary TTL components--and generat-
ing the asymmetrical clock would take several TTL ICs--the prcblem is
simplified by the availability of the type 8224 clock generator IC.
Many computers need +12 V supplies already, for such accessories as
EIA interfaces, analog circuitry, and the like. Further, -5 or -9V
supplies are needed for many memory devices (RAM and PROM) commonly
used in microcomputers; these voltages may easily be dropped down from
the ~12 V supply.

The standard 8080 clock frequency is 2.0 MHz, as compared to the
500 KHz clock used with the standard 8008 (or the 800 KHz frequency of
the 8008-1).

Another reason for the increased speed of the 8080 is that a full
16-bit memory address is available at separate address terminals on the
8080's L40-pin package. (The 18-pin 8008 requires its data bus to carry
the low-order memory address, the high-order. address, and a data word
in successive cycles.) Thus, while an 8008 takes 20 us for a simple
instruction (12.5 us, 8008-1), the 8080 takes 2.0 us for a simple instruc-
tion. (In either case, a complex instruction prolongs the cycle.)

Since 16 address bits are used for memory addressing, the 8080 can
work directly with up to 64 K bytes of memory (65,536 8-bit data words).
(The 8008 addresses 16 K.) Because of thermodynamic considerations, a
17-volt N-channel MOS processor inherently has the potential for higher
speeds than a 14-volt P-channel processor (like the 8008) or a S~volt
N-channel CPU (such as the 6800). 8080s with instruction cycle times
as fast as 1.0 us were available as this bock went to press.

Improvements in the 17-volt MOS manufacturing process have resulted
in benefits other than higher speed. TFor example, the size of the
silicon die on which the 8080 is etched has been reduced significantly.
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SEC, 3.2 8080 HARDWARE (cont'd)

Comparing die sizes among three 8080 manufacturers, one is 230 by 210
mils, or 48,300 square mils; the second is 170 by 197 mils, or 33,490
square mils; the third is 131 by 169 mils, or 22,139 square mils. Every-
thing else being equal, these reducticns in die size mean that more 8080s
can be produced from each silicon wafer--which leads to a reduction in
cost. Prices have fallen far since the $360 single-quantity price tag
for the 8080 was introduced. One advertisement has placed the price in
lots of one million at $6.00. Prices in more moderate quantities are
not this low, but at any reasonable price the implication is clear: a
powerful microcomputer can now be assembled at a cost that would have
seemed incredibly low only a few years ago.

The 8080 is available from multiple suppliers, guaranteeing its
acceptance as a standard part. These include Intel Corporation (3065
Bowers Ave., Santa Clara, CA 95051); Texas Instruments (P.0. Box 5012,
Dallas, TX 75222); Advanced Micro Devices (901 Thompson Place, Sunnyvale,
CA 94086); NEC Microcomputers (Five Militia Drive, lexington, MA 02173);
and National Semiconductor (2900 Semiconductor Dr., Santa Clara, CA 95051).

SEC. 8.8 8080 SOFTWARE

The 8080 does not include a program counter (PC) stack. Instead,
the PC stack is located in external RAM memory. The stack pointer (SP),
which points to the PC stack level from which instructions are currently
being fetched, is a full 16 bits wide. Any area in the 8080's 64 K
memory complement can be used for stack operations. A number of instruc-
tions have been added to the 8080 which permit direct manipulation of the
stack.

The 8008 is much more limited with regard to stack operations.
Addressed internally by a three-bit stack pointer, the 8008 PC stack
is not externally addressable. This limits 8008 program subroutine
nesting, a major disadvantage in long and complicated programs, and
in interrupt handling.

Two obvious disadvantages accrue from the 8080's external stack.
The first is that the minimal 8080 system must have at least some RAM
in it--which adds to the cost of small industrial controllers. The
second is that the stack pointer must be initialized to a valid RAM
address as programming begins. (The 8008 does not require any
special attention to its stack pointer when being initialized--which
occurs through an initial interrupt sequence.) Once again, however,
these disadvantages are outweighed by the unlimited subroutine
nesting and by the availability of PUSH and POP instructions for
storing and retrieving registers other than the PC.

SEC. 8.3 8080 SOFTWARE (cont'd)

A program written for the 8008 can be translated for the 8080 with
little trouble. The internal microcoding of the 8080 dictated a
rearrangement of opcodes, and the binary machine codes for most 8008
instructions have been changed. In most cases, a one-to-one substitution
can be made. There are two notable exceptions. First, since the SP
is entirely under program CPU control in the 8080, the stack pointer
must be initialized to a valid address in RAM when the machine is
started so that the PC may be pushed and popped when CALL and RETURN
instructions are executed, as discussed above. Second, 8080 INP and OUT
instructions take two bytes, rather than one as they did in the 8008.
The corresponding advantage: an increase in the number of addressable
I/0 ports.

Figure 3.3.1 shows a list of 8080 instructions, condensed from a
listing frequently seen in manufacturer's publications. Though the order
in which the instructions appear may seem arbitrary, there is an organiz-
ing principle. Namely, the instructions which appear in the first two
colums are all found in the 8008 microprocessor. The opcodes have been
changed, as well as the mnemonics.

The 8080 IN and OUT instructions, marked with an asterisk, are
similar to the 8008 equivalents, except (as noted above) they are two
bytes in length.

The instructions in the third and fourth columns of Fig. 3.3.1,
starting with IXI B, are those which have been added to the 8080
instruction set.

Note that with the 8080, the program is permitted to address certain
pairs of registers--not only the usual address registers, the H and the L,
but the B and C together, and the D and E together. Direct loading and
storing of the HL register pair at any memory location is also allowed.
Together with the double-precision add (DAD) and increment/decrement
instructions, these almost make the HL register pair into a 16-bit
accumlator (while the A register is certainly an 8-bit accumilator).

Also added are instructions to load immediate the register pairs;
and the BC and DE register pairs may be used as addresses for leading and
storing the A register.

The 8080 can increment or decrement either the A register, or memory
(the data word in memory addressed by the HL register pair) -- both of
which instruction types were not provided with the 8008.
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3-y THE 8080 :
SEC, 3.3 8080 SOFTWARE (cont'd) SEC. 3.3 8080 SOFTWARE (Cont Id)
Mnemonic  Description .
XRI ixcluswe Or immediate with . IN tnput XTHL Excnange top of stack, H & L
i ouT Output SPHL H& L to stack pointer
MOV,), 5  Move register to register ORI Or immediate with A LX) 8 Load immediate register PCHL H & L to program counter 8 080 'NS TR UCT’O N SET
MOV M. ¢ Move register to memcry e Compare immediate with A Pair B& C DAD B AddB&CtoH&L
MOV M Move memory to register RLC Rotate A feft LXrp Load immediate register DAD D AddD&EtOH&L
HLT Halt RRC Rotate A roht ot Pair D & £ DADH  AddH&LtoH&L
MVLr Move immediate register RAL otate A left through carcy LXIH Load immediate register DADSP  Add stack pointer to H & L : . :
MVI M Move immediate memory RAR Rotate A right through Pair H & L STAXB  Store A indirect Summary of Processor Instructions in Alphabetical Order
INR ¢ Increment register carry LXI SP Load immediate stack pointer STAXD  Store A indirect
; DCR Decrement register J?P j"'“p unconditional PUSH B Push register Pair B & C an LDAX B Load A indirect
I INR M Increment memory jNC Jamp on carty stack LOAXD  Load A indirect Mnemonic Description Octal Code Mnemonic Description Octal Code
j‘ DCRM chremgm memory iz J“:” ": ;': ia"y PUSH O Push register Pair O & E on INX B Increment B & C registers
:‘ ADO Add register 10 A Wz J:mz ;" nﬂrmo stack INX D Ingrement D & E registers ACI data Add immediate to A with carry 3 1 6 ORA r OR register with A 2 6 r
ADC e Add register 10 A with carry » Jump on positive PUSHH  Push register Pair K & L on INXH Increment H & L registers ADC r Add register to A withcarry . 2 1 »r ORI data OR immediate with A . 3 6 6
| Susr Subtract register from A ™ Jump on minus stack INXSP  Increment stack pointer ADD r Add register to A . . . . 2 0 p OUT port Output 3 2 3
| 588 ¢ Suhh"ba“ register from A e Jump on parity even PUSHPSW  Push A and Flags OCXB  Decrement B & C ADI data Add immediate to A . . . . 3 0 6 PCHL HL to program counter . 3 5 1
with borrow 0 Jump on parity odd an stack 0CX D Decrement D & £ ANA ¥ AND register with A . 2 4 r POP rp Pop register pair off stack 3 1
ANAr - And register with A CALL ol gt POPB  Pop register pair B & C off DCXH  DecrementH& L ANI data AND immediate with A 3 4 6 (only B, D, H)
! g::' ;musw:o”;g:m wth A o Call on carry stack DCXSP Decrement stack pointer CALL addr Call unconditional . . 3 1 5 POP PSW Pop A and flags off stack . 3 6 1
! ! ! register wit CNC Call POFD Pap register pair 0 & € off CMA Comptement A Ce addr Call on condition 3 e 4 PUSH Push register pair onto stack 3 rp §
CMP Compare register with A 2l on no carry stack STC Set carr rp g p
‘ ADD M Add memory to A €z Catl on zero POPH Pap register pair H & L off e c “I Y CMA Complement A o 5 7 (only B, D, H)
i ADCM  Add memory to A with carry CNZ Call on no zero stack OAR D"",‘" elm:nl C‘X'V CMC Complement carry . . Lo.0 7 7 PUSH PSW Push A and flags onto stack 3 6 5
SUB M Subtract memory from A cP Call on positive POPPSW  Pop A and Flags SHLO St?::; {";:rm CMP r Compare register with A .. 2 7 » RAL Rotate A left through carry o 2 7
SBB M Subtract memory from A oM Call on minus off stack LHLD oud H& L direct CPI data Compare immediate with A 3 7 6 RAR Rotate A right through carry .0 3 7
i with borrow CPE Call on parity even STA Store A direct £ Enable nterrupts DAA Decimal adjust A . 0 4 7 Re Return on condition . .3 e 0
i ANAM  And memory with A ceo Call on parity odd LDA Load A direct ol Disable interrupt DAD rp Add register pair to HL 0 rp+1 1 RET Return - 301 1
I XRAM  Exclusive Or memory with A RET Return XCHG Exchange D & E, H& L NOP No-operation DCR r Decrement register . .0 r s RLC Rotate A left . o 0 7
‘ ORAM  Or memory with A :cc :"“"‘ an carry Registers DCX rp Decrement register pair . . 0 rptl 3 RRC Rotate A right o 1 7
CMP M Compare memory with A N £1urn on o carry DI Disable interrupts . 3 6 3 RST n Restart . . .3 on 7
ADI Add immediate to A Rz Return on zero EI Enable 1ntermpts 3 7 3 SBB r Subtract reg. from A w/borrow 2 3 r
ACl Add immediate to A with RNZ Return on no zero HLT Halt . . 1 6 6 SBI data Subtract imm. from A w/borrow 3 3 6
| carry Re Return on positive IN port Input 3 3 3 SHLD Store HL direct .. . . 0 4 2
i Sul Subtract immediate from A AM Return on minus _ INR » Increment reglster 0 » 4 SPHL HL to stack pointer . 3 7 1
. SBI Subtract immediate from A APE Return on parity even INX rp Increment register pair 0 rp 3 STA addr Store A direct .06 2
' ANI ::: :::Z::amwuhA :SP$' ::;'::tu" parity odd JIMP addr Jump unconditional 3 0 3 STAX rp Store A indirect (only B D) . 0 rp 2
Je addr Jump on condition 3 ¢ 2 STC Set carry . .. 0 6 7
i LDA addr Load A direct . . o 7 2 SUB r Subtract reglster from A 2 2 r
! LDAX rp Load A indirect (only B D) 0 rp+l 2 SUI data Subtract immediate from A . 3 2 6
LHLD addr Load HL direct .0 5 2 XCHG Exchange DE, HL register pairs 3 5 3
LXI rp, data Load immediate reglster palr .0 rp 1 XRA r Exclusive OR register with A. 2 § r
MOV 4, s Move register to register . 1 d s XRI data Exclusive OR immediate with A 3 5 6
MVI r, data Move immediate register 0 r 6 XTHL Exchange top of stack with HL 3 4 3
! . . Nop No operation . ¢ 0 0
| Fig. 3.3.1--8080 Instructions. P
: . . . ABBREVIATIONS 8080 INSTRUCTIONS IN OCTAL FORMAT
Fig. 3.3.2 shows the 8080 instruction set by alphabetical order. b I sie 5080 .
. A N . . . rev. eseription 1ts The is an 8-bit micro-
The format is designed to aid the 8080 user in learning the 8080 instruct- processor, and its instruction
l ion codes. As stated in the note on this chart, the 8080 is microcoded addr lgemgf)t"address lg code tends to break down into a
. . . . Lo ] . c ondition 2/3/3-bit grouping. This is wh
‘ in such a manner that its instruction set is more easily memorized when d Destination 3 Tt was concentont in this chart
| presented in octal (rather than hex) format. Nevertheless, hex is datzz %a 8/§° to list 8080 instructions in
por port octal format, where digits follow
fr‘equently used. r Register 3 this same paétern.
rp Register pair 2
. . . . 3 i i -
. Flg 3.3.3 presents the 8080 instruction set graphically. The s Source bit ;Z"i:f:;mji zztzilafs‘e fl“/ 4
organlzatlon of this chart illustrates how various memory-referencing instead of octal, but since hex
\ instructions work, and should be useful to the 8080 user just becoming INSTRUCTION CODE VALUES i‘g:Sw;‘;ti§°:;§zg°’t‘:edggggtg to
familiar with its instruction set. ‘ Tt o+ + CONDITION +» + - -+ microcoded, hex instruction
OCTAL  REGISTER REGISTER PAIR (e) codes are not readily listed in
. . . . N . . CODE (d, v, &) (rp) {rp+1) Abbrev. Description Flag condensed graphic form, and are
] A detailed description of each 8080 instruction is presented in the * more difficult for the programmer
| 8080 data sheet, reprinted near the end of this book. 0 2 BC w b Eziozero - ? to learn.
2 D DE -- NC No carry CY =0
3 E -- DE C Carry CY = 1
| 4 H HL -- PO Parity odd P=0
\ 5 L -- HL PE Parity even P =1
6 M SP -- P Plus §=20
7 A - Sp M Minus §=1 Copyright © 1976, Martin Research
|
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OCTAL

200
201
202
203
201
205
206
207
210
211
212
213
214
215
216
217
220
221
222
223
224
225
226
227
230
231
232
233
234
235
236
237
2u0
241
242
243
244
245
246
247
250
251
252
253
254
255
256
257
260
261
262
263
264
265
266
267
270
271
272
273
274
275
276
277

8080 SOFTWARE (cont'd)

8080 8008
HEX SYMBOL SYMBOL
80 ADD B ADB
81 ADD C ADC
82 ADD D ADD
83 ADD E ADE
84 ADD H ADH
85 ADD L ADL
86 ADD M ADM
87 ADD A ADA
88 ADC B ACB
89 ADC C ACC
8A ADC D ACD
8B ADC E ACE
8C ADC H ACH
8D ADC L ACL
8E ADC M ACM
8F ADC A ACA
90 SUB B SUB
91 SUB C suc
92 SUB D Sup
93 SUB E SUE
9y SUB H SUH
95 SUB L SUL
96 SUB M SUM
97 SUB A SUA
98 SBB B SBB
99 SBB C 5BC
9A SBB D SBD
9B SBB E SBE
9C SBB H SBR
9D SBB L SBL
9E SBB M SBM
9F SBB A SBA
A0 ANA B NDB
Al ANA C NDC
A2 ANA D NDD
A3 ANA E NDE
Al ANA H NDH
AS ANA L NDL
A6 ANA M NDM
A7 ANA A NDA
A8 XRA B XRB
A9 XRA C XRC
AA XRA D XRD
AB XRA E XRE
AC XRA H XRH
AD XRA L XRL
AE XRA M XRM
AF XRA A XRA
BO ORA B ORB
Bl ORA C ORC
B2 ORA D ORD
B3 ORA E ORE
By ORA H ORH
BS ORA L ORL
B6 ORA M ORM
B7 ORA A ORA
B8 P B CPB
BS P C CPC
BA P D CPD
BB MP E CPE
BC aP H CPH
BD P L CPL
BE P M CPM
Br MP A CPA

Figure 3.3.4
(Part 2)

OCTAL HEX

300
301
302
303
304
305
306
307
310
311
312
313
314
315
316
317
320
321
322
323
324
325
326
327
330
331
332
333
334
335
336
337
340
341
342
343
344
3u5
346
347
350
351
352
353
354
355
356
357
360
361
362
363
364
365
366
367
370
371
372
373
374
375
376
377

[s3}
Cl
C2
c3
o0}
63
C6
c7
c8
9
CA
CB
cc
o]
CE
CF
o
D1
D2
b3
Du
D5
Dé
D7
ol:]
jas)
DA
DB
DC
oD
DE
DF
EO
El
E2
E3
E4
ES
EB
E7
E8
ES
EA
EB
EC
ED
EE
EF
FO
F1
F2
F3
4
FS
6
7
F8
9
FA
B
3¢
m
TE
T

8080
SYMBOL

RNZ
POP B
JINZ
JMP
NZ
PUSH B
ADT
RST O
RZ
RET
JZ
(Unde fined)
Cz

CALL
ACI
RST 1
RNC
POP D
JNC
our
NC
PUSH D
SUT

RST 2

RC

(Unde fined)
Jc

IN

cc

(Unde fined)
SBI

RST 3
RPO
POP H

(Unde fined)
XRI

RST §

RP

POP PSW
JP

s

[oi

PUSH PSW
ORL

RST 6
RM

SPHL

JM

EI

o4

(Unde fined)
CPI

RST 7

8008
SYMBOL

RFZ

JFZ
JMP
CFZ

ADI
RST 000
RTZ
RET
JTZ

cre
CAL
ACT
RST 010
RFC

JFC
ouT
CFC

sSur
RST 020
RTC
JTC
INP
[%i4

SBI
RST 030

CFP

NDI
RST 040
RTP

RST 050

RST peo

mlcrocorgputer

esign

THE 8080 3-9

SEC. 3.4 SELECTED 8080 TECHNICAL NOTES

In order to give the clearest possible explanation of a practical
8080 circuit, we have reprinted the data sheet for the Model 471 8080
CPU board near the end of this book. This data sheet includes a schematic
diagram with a full description of operations, including such adjuncts as
memory-mapped I/0 addressing and interrupt reset and hold circuitry.

This section presents important technical matters concerning 8080
designs generally. Some are to clarify points not made clearly in exist-
ing 8080 applications literature; other reflect design experience. We
recommend that the reader start with the chapter on the 471 CPU and

familiarize himself with the 8080 data sheet before reading the following
discussions.

3.4.1  Memory Access Time The designer unused to memory system design

may have difficulty in divining from the 8080
and memory data sheets whether a given chip meets the 8080 requirements.

An 8080 microcomputer addresses memory with its sixteen-bit address
bus; data transfers take place via the 8-bit data bus. The memory address
must be valid before the data transfer takes place, so that circuitry
external to the CPU can decode the address and provide suitable enabling
signals to the memory device that has been selected. The memory chip
cannot insta.ntaneously make the selected data word available, moreover;
there is always an appreciable delay between the time the chip is enabled
and the time that it can reliably be read from or written into.

The chart below,
requirements. The fi
8224 clock generator.

Fig. 3.4.1, relates 8080 speed to memory speed
gures are based on an 8080 system making use of the

Read Write Write
CPU Clock Cycle Access Time Access Time Pulse Time
8080A 500 ns 610 ns 720 ns 500 ns
8080A-2 375 ns 405 ns 465 ns 375 ns
8080A-1%* 325 ns 340 ns 400 ns 325 ns
8080A-4* 250 ns 225 ns 285 ns 250 ns

*See text

Figure 3.4.1--8080 Speeds Related to Memory Speed Requirements

X mmrocorgputer
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SEC., 3.4 SELECTED 8080 TECHNICAL NOTES

The values shown in Figure 3.4.1 are based on data sheets for the
8080 variations shown and on the 8224 clock driver. Note that the 8080
versions marked with an asterisk require an oscillator speed greater than
27 MHz, the speed 1imit of early Intel 8224 clock generators; a premium
device is needed. The read and write access figures shown are based
on ideal calculations, based on 8080 and 8224 characteristics alone--
plus 40 ns to allow for system delays. The paragraphs that follow
support these calculations.

The 8080 accommodates memory timing characteristics with the
following timing sequences. Within a machine cycle which addresses
memory, there are three states, T1-T3, each lasting one clock period.
As 62 goes high during T1, a memory address is clocked onto the 8080
address bus. The time it takes for this address to settle on the bus
is tda (address output delay from 62). At T3 time--two clock cycles
later—--data transfers take place. The interval between Tl and T3 is
provided principally so that memory access is assured before a data
transfer takes place.

When the 8080 is reading from memory, input data must be available
on the data bus before #2 of T3, when the 8080 latches up this data
internally. It must be stable previous to &2 by the period tds2 (data
set-up time to #2 dwring DBIN). The preceding factors give the formula
for memory access time during 8080 read cycles: 2 teoy - tda - tds2,
where tcy is the clock cycle time. TFor an 8080A running at the standard
2.0 MHz clock frequency, this is 2 (500 ns) - 200 ns - 150 ns, or 650 ns.
However, this figure is ideal; no delays have been allowed for bus
drivers, memory decoders, interconnecting cables, or other factors. A
safe practice is to specify memory with a read mode access time of 610
ns or better.

During the memory write mode, the minimum required memory access
time is measured from the time that the address becomes stable, to the
beginning of the memory write pulse. This signal, WR, is initiated
by the 8080 at the leading edge of 41 during T3 time. It lasts one
full clock cycle, 500 ns at standard speed. Thus, the 8080 again
provides memory with two clock cycles--here diminished by the address
set-up time, and by the amount of time that 41 precedes 2 (tds,
typically 120 ns with the 8080A). The formula provided by Intel is
taw = 2 tcy - td3 - tré2 - 140 ns, where tré2 is the clock rise time
(20 ns with the 8224 clock generator)--working out to 760 ns. Again,
this figure should be reduced to allow for system delays. Safe practice
is to specify a write mode access time of 720 ns or better.

Tactors to be considered in a practical memory design include how
the memory chip is selected and its address decoded. These matters are
discussed further in Chapter 13.

| }“ ’ THE 8080 3-11
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SEC. 3.4 SELECTED 8080 TECHNICAL NOTES

3.4.2 Memory Wait Cycles A slow memory device, which does not meet

8080 speed requirements, can be synchronized
with the CPU by pulling down the 8080's READY terminal shortly after it
has been selected. Detected by the CPU during T2 time, this condition
causes the 8080 to enter one or more TW states, essentially extra T3
clock cycles. Effectively, the DBIN enable signal (or WR output strobe)
is lengthened by the period tcy for each wait cycle incurred.

Swmmary : To produce » wait states in an 8080 system, pull down the

RDYIN input to the 8224 clock generator for a period of
approximately (n - 1/6) tcy, starting at the beginning of the STB system
strobe.

The following paragraphs explain this formula, and the circuit for
the 471 CPU board shows a practical wait circuit. (See the 471 data
sheet, near the end of this book, Sec. 1.10.) Assume that one wait state
is required in an 8080 computer operating with a 2.0 MHz clock, in order
to add 500 ns to the 8080 memory access cycle.

The 8080 samples the READY line at the falling edge of #2, during
T2 time. To provide proper data set-up time, the RDYIN input of the
8224 clock generator is generally used to synchronize wait requests with
the rising edge of é2. This means that to cause a wait state, the
request must be received by the 8224 before the rising edge of 42 during
T2 time. The selected memory device must enter its request sometime
during the period starting when it was selected by an address on the
address line--at about T1-42, plus delays--and ending at T2-62, when
the 8224 samples for requests. The request must be removed before
the rising edge of #2 of the last required wait cycle, to avold causing
another wait.

The one-shot requesting a wait is triggered by the leading edge
of the system strobe, STSTB (STB for short), which falls at A1A time,
just at the end of T1. This is about 1/9 tcy before T2-41, and 1/3
tey before T2-62. The 8224 clocks this request at the beginning of
T2-¢2; the 8080 sees it at the end of T2-62, entering a wait state.
The one-shot withdraws the request sometime after 62 begins; by the
next @2, the 8224 sees no request; the 8080 realizes that the wait
should end; and so it does.

In order to avoid precision timing components, the one-shot period
is chosen to end midway between ¢2 pulses (rising edges). TFor one
wait state, a delay (after the first 62) of 1/2 tcy is chosen; for two
wait states, the delay is 1% tcy; etc. This generalizes to (n - %) tey
for n wait states. But, since STB fires the one-shot 1/3 tcy before
T2-¢2, this period must be added: (n - %) tey + 1/3 tcy = (n - 1/6) tcy.

MR mmrocorgputer
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SEC. 3.4 SELECTED 8080 TEGCHNICAL NOTES

3.4.3 8080 Variations The 8080 devices available from the
different manufacturers may vary in
electrical characteristics. For example, the 9080A from Advanced
Micro Devices offers improved output drive current capability. Other
distinctions are discussed in the 471 data sheet, Sec. 1.2. The
reader should secure current specifications from the manufacturers

to supplement this information, since new developments are frequent.

Worthy of further note is the 8080 version available from NEC
Microcomputers, which operates from a 5-volt symmetrical clock (using
circuitry very similar to that discussed in Chapter 5 for the 8008).

3.4.4  Preventing 8080 Hang-up States An active concern in micro-

computer systems used as
controllers is that if some unforeseen failure should cause the CPU
to leave its normal program path, most likely the system will "walk
out" of the bad state and continue its controlling job as well as
possible.

Two design goals are important in preventing hang-up states. The
first is to minimize the probability that a noise spike can derail the
microprocessor. This is both a software and a hardware problem; the
hardware aspect requires the engineer to design the power supply,
packaging, wiring, and shielding to minimize interference from noise
sources., In terms of software, the 8080 is superior to the 8008 in
the respect that the 8080 has only one code for the HALT instruction--
166--whereas, the 8008 has three--000, 377, and 00l--the first two of
which might easily result from access to a non-existent memory location.

The other objective is to provide a method whereby the micro-
processor will recover its normal program mode. In interrupt systems,
the 8080 presents the problem that interrupts may be disabled by
software, and if the computer enters the HALT state while interrupts
are disabled, then there is no way for the CPU to continue unless it

is reset. A solution appears in the data sheet for the 471 CPU board
(Sec. 1.7).
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SEC, 4.1 INTRODUCTION

In electronics, the word microprocessor has become the buzz-word
of the mid-seventies. But there is a great deal of confusion surround-
ing the term. When for example does a microcomputer become a mini-
computer? Advertising claims tend to obscure the differences, and
much energy, time, and money are wasted by designers who mismatch a
computer with an application.

As a first approximation in clarifying the issue, let us use
price as a criterion. A computer costing less than $25.00 is a
microcomputer; a computer costing between $25 and $250 is a milli-
computer; one with a cost between $250 and $2500 is a minicomputer;
and a computer costing over $2500 is a main frame computer. These are
prices in volume to an original equipment manufacturer (OEM), and in-
clude the approximate cost of the central processing unit with all
control logic and associated memory.

Mieroprocessors which could be used to build mierocomputers by
this definition would include the 9002 from Electronic Arrays; the
F8 chip set from Fairchild; and the TMS 1000 series from Texas Instru-
ments. The Intel 4004 and 4040 are also in this category.

Millicomputers would be based on such processors as the Motorola
6800 (also available from American Microsystems); the Intel 8080 (also
available from Texas Instruments, Advanced Micro Devices, and NEC Micro-
computers); the MOS Technology 6500 series; and the Signetics 2650.
Computer Automation makes a computer called the Naked Milli which fits
roughly at the top end of the millicomputer price range.

Minicomputers, of course, are a class of small computers which
have been available since the early sixties. Finding wide use in
industrial, educational, and business applications, they are offered
by a number of manufacturers. Until the advent of integrated circuits
using large-scale integration (LSI)--based chiefly on metal-oxide semi-
conductors (MOS)--minicomputers were the smallest computers available.

Another way of distinguishing computing devices is by their in-
tended application. If the device in its final form locks like a
computer--with a console, and the ability to start and stop operations
in order to enter new programs under operator control--then it is prop-
erly called a computer. But if the processor is especially dedicated
to the control of a particular machine--and there are no operating
controls relating directly to the functioning of the computer as such--
then the processor operates as a controller.

There are at least two special characteristics of controllers.
First, an important feature is its ability to walk out of bad states.
In other words, there should ideally be no condition into which the
machine can get--through noise or hardware/software bugs-- from which
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SEC. 4.1 INTRODUCTION (cont'd)

it cannot successfully exit, resuming the task of machine control. A
hangup state might cause the machine to malfunction disastrously--or
sit inoperative until a skilled technician can reset it. This would
not be so important with a computer (used as such), which encounters
little noise--and which, in case of failure, can simply be reset by
the operator, restarting the program.

A second way of distinguishing a controller from a computer is
the kind of programming it is called upon to execute. The processing
power, memory-addressing capability, and (sometimes) the speed of a
general-purpose computer may be wasted on many small controllers--
whose main function is often to control data I/0 functions and to time
various machine functions. When the machine is to be produced in high
volumes, a simpler processor will optimize the cost of the machine
without sacrificing any machine potential.

If the application requires a great deal of complex data handling,
the cost of including a computer in the final product depends not just
on the hardware, but on the software. Large computer users were forced
to realize in the fifties and sixties that the cost of programming is
often greater than the cost of the computers themselves. Many micro-
computer and millicomputer users are discovering this in the seventies.
Fortunately high-level languages are becoming available for use in
developing software for these computers. Even so, there remain many
applications needing complex software where the availability of tested
programs makes minicomputers competitive. This is especially true
when the production volume is expected to be relatively low; it makes
no sense to develop thousands of dollars of software, to save hundreds
of dollars in hardware.

SEC, 4.2 SYSTEMS DESIGN

When planning a computer application, the designer should be
thinking at the systems level--not just about the CPU., The
microprocessor revolution has focused so much attention on the
processor that this point is often lost. As a result, one often
hears someone planning to interface 32 K bytes of memory, a floppy
disc controller, and a $2000 video terminal-~to a millicomputer
or even a microcomputer. The CPU itself accounts for a very tiny
part of the system cost--too small a proportion, in fact. This
is analogous to purchasing a high-fidelity music system with a $300
record changer, a $600 tape deck, and a $500 stereo receiver—-and
connecting it to two $5 four-inch speakers. The camputer system
would be limited by the abilities of the processor--which cannot
access 32 K of memory in a reasonable time, or input a megabyte
of data rapidly.
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SEC. 4.2 SYSTEMS DESIGN (cont'd)

Along the same lines, it makes little sense for a retail store
owner to purchare a millicomputer or microcomputer for doing inventory
for his store, plus compiling bookkeeping records at the end of the
month--at least, unless he is an expert programmer, or can purchase a
specially designed program tailor-made for his application. Here,
software availability limits the computer, as much as the hardware; but
the limitation is just as significant.

However, a large manufacturer might be able to produce 2,000 such
business machines profitably. The costs of developing the software could
be spread out over a number of products, justifying the effort.

Microcomputers and millicomputers very definitely have their place.
Many are ideally suited as controllers, buried inside a piece of business
or industrial equipment that the user might not suspect has a computer
in it at all. Here is where the minicomputer makes little sense. Its
memory-addressing power, its powerful instruction set, and its speed
are just overkill for an automobile emission control system, or inside
a printer, or for hundreds of other such applications.

In addition, microcomputers are ideal for educational purposes,
in teaching computer science principles at all school levels. Micro-
computers offer students the first practical opportunity to own their
own computers. In a classroom setting, multi-processor arrays can
be assembled, allowing many students to perform problems, and to
access a central computer for complex subroutines and high-speed
peripherals on a time-shared basis.

SEC. 4.3 PROCESSOR COMPARISONS

This section consists of brief sketches of selected current micro-
processors (including some that might more properly be termed milli-
processors). By no means exhaustive, this compilation is intended.only
to summarize some important features, and to sketch limitations and
advantages.

4.3.1 8008 and 8080  Discussed in detail in this boock, the 8080 is

generally used in new applications. 8008 machines
are being upgraded to the 8080, where the added features are advantageous.
A comparison between these processors appears in Chapter 3 above.

The disadvantages of the 8080 include the necessity for three
power supplies: +12, +5, and -5 V. However, the current required at
=5 V is very low, and a negative voltage is necessary anyway for many
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SEC, 4.3 PROCESSOR COMPARISONS (cont'd)

PROMs, some RAMs, and much analog circuitry (including EIA circuitry
for interfacing with terminals). A concomitant advantage: with 17 V of
on-chip potential, the 8080 is available in high-speed versions which
are significantly faster than 5-volt processors.

A programming disadvantage: the lack of branch relative instruc-
tions in the 8080 (or 8008). These instructions, well-known to mini-
computer programmers, allow one to create jumps to locations near the
current instruction location, without having to specify an absolute
memory address. This facilitates the writing of program loops, and
greatly simplifies the task of relocating programs during software
development. Instead of loading the second and third bytes of
a branch instruction into the program counter (as is done with the 8080),
the value of the second instruction byte is added to the program counter
using two's complement arithmetic. The machine jumps to the specified
new location, ranging forward 127 bytes or backward 128 bytes, depending
on the value of the second instruction byte.

On the other hand, the 8080 (and 8008) include a relatively large
number of internal index registers--six eight-bit registers, addressable
(in the 8080) as three 16-bit registers for many purposes. This both
facilitates memory addressing, and at the same time, allows many data
storage needs to be satisfied without recourse to external memory at all.

The 8080 is multiply-sourced, and has clearly become a standard
eight-bit milliprocessor (though not the only one). Software is
available, and is likely to continue being generated for some time to
core.

4.3.2 6800 'The 6800 was the second processor of second-generation

capabilities to reach production. If only because the
8008/8080 came first, the 6800 took longer to become widely used by
large manufacturers. But the designer who is just now making a choice
may find it difficult to choose between the 6800 and the 8080. The
6800 often has the edge, except where maximum speed is important.

One of the outstanding advantages of the 6800 is its single power
supply, +5 V, which cuts the cost of those systems which do not
otherwise need 12 V supplies.

Equally important, the 6800 instruction set locks like classic
computer software. A minicomputer programmer is more likely to feel
comfortable with the 6800, at least at first glance, than with the
8080. Included are relative addressing instructions, outlined
briefly above.
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SEC. 4.3 PROCESSOR COMPARISONS (cont'd)

The 6800 requires a two-phase clock generator with high-capacitance
drive capability and fast rise and fall times. Special hybrid clock
generators are available, since these requirements are not easily met
with standard TTL circuitry; however, they are inherently more costly
than monolithic clock drivers such as the 8224 (for the 8080). Just
as with the 8080, the requirement for an external clock generator
is a disadvantage--especially in small computers where low price is
critical.

The 6800 uses an external general purpose stack, in RAM (similar
to the 8080), providing for subroutine nesting and facilitating interrupt
handling.

The 6800 is second-sourced, and is likely to remain another standard
eight-bit milliprocessor. Its die size is relatively large (when
compared to some 8080 versions), which may put the 6800 at a cost
disadvantage in high volumes, compared to the 8080.

4.3.3 6500 Series Patterned after the 6800, the 650X processors are
especially attractive for microcomputer applica-
tions. Like the 6800, these processors address an external general
purpose stack--but the stack pointer is only eight bits long, limiting
the stack to 256 bytes. This is not however a practical limitation.
In fact, because the stack pointer is eircular--ie, instead of under-
flowing into the next page in RAM, starts again at hex FF--the system
cannot so easily go wild when an excessive number of stack levels are
used. That is, in a microcomputer allowing unlimited subroutine nesting,
the stack pointer is free to run into areas of RAM dedicated to other
data storage, destroying information; or it may overflow and point to
non-existent memory locations.

The 6501 is pin-compatible with the 6800, differing only slightly
in hardware interfacing. Its instruction set, while similar to the
6800, is not directly compatible.

The 6502, also in a 40-pin package, features an on-chip clock
oscillator. Requiring only an external capacitor (or crystal) and
a resistor for main timing, this CPU effectively requires less PC
board area, and saves on component cost. Similar in features to both
the 6501 and 6800, it is attractive as a 6800 replacement in new designs.

A number of 650X versions are available, including CPUs in 28-pin
packages where some 6501/6502 features are sacrificed. Aggressively
priced, the 650X series is available both from MOS Technology and from
a second-source, Synertek. A microcomputer chip with many millicomputer
features, the 650X should prove very competitive,
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SEC. 4.3 PROCESSOR COMPARISONS (cont'd)

For the purposes of illustration, a sketch of a 650X-based micro-
computer--the MIKE 5--appears in Sec. 4.4 below.

4.3.4 2650 The 2650 would rank as an excellent milliprocessor--at

least, considering its instruction set, which is probably
the best of the currently available eight-bit processor chips. However,
its weakest link is an on-chip, non-addressable PC stack with only eight
levels. This limits subroutine nesting and interrupt handling (just as
the same fault impedes the 8008), and relegates the 2650 to the micro-
computer category.

Available from Signetics, other 2650 advantages include a TTL
clock; a single power supply; and completely microcoded indexed
addressing.

4.3.5 F8 Available from Fairchild and Mostek, the F8 is a well-
designed microprocessor chip set. It requires +5 and +12
V power supplies, and a simple RC combination suffices to complete
its on-chip clock oscillator. The F8 lacks a general-purpose stack;
instead, each chip in the series (RAM, PROM, etc.) includes an on-
chip program counter and one-level program stack. The F8's instruction
set is quite versatile. Its disadvantage: does not interface readily
with standard general-purpose memory parts. Though memory interface
chips do exist, their use in production designs would remove the
advantages of the F8 over other processors, such as the 650X series.
The main F8 application: large-volume microcomputers, especially
controller applications.

4.3.6 S8C/MP The SC/MP is an eight-bit microprocessor from National

Semiconductor (second source, Rockwell). Designed to
fill the gap between four-bit CPUs (4004, L4040) and eight-bit millipro-
cessors, the SC/MP features a 12-bit address bus, interfacing directly to
4 K bytes of standard memory; provision for simple interrupts and DMA;
on-chip serial data input port and output port; versatile memory address-
ing, including relative addressing instructions; and an on~-chip clock
oscillator, requiring only an external capacitor. Perhaps most important
is its single power-supply requirement, +10 to +14 volts, permitting use
of an unregulated power supply, and providing CMOS compatibility.

Disadvantages: TTL~compatible version (metal mask option) requires
two supplies, +5 and -9 V. Most important, the SC/MP is manufactured
with the older P-channel MOS technology, and is much slower than N-charnel
CPUs. The simplest instruction takes five microcycles, each 2 us long--
making the SC/MP about as fast as the 8008. Nevertheless, SC/MP should
be attractive in industrial controllers in which speed is not critical.
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SEC. 4.8 PROCESSOR COMPARISONS (cont'd)

4,3.7 7-80 The 7Z-80 is a third-generation member of the eight-bit

microprocessor family which includes the 8008 and 8080.
Produced by a new corporation, Zilog, the Z-80 is compatible with the 8080
in terms of software, right down to the instruction code level. In addi-
tion, the Z-80 employs some of the 8080's unused opcodes to add a number
of very useful instructions, including relative addressing and block
transfers. The Z-80 incorporates such useful features as on-chip
prioritized interrupt handling, and memory refresh circuitry for dynamic
RAM. Finally, the Z-80, like the 6800, requires only a single +5 volt
supply. Beginning in the last quarter of 1976, the Z-80 is available
from Mostek as well as from Zilog.

The advent of the Z-80 is effectively a great advantage to the
8080 family, insofar as the Z-80 combines all the advantages of the 8080
processor with those of the 6800. As this book went to press, Martin
Research was introducing a Z-80 based microcomputer to its product line--
the MIKE 8.

SEC. 4.4 THE MIKE 5 MICROCOMPUTER

Tor the sake of illustration, this section includes a sketch of
a small microcomputer based on the 6502 CPU (Fig. 4.4.1). Including only
six ICs in addition to the CPU, the MIKE 5 has one page of RAM (256 bytes),
a page of PROM, an input port, and an output port. The power supply o
required is simply +5 volts--unless the PROM employed requires an additional
supply.

Tull eight-bit I/0 ports could be provided by replacing the six-bit
latch and driver ICs with eight-bit devices. The 74IS174 can be replaced
with a 7418273, and the 74367 with a 741LS241--both available from Advanced

Micro Devices.

The MIKE 5 is an example of a small microcomputer suitable for incor-
poration into industrial controllers. For developing software, however,
a computer with full expansion capabilities and a Monitor program is
preferable. For typical examples, see the information on the modular miero
series at the end of this bock.
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SEC. 4.4 THE MIKE 5 MICROCOMPUTER (cont'd)
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Figure 4.4.1--Sketch of the MIKE 5, a 650X-Based Microcomputer

MATN TIMING 5-1

Both the 8080 and 8008 microprocessors require two-phase clock signals,
which must be generated by circcuitry outside the microprocessor. The 8008
requires clock voltages at standard TTL voltage levels, while the 8080
requires PH1 and PH2 signals referenced to +12 V.

The first part of this chapter is devoted not only to the generation
of clock signals for the 8008, but to other main timing requirements as well.
Since the 8008 does not include internal TH and DL address registers, these
must be added (Sec. 5.4). 8080 clock circuitry is discussed in Sec. §.5.

SEC. 6.1 8008 CLOCK CIRCUITS

Symmetrical clocks are the best place for the 8008 designer to start.
CPU circuits may be converted to skewed clocks, for slight improvement in
system speed during the late stages of circuit design if it is found
advantageous.

Most symmetrical clock designs are made up of three sections:

(1) the oscillator;
(2) the counter;
(3) the decoder.

The oscillator section provides the basic signal source at a constant
frequency. The counter section then divides the frequency by two to provide

two related frequencies, fo and 1/2 fo . The decoder section then selects
the 01 and 11 states from the counter, providing the 41 and @42 signals re-
quired.

Figure 5.1.1 shows the timing diagram for a two-phase clock generator
which uses a positive-logic decoder.

cowvr a o ] LT LT LI LM LML LT LT
] J J ]

COUNT B (fo/2) ] L L L L |
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Figure 5.1.1--Two Phase Clock Generator Timing Diagram
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SEC. 6.1 8008 CLOCK CIRCUITS (cont'd)

5.1.2 Oscillators Two basic oscillator circuitg are descpibed here.
Other oscillators which provide approximate square

waves may also be used.

The first oscillator shown, in Figure 5.1.2, is very %nexpegsive and
uses readily available components. The disadvantage to this oscillator 1s
that it is inaccurate. Adjustment components may be added.to‘tbls cireuit,
as shown in the figure, but the temperature drift may be significant,
depending on the application.
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