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ABSTRACT

This thesis presents an 8-bit microcomputer based on the INTEL
8008 microprocessor. Suitable applications for the system include
data acquisition and digital control systems formerly realized with
dedicated hardware or larger and more expensive minicomputer systems.

Processor, memory and I/0 subsystems are first described from
an architectural viewpoint with the aid of block diagram. The in-
struction set for the system is introduced in an informal manner
‘within the main text while Appendix B formalizes the instruction
definitions. TFinally, each circuit card used in the prototype
system is documentated with schematics and operational descriptions
©of the logic used on each circuit card.




"CHAPTER 1

INTRODUCTION

Since the perfection of.Large Scale Integration (LSI) technol-
ogy to the point where economics allow markgting of a single chip
microprocessor (uP) with a versatile instruction set and a sophis-
ticated architecture, the digital designér has new options in de-
sign. It has become economically possible to incorporate program-—
mable hardware into smaller systems, resulting in a host of new |
applications in the areas of microcomputers and new realizations
for digital control systems formerly constructed as dedicated hard-
wired logic.

Presented is a modular 8-bit microcomputer system based on a
microprocessor, the INTEL 8008. By éelecting the desired amount
and.type of memory, the necessary Input/Output (I/0) channels and
developing suitable software, the system may be configured to the
complexity of the task at hand. Typical uses for this system could
inélude data acquisition and preprocessing or digital control.

Features of the systeﬁ include low power comsumption to allow
battery operation, ana interrupt capability for real time applica-
tions. Modular design with separate circuit cards for the processor,
memory and I/0 allow the system to be expanded easily to the maxi-

mum capability of 16k of memory and eight I/0 channels.
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DESIGN GOALS

The goals and design constraints set for the system in ;he'or—
iginal specification stages were‘very general in nature. Rather
than define the system Qith a hard and fast set of specifications,
only thg desired features and a few of the more general hardware
specifications were detailed.

First, the system was to exhibit low power consumption. This
was accomplished by designing the system with low power logic fam-
ilies. Low Power Transistor to Transistor Logic (LPTTL) and Com-
plimentary Metal Oxide Semiconductor (CMOS) logic was used wherever
possible. In keeping with the desire to conserve powexr the voltage
regulators should run in the switched mode.

Second, the system was to accommodate both Random Access Mem-
ory (RAM) and programmable Read Only Memory (PROM). PRbM allows non—
volatile storage of code necessary to start the system and eliminates the
need to enter program loaders by hand. The PROMs used in this
systeﬁ may be electrically reprogrammed and are more correctlf
refefred to as Electrically Alterable Read Only Memories (EAROM).
"The RAM is static, requiring no refresh clocks but code stored in
RAM will be lost if power is removed from the memory.

Third, the system was to have a variety of data i/O options.

At this time two are available including an 8-bit Parallel 1/0
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.channel (PI0) and a Serial I/O channei (SiO); Data may be input
"and output eight bits ét a time in parallel through a PIO channe1,1
while the SIO allows a similar transfer of data in serial form at

a variety of baud rates and word formats. The SId interface is
compatible with ﬁost commonly available serial devices using asyn-
=chronoué start)stop bit data formats;

Fourth, the system was to have real time capabilities in the
form of interrupts. This capability allows servicing of infrequent
or short, high priérity data transfers while allowing the processor
.:to‘spend most of the time on longer but less critical routines.

Included in the I/0 sectioﬁ, buf.not handling. data is the Real
Time Clock (RTC) Qﬁich allows the procéésér‘ﬁonBe‘interrubted after
'fa programméble amount of time has passed sincgﬂthe last cléck
interrupt. The RTC allows software to keep "real time" by inter-
xupting the processor at known intervals. This feature makes pro-
-gramming of systems that must react in real time a much simpler

‘task. 7 IR

.. 10GIC CONVENTIONS
Positive logic“ié ﬁééd throughout thig discussion. Thus a
logical 1 (élso referred to aé a high signai) is defined to be the
~more positive output v§ltage (generally 3.5 to 5.0 volts) and a

-‘logical 0 (or low signal) to be the more negative voltagé (generally

4l
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0.0 to 1.5 volts). The actual 0 and 1 voltages developed by a given
output will vary as a function of the type of output (LPTTL or CMOS)
supplying the drive and the number and type of inputs that comprise .
the 1oad.. |

Positive logic convention also applies to the names (mmemonics)
used in the discussion of the logic timiqg and contfol signals.
Each signal may be either true or false. Signals will be called
true when they are performing their function and false when they
are not. True and false are thus logical designations as opposed
to the electrical designations of O and 1. A signal may be iog—
ically true and electrically a 0 or 1 depending on its sense. Sig-
nals that are true when a 1 will be referred to as upright (positive
true) aﬁd will have names without bars over the top (example: XYZ)
while signals that are true when a 0 will be réferred to as invgrted
(ground true) and will have names with a bar over the top (example:
'iii)..'Conversion between the two-senées is accomplished by the
logic inverter. Thus XYZ becomes XYZ or vica versa after being
inverted.

In the naming of data carrying signalé similar conventions
-apply. Data is transferred eight bits at a time. Thus an eight
bit binary integer having a vélue of 0 to 255 is the basic word

(byte) used in the system. When a byte is transferred along a bus
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each bit is given its own signal path. Each signal (or bit) is
given a numbered name in the order of increasing éignificance.
Thus DATAO is the Least Significant Bit (L.SB) and DATA7 the Most
Significant Bit (MSB) of the eight bit byte (or bus) called DATA.

Since eac¢h bit in a‘'binary word may assume_either aloro
state depending on the value of the word, naming the upright and
inverted senses requires a slightly different convention than that
used with the timiﬁg signals. When a bit signal mnemonic appears
without a bar on top (e.g. DATA) then the sense is upright and the

electrical 1 corresponds to a true bit.

DATA FORMATS

"An 8<bit bytelcan be represented in several ways. It may be
written as a string of ones and zeros in binary form. "Alternately,
a byte may be expressed as a three digit octal or two digit hexade-
cimal number with each digit represénting a three or four bit field
respectively. Oétal numbers will be written as 123B (or 1238) while
hex numbers will be writtgn as ABC' (or ABCl6); A number written
in decimal notation will have its digits written down as in 356.
Thus each form'of notation is unique to eliminate confusion.

When expressing hex numbers, the standard notation of using
letters A through ¥ for binary values of 9 through 15, respectively,

is observed. The octal notation uses only the digits of O through




6
7. Figure 1 defines the bit fields for the hex and octal répresen—
tations of both eight and fourteen bit words. A
While all of the data transfers in the system take place eight
bits at a time in a bit parallel-byte serial form, when the pro-
cessor is addressing memory it uses a 14 bit address word (H and L
bus); Tﬁis larger word is formed by concatinating'two bytes output

at different times. This system ignores the top two bits of the

most significant word resulting in a 14 bit address.

DIGIT
OCTAL 3 2 1
0
716151 413]2111(SB)}] 8 Bit Word
HEX 2
WORD BOUNDARY
DIGIT
OCTAL 5 4 v 3 2 1
0
13112111110 1 91817165141 312].1] (LSB)] 14 Bit Word
‘HEX. 4 : 3 2
EXAMPLE:

- 10110101110111 = 26567B = 2D77'

Or Split Into 6 and 8 Bit Fields:
(101101), (01110111) = 55B, 167B = 2D', 77'

FIGURE 1: HEX AND.OCTAL BIT FIELDS




CHAPTER 2

MACHINE ARCHITECTURE

The machipe block diagram is presented in Figure 2. Architec-
tu?ally, the system is composed of a series of modules (circuit
cards) interconnected by a bus structure divided into two seétions;
Memory and I/0. Appendix A defines the bus signal set. Under control
of a set of instructions (program) stored in memory, the'processor
performs a series of data franéfers between the I/0 interfaces and
memory. As the data passes through the processor, a combination of
things may happen: data.may be modified arithmetically or logically,:
stored temporarily in a processor register, or used to make a decisién
about future program flow (conditional branching).

Memory is used for both program and scratch or buffer storage’
as determined by the programming. The configuration of the memory
is‘expandable to a maximum of 16k words with many different combina-
tions of RAM and PROM possible.

Eight bit data words.are passed in and out of the system through
the I/0 inteffaces, each of which provides an input port and an out-
pu£ port. The processor may control up to eight I/0 interface
channels for a total of 16 ports. Each port present in'the system
may genmerate interrupts if desired, forcing the program to execute in
real time; Interrupt priorify is controlled by position .relative .to

the processor in the priority chain.
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PROCESSOR

The system processor block diagram is presented in Figure 3.
An Intel 8008 microprocessor (enclosed within dottednlines) serves
to provide the intelligent functions of the processor. The re-
maining portions of the processer serve as an interface between
the 8008 and the bus. Functions performed by this logic include
generation of the clock signals, decoding of the cycle and state
signals and control of the three aata paths within the system (D,
H and L buses). Memory confrol and system timing signals are also
generated by the processor.

Internally the 8008 contains seven general purpose registers
each of which is eight bits wide. These are named A, B, C, D;.E,
H and L. Any of these registers may be used as general registeré
és determined by the program. Additionally register A functions
as the>accumulat6r and is always one argument of ;n arithmetic oper-
ation involving two words. Registers H and L also-have an additional
function. When addressing memory to~read or write data (not instruc-
tions which are addressed by the Program Couﬁter) they contain the
memory address. Register L provides the eight LSB while H supplies
the six MSB. The top two bits of H are ignored when using H and L
as address registers. |

The 8008 also contains a 14 bit wide address stack 8 levels
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deep. The top of the stack functions as the program counter (PC)
énd~is used to address the .executing program. The remaining seven
levels serve as a first in/last out stack used to save feturn
addresses when calling subroutines.” Executing a subroutine call
instruction (CALL) causes the existing PC to move into Level 1 in
the stack. At the same time the contents of Level 1 moved into
Level 2 and so forth. The contents of Level 7 are lost. The PC
is then set to the address associated with the subroutine and.exe-
cution begins. Whenever a return from subroutine insfruétion {RETURN)
is executed all levels of the stack move up one level thus restoring
the PC to what it was before the last CALL was encountered. Exe-
" cution then resumes on the main program. Note that software is
responsible for saving all machine status (REGISTERS and FLAGé) ex—
cept for the PC. This is extremely important when subroutine CALLS
generated by interrupts may. arrive at unknown times. When the capa-
city of the stack is exceeded (7 levels + current PC) then return
addresses will be lost by being pushed out of Level 7 if further
CALLS are executed. This is to be avoided at éll_costs unless the
code is written such that return functions are not implemented
through the RETﬁRN instruction itéelf. In general this requires
that each routine return to the same point in the main program and

that such subroutines do not call one another.
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The uP also provides an 8—bit'wide parallel Arithmetic Logic
Unit (ALU) cépable of ten operations; ADD, ADD with Carry, SUBTRACT,
SUBT#ACT with Borrow, AND, EXOR, OR, COMPARE (& set Flagé), INCRE~
MENT and DECREMENT. Temporary Registors "a" ana "b" are used as
storage for the Accumulator and Operand for ALU operations.

The 8008 also contains four flags which afe.set by the result
of ALU operations. The Carry Flag (CF) is set if the operation re-
sulted in a carry or borrow. The Zero Flag (ZF) is set if the re-
sult of the operation is zero. The Sign Flag (SF) will be set if
the MSB of the result is a one (negative number in two's compliment)
while the Parity Flag (PF) is set whenever the parity of the result
is even. |

The state of any one of the four flags may be tested by.the pro-
gram by executing a.conditional CALL, JUMP or RETURN. Either a
true or falseﬂcondition of the flég bit may be psed té cause the
coﬁditional to succeed.

The behavior of the 8008 is controlled by the instruction input
to the Instruction Register (IR). This instruction is decoded and
used to control the action of the.8008.

The portioﬁs of the block diagram outside the 8008 serve to
interface the microprocessor to the rest of the system. This

logic also provides special hardware functions not available from
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the 8008. These inélude interrupt control, state and subeycle
decoding and demultiplexing of the in£ernal data bus to the three
system buses (D, H, and L).

Whengver power is present on the processor card the two phase
clock (81, #2) is generated and sent to the 8008 which returns the
SYNC signal which servesdx:differentiaté between the two clock
cycles that make up the basic processor state time. Thus with a
clock period‘of 2-3us, a state may last 4-6 us.

There are eight possible states for the processor. These are
encoded by the 8008 and sent out through the three state signals
(s0, S1, S2). Six of the states normally occur only during the
instruction execution sequence. The;e are T1, TlI; T2,1T3, T4, and
T5. The remaining two states are named STOP ana WAIT, These do
5ust what their names imply. Detailed descriptions of the states
may be found in Chapter 4. Generally Tl (or T1I) and T2 are used to
output memory or 1/0 address. T3 is used to input or output data
from I/0 or memory and T4 and T5 are used internally by the 8008
to complete execution of the instruction. '

The STOP state is caused by executing a HALT iﬁstruction'and
causes the processor to stop execution until restarted by an in-
terrupt. The WAIT state is an optional state that may be blaced

between T2 and T3 by proper control of the READY input. WAIT serves
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to suspend processor activity and may be used to interface the pro-
cessor to slow memory devices by causing a pause between outputting
‘the address and reading or writing the data.

;;TheINTERRUPTinputtx>théprocesso;cardallowsOtherhardwareon
thebus1x>interruptthepresentlyéxecutingcodeandinsert (jam)
an intefrupt instruction. The processor will execute this iﬁstruc—
tion but does not increment the PC., If this instruction is a CALL,
then execution will'begin on the subroutine. Otherwise execution
resumes normally Whe;e interrupted.

In the system interrupts are generally initiated by the I/0
interface cards in response to data transfers, or else they may
also be used to time the system as in the'case éf thé'RealTimeClock.

When executing an instruction the processor runs through a
series of cycles each of which is composed of three to five of ‘the
T states in order. Depending upon the particular instruction there
may be from one to three cycles in the complete instruction execu-
tion sequence. The first cycle of any instruction is the Instruc-
tibg Fetch Cycle (INST) which is used to.fetch tﬁe instruction'from'
memory. This may be followed by cycles for reading ffom'memory
(READ) , writing into memory (WRITE) or performing I/0 operations
(1/0). |

Whenever the presently executing instruction was jammed under
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interrupt two cﬁanges take place in the behavior of the processor.
Tl is replaced by T1I in each cycle of the execution sequence and
INTERRUPT CYCLE becomes true. Whenever an interrupt is received
the PRIORITY OUT signal goes false (interrupting deviées require
true PRIORITY OUT to intérrupt) to indicate to the rest of the
system that the processor is busy with an interfupt. This signal
is restored to the true state by a Special Instruction to be des—
cribed later.

A cycle proceeds as follows. First, during T1 (or T1I) the
8008 outputs 8 bits which are-stored in the L latch. This may be
the 8 LSB.of a memory address (PC or.Reg. L) or if the instruction
was an OUPﬁT then the L latch contains the data. During the second
state (T2), the‘microprocessor loads six bits into the H latch and
two bits into the Cycle Code latch. The H latch contains either
‘the MSB of a memory address or else the I/0 port address, while the
two bits of Cycle Code identify the éycle as INST, READ, WRITE, or
I/0. Table 3 in Chapter 4 gives the Cycle Codes. Assuming that a
WAIT state is not triggered by ﬁEADY the processor will enter state
T3. During this time the 8008 receives or transmits to the D bus.
Dependiné upon instruétion and cycle, this bus carries memory read
or write data, interrupt instructions or input data from an I/O -

interface. If T4 and TS5 occur they are used internally by the 8008.
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During this time the rest of the proéessér is idle, and né data is
transferred outside the 8008. | |

As shown on the block diagram the processor card comtains an
internal data bus which comnects the 8008 to four other blocks.

The Bus Tranceiver allows the 8008 to read the D Bus or to drive
it with data. The H, L and Cycle Code latches catch and save data
output by the 8008 thereby time demultiplexing the outputs of the
8008. The tranceiver and latches are controlled by the decoded T
states and cycle signals as are the memory control and timing sig-
nals.

The remaining portion of the processor card is the Special
Instruction becoder. Whenever one of the eight OUTPUT instructions
désignéted»as Special Instructions is executed the decoder generates
a pulse on one of eight outputs. Two of these instructions are used
internal to the processor card to provide éoftware controi of the
Master Priority Control flip flop. Some of the remaiﬁing:Special
Instructioens are.available in the bus. One of these is dedicated to
control of the interrupts. The remaining Special Instructions
may be used as desired to perform special hardware control functions
peculiar to the iqdividual system. None of the three Special In-
structions presently used by the system do anything with the data

which is output to the D Bus.
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The Control and Timing portion of the processor also has con- V
nections to the busf It generates two §trobe signals used to syn-
chronize data transfers, INTEﬁRU?T and READY signals as described
later. One of these strobes occurs during every processor sgate
while the other happens only dﬁring T3. A buffered version of the
8008 SYNC signal is also present in thg bus.

The control logic accepts two inputs from the bus. The DIS—
CONNECT MEMORY ADDRESS input (DMA) is used to disconnect the H ana
L latches from their respective buses by turning off the bus drivers.
Other hardware may now drive the H and L buses. The HjL INHIBIT
input (HLINH) can be used to prevent the 8008 from loading the H
and L latches thus effectively freezing their contents. .

One more>signal is generated by the processor logic.. Whenever
power is first applied to the card a CLEAR signal is generated by
the processor. This serves as a master reset signal to the other
cards presenf on the tue.

In general one may conclude thaf the operation of the processor
cards exte;nal logic is controlled by the 8008. All data manipu-
lations occur entirely within the microprocessor. The system is
fairly slow because of the demultiplexing that must take place be-
_cause of the 8008's one data port. A complete instruction execution

sequence may take from three to eleven processor states or 12 to 44
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us at 4 us per state. A detailed description of the processor state

sequences for each instruction may be found in Chapter 4.

PROCESSOR INSTRUéTIdN SET.

Instructions in tﬂis systems may consist of ome, tﬁo or three
successive bytes in the program as shown in Figure 4. The first
byte is always the OP code which is used by the instruction decoding -
logic to control the facilities of the processor and execute the
instruction. Some instructions require only an OP éode'and are
classed as Single Byte instructionms.

Those instructions composed of two bytes belong to the Imme-
diate group of instructions. In these the OP code is followed by
é second byte which will be used as data in the operation specified
by the OP code. Immediate instructions allow the creation of needed
constants whenever they are to be used at the cost of a memory
location.

Instructioﬁs that affect the conteﬁts of the PC are encoded in
three bytes. The two bytes féllowing the OP céde serve to define
an address. The low order 8 bits are contained in the second byte
and the six lower order bits of the third word complete the 14 bit
address. The unused two bits in the third word are ignored and may

assume any value.
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SINGLE BYTE DOUBLE BYTE . TRIPLE BYTE
INSTRUCT ION - . INSTRUCTION.. *  INSTRUCTION
l OP CODE 1 op CODE ' .oP . CODE
DATA ‘ LOW ADDRESS
High Address
XX (6 Bits)

FIGURE 4: TINSTRUCTION FORMATS

The instruction set may be broken down into 11 basic groups of
instruction types as described below. Appendix B contains a formal
description and listing of the OP code and mnemonic assigned to each

instruction by the. manufacturer of the microprocessor.

" Single Register Instructions are encoded in a single byte.
They allow any register except the Accumulator (Reg. A) or a memory
location to be incremented or decremented by a count of one. All

processor flags except the Carry are affected.

Move Instructions are used to move data. This group of single
byte instructiéns may move data from register to regiséer, memory
to registér, or register to memory. Only direct transfers between
memory locations are not permitted and must be accomplished by using
two Move instructions and temporarily storing the data in a pro-
‘cessor :egister.- If a memory iocation is one of the registers

involved in a Move instruction, it will be addressed through the
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contents of H and L registers. If the contents of a processor re-
gistgr are moved to that same register (these. are valid OP codes)
then no data is changed and a NOP (No OPeration) effectively results.
None of the flags are affected by the Move type of instruction.

Register or Memory to Accumulator Instructions are encoded into

one byte. Tﬁe A register and another register (eithér processof

or memory) are used as the arguments for an ALU operation (ADD, ADD
with Carry, SUBTRACT, SUBTRACT with Borrow, AND, OR, EXOR, or COM-
PARE). In each case, except for COMPARE which affects only the
flags, the result of the operation is placed in the Accumuiator. If
the second argument is to be a memory registér, it will be addressed
through the contents of H and L. These instructions. affect all the
flags depeﬁding upon the particular operation and result. Behavior
of the flags is explained in detail in the formal description of

the instruction set.

Rotate Accumulator Instructions are single byte -instructions

!

that may be used‘to rotate the contents of Register A either left
or right and through or around the Carry Flag. In all cases, the
Carry Flag is the only flag affected and will assume the value of
the bit that was rotated off the end of the word. Figure 5 shows

how the Rotate instructions function.
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ROTATE RIGHT ROTATE LEFT
I A [ [ I A O o 2 7 e 2 s '
carry |A7|A6|AS5|A4[ A3[ A2| A1| AO carry [A7 A6] AS| A4{A31 A2 A1| AO
% 2 4 7 T
ROTATE RIGHT THROUGH CARRY ROTATE LEFT THROUGH CARRY
[ RO 3W3 Cine, <] R RV VS € P
carry |A7|A6| A5|A4| A3| A2| A1| AO carryl |A7}A6|AS5|A4| A3] A2| A1| AO
T I [

FIGURE 5: ROTATE ACCUMULATOR INSTRUCTIONS

Immediate Instructions are a group of two byte instructions in

which the second byte serves as data. Thus the Immediate MOVE in-
struction loads the processor or memory register with the second
byte of the instruction (Data). As usual, the memory location is
determined by H and L. ALU operations may also be carried out be-
tween the accumulator and an immediate value in an identical manner
to the Register or Memory to Accumulator group of instructions.
Results are again placed in Reg. A and the flags are affected in an
identical manner.

Jump Instructions are encoded in three bytes. The first byte

is the OP code while the following two bytes define the address.
The second byte is the low portion of the address while the third
byte serves as the high portion of the address. A Jump may be un-

conditional in which case the PC is set to the jump address and pro-

gram execution continues from this point. If a Jump is conditional
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a test will be made to determine the state of a specified proceésqr
flag. Only if this flag test succeeds will the jump be made. Other-
wisé execution will continue on the instruction which follows the
Jump. Figure 6 illustrates program flow for Jump instructionms. Coﬁ—
ditionalAJumps may be made on either state.(set or clear) of any of
the four flags (Carry, Zero, Sign, Parity). Thus program flow may
be modified on the basis of past results. |

*'Call ‘Instructions are also three byte instructions where the

last two bytes specify an address. Calls perform a similar func-
tion to a Jumb except that the old PC is not destroyed, rather it is
saved by the processor (in the stack) to enable a later returﬁ to
the instruction following the Call. Thus this class of instruction
gives the processor the ability to handle subroutines. No.more
than seven Calls should be nested without executing a return or
else the storage capabilities for return addresses will be exceeded
resulting in the loss of older addresses in order to accommodate
the seven most fecent. Like the Jump instructions, Calis may be
eithe? unconditional or dependent on the'state of a flag (con-
ditional). ©None of the Call instructions will affect the state of
the flags. Figure 6 shows the program flow for Call instructions.

Restart Instructions are a special group of Call
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FIGURE 6: JUMP, CALL AND RETURN
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instructions that are encoded in a single byte. Since there are
no bytes following the OP code, the address must .be encoded in the
OP code itself. This necessarily limits the number of possible
Restart instructions. The OP Code format for the Restart instruc-—
tion is shown below.

 RESTART 00 AAA 101
The address of thg routine to be called is coded in the three bifs
AAA such that a given Restart calls location AAA 000. Thus there
are eight possible restart loca£ions (OB, 10B, 20B, 30B etc. to
70B). Restart instructions are uncqnditional and will always re-
sult in the call being performed and the return address pushed
‘into the stack. In general.this group of instructions is reserved
for use by the I/0 interrupt logic to generate calls to interrupt
service routines. Except for the limited addressing range and
the single byte format, fhe instruction behaves like any call.

Return Instructions are the complimentary instruction to the

Call and must logically be the last statement executed in a sub-
routine. The Return instruction causes the PC to.be restored to
what it was prior to the last Call (last value pushed into the

stack). Return instructions may also be unconditional or condi-
tional and have no affect on any of the flags. Behavior of the

Return instructions is also shown in Figure 6.
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Input/Output Instructions are a group of single byte imstruc-—

tions used to pass data in and out of the 32 system I/0 ports.
Port address is encoded by the RRAAA bits in the OP ¢ode for the
respective Input or Output instruction. The OP <ode format is
detailed below.

" INPUT/OUTPUT 01 RRA AAl
RR=00 Data Input Port (Input instruction)
RR=01 Data Output Port (Output instruction)
RR=10 Data Output Port (Special Imnstruction)
RR=11 Data Output Port (I/0 Interface Control)
Note that there are 8 ports forinputting data and 24 ports
that output data as determined by the two bits RR of the OP Code.

In this system output ports where RR=10 have been defined as

Special Instructions and are used to accomplish hardware control

functions not provided for by the standard 8008 instruction set.

Similarly those output ports where RR=11 have been set aside for

control of the interface circuitry used to pass I/0 data in and

out éf the machine. in all cases the output data is the contents
of Register A (Accumulatof) and input data will be placed in
Register A. Nome of the flags afe affected. Input/Output instruc-
tions are identified by their octal péft addresses (e.g. INP 6B or
OUT 13B).

Machine Tnstructions (HALT) are a group of three single byte

instructions all of which produce the same result. Executing this
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- instruction caused the system to enter the STOP state and no more

code will be executed until an interrupt is.received causing the

system to begin running again.

MEMORY

Maximum directly addressable memory is limited to 16k (16,384)
8-bit words. Static RAM and monvolatile PROM may be mixed in any
possible configuration with gaps of nonexistant memory allowed.
Figures 7 and 8 block diagram the 2k PROM and 4k RAM cards.

RAM is expandable in banks of 1k words (1024) with each
circuit card accommodating up to 4 banks for a total of 4k words.
Each RAM card contaiﬁs decoding logic for 14-bit addresses. A
c;rd is first selected to decode in the range of 0 through 7k or
8 through 15k. Each of the four banks on a RAM card may then be
decoded into any of the eight possible 1k ranges. Write protection
is available on each bank through a pin on the card edge connector
enabling user selected banks to be protected by connecting their
protect pins together in the bus and grounding the wire. RAM may
be cycled as fast as 1 us during DMA transfers. Codes stored in
RAM will be destroyed if power is lost from the memory system.

PROM is expandable in banks of 256 words with each card
holding up to 2k. Address decoding is also 14 bits wide but

decodes only in a 2k range. Thus a PROM card might address 0
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through 2k or 2k to 4k and so foréh to the last range of'l4k to 16k.
Each individual PROM bank may be removed and programmed using spe-
cial hardware. Like RAM, PROM may be cycled in 1 us. Codé stored
“in these memories is safe from power loss: (nonvolatile) and may

be changed only by the programming procedure recommended by the

chip manufacturer. PROM programming is discussed in more detéil

in Chépter 5. |

If the memory system contains gaps there is a measure of pro-
tection against executing these portions of memory. If data from
a nonexistant location is used as an OP code the ﬁrocessor will
halt. Writing into gaps or PROM locationé will result in nothing
but wasted time. The processor will perform the motions Eut
nothing will result.

A usable memory may consist of any possible nonoverlapping
selection of RAM and PROM banks. A complete 16k PROM may be con-
téined in eight circuit cards. Alternately, 16k of RAM'occupies
4 cards. Smaller mixed PROM/RAM systems are possible and probably

desirable in most applications.




CHAPTER 3
I/0 STRUCTURE

Thg I/0 portion of the machine is composed of a series of
up to eight I/0 interface cards. These may be data interfaces
which allow data to be input and output from the system, or a Real
Time Clock used for timing purposes may be sgbstituted for a daFa
interface.

Figure 9 introduces a generalized block diagram for the data
interfaces. This diagram represents either a SIO or PIO channel.
While there are minor differences between these two I/0 interfaces,
for the purposes of this section'their charaéteristics may be con-
sidered identical.

Control of each I/0 interface-éhannel is achieved thfough the
use of a control word. Four bits of the coﬁtroi word are used for
External Control and merely appear as levels on the I/0 connector.
They may be used as desired for performing control functions
wi;hin the peripheral device.

The remaining four bits comprise a control field-that serves
to enable Input and Output Interrupts, enable the Status mode,
or Initialize the interface. Detailed descriptions of the control
words may be found in the chapters devoted to thé individual inter-

faces.
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I/0 is accomplished by addressing one of .32 ports with an
Input or Out;ut instruction contained in the.prograﬁ. Each I/0
card or RTC decodes its own ports making these addresses indepen-
dent of the position.of the card in the bus. Eight of these ports
(addressés OB through 7B) are data input ports which place the
input data present at the port into the A register. The femaining
24 output ports output the contents of register A. They are split
into three groﬁps serving the following functions. ‘Ports héving
addresses 10B to 17B are defined as data output ports and pass
data out through the I/0 interfaces. Ports having addresses 30B
and 37B are_defined.as I/0 interface control ports and the
output data (A register) is used to éontrol the addressed interface.
The remaining eight port addrésses (20B to 27B) comprise the Spe-
cial Instruction group and are used for hardware functions not pef—~
formed by the étandard 8008 instruction set. As mentioned earlier,
three of these have already been used for coﬁtfol of the Interrupt
and Priority Control logic.

Each data I/0 interface requires three ports, two output ports
(data and control) and one input port (data). Port addresses
are decoded by the interface such ‘that a typicai'set of ports used
by one interface would be Input OB, Output 10B (data) and Output

30B (control). Such a group of decoded ports used by ome
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interface card forms an I/0 channel with data input, .output and
control. Each interface.contains a set of.jumper'wi£es that are
used'to set the channel address as desired. fablé 1 shows

the channel assignments that may be decoded by an I/0 interface.
Since the port address decoding is done on the interface card
itself, the.address of a given card is indépendent of its position

in the bus allowing cards to be moved in relation to each other

without having to change addresses in the software.

POLLED I/0
Each déta port (input and output) within a channel may be

operated’with interrupts enabled or suppressed as set b§ the con~
trol word. .In either mode, the processor inputs and outputé data
by executing the appropriate I/0 instruction addressed to the port
- through which the data is to pass. Each data interface contains
. data storage latches enabling the processor to execute an output
and load the output data storage register or to execute an input
and read the contents of the input data storage latch. 1In addition
to the data storage latches, each interface also contains an out-
put data ready flag and an input data ready flag. The output flag

is set when the processor outputs data and is cleared when the

peripheral device accepts this data. The input data flag is set
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by the peripheral and cleared by the computer when it reads the
contents of the register.

If a control output if performed with the Status function
enabled, the next time the processor performs an input from that
channel it will reaa status information and not input data. Con-
tained in the status word along with the Exterhal Sense inputs
and error conditions (serial I/0 only) are the two data flags.

Thus if the processér is placed into a program loop that repeatedly
enables status and checks the state of the data flags, the pro-
cessor can determine when the I/0 port needs servicing.. This pro-
cedure is called polled I/0. While it is very easy to program,

it makes poor use of processor resources since most of the execu-
tion time is spent executing the status check loop and not actually
inputtingor outputting data. The status mode'resets after each

status input and must be enabled before each use.

INTERRUPT I/0 AND PRIORITY CHAIN

When interrupts are enabled, the operation of the port and
generation of the interrupt is subject to the control exerted by
the Priorify Chain. Each iﬁterface contains a portion of this
logic with priority defermined by position relative to the pro-
cessor.

Figure 10 illustrates a short Priority Chain. In the case
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where more than two I/0 interfaces are present on the .bhus the
chain is just continued .further in the lower priority.direction
as shown in Figure -10.

Since interrupts may arrive at unknown times from different
I/O.ports, some method of resolving coﬁflicts.betWeen interrupts
that may arrive at the same time is needed. This task is performed
by the Priority Chain logic which is contained in each I/0 inter-
face. '

The processor develops a master Priority OQut (POUT) signal
which is fed to the Priority In (PIN) input of the I/0 interface
located physically next to the processor. Assuming this port does
not have its interrupts enabled and'haé not received é request,
then this signal will be passed thréugh the port's Pfiority Mask
(PMASK) to become that port's POUT signal wﬂich feeds the PIN input
of the next lowest priority data port. Each data I/0 interface
actually contains two complete interrupt chain structures. Input
is considered to be highér priority than output within the same
.channel.

Now assuming the output port in the highest priority channel
is inactive, it wili pass its PIN signal through its PMASK to
become the PIN signal for thé second highest priori;y I/0 channel.

Again assuming neither of the PMASKs in this second channel are

| I Y S
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' set the priority signal will .be passed on through the second

I/0 interface and so forth until the POUT output of the lowest
priority port is reached where the chain.terminates. The lowest
priority POUT signal is not used.

Whenever the processor is outputting the master POUT signal
and none of the PMASKs are set,.tﬁe Priority Chain is iﬁ a state
where any port may interrupt (if its interrupts are enabled).
Assuming the data flag associated with one Qf these ports generates
an intefrupt request, several actions take place.

Firsf, as soén as the data flag request is made the PMASK as-
sociated with the ports interrupt‘logiq is set. This blocks pas-
sage of the priority signal down the chain .below the set PMASK
thereby preventing any lower priority interrupts. These ports may
however make requests and set their PMASKs if their‘interrupts are
enabled thus storing the interrupt request until a later time when’
tﬁey receive the priority signal from higher up the'chain.

Second, when the PMASK is .set and the board has priority, the
interrupt logic waits until interrupt time (less than 5us) and
then signals fhe.processor through the Interrupt (INT) line con-
tained in the system bus. Upon reaching the processor the INT
signal clears the master PQUT signal preventing any further inter-

rupts from all I/0 ports. Once the interrupting routine has -
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executed its status save code the master POUT signal may be reset
by executing Special Instruction Priority ON (PON) énd higher .
priority ports may now interrupt the lower priority interrupt
routiné if they receive a request. Lower priority is still inhi-
bited by the set PMASK.

The process of causing the processor to execute the interrupt
routine is-caused by the interrupt instruction (setable with
jumpérs) contained in the interrupt logic for each port. After
the INT signal is received by the processor it finishes execution
of the instruction it was working on when the'interrupt arrived.

The processor then generates an interrupt instruction.fetch
cycle. The interrupt.logic decodes this.cycle and supplies its
instruction to the processor in a manner similar to an instruction
that came from the program stored in memory. Wﬁile this interrupt
instruction may be any valid machine instruction, the interrupt
logic is capable of handiing only a single byte. In_most'éases
the RESTART (single byté subroutine CALL) is used to cause execu-
tion of the service routine and the RETURN instruction is then used
to go‘back.to the prograﬁ that was interrupted after the service
routine is complete. Since the RESTART is a subroutine call and

uses the stack, interrupts must not be allowed to nest more than

seven levels deep or else trouble will result from lost return
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addresses.

Due to tﬁe limited number of RESTART instructions available
in the 8008 instructionﬂset, if more than eight data ports (four
channels) are to run on interrupts, then a single RESTART would
be used for both ports in a channel and the processor would perform
a status check to determine.which port within the channel had
generated the interrupt. If less than eight ports are to use
interrupts then each port may have its own RESTART and no software
checks are needed since each interrupt routine can be called |
directly.

For added versatility in controlling interrupts, the master
POUT signal may also be cleared througb software by executing
CSpecial Instruction Priority Off (POFF). This allows the program .
to suppress all interrupts when desired.

Once software is through using a particular peripheral device
' it is necessary to reset the PMASK in that port's intgrrupt logic.
By executing Special Instruction Priority Reset (PRST) thevhighest
priority PMASK, that is set will be cleared thus passing the priority
signal to lower priority boérds. Only one .restriction applies in
the use of PRST. The master POUT signal ﬁust be present for PRST
to affect any PMASKs. Thus PON musf be executed before PRST or

the mask will not reset.
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REAL TIME CLOCK AND PRIORITY CHAIN

While the Real Time .Clock is not a data interface.it.does
interface to the I/0.section of the machinhe and uses the Priority
Chain.

The RTC contains a single level of interrupt logic and com-
municateé with the processér only with interrupts. ‘Interrupts
from the clock do mnot indicate that a data.port .needs servicing
but rather that a specified amount of time:has gone by since the
clock was last serviced. Since the purpose of the clock is to
keep time its priority would tend to be high.(close to the pro-
cessor) in the total priority chain. A Real Time Clock is.neces—
sary in such applications as data acquisition systems where the
I/0 interfaces must be read at certain intervals. When a clock
i; used, the processor is relieved of the duty of keeping time.

In summazry, several facts apply to the operation of the
Interrupt Priority and I/0 systems. First, both port address
decoding and interrupt instruction are contained in the I/0 iﬁter;
faces and are independent of the position in the bus. Second,
interrupt priority is dependent on the position of the interface
in the bus relative to the processor. The closer a given port is
to the processor the higher its interrupt. priority. . Thixd, I/0

interfaces that will use interrupts must be inserted into the bus
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with no  empty.connectors between them and the processor so as not
‘to break the Priority Chain. Interfaces.to be used only in the
polled mode (no interrupts) may occupy any place in.the bus.
Fourth, the interrupt logic and Special Instructions (PON, POFF
ana PRSTj allow interrupts to be controlled so' that they are ser-
viced in the order of their priority and time of arrival. Higher
priority inte¥rupts are given preference .over those of lower
priority, but due to the automatic reset of the master POUT signal

upon the occurance of an interrupt, a lower priority interrupt

' may be completely serviced before a higher priority interrupt if

the lower one was in process first. The higher priority port ‘can
interrupt the.lower routine when PON is executed thereby restoring

priority.




CHAPTER 4

’ PROCESSOR

Under control of a program comﬁosed'of'a group of instructions
(introduced earlier) the processor serves to control the system
memory and I/0 ports. Data can be modified (arithmetically or
logically) or used to make a decision about future program flow.
The control and arithmetic functions of the processor are pefformed
by the Intel 8008 uP. Additional logic is included to provide
a suitable interface between the 8008 and the.rest of the system.

The processor communicates to memory and I/0 through the
three system buses (see processor block diagram, Figure 3). The
D bus (8 bits) is used to carry instruction, memory and I/0 input
‘data to the processor. It is also uséd to carry write data to
memory from the processor card. The L.bus (8 bits) and H bus (6
bits) are always driven by the processor during normal operation.
When addressing memory, the L bus is used to carry the eight least -
significant bits of memory address while during an Qutput or;Input
instruction it contains the contents of .register A. ihe'H.bus :
performs a similar function. During memory addressing it carries
the six most significant bits of'membry"address and .during Input
or Output.instructions it contains the I/Q port.address . (Bits 1-5
of the OP Code). The processor ‘card alsq'éenerétes'and supplies’

a series of timing and control signals used to control'thé memoxy -
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and I/0 ports. Similar signals are used internally by the pro-
cessor card to control .the H and L bus latches and the bidirectional

tranciever that connects the 8008 to the D bus.

INSTRUCTION EXECUTION SEQUENCE

Execution of an instruction by the processor occurs as an
ordered éequence of state transitions as shown in Table 4. Depending
upon the instruction, complete execution may require from one to
three cycles.(Instruction,'Read, Write, I1/0) each of which is com~
posed of three to five T states (Tl or T1I, T2, T3, T4, T5). The
T states are decoded from outputs on the 8008 according to the
state codes shown in Table 2. These signals are available on the

bus for timing purposes.

S0 Sl s2 STATE
0 1 0 T1

0. 1 1 T1I

0 0 1 T2

0 0 0 WAIT

1 0 0 T3

1 1 0 STOPPED
1 1 1 T4

1 0 1 T5

TABLE 2: STATE CODES

Instruction cycle always occurs first in the execution.se-
quence. The low and high order bits of the PC are output by the

8008 and stored in the L and H latches during Tl and T2
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respectively. The PC is then incremented by one. During T2, the
8008 also outputs (in addition to the 6 high bits of PC) two bits
used to encode cycle type. These bits are latched and decoded to

the bus. Table 3 lists the codes for the different cycles.

D6 D7 CYCLE

0 0 INSTRUCTION
0 1 READ

1 0 1/0

1 1 WRITE

TABLE 3: CYCLE CODES

T3 is used té generate memory control signals and read the in-
struction 0P code (addressed by the PC) into the 8008. The instruc-
tion is decoded and the PC incremented by one. From this point the
.behavior of the processor depends on the instruction being executed.
As Table 4 shows, some instructions can complete execution in the
Instruction cycle. . T4 and T5 are present only when executing certain
iﬂstrucfions and are used by the 8008 for internal operations.-

If the instruction is multibyte or requires addition cycles
for execution, the Instruction cycle will be followed by a Read,
Write, or I/0 cycle. The Read cycle is performed exactly like
Instruction except that there are two sources for memory address

If the Read is required for the second or third byte of multibyte
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TABLE 4: PROCESSOR STATE SEQUENCES

Of
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instruction then the PC will be output during Tl and T2 just as in
the Instruction cycle. After outputting the PC is again incre-
zmented. If the Read involves a memory register then the contents
of register L and register H will be output during Tl and T2 re-
spectively in place of the PC. Again during T3 the processér card
generates the memory control signals to accompiish a Read operatiop.
T4 and .T5 are optionally present depending on the inétruction.

A Write cycle cccurs in a similar manner. The address always
comes from registers H and L and during T3 the .necessary memory
control signals to accomplish a write operation are generated. T4
and T5 never occur in a Write cycle.

During the I/0 cycle, the 8008 behaves differently but .the
external logic béhaves in the same manner. When éxecuting either
an INPUT or OUTPUT instruction, tﬁe contents of register A are
output to the L latch during Tl while the six.least significant
bits of the I/0 instruction OP code (containing the ﬁort addfess)
are output to the H latch along with the I/0 cycle code during T2.
The execution of.the OUTPUT instruction ends after the T3 state
which is used by the I/0 port hardware to decode the port address
from the H bus and take the data off the L .bus. In the INPUT
instruction T3 is used to input data to.the 8008 from the D bus.

T4 and T5 are used internally by the 8008 to complete execution
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of the INPUT instruction.

Two interesting things should be noted about the behavior of
the INPUT imnstruction. Firét the contents of register A are sent
to the L bus just as in the OUTPUT instruction. It would be pos-
sible to load register A with additional bits of port address which
. ﬁould bé reblaced b§ the input data after executing the INPUT in-
struction. In this manner the number of input ports could easily
be expanded from 8 to 2048. Second, the T4 state associated with
the I/0 cycle belonging to an INPUT instruction is the only time
when the four ﬁroceésor flags are a%ailable outside the 8008. At
all other timeé the state of the flags can be determined only by
use of a conditional instruction (CALL, JUMP OR RETURN). Front
panel hardware.could store the flag bits for display purposes only,
during the Input I/0 cycle.

In summary several facts méy be stated about the behavior of
the 8008 and associated logic. During every Tl state the 8008 loads
the L latch with some data. If the cycle is either Instruction,
Read or Write then memory address data Wiil be loaded. This data
is'used as the eight least significant bits of address and will
-come from either the 8 LSB of the PC or register L depending on the
instruction. During every T2 the 8008 loads the H latch (6 bits)
and the cycle code latch (2 bits). Again if memory is to be

“accessed then address data will be output from either the 6 MSB of
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the PC or the six lower bits of register H. The I/0 cycle is
treated in an identical manner except the 8008 outputs the contents
of register A and the instruction OP code instead éf memory address.
Tj is used for varying purpéses depending upon instruction.
The function of critical importance is the mode of the D bus tran-
ceiver which connects the 8008 D port to the D bus. During T3 of
Instruction, Read or 1/0 cycles the 8008 receives from the D bus,
while during T3 of Write and every T4 the 8008 transmits to the
D bus. In the case of an OUTPUT dinstruction the data presented to
the 8008 from the D bus is ignored. During an Input this port
receives the data. By transmitting every T4 availability of the
‘flags on the bus during 1/0 cycle (T4) is assured. This is the

only time the flags are available outside the 8008.

PROCESSOR INTERRUPTS
Whenever power is first applied or after executing a HALT
instruction, the procéssor will enter the STOP state. In this
state the system is static and the 8008 only maintains its dynamic
registers. In order to leave the STOP state and execute code the
processor must be interrupted.
When an Interrupt (INT) signal arrives at the processor the

Master POUT signal is cleared and the processor begins an
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Instruction cycle where Tl is replaced by T1I. When T1I occurs,

the Interrupt Cycle flip flop is set generating bus signal Interrupt

- Cycle (INTCY). The 8008 does not increment the PC and generation of

Memory Control (duringT3) is suppressed. DuringT3 the interrupting de-'

vice(IjOinterfacetn:other)jéms(;ransmits)aninterrupt instruction
onto the D bus. The term "jam" refers to the process‘in which an
interrupting device transmits its interrupt instruction to the

D bus.

This instruction is decoded and executed in the normal manner -
with T1I replacing Tl and INTCY true for each cycle. If the in-
struction does require additional cycles then execution- proceeds
in the normal manner.- Memory control signals will be generated
but the contents of the PC will not be changed unless the instfuc—
tion was CALL, JUMP, or RETURN.

At the end of execution of the interrupt instruction if-the
IﬁT signal has been removed then the processor will begin normal
program executiqn at the location of the PC. Thé first T1 will
clear the Iﬁterrupt Cycle flip flop. ~ If the INT signal is still
present then another Interrupt Cycle will follow.

In order to cause the processor to start execution it is
only necessary to interrupt and jam a single NOP instructien

(load a register with itself) to the processor. Front panel

Lt

5
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operations may be carried out by jamming a series of intefrupt in~
structions written to accomplish the desired function such as
loading a register or setting the PC.

The processor may also be interruptéd during normal program
execution. When the INT signal arrives the processor will finish
execution of the current instruction before beginning the Interrupt
Cycle. 'The I/0 ports use this feature and jam the single byte sub-
routine call (RESTART) to -cause the machine to execute the appro-

priate service routine.

WAIT STATE

If before the end of T2 the processor READY input (RDY) is
‘méde false, the processor will place a WAIT state between T2 and T3
for as léng as RDY is false. During this period the contents of
the machine are frozen. The WAIT state may be used either to give
slow memory time to react or else the RDY input may be used along
with the'DMA input to freeze the processor and-disconnect it from
the buses to allow direct memory access by other hardware.

Two remaining bus signals concern the processor. Whenever
power is applied to the processor a Clear pulse is generated (CLR).
This signal is used to reset the logic in thg I/0 interfaces. A
normally open switch may be connected to the CLR bus line and

ground to allow the operator to perform the same initialization
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procedure as power up.

"If desired, the contents of thebH and L latches may be prevented
from changing by méking the H & L Inhibit (HLINH) input true. As ' |
loﬁg as this input is true the H L Bus will not chénge although ex-

ecution otherwise proceeds in the normal manner.

PROCESSOR.HARDWARE

The following section describes the hardware that interfaces
the 8008 to the system bus. Familiarity with logic circuitry is
agsumed and no attempt has been made to describe the operation of
the individual Integrated Circuits (ICs). Questions in fhis area
are best answered by reference directly to the manufacturer's data
sheets on the IC involved. The INTEL data book on the 8008 uP is
include@ in this category.

Figurellpresentstheséhematicdiagramoftheprocessorcard. Fi-
gure 12 (timing diagram) shows the timing of the bus signals involved.
Numbers within gates refer to location on the circuit card (see Appendix C).

The processor card requires power éupplies of +5 and -9 volts
DC. When power is applied to the card the RC time constant (R5, C5)
on gate 22B develops a power—on reset pulse which is used to ini-
tialize the Master Priortiy Control flip flop (gates 3A, 3C; inter-
rupts are enabled) and also to start the processor clock. This

reset signal is also sent to the bus through gate 31B to become the





































































































































































































































































































































