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A prior art microcomputer system can be ar-
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ranged for performing direct memory access opera-
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tions controlled by special circuitry that is separate
from the main processor arrangement. In the main
processor there is circuitry which generates add-
resses for use in processing routine instructions. A
direct memory access controller has separate circuits
which generate addresses for the direct memory ac-
cess operation. Thus duplicate address generating
circuits are used in the prior art microcomputer ar-
ranged for direct memory access. Such duplication
of circuits requires extra chip area which increases
the cost of the microcomputer. This problem is over-
come by the disclosed microcomputer system hav-
ing direct memory access circuitry (85) included ona
single chip with the main processor (27, 30, 32, 70,
96) of the microcomputer. Addressing for direct me-
mory access operations is accomplished by circuitry
(60, 66, 78, 99, 102) also used for generating add-
resses when processing routine instructions in the
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1.

MICROCOMPUTER ARRANGED FOR DIRECT MEMORY ACCESS

Technical Field

This invention relates to a microcomputer
system comprising an addressable memory, a processing
unit, an internal bus interconnecting the memory to the
processing unit, and an addressing means connected by way
of an address bus to the addressable memory for applying
by way of the address from which data is read to the
processing unit during a first period.

Background of the Invention

Microcomputers are being designed and fabricated
as single large scale integrated (LSI) circuit chips
including an arithmetic logic unit, a controller,
registers, program and data memories and timing circuitry.
Typically, such microcomputers use metal oxide
semiconductor/large scale integration (MOS/LSI) technology.
Other technologies can be and are used.

In prior art microcomputer systems, arrangements
are made for performing direct memory access operations.
In such an operatian, a peripheral device requests that a
transfer of information be made between the peripheral
device and the memory of the microcomputer. The central
processor of the microcomputer suspends operation for a
cycle at a time, and the information is transferred
directly from the peripheral device to the memory or vice-
versa without passing through the arithmetic logic unit of
the main processor and without being controlled by the
central processing unit. '

Such a direct memory access operation is
controlled by special circuitry that is separate from the
main processor arrangement. The direct memory access
controller generates addresses for the direct mémory
access operations. The special circuitry described there
includes an address register, a counter register, and an
incrementing or decrementing circuit. It is noted that
this circuitry is separate from and therefore in addition
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2.

to the circuitry of the main processor.

The main processor generates addresses
for use in processing routine instructions. In the main
processor, there is an address register and an
incrementing or decrementing circuit for performing
address operations in processing the routine
instructions.

Thus the prior art direct memory access
arrangement includes duplicate address register and
incrementing or decrementing circuits, one in the main
processor and another in the direct memory access
controller. When built in LSI chips, this presents a
problem because the duplication requires extra chip area
which increases the cost of the chip'because fewer chips
fit on a wafer and the yield of good chips from each wafer
is reduced.

Summary of the Invention
This problem is solved in accordance with

the invention in a microcomputer system in which the
system comprises a direct memory access circuit
interconnects with the internal data bus, and the
addressing means additionally applies to the addressable
memory by way of the address bus during a second period a
second address from which data is transferred to the
direct memory access circuit or to which data is
transferred from the direct memory access circuit in
response to an asynchronous clock signal.

Brief Description of the Drawing

The invention will be more fully understood from
the following detailed description of illustrative
embodiments thereof when that description is read in
conjunction with the attached drawing wherein

FIGS. 1, 2 and 3, when positioned in accordance
with FIG. 4, form a block diagram of a microcomputer;

FIG. 5 is a logic schematic of data bus circuits;

FIG. 6 is a logic schematic of an instruction

register decoder and latches;
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FIG. 7 shows the positioning of FIGS. 8 and 9
which form a state diagram showing sequences of operations
for instructions performed by the microcomputer of
FIGS. 1-3;

FIG. 10 is a logic schematic of a state counter
and multiplexer;

FIG. 11 is a logic schematic of a decoder;

FIG. 12 is a -logic schematic of a transmission
gate multiplexer and appears on the same sheet as
FIG. 5;

FIGS. 13 and 14, when positioned in accordance
with FIG. 15 which appears on the same sheet as FIG. 13,
present a logic schematic of an address arithmetic unit
with buses and gates;

FIG. 16 is a timing diagram for the microcomputer
of FIGS. 1-3;

FIG. 17 is a block diagram of a direct memory
access circuit for the microcomputer of FIGS. 1-3;

FIGS. 18 and 19 when positioned in accordance
with FIG. 20 which appears on the same sheet as FIG. 18
show a logic schematic of a special address circuit and a
special register arrangement;

FIG. 21 is a logic schematic of a comparator
and appears on the same sheet as FIG. 16;

FIG. 22 is a timing diagram for a direct memory
access operation and appears on the same sheet as FIG. 17;
and

FIGS. 23 and 24 when positioned in accordance
with FIG. 25 which appears on the same sheet as FIG. 23
form a state diagram showing the sequence of operations
of direct memory access operations performed by the
processor of FIGS. 1-3.

Detailed Description

Referring now to FIGS. 1, 2 and 3, there is shown
a block diagram of a microcomputer that is fabricated on a
single CMOS/LSI chip. 1Included on the chip are a read only

memory 20 and a random access memory 22 which are coupled
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4,

through a 4-bit on-chip data bus 24 and a group of

temporary registers (TA, TB and AB) 26, 27 and 28 to a 4-

bit parallel arithmetic logic unit (ALU) 30. Several other -
on-chip registers are coupled to the on-chip data bus 24 so

5 that they are addressable by the user. Extensive
input/output circuitry and direct memory access circuitry
are provided on the chip for increasing the versatility and
efficiency of the microcomputer. The memory and registers
are to be described in more detail hereinafter.

10 A controller section, shown mostly in FIG. 2,
coordinates and executes sequential operations of the
microcomputer while it accomplishes whatever functions are
required in accordance with instructions applied thereto
from the read only memory 20 or the random access

15 memory 22. The contents of a condition register (CR) 31,
are modified as a result of operations occurring in the
arithmetic logic unit 30.

Although the arithmetic logic unit 30 is a 4-bit
parallel circuit arrangement, it is capable of performing

20 arithmetic and logic operations on either single or
multiple nibble (4 bits wide) operands in response to a
single program instruction. 1In response to information
stored in an instruction register (IR) 32 and a processor
control register (PCR) 33, the controller section of FIG.

25 2 determines the mode and the type of operation performed
on single and multiple nibble opérands. Basically an
opcode word, stored in the instruction register 32,
determines a processing sequence for designated data.

This sequence may be modified depending upon what

30 information is stored in the processor control register 33.
In particular, operations on multiple nibble operands are
accomplished by a sequence resulting from such a
modification to the processing sequence. This modification
to the processing sequence, together with decoded control

35 signals derived in response to special addresses
encountered during processing cause the controller section

to vary the number of nibbles of data that are processed by
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the instruction stored in the instruction register.
Memory

The memory arrangement includes both the read
only memory 20 primarily for program storage and the random
access memory 22 primarily for data storage.

Read only memory 20 is presented in FIG. 2 with
the controller section because this memory primarily
provides instructions for controlling the execution of
machine operations. Programming of the read only memory
occurs at the mask level and is not alterable.

Random access memory 22 is presented in FIG. 1
with the input/output circuitry because the random access
memory often is involved in transfers of data to and from
one of a plurality of peripheral devices (A, B, C, D and E)
interconnecting with the input/output circuitry and located
at the lefthand side of FIG. 1.

Addressable Registers

The microcomputer includes many registers
arranged in different ways to accomplish a variety of
convenient functions. Some of those registers have been
mentioned previously and some have not. All of the
registers are to be described in more detail hereinafter.
The microcomputer shown in FIGS. 1, 2 and 3 includes
ten (10) user addressable registers but unlike most
microcomputers there is no pre-assigned accumulator.

User Addressable Special Registers

The user addressable registers include the
following registers.

The condition register 31 is a 4-bit set of
bistable latch circuits which store signals indicating the
status, or condition, of data resulting from arithmetic or
logic operations except when the condition register is a
destination. The condition register and the condition
steering circuit are interposed between the arithmetic
logic unit 30 and the internal data bus 24. Both the
arithmetic logic unit and the internal data bus are

arranged to process 4-bit data in parallel. This condition
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register is addressable so that it can be accessed for
loading and reading by way of the data bus. The status
signals, called "flags", include zero, parity, carry, and
overflow flags. Although arithmetic operations produce
data which may affect any of the four flags, logic
operations produce data which may affect only the zero and
parity flaés and conditional instructions do not affect any
of the flags. Because the microcomputer operates on
operands having various numbers of nibbles, the flag
signals must be generated and stored avoiding erroneous
intermediate and final flag signals. A group of flag
control, or condition steering, circuit arrangements 54
generate this correct status information for all arithmetic
and logic operations performed by the microcomputer.
Either this status information or information loaded by
program control through the data bus 24 is the data stored
in the condition register 31.

In the condition register, the zero flag circuit
arrangement includes an all zeros logic circuit with a
feedback path used for handling accurately multiple nibble
operation data. Some logic and timing signals couple the
stored all zeros signal to a latch circuit for storage and
readout to the data bus 24 while another latch can change
state in response to later processing conditions.

Additionally in the condition register, the
parity flag circuit also includes a feedback arrangement
for handling multiple nibbles. A latch circuit stores the
parity signal for retention and readout to the data bus 24
in response to program control.

Also in the condition register, the carry flag
circuit includes master and slave latch circuits for
receiving and storing carry signals resulting from
arithmetic operations in the arithmetic logic unit 30. 1In
response to program control, the carry flag stored in the
slave latch can be read out to the data bus 24.

Further in the condition register, the overflow

flag circuit is a latch circuit which is controlled by
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overflow signals generated in the arithmetic logic unit 30.

As previously mentioned, the condition register
circuits are addressable and can be written with
information present on the internal data bus 24.
Alternatively, once information is stored in the condition
register 31 that information can be read out onto the
internal data bus 24 under program control.

A 12-bit wide program counter (PC) 60 stores the
address of the next instruction to be executed. It
operates conventionally wherein its contents are set to a
hexadecimal address x(000) at the commencement of
processing. Thereafter the contents are incremented by an
address arithmetic unit (AAU) 62 some specific number of
times during each instruction unless the contents are
changed during the execution of the current instruction,
such as by @ jump instruction. Such incrementing continues
throughout processing until the desired program sequence is
completed.

Memory pointer registers (PO and Pl) 64 and 66
are 8-bit registers used for indirectly addressing memory
locations. When used as pointers, they each store the two
least significant nibbles of the address being pointed to.

As shown in FIGS. 2 and 5, the processor control
register (PCR) 33 is a several bit wide register, two bits
of which enable a programmer to set the operand width at
either 4, 8, 12, or 16 bits. Processor control register 33
is cdupled to the data bus and is arranged as an address in
addressable memory space. Information is stored in the
register 33 from time to time in accordance with the
programmer's requirements. A typical program routine may
load the processor control register 33 only once. A "Move"
instruction (MOV) is used to load the register 33. The
data to be loaded is moved from a specific address to the
address of the register 33. That data is stored in the
register 33 until some later time when it is changed by
another "Move" instruction. Some routines will load and
reload the register 33 during a single routine.
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Information stored in the processor control
register helps control the processing of data in the
microcomputer. The two bits, stored in the processor
control register for controlling operand width, are coupled
through a transmission gate multiplexer 68 to the input of
a control programmed logic array (PLA) and random logic 70
where they help determine the sequence of operations
performed by the microcomputer.

The two bits of data stored in the processor
control register determine how many nibbles each operand
includes during the processing of each specific
instruction. As previously mentioned the microcomputer is
arranged to operate on operands having either 4, 8, 12, or
16 bit widths even though the on-chip data bus 24 and the
arithmetic logic unit 30 include circuitry for handling
only 4 bits at a time. This is accomplished by acting on
the data in serial fashion, 4 bits at a time.

In FIG. 3 the arithmetic logic unit 30, in
response to signals from the controller section, steps
through specific operations an appropriate number of times
to accommodate the various width operands. Each time the
arithmetic logic unit performs one of the specified
operations requiring an updating of any of the flags,
resulting accurate condition information is stored in the
condition register 31 and the operation is tallied in a
counter 69 by a signal from the control PLA and random
logic 70.

In the controller section, a comparator 71
compares the state of the counter 69 with the two bits
stored in the processor control register 33 and coupled
through the special address decoder 45 to the
comparator 71. If the counter state does not equal the
number stored in the processor control register, the
controller section causes the processor including the
arithmetic logic unit 30 to repeat the operation
propagating any carry and updating parity, zeros, and
overflow information resulting from the prior operation on
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that operand if necessary. When the state of the
counter 69 equals the number stored in the processor
control register 33, the complete operation on the multiple
nibble operand is concluded and the controller section
proceeds to the next phase of execution of the instruction.
At that time, the condition register 31 contains accurate
information relating to the flags resulting from the
prescribed operation on the multiple nibble operand.

As previously mentioned, data is loaded into the
processor control register 33 only occasionally during
operation and typically may be loaded only once per routine
or program. Once loaded, that control data remains in the
processor control register and in effect determines part of
the logical configuration of the processor. This control
data stored in the processor control register contributes
to the control of processing of data until different
control data is loaded into the processor control register.
The programmer controls both the loading and the subsequent
reloading of the control data into the processor control
register in accordance with the specific needs for solving
processing problems. Thus the microcomputer logic can be
reconfigured from time to time other than by routine
instructions to extend the capability of its instruction
set. The arrangement and operation of the processor
control register are known in the art.

A direct memory access pointer (DP) 78 in FIG. 3
is an addressable 12-bit register which is used both for
direct memory access operations and as an efficient counter
for counting external events. For direct memory access
operations, 12 bits of data are stored therein for pointing
to any memory location which is to be a source or a
destination of information in the direct memory access
transfer. When used as a counter for an iterative external
operation, the register 78 is loaded with 12 bits of data
which are incremented by the address arithmetic unit 62
during each externally generated clock cycle. In response
to an overflow signal of the address arithmetic unit 62, an
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interrupt sequence is initiated.

A 4-bit page pointer register (PG) 80 is an
addressable register that supplies the middle nibble of
12~-bit addresses used for addressing the random access
memory 22, the nine other addressable registers, and the
input/outppt circuits 36, 37, and 38. By loading the page
pointer register 80 and thereafter using its contents to
identify'a sixteen (16) nibble block of memory, any
location in that block of memory addresses can be addressed
very efficiently with a single instruction. The least
significant nibble of the address is supplied by the
instruction from the read only memory 20. The most
significant nibble of the address is F hexadecimal and is
supplied by hardware in the address arithmetic unit 62,
where F is a numeral in the hexadecimal number system..

A 12-bit stack pointer register (SP) 82 is an
addressable register used for conventional push down stack
operation. Data loaded into the stack pointer is used for
addressing the last information put on the stack. Under
program control the data in the stack pointer is
incremented or decremented by the address arithmetic
unit 62 as items of information are put onto or are read
out of the stack.

The input/output control register (IOCR) 35 in
FIG. 1 is an addressable 6-bit register for storing, under
program control, information that controls flow of data
into and out of the microcomputer. Of the information
stored in control register 35, 3-bits are applied to the
input gate 37 and 1-bit is applied to the multiplexer
(MUX) 52 for determining how data flows through gate 37 and
MUX 52. Another 2-bits of the information stored in
control register 35 are applied to a direct memory access
and control circuit (DMA) 85 for determining whether that
circuit is to control serial or parallel and input or
output operations.

Addressable Accumulator Registers

As previously mentioned, there is no pre-assigned
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accumulator. Instead addressing modes allow registers in
the random access memory 22 to function as accumulators for
various instructions. By use of these registers in the
random access memory, the microcomputer can accomplish a
memory-to-memory data transfer for dyadic operations
without any intermediate step through a permanent
accumulator. These registers also function as destination
and source registers for many arithmetic and logic
functions.

Addressing

All of the storage locations of the read only
memory 20, the random access memory 22, the input/output
circuits and the previously described addressable registers
are assigned locations in addressable memory space. Each
address stores one nibble (4 bits wide). The address space
is organized into decimal addresses 0 through 4095 or
x(000) through x(FFF), wherein x indicates a hexadecimal
number. Read only memory occupies the lower addresses
starting with address x(000), and random access memory
occupies the high addresses ending at x(FFF). The ten
addressable registers and the input/output circuits are
assigned addresses below the lowest address assigned to
random access memory and are addressable like random access
memory. All random access memory used for the registers
have an address wherein the most significant nibble is F
hexadecimal. _

There are a variety of addressing modes for
forming effective addresses of operands. There are four
modes for developing destination addresses and four
additional modes for developing source addresses.

The destination addressing modes are:
Mode 0 - address is formed by concatenating the
4-bit numeral F hexadecimal with a 4-bit
page pointer fetched from the page
pointer register 80 and with a nibbl
provided by the instruction;

Mode 1 - direct address;

SUREAT]S

__OMPI
s WIFO o,

2
ALY

LREATIONE




PCT/US80/00983

WO 81/00631
12.
Mode 2 - address is the contents of the memory
pointer register 64;
Mode 3 - address is the contents of the memory
pointer register 66.
5 The source addressing modes are:
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Mode 0 - address is formed by concatenating the
"4-bit numeral F hexadecimal with the 4-
bit page pointer fetched from the page
pointer register 80 and with a nibble
provided by the instruction;
Mode 1 - direct address;
Mode 2 - address is the contents of the memory
pointer register 64;
Mode 3 - immediate data.
The special address decoder 45 receives addresses
applied by the address latches 99 through the address
bus 40. This decoder converts 12-bit special addresses to
specific signals for accessing the condition register 31,
the processor control register 33, the input/output control
register 35, the input/output latches 36, the bidirectional
input/output port 37, the inport 38, the program
counter 60, the memory pointer registers 64 and 66, the
direct memory access pointer register 78, the page pointer
register 80 and the stack pointer register 82 to signals
which identify and activate the appropriate register, as
required during execution of a program.

Other Registers

Other registers in the microcomputer include the
instruction register (IR) 32 and the destination/source
register (DS) 86.

In FIGS. 2 and 5, the instruction register 32 is
a 4-bit latching circuit which is coupled to the on-chip
data bus 24 for receiving and storing one nibble of opcode
at a time during the execution of each instruction. The
first nibble of each instruction is always stored in the
instruction register. While that nibble of opcode is
stored, the instruction register 32 applies that code to an
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instruction register decoder and latches 90 within the
controller section for partially controlling the sequence
of operations during execution of the current instruction.

Referring now to FIGS. 2 and 6, information
produced by a logic circuit in FIG. 6, in response to
selected ones of the possible first nibbles of opcode is
stored for the duration of the instruction in the latches
ELAT and MDLAT in the instruction register decoder and
latches 90 for indicating that an additional nibble of
opcode is to be used. The second nibble of each
instruction is always stored in the destination/source
register 86 of FIGS. 2 and 5. For a group of often used
instructions, the first and second nibbles provide
sufficient information to prescribe the desired execﬁtion
sequence.,

In response to the information stored in the
latches ELAT and MDLAT of the instruction register decoder
and latches 90, some instructions fetch a third nibble of
the instruction (the second nibble of opcode) from memory
and store it in the instruction register 32 in place of the
first nibble of opcode. This second nibble of opcode
continues partial control of the sequence of operations for
the duration of that instruction. Such storage of a first
opcode in the latches ELAT and MDLAT, followed by a second
opcode replacing the first opcode in the instruction
register for continuing partial control of the sequence of
operations, is referred to as a double opcode operation,
In any instruction using the double opcode operation, the
third nibble of the instruction is the second opcode which
is stored in the instruction register 32 in place of the
first opcode.

In FIG. 6, the instruction regiéter decoder and
latches 90 includes two latches (ELAT and MDLAT) 610 and
630 for storing the information generated by a set of
NAND gates in response to one of the specific codes of the
first nibble of opcode stored in the instruction
register 32. The latches ELAT and MDLAT are each set in
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response to a different opcode combination indicating
double opcode operations. If the assigned opcode for
either of these two latches is not stored in the
instruction register 32 during the first nibble of any
instruction, that latch remains reset for the entire
instruction. On the other hand, if the assigned opcode for
one of these latches is stored in the instruction register
during the first nibble, that latch is set for the duration
of that instruction. Once a latch ELAT or MDLAT is set, it
causes the controller section to fetch a second nibble of
opcode from read only memory 20 and to reload the
instruction register 32 with that second nibble replacing
the first nibble. The set state of the latch ELAT or MDLAT
together with the second nibble of the opcode stored in the
instruction register 32 subsequently controls processing of
any data word to be fetched from any addressable storage
location. Once either of the latches is set in the
instruction register decoder and latches 90, it causes the
controller section to step the processor through special
steps.

As shown in FIGS. 2 and 5, a destination/source
register 86 is a 4-bit latching circuit which is coupled to
the on-chip data bus 24 for receiving and storing one
nibble of addressing mode data during the execution of each
instruction. As previously mentioned, the second nibble of
each instruction is the nibble which is stored in the
destination/source register 86 and is applied to the
transmission gate multiplexer 68 for the duration of the
current instruction. Two bits of this data coupled through
the multiplexer 68 when taken together with information
stored in page pointer register 80 are used by the control
programmed logic array 70 for determining which one of
16 addresses in a block is to be used as a destination
during execution of the current instruction. The other two
bits of data from the destination/source register 86 and
coupled through the multiplexer 68 when taken together with

the information from the page pointer register 80 are used
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by the programmed logic array 70 for determining which one
of the 16 addresses in the block is to be used as a source
register during the execution of that same instruction if
it is a dyadic instruction. If the instruction is other
than a dyadic instruction, these latter two bits of data
provide other control information for the control section.

The instruction register decoder and latches 90
also includes two other flip-flops 610, 630 for storing
information generated by a logic circuit 603, 623 in
response to specific codes stored in the instruction
register 32. Each of these flip-flops is set in response
to a different opcode combination. One of the flip-
flops 610 when set stores an indication that the 7
instruction is either a monadic or a dyadic instruction.
The other one of the flip-flops 630 stores an indication
that the instruction is a conditional transfer instruction.

Controller Section

As shown in FIG. 2, the controller section of the
microcomputer includes the read only memory 20 and the
registers 32, 33, and 86 coupled to the on-chip data
bus 24. Also the controller section includes the control
programmed logic array and random logic 70, a state
counter 96, the instruction register decoder and latches
circuit 90, and a variety of additional‘logic circuitry.
The sequence of events executed for an instruction is
controlled by the controller section. Outputs from the
control programmed logic array are latched in a master
slave arrangement. The microcomputer is stepped through a
series of states which are represented by rectangles
including symbols in FIGS. 8 and 9 which are arranged as
shown in FIG. 7.

In FIGS. 8 and 9, each state is identified by a
code at the top of the rectangle, e.g., "0-3" and "0-C"
located at the tops of the uppermost two rectangles. Each
state is determined in sequence by the output of the state
counter 96 shown in FIGS. 2 and 10.

During a fetch sequence of operation, two nibbles
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are fetched from memory and are loaded respectively into
the instruction register 32 during state 0-3 and in the
destination/source register 86 during state 0-4. The first
nibble is the opcode which is used for basic control of the
sequence of subsequent events. The second nibble contains
destination and source address information for operands to
be used in executing the instruction. Every time the
source/destination register 86 is loaded by a control
signal LDDS, the register 28 also is loaded. As mentioned
for some operations, a third nibble is fetched and is
loaded into the same instruction register during state 0-5
for controlling some other sequences of subsequent events.

After the fetch sequence is completed, an
execution vector generated by the instruction register
decoder and latches circuit 90 may be loaded into tﬁe state
counter 96 so that the proper sequence of subsequent
processing events is commenced. A multiplexer (MUX) 97 in
FIGS. 2 and 10 determines whether information from the
instruction register decoder and latches circuit 90 or from
the control programmed logic array 70 is applied to the
state counter 96.

As shown in FIGS. 2 and 10, the state counter 96
is a 6-bit master/slave latch which temporarily retains
state information typically generated by the control
programmed logic array 70 but at certain times as
modified by the execution vector information which is
multiplexed, or jammed, into the state counter in lieu of
the information from array 70. These times are
determined by the decoder 98 which is responsive to the
state of the state counter 96. When the state 0-6
occurs, decoder 98 applies a signal to the multiplexer
(MUX) 97 for applying the execution vector to the state
counter rather than the usual four outputs of the control
array 70.

If the instruction is a monadic or dyadic
instruction, one or more address pointers are formed and

are loaded into one or both of a pair of temporary
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addressing registers (TO and T1) 92 and 93 of FIG. 3. Once
the addresses are formed, the controller initiates fetching
the specified operands from storage and loading them into
one or more of the arithmetic logic unit registers 26 and
27. The arithmetic logic unit 30 is then activated to
execute the appropriate function and generate a result.
Condition flags are set in the condition register 31 in
accordance with the results of the arithmetic logic unit
operation as processed by the condition steering
circuit 54. The comparator 71 of the controller then
decides whether or not the arithmetic logic unit 30 should
operate on another nibble of operand. This is accomplished
by comparing the state of the counter 69 with the operand
width stored in the processor control register 33. 1If
another .nibble of the operand is to be processed, the
controller section fetches an additional nibble or nibbles
and activates the arithmetic logic unit an appropriate
number of times. This type of operation continues during
the execution of each instruction until the number of
nibbles processed equals the number representing the
operand width as stored in the processor control
register 33,

Control Programmed Logic Array

The control programmed logic array 70 of FIG. 2
is an arrangement of logic circuits which perform the logic
of a known programmable logic array. As shown in FIGS. 2
and 10, the control programmed logic array 70 has two
outputs which are looped through the state counter 96
back to inputs of the array and four which are looped
through the.multiplexer 97 and the state counter 96 back
to inputs of the control programmed logic array for
stepping the array through sequences of states during
operation of the microcomputer.

As shown in FIGS. 2 and 10, the multiplexer 97 is
an 8-to-4 multiplexer. The arrangement and operation of
such a multiplexer is well kndwn.

As shown in FIGS. 2 and 10, state counter 96 is a
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master/slave latch having six inputs and six outputs. Two
of the inputs SCOUT 1 and SCOUT 2 are applied directly from
outputs of the control programmed logic array. The four
other inputs are applied from MUX 97. Normally the four

5 inputs from MUX 97 are four additional outputs
SCOUT 3 - SCOUT 6 from the control programmed logic array.
Only during state 0-6 do those four inputs switch over to
four execution vector outputs EV 1 - EV 4 from the
instruction register decoder and latches 90.

10 An additional input lead from a chip terminal
applies an external reset signal EXCRST to the state
counter when a user desires to reset the microcomputer.
Applying the reset signal forces the output of the state
counter to all zeros. Such output will initiate a reset

15 routine.

As shown in FIGS. 2 and 11, the multiplex control
decoder circuit 77 includes two sets of logic gates which
produce control signals for two sets of transmission gate
multiplexers in the multiplexer 68 of FIGS. 2 and 12. Each

20 of these sets of multiplexers includes three transmission
gates which are opened and closed by the states of control
signals. Only one out of the three gates of each set is
closed for transferring information at any one time.
Although the operation of the multiplexer 68 is described

25 in greater detail hereinafter, the following briefly
describes its operation. Each gate of the first set of
transmission gates A0, Al and A2 in the multiplexer 68
controls the transfer of two pieces of information to a
pair of inputs of one transmission gate A of the second set

30 of gates in the multiplexer 68. Each gate of the second
set of transmission gates A, F and E2 controls transfer of
either three or four pieces of information to four input
leads of the control programmed logic array 70.

Execution Vector Logic

35 As shown in FIGS. 2 and 6, the instruction
register decoder and latches 90 is interposed between the

instruction register 32 and the state counter 96 in the
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controller section. Inputs are applied from the
instruction register, the control programmed logic array
and from an execution vector state decoder 98. Part of the
resulting output from the instruction register decoder and
latches 90 is called an execution vector. The execution
vector includes four bits EV1 - EV4, which determine how to
execute the current instruction and how to process the
current operand. The execution vector is multiplexed with
part of the outputs of the control programmed logic

array 70 and is loaded into the state counter 96 at a
predetermined time during state 0-6 of the execution of an
instruction.

Once loaded into the state counter, the execution
vector determines which one of the states defined in
FIGS. 8 and 9 is executed thereafter. Each state loaded by
way of the execution vector is identified in FIGS. 8 and 9
by the symbol X at the top of the state. This entire
execution vector operation enables a large fan out through
branches in the sequence chart without requiring an
inordinately large chip area for the controller section
shown in FIG. 2. By forcing or compelling hereinafter
called jamming the execution vector into the state
counter, many inputs and word lines which otherwise would
be required in the control programmed logic array 70 have
been eliminated.

As previously mentioned, the execution vector is
multiplexed into the state counter alternatively with part
of the outputs from the control programmed logic array 70.
The execution vector state decoder 98, responsive to the
state of the state counter 96, identifies the correct time
(state 0-6) at which the execution vector should be jammed
into the state counter in lieu of the outputs from the
control programmed logic array. An appropriate enabling
signal is applied from the decoder 98 to the
multiplexer 97. The resulting state thus jammed into the
state counter determines which branch of the sequence chart

is executed during the rest of the current instruction.
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Address Arithmetic Unit, Address

Latches and Address Bus
In FIGS. 3, 13 and 14, the address arithmetic

unit 62 is a 12-bit parallel arithmetic unit arranged for
incrementing or decrementing by one any information applied
to its input from an address latch circuit 99. Unit 62 is
a combinational logic circuit dedicated to address
functions.

In addition to basic incrementing and
decrementing functions, the address arithmetic unit 62 is
arranged to perform three other operations. The five
functions are controlled in response to three control
signals FOB, F1B and F4B from the control PLA and random
logic circuit 70. First of all in response to an NOP code,
the unit 62 does nothing. Additionally, it generates
either a trap address or an interrupt address,
respectively, in response to trap and interrupt codes.
These trap and interrupt addresses are generated by first
resetting the address data to all zeros in the address
latches 99, by gating the masters while the transmission
gates 111 are disabled, and thereafter processing the all
zeros through the address arithmetic unit while jamming a
bit into a selected bit position. Such bit jamming is
accomplished by applying signals to leads FOB, F1B and F4B.
This generates the address x(020) for an interrupt routine
and the address x(010) for trap.

As shown in FIGS. 3, 13 and 14, address
latches 99 are a set of 12 parallel master/slave flip-flop
circuits, arranged to receive and store temporarily
masters address data presented on an address arithmetic
bus 100. Data on the bus 100 arrives there from either (a)
the data bus 24 by way of a multiplexer 102, (b)
registers 60, 64, 66, 78, 80, 82, 92 and 93 or (c) the
address arithmetic unit 62. An address stored in the
masters of the address latches is transferred into the
slaves where it is applied to the address bus 40. The

transfer of addresses from masters to slaves occurs once
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every machine cycle.

Address bus 40 is a 12-bit parallel bus for
applying any address stored in the slaves of the address
latches 99 to inputs of the special address decoder 45 and
the address arithmetic unit 62. The address is applied
also to the address inputs of the read only memory 20, the
random access memory 22 and a 12-input to a l-out-of-16
decoder 106 associated with the input/output latches 36.

Address Arithmetic Bus Structure

As shown in FIG. 3, the address arithmetic
bus 100 is a twelve-lead bus interconnecting the address
arithmetic unit (AAU) 62, the address latches 99, the
registers in internal random access memory (IRAM) 61, the
registers in temporary random access memory (TRAM) 73 and
the multiplexer 102.

Some addresses are formed in the microcomputer by
concatenating three nibbles of data from the data bus 24.
These nibbles originate by reading them out of the read
only memory 20 or out of the random access memory 22. They
appear serially by nibbles on the data bus 24 and are
concatenated (being linked together in a series) by
writing them into their respective nibble positions in
one of the registers in memory 61 or memory 73.

The address arithmetic bus 100 and the connected
circuits are arranged to generate memory addresses used in
processing data in the microcomputer. Sets of transmission
gates 111, 112, 113 are interposed in the bus leads so that
the bus is separable into segments. Depending upon control
signals applied to the transmission gates 111, 112 and 113
and to the multiplexer 102, bus segments 115, 116, 117 and
118 are opened selectively from one another so that
simultaneous transfers of data from separate sources can
occur through different segments. Such simultaneous data
transfers enable a saving of operating time while
accomplishing some processing functions.

Special Address Decoder

The special address decoder 45 of FIG. 3 includes
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circuitry for providing address decoding for the

registers 31, 33, 35, 60, 64, 66, 78, 80 and 82. Upon
detection of the addresses for registers 31, 33 and 35, the
special address decoder enables input/output logic signals
which control the read/write operations of those registers.
Once decoded in the special address decoder 45, the
addressing of the registers 60, 64, 66, 78, 80 and 82 is
controlled by other signals from the decoder 45. Signals
on control lines 122 in FIG. 3 determine which four of
twelve gates in the multiplexer 102 are activated at any
time. They enable transfers of data serially by nibbles
from the data bus 24 to one of three sets of 4 leads of the
address arithmetic bus 100 and vice versa.

Decoder 45 circuitry of FIG. 3 also provides
address decoding for the input/output latches 36, the
bidirectional input/output bus transmission gate 37, the
inport transmission gate 38 and the programmed logic array
encoder 39 of FIG. 1.

When the registers 31, 33, 35, 60, 64, 66, 78, 80
and 82 are addressed as a destination in the direct
addressing mode, and the latches 36, and the transmission
gates 37 and 38 are addressed as a destination, the special
address decoder 45 overrides the processor control
register 33 and controls the appropriate number of nibbles
to be transferred.

The special address decoder 45, the control
programmed logic array 70, the address arithmetic unit 62,
the address latches 99 and parts of the central control
arrangement automatically generate a sequence of addresses
in response to information derived from a single special
address. The sequence of addresses are multiple
destinations for both monadic and dyadic instructions.

Referring now to FIG. 16, the timing diagram
shows the relationships among several signals occurring
during operation of the microcomputer of FIGS. 1, 2 and 3.

The signal CLK is applied from an external source
to the circuit of FIGS. 1, 2 and 3 for determining relative
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timing of operations performed by the microcomputer.

Signal CLK OUT is a timing signal produced by the
controller for enabling various circuits within the
microcomputer and various off chip peripheral circuits
which may be connected to the microcomputer.

An end of instruction signal EOI is a control
signal produced by the controller to indicate the
termination of a sequence of events that are known as an
instruction.

A waveform, designated ADDR represents when
the address on address bus 40 is valid. Associated read
and write signals RD and WR also are shown at an
appropriate time while the address is valid.

The signal RD is produced by the controller
section of FIG. 2 for enabling a read operation from either
the read only memory 20, the random access memory 22 or
IRAM 61.

Signal WR produced by the controller section
enables writing into either the random access memory 22,
the input/output latches 36 or IRAM 61.

Signal DATA IN represents data read into the
microcomputer from a peripheral device. Such data should
be valid at the time shown.

Signal DATA OUT represents data read out of the
microcomputer to a peripheral device. Such data will be
valid at the time shown for current data in the waveform
DATA OUT.

Now that the circuitry and timing of the machine
have been described, the advantageous operation thereof can
be appreciated by the following description of illustrative
operations. For these opérations, it is assumed without
discussion that the read only memory 20, the random access
memory 22, and the peripheral devices B, C, D, and E are
storing valid information that includes a legitimate program
for the machine. The read only memory 20 stores in
program start up sequence in a block of addressable memory
commencing at a hexadecimal address x(000). Storage of

information in registers will be described as required
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subsequently. It is further assumed that the machine has
been reset putting the address x(000) into the program
counter (PC) and into the address latches.

Exemplary Operation
Referring now to FIGS. 8 and 9, there is shown a
sequence chart, or state diagram, for the illustrative

operations of the machine. Each block in the sequence
chart represents a state of the main control logic array
and shows functions that occur during a specific machine
cycle of an illustration. It is believed that the reader
will better understand the operation of the processor by
referring to the sequence chart while studying the
illustrative operations subsequently described.

For any direct memory access arrangement, a
peripheral device, such as one of the peripherals B, C, D
and E, is interconnected with the microcomputer through
terminals on the chip. Such peripherals are designed to
interact with the microcomputer through a group of control
signals called a direct memory access request signal
DMA REQ, a direct memory access acknowledge signal DMA ACK,
and an asynchronous clock signal ASYN CLK. The signal
DMA REQ is generated by the peripheral device. The signal
DMA ACK is sent to the peripheral devices from the
microcomputer. The peripheral devices produce the clock
signal ASYN CLK in the correct number of pulses upon
receiving the signal DMA ACK. In addition to the
arrangement for control signals, the peripheral device
includes a data path for either receiving or sending data.

Referring now to FIG. 17, there is shown a block
diagram for the direct memory access circuit 85 and its
interconnections with other circuits of the microcomputer.
Included are a combination of a shift register 850 and a
set of latches 851. The shift register and the latches 851
both include four stages. A serial data input chip
terminal SER IN is connected to a data input to a first
stage of the shift register. A serial data output chip
terminal SER OUT is connected to a data output from the

( Lo
. T
\/:" W1iFQ }.\“

~EepaTion




WO 81/00631

10

15

20

25

PCT/US80/00983

25.

last stage of the shift register. Four leads from the data
bus 24 are gated in parallel to inputs of the four stages
of the shift register. Output terminals from all four
stages of the shift register are gated in parallel to
inputs to related ones of the latches 851. Four output
terminals from the latches are gated in parallel to the
data bus 24.

A chip terminal ASYN CLK is connected with the
shift register and a counter 852 for applying asynchronous
clock signals from a peripheral device. These clock
signals cause data to shift in the shift register and
increment the counter 852.

Also included in the circuit 85 is a direct
memory access controller 854 which includes a programmabie
logic array and a state counter connected in a feedback
loop arrangement and which also includes some latching
circuits. Controller 854 receives four inputs from the
input/output control register 35 and exchanges control
signals with logic circuitry associated with the shift
register 850, latches 851 and counter 852 as well as with
the main control PLA and random logic 70. Controller 854
also produces read and write signals for controlling the
internal random access memory 61 and the memories 20 and
22. signals AAU INCR and AAU ENAB are generated for
controlling the address arithmetic unit.

In the first illustrative operation, we will
describe a direct memory access procedure for parallel
input from the peripheral device B to the microcomputer.
Other peripherals shown in FIG. 1 are shown for other

30 purposes and may be omitted from any arrangement for

parallel input direct memory access operation. Prior to
describing the procedure, it is necessary to first prepare
the microcomputer for the procedure. 1In preparation

information is stored in the input/output control

35 register 35 and in direct memory access pointer

register 78.

Information is to be stored in the direct memory
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access pointer register 35 by an instruction MOV. As a
result of such instruction, data from address locations
x(111), x(112) and x(113) is moved to the direct memory
access pointer register which is assigned addresses
commencing at address x(F08). The latter address is the
address of the least significant nibble of the register
78. This is a special address that is decoded by the
special address decoder 45 which controls transfer of
three nibbles of immediate data into the register 78.

Referring now to FIGS. 18 and 19, there is shown
a logic schematic of the special address decoder 45. Leads
from the address bus ABUS 00 to ABUS 11 are applied from
the upper left and are latched for the most part. In
FIG. 18 there is a pair of multiplexers MUX A and MUX B,
one of which provides addresses which are decoded into
signals for enabling each of the special registers and the
other of which provides control signals for the
multiplexer 102. 1In FIG. 19 there is a nibble priority
circuit which decides whether the number of nibbles in an
operand is determined by information stored in the
processor control register 33 or by a special address.

After stepping through the program start up
routine, the microcomputer is ready to process an
illustrative instruction MOV to DP. For the instruction
MOV to DP, the three nibbles of data are fetched from the
read only memory 20 of FIG. 2 and are transferred through
the data bus 24 to the temporary register 27. The data
goes through the arithmetic logic unit 30 without
alteration and is applied back through the data bus and the
multiplexer 102, controlled by decoder 45, to the address
arithmetic bus 100 from which it is written into the
register 78. There it is stored until the illustrative
operation commences. In the detailed sequence of
operations to follow, several wait states are preseht to
allow the control PLA to decode the proper information for
the next operation.

The first state of the processor operation is
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state 0-3. The first nibble of the instruction from the
address x(10D) held in the slaves of the address latches is
fetched from the read only memory 20 and is trahsferred
through the data bus 24 to the instruction register 32.

5 The first nibble of information stored in the instruction
register is the opcode representing the instruction Mov,
which will move an initial address for direct memory access
into the register 78. During this state, the processor
also increments the address held in the slaves of the

10 address latches and stores the result x(l10E) in the program
counter register 60 and in the master of the address
latches 99. The processor then steps to state 0-C,

State 0-C is a wait state. The information in

the slaves of the address latches merely is transferred tb
15 the masters thereof, and the processor steps on to
state 0-4.

In state 0-4 the second nibble of the instruction
from the address x(10E) in the slaves of the address
latches is fetched from the read only memory 20 and is

20 transferred through the data bus to the destination/source
register 86. Simultaneously the opcode is decoded and the
latches MDLAT and ELAT are operated. For the instruction
MOV, a special dyadic instruction, MDLAT and ELAT remain
reset. A decision is made whether or not to fetch a second

25 opcode, based on the state of the latches MDLAT and ELAT.
For this instruction, no second opcode is fetched. The two
bit destination and source code specifies direct addressing
and immediate data respectively. The address in the slaves
of the address latches again is incremented. The

30 incremented address is stored in the program counter
register 60 and in the masters of the address latches.
Since a second opcode is not required for the instruction
MOV, the processor steps to state 0-6.

In state 0-6, a wait state, the address in the

35 slaves of the address latch is transferred to the masters
thereof and the processor steps to state 1-F.

At this point in the execution of the
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instruction, the opcode has been fully decoded and the
instruction identified. Address formation now begins. For
dyadic instructions, the destination address is formed
first.

In state 1-F, the processor fetches from
the internal random access memory 61, the most
significant nibble of the address x(F08) for the direct
memory access pointer register 78. This nibble is stored
in the most significant nibble position of the temporary
register 93, which has been designated by the data stored
in the destination/source register 86. The processor
then steps to state 1-B.

In state 1-B, the address in the program
counter 60 loaded into the masters of the address latches
for pointing to the next nibble of the program, which is
the least significant nibble of the address x(F08) for
the register 78, the destination. The machine steps on
to state 1-7.

In state 1-7, the third nibble of the
instruction, i.e., the least significant nibble of the
address x(F08), is fetched from the read only memory
through the data bus 24 and the address arithmetic bus
segment 118 to the least significant nibble of the
temporary register 93. The address in the slaves of the
address latches is incremented in the address arithmetic
unit 62 and the resulting incremented address is stored
in the program counter and in the masters of the address
latches. The processor steps to its state 1-9.

In state 1-9 the fourth nibble of the
instruction, i.e., the middle nibble of the address x(F08),
is fetched and stored in the middle nibble of the
register 93. This completes the formation of the
destination address, i.e.,the address of the direct memory
access pointer register 78, in the temporary register 93.
The address in the slaves is incremented in the address
arithmetic unit, and the result is stored in the program
counter and in the masters of the address latches. The
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processor steps to its state 1-A.

In state 1-A the contents of the temporary
register 92 is transferred into the masters of the address
latches. This address is meaningless with respect to the
program being executed. Since the instruction register
contains information indicating that the instruction is a
dyadic instruction and the flip-flop D (FIG. 6) is reset to
zero, the processor steps to state 1-D for initiating
formation of a source address in the temporary register 92.
The source address is a direct address of immediate data in
the read only memory 20.

In state 1-D the address in the temporary
register 92 is transferred to the masters of the address
latches, and the flip-flop D (FIG. 6) is set so that the
next time through state 1-A the processor will not loop
back through state 1-D. This is a wait state. The
processor steps on to its state 1-F.

Since the source mode is immediate, the address
stored in the program counter is transferred to the
temporary register 92. This address points to the fifth
nibble of the instruction, which contains the first nibble
of the source operand. This source operand is an address
which is to be stored in the direct memory access pointer
register 78 and which gives the initial storage location
for a direct memory access operation. Because this is the
formation of the source address for immediate data, the
processor steps to state 1-A.

Now the processor is ready to commence fetching
the source operand. In state 1-A, the address being stored
in the temporary register 92 is transferred to the masters
of the address latches. This is the address of the fifth
nibble of the instruction, i.e., the first nibble of
immediate data. This address x(111) is the address from
which the initial address for direct memory access is
obtained. Such immediate data is obtained because the
opcode indicates a dyadic instruction and the flip-

flop D (FIG. 6) already is set. The processor steps to
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state 3-9.

In state 3-9, the contents of address x(11ll) is
fetched from the read only memory and is transferred
through the data bus to the temporary data register 27.

5 The special address circuitry and the nibble override
circuitry of FIGS. 18 and 19 are inactive because the
source address is not a special address. Because this is a
source, the data in the register 33 determines the number
of nibbles to be processed. The address in the slaves of

10 the address latches is transferred through the address-
arithmetic unit to the masters. The processor goes on to
state 3-0.

In state 3-0, the address arithmetic unit 62 is
enabled to increment the address in the slaves and store-

15 the resultant in the temporary register 92 and in the
masters. This incrementation is performed in anticipation
of a multiple nibble operand. The processor now steps on
to its state 2-2.

In state 2-2, the incremented address, stored in

20 the slaves of the address latches, is transferred to the
program counter register 60 and to the masters in
anticipation that the last arithmetic logic unit operation
has been performed for the current instruction. Thus the
address in the program counter points to the first nibble

25 of the next subsequent instruction. The processor steps on
to state 2-3.

In state 2-3 the 12-bit address x(F08) contained
in the temporary register 93, which is the address of the
least significant nibble of the direct memory access pointer

30 register 78, is transferred all at once through the bus 100
into the masters of the address latches 99. Since the
address is for the least significant nibble of the
register 78, it is a special address which sets flip-flop
450 in FIG. 18 and thereby activates the special

35 addressing circuits of FIGS. 18 and 19. The least
significant nibble of the register 78 is addressed by way
of control lines DP and DAL. Control line SPAD is high,
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and signals from the destination/source register 86
indicate direct addressing for the destination mode. At
this time the nibble override circuit of FIG. 19 is
prepared to override the nibble setting of register 33 as
applied over leads GB 1 and GB 2 but it needs an enabling
signal on the control line LDTA. A signal from the
controller 70 increments the controller counter 69 to
indicate that the arithmetic logic unit operation on one
nibble of the operand is about to be completed. The
processor steps to its state 2-4.

In state 2-4, the destination operand is fetched
from the least significant nibble of the register 78 and is
transferred by way of the bus 100 and data bus 24 into the
temporary data register 26 enabling signal LDTA and thereby
activating the nibble override circuit of FIG. 19.
Multiplexer MUXC now switches from its inputs GBl and GB2
to the special address inputs RN 1 and RN 2. Since the
special address is the register 78 and it includes three
nibbles, the nibble override multiplexer MUX C remains
switched this way until the end of the execution of this
instruction when the signal CLR 0-6 from the control PLA 70
clears the latch circuit 456. The address of the least
significant nibble of the register 78, residing in the
slaves of the address latches, is transferred to the
masters and the processor steps to state 2-0.

In state 2-0, the destination address stored in
the slaves of the address latches is incremented to x(F09)
and stored in temporary address register 93 in anticipation
of a multiple nibble operation. The arithmetic logic unit
30 is turned on with controls such that the data in the
temporary register 27 appears unaltered at the output of
the arithmetic logic unit. The operand stored in
register 26 does not affect the output of the arithmetic
logic unit during this state for this illustrative
instruction. The processor steps on to its state 2-1.

In state 2~1 the arithmetic logic unit is held on
and its output is transferred through the data bus, the




PCT/US80/00983

WO 81/00631

10

15

20

25

30

35

32.

multiplexer 102 and bus 100 into the location addressed by
the slaves of the address latches. This is the address
x (F08) of the least significatn nibble of the direct
memory access pointer register 78. The address x(F08) in
the slaves of the address latches is transferred to the
masters thereof.

At the end of the arithmetic logic operation,
the comparator 71 of FIGS. 2 and 21 compares the state
of the control counter 69 with the number of nibbles
presented by the nibble override circuit of FIG. 19. Since
the destination is a three nibble register, the override
circuit is calling for a three nibble operation and only
one nibble has been completed. The processor steps on to

state 1-A.
The operand fetch and arithmetic logic unit

operations now are repeated twice from state 1-A through
states 3-9, 3-0, 2-2, 2-3, 2-4, 2-0 and 2-1. There are
some differences, however.

When the address is read from the temporary
register 92 for the first repeat of state 1-A, the address
is x(112). The operand fetched from that address in read
only memory is subsequently loaded in the middle nibble of
the register 78 by way of the middle leads of bus 100 and
under control of signal DAM. The address for such middle
nibble of the register 78 is generated automatically by the
address arithmetic unit 62 and is stored in the
register 93, during state 2-0, in response to signals
produced by the special address decoder 45, the controller
counter 69, the comparator 71 and the control programmable
logic array 70.

When the address is read from the temporary
register 92 for the second repeat, the address is x(113).
The operand fetched from there is loaded into the most
significant nibble of the register 78 by way of the high
order leads of bus 100 and under control of signal DAH.
The address for the most significant nibble of the direct

memory access pointer register 78 also is generated
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automatically by the same combination of circuitry. Upon
completion of these steps the register 78 contains the
initial address for the illustrative direct memory access
operation.

Throughout these latter two loops used for
loading the operand into the middle and most significant
nibbles of the direct memory access pointer register, the
nibble override circuit of FIG. 19 is active and calling
for a three nibble operation. The comparator 71 of FIGS.
2 and 21 now checks its inputs from the nibble override
circuit and the number of operations counted by counter
69. The comparator is satisfied producing a special
address disabling signal LAST NIB processor thereafter
steps from state 2-1 into state 0-1.

State 0-1 is the final state of the first
instruction. The address in the program counter
register 60 therefore is transferred through the bus 100 to
the masters of the address latches in preparation for
addressing the first nibble of the next instruction. The
processor steps on to state 0-3, the first state of the
next subsequent instruction.

The second instruction, also an instruction MoV,
is used for loading data into.the input/output control
register 35 at another special address. In this operation
wherein the machine steps through states 0-3, 0-C, 0-4, 0~
6, 1-r, 1-B, 1-7, 1-9, 1-a, 1-D, 1-F, 1-A, 3-9, 3-0, 2-2,
2-3, 2-4, 2-0, 2-1, 0-1, one nibble of data is stored into
the register 35. 1In the respective states this nibble is
fetched as immediate data in the program stored in the read
only memory 20. The data is transferred through the data
bus 24 and is multiplexed to the temporary register 27.
The nibble is coupled through the arithmetic logic unit 30
without alteration and back onto the data bus 24. From
there it is gated into the input/output control register 35
completing execution of the second instruction. This
information stored in the register 35 is retained

continuously in that register throughout the illustrative
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direct memory access operation. The two bits of the data
stored in the register 35 describe which kind of direct
memory access operation is to occur. One bit determines
whether an input transfer or an output transfer is to
occur. For the first illustrative operation, this bit
specifies an input operation. The other bit determines
whether the information is transferred four bits in
parallel or as a serial stream of bits. For the first
illustrative operation, this bit specifies a parallel
operation.

Thereafter the processor continues executing
instructions from the read only memory 20 routinely while
the direct memory access controller loops in its state 0
which is to be described subsequently. The main processor
continues executing instructions until the signal DMA REQ
is applied by the peripheral device B to the direct memory
access and control 85 of FIG. 17. This may occur during
the middle of the execution of an instruction and is shown
in FIG. 22. When the direct memory access controller
receives the signal DMA REQ, it generates a signal IOCIOON,
as shown in FIGS. 17 and 22. As a result of the foregoing
signal changes, the main controller programmable logic
array and random logic 70 finishes execution of the current
instruction, leaving in the program counter register 60 the
address of the program location containing the opcode
commencing the next following instruction in
the main program. In FIG. 8 this occurs during state 0-1
of the main controller while the signal IOCIOON is on.

It causes the main processor controller to step into
state 0-2.

At this time the main controller is ready to
relinquish control of operations to the direct memory
access controller 85. The main controller stays in
state 0-2 throughout the direct memory access operation.
In this state the direct memory access pointer is
transferred from the register 78 through the bus 116, 117,
118 into the masters of the address latches 99. The main
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controller sends a coded combination of éignals CIOA and
CIOF to the direct memory access controller indicating that
the main controller is suspending its control of operation
for the duration of the direct memory access operation.

Referring again to FIG. 17, the direct memory
access controller 85 includes a programmable logic array
and a state counter 854 which are arranged in a feedback
loop to control operations through a series of states
during the direct memory access operations. These states
are shown illustratively as boxes on the state diagram of
FIGS. 23 and 24. The direct memory access controller
progresses through those boxes from states 0 and 2 at the
top of the drawing through to the state 29 at the bottom in
synchronism with the clock driving the main processor. In
state 0 the direct memory access controller continuously
repeats that state until the main controller relinquishes
control.

When the codec combination of signals CIOA and
CIOF occurs, it gates the signal DMA REQ to the input of
the programmable logic array in the direct memory access
controller 85. This signal at the input of the
programmable logic array takes the direct memory access
controller out of its state 0 and makes it step into
State 2. State 2 is a wait state and the controller steps
on into state 3 which is also a wait state. These two wait
states have been included in the operation to assure that
the address bus 40 and the data bus 24 are free of any
prior existing information. From state 3 the controller 85
stepé into its state 14.

In state 14 the controller 85 turns on the signal
DMA ACK which is transmitted to the peripheral B. The
signal DMA ACK is latched up commencing with state 14 until
the completion of the direct memory access operation. The
controller 85 steps to its state 30.

When the peripheral device B receives the signal
DMA ACK, it commences producing the signal ASYN CLK which
is applied to the direct memory access controller 85. At
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this time the peripheral device B applies 4 bits of data in
parallel to the microcomputer pins of the inport 43.

In state 30 logic circuitry associated with the
direct memory access controller produces a signal PARIN of
FIG. 17 which is derived from the data stored in the
input/output control register 35 and which enables the
inport transmission gate 38 to apply the data from the
peripheral device B onto the data bus 24. Because of the
signals ASYN CLK, and PARIN, the data on the data bus is
loaded into a shift register of the direct memory access
controller 85. This data also is gated immediately into
latches included in the controller 85. The controller 85
loops in state 30 until the signal ASYN CLK turns off and
the controller steps into its state 16.

In state 16 the information stored in the direct
memory access pointer register 78 is transferred to the
masters of the address latches 99. This is the first
address in a sequence of addresses where the nibbles of
data are to be stored when they are received. At the end
of the machine cycle, the information stored in the masters
is transferred into the slaves thereof and thereupon is
applied to the address bus. It is noted that these address
latches are the same address latches used for normal
processor addressing. The controller 85 then steps to its
state 17. '

In state 17 the received data now stored in the
latches of the controller 85 is gated onto the data bus 24.
The controller 85 generates and applies to the memory
circuits a write signal WR. Thus the data on the data bus
is written into the memory location addressed by the
address appearing on the address bus. During this state
the information stored in the pointer register 78 is again
transferred to the masters of the address latch 99 and the
controller 85 steps to state 18.

- In state 18 the address stored in the slave of
the address latches is incremented in the address
arithmetic unit 62 and the result is stored in the masters
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of the address latch and in the pointer resistor 78. The
same address latches and address arithmetic unit used in
normal program flow now are used in this direct memory
access addressing operation. The controller 85 then
steps into state 30.

The controller further steps through states 30,
16, 17 and 18 a sufficient number of times to complete the
transfer of all nibbles of information to be transmitted
from the peripheral device B to the random access
memory 22. One nibble is transferred in response to each
Pulse of the signal ASYN CLK. When the peripheral device B
determines that all of the data has been transferred, it
turns off the signal DMA REQ and controller 85 steps from
state 18 into state 15, a wait state, and on into state 29
to initiate an interrupt service routine.

In state 29 the controller 85 clears its own
control latches 854. An interrupt signal IOCINT is
generated and latched within the controller 85. The
signals DMA ACK and IOCIOON are both turned off. Referring
again to FIG. 8, as soon as the signal IOCIOON goes off,
the main controller leaves it state 0-2 and steps into
state 0-1.

As shown in FIG. 21, the direct memory access
controller 85 then commences looping in its state 0 and
continues to loop therein until the signal DMA REQ is
received from the peripheral device B at a later time.

In state 0-1 the main controller of the
microcomputer causes the address in the program counter 60
to be transferred into the masters of the address latch 99.
In response to a signal IOCINT, the main controller steps
to its state 0-8.

In state 0-8 address x(020) is generated by the
address arithmetic unit 62 and is stored into the masters
of the address latches 99 and in the temporary register 93.
This address is the address of the beginning of the
interrupt service routine. The main controller then steps

into state O-A. In state O-A the stack pointer from
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register 82 is put into the master of the address latches
and the machine steps into the next state. During the next
three states of the main controller, we move the program
counter to the stack, a nibble at a time, and decrement

the stack pointer each time. Thereafter the main
controller steps to its state O-E.

In state O-E the address stored in the slaves of
the address latch is transferred into the stack pointer 82
and into the masters of the address latches. The main
controller goes on to its state O-F.

In state O-F the address x(020) contained in
register 93 is transferred into the program counter 60 and
into the masters of the address latches 99. The main
controller then steps into state 0-1.

In state 0-1 the address x(020), for the
beginning of an interrupt service routine and being stored
in the program counter 60, is transferred into the masters
of the address latches 99. The address x(020) is applied
to the address bus and the controller steps to state 0-3
which is the beginning of the fetch portion of the
interrupt service routine. .

The interrupt service routine is designed to test
data transferred from the peripheral device B to the random
access memory 22. This data represents the operational
status of other equipment associated with the peripheral
device B. Upon completion of this status testing, the
direct memory access pointer stored in the register 78 is
reset to its initial value, i,e., data at x(111), x(112),
and x(113), in preparation for another direct memory access
operation. Thus the interrupt service routine concludes
with another operation moving data into the direct memory
access pointer 78.

Thereafter the main controller does an interrupt
return instruction. It fetches the required opcode through
states 0-3, 0-4, 0-6 and in response to the execution
vector goes into state 1-1. The contents of the stack
pointer, i.e., the address of the stack, is transferred
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into the masters of the address latches and the main
controller steps to its state 3-A wherein the stack pointer
address is incremented and stored in the masters of the
address latches.

5 In the next three states 3-7, 3-2, 1-0, the main
controller picks up the program return address for the
program counter register 60. This return address is
contained in three nibbles of the stack in random access
memory, which nibbles are accessed consecutively and are

10 stored in the respective nibbles of the program counter.
The address in the stack pointer register 82 is incremented
during each of those states. For example in state 3-7, a
nibble is fetched from the stack in random access
memory 22, is transferred through the data bus 24,

15 multiplexer 102, and bus 100, and is stored in the least
significant nibble of the program counter register 60. The
address in the slaves of the address latches is incremented
in the address arithmetic unit 62 and is stored in the
masters of the address latches. The main processor

20 controller then steps on to its state 3-2. At the end of
the third time in state 1-0, the controller goes to
state 1-2.

In state 1-2 the controller stores in the stack
pointer register 82 the new stack address and goes onto

25 its state 1-2 the final state of the interrupt service
routine.

In state 0-1 the address then stored in the
program counter is transferred to the masters of the
address latches. This address is the address of the

30 beginning of the instruction which would have been executed
if the direct memory access operation had not occurred.

The main controller now steps to its state 0-3 and starts
the execution of that instruction.

In a second illustrative operation, we will

35 describe a direct memory access arrangement for a four bit
serial input from the peripheral device D through a chip
terminal to the microcomputer. Other peripheral devices
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are considered to be omitted from the arrangement for the
purpose of clearly explaining the serial input operation.
Again, it is necessary to first prepare the microcomputer
for the operation.

As mentioned in the first illustrative operation,
information is stored in the direct memory access pointer
register 78 and in the input/output control register 35.
The information stored in the register 35 is two bits,
representing respectively the serial operation and input to
the microcomputer. This data is held in the register 35
throughout this illustrative operation. The information
stored in the register 78 represents any appropriate
address in writeable memory. This address remains stored
in the register 78 until the illustrative direct memory
access operation commences. —

While the main processor is executing
instructions, the direct memory access controller loops in
its state 0 of FIG. 23, as in the first illustrative
operation. The main processor continues executing
instructions until the signal DMA REQ is applied to the
direct memory access circuit 85 by the peripheral device D.
This is represented in FIG. 22 by the signal DMA REQ going
to zero. Thereafter the current instruction is executed
until it is completed. Then the main controller suspends
operation of the main processor and turns over control to
the direct memory access controller 85. When the direct
memory access controller 85 assumes control, it steps from
its state 0 through its states 1 and 3 of FIG. 23, as in
the first illustrative operation.

From state 3, the controller 85 now steps into
its state 7. At this time a counter included in the
controller 85 is initially reset in an all zeros state. A
signal DMA ACK is generated and is sent to the peripheral
device D. The controller 85 loops in state 7 until the
signal ASYN CLK is toggled four times after the occurrence
of the signal DMA ACK. At the rising edge of the first
pulse of the signal ASYN CLK, the first bit of data is
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clocked from the peripheral device D through the chip
terminal and the lead 130 into the first stage of the shift
register included in control circuit 85. The latching
circuit, included in the control circuit 85, is not

5 operated at this time. Also in response to the rising edge
of the signal ASYN CLK, the counter in the controller 85 is
incremented by "1". During and after the occurrence of the
first pulse of the signal ASYN CLK, the controller 85 loops
in its state 7 awaiting three more clock pulses. This

10 operation continues similarly until those three additional
clock pulses strobe data bits into the shift register of
the controller 85.

When the fourth bit finally is entered into the

shift register, the counter of the controller 85 overflows
15 and generates a signal indicating it is full. This causes
all four data bits to be moved in parallel from the staées
of the shift register to stages of the latch included in
the direct memory access controller 85. This applies
a signal LAT to the counter 852 within the controller 85
20 0f FIG. 17, which is thereby reset to its zero state.
During state 7, the peripheral device D disables the
signal DMA REQ because all four bits of data have been
transferred to the direct memory access controller 85.
The signal LAT causes the controller 85 to step
25into its state 8 wherein the data being stored in the
direct memory access pointer register 78 is transferred
into the address latches 99. These are the same address
latches used for normal program flow. This is the address
at which the data being transferred from the peripheral
30device D is to be stored. Then the controller 85 steps
into its state 10.

In state 10 information stored in the latches of
the controller 85 is transferred to the memory location
pointed to by the address latches. This address also is

35transferred to the masters of the address latches. Then
the controller 85 steps into its state 12.
In state 12 the address stored in the slaves of
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the address latches is incremented by "1" in the address
arithmetic unit 62, the same address arithmetic unit used
for normal program addressing. The result is stored in the
direct memory access pointer register 78 and in the masters
of the address latches. The controller 85 again steps
along into state 29 which has been described previously.

From this point in the sequence of operations,
the main processor continues through the previously
described interrupt service routine and continues
thereafter processing its main program.

In a third illustrative operation we will
describe the procedure for parallel output from any
addressable memory in the microcomputer to the peripheral
device C. Other peripheral devices are considered to be
omitted from the arrangement for the purpose of clearly
explaining the illustrative parallel output operation.

In accordance with the previous illustrative
operations, two bits of data are stored in the input/output
control register 35. For this operation these two bits
represent, respectively, a parallel operation and an
operation directing data out of the microcomputer. These
two bits of data are held in the input/output control
register 35 throughout the illustrative parallel output
operation.

Also in accordance with the previous illustrative
operations, data is stored in the direct memory access
pointer register 78. This time the address is the first
nibble of data to be transferred from the microcomputer to
the peripheral device C and can be any address in
addressable memory within the microcomputer. The address
stored in the register 78 remains there until the
illustrative direct memory access operation commences.

As in the two prior illustrative operations, a
signal DMA REQ occurs during the execution of some
instruction. The machine continues executing that
instruction until it is completed. Control by the main

processor is suspended and control is turned over to the
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direct memory access controller 85 for the duration of the
illustrative parallel output direct memory access
operation. The controller 85 proceeds from its state 0
through its states 1 and 3, as in the previously described
illustrative operations. From state 3, however, it steps
into state 20.

In state 20, the address stored in the pointer
register 78 is transferred through the bus 100 to the
masters of the address latches, which are the same latches
used for addressing in normal program flow. This address
is the address of the first nibble of data to be
transferred from the microcomputer to the peripheral
device C. The controller 85 steps into its state 21.

In state 21 the controller causes data to be réad
from the memory location pointed to by the address in the
slaves of the address latches. This data is the first
nibble of data to be transferred from the microcomputer to
the peripheral device C during this illustrative direct
memory access operation. This data can be read from any
readable address in random access memory 22 or read only
memory 20, any addressable register, or any of the
input/output circuits. The read signal RD of FIG. 15,
produced by the controller 85, causes data from the memory
location being pointed to by the address latches to be put
on the data bus 24. A load data signal from the DMA
controller 854 loads that data in a parallel operation into
the stages of the shift register of controller 85. The
controller now steps into its state 25.

In state 25 the controller 85 turns on the signal
DMA ACK. The signal ASYN CLK generated by the peripheral
device C is lowered, i.e., turned on, indicating that the
peripheral device C is ready to accept a first nibble of
data in the direct memory access transfer from the
microcomputer. Also during this state the address stored
in the pointer register 78 is again transferred into the
masters of the address latches. Now the controller 85
steps into its state 31.

Q,?T“ .
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In state 31 data is transferred into the
latches 851 of the controller 85 from the associated shift
register 850 by a signal from the controller 854. Since
the signal ASYN CLK is on, data from the latches is gated
out onto the data bus 24. Transmission gate 37 between the
data bus 24 and the input/output bus 47 is enabled allowing
the data on the data bus 24 to be transferred out onto chip
output terminals 48. At this time the data is valid on the
data bus interconnecting the microcomputer with the
peripheral device C. The peripheral device C accepts this
data by raising the signal ASYN CLK, i.e., turning it off.
It is noted that the signal ASYN CLK must be on for at
least one machine cycle of the microcomputer before being
turned off. Controller 85 loops in its state 31 as long as
the signal ASYN CLK is turned off. The signal DMA REQ also
is turned off and the controller 85 steps into its
state 26.

In state 26 the address in the pointer
register 78 is transferred into the masters of the address
latch and the controller 85 steps into its state 28 wherein
the address in the slaves of the address latch are
incremented by the address arithmetic unit 62. The
resultant incremented address is transmitted through the
buses 115, 116, 117, 118 and stored in the pointer
register 78 and in the masters of the address latch.
Controller 85 steps on into its state 21.

In state 21 the controller 85 causes data to be
read from the memory location pointed to by the address
stored in the slaves of the address latches. This is the
incremented address where the next nibble of data to be
transferred is being stored. The read signal RD produced
by the controller circuit 85 causes data from that address
to be put on the data bus 24. The load data signal LD
loads that data from the data bus 24 into the shift
register included in the controller 85. Because the signal
DMA REQ now is turned off, the controller 85 steps into its
state 27.
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In state 27 the data stored in the shift register
of the controller 85 is transferred in a parallel operation
into the latches also included in the controller 85. Gates
from the output of the controller 85 to the data bus 24 are
disabled during this state so that the data does not go out
on the data bus. Controller 85 now steps into its
state 29, -the final state of the illustrative parallel
output direct memory access operation. State 29 has been
described previously with respect to the first and second
illustrative operations.

When control is returned to the main controller
of the microcomputer, an interrupt service routine is
commenced. This interrupt service routine differs from the
previously described interrupt service routine because the
information transferred out of the microcomputer to the
peripheral device C is not processed by the main processor
at this time. Therefore the microcomputer proceeds
directly to the interrupted program by executing an
interrupt return instruction.

In a fourth illustrative operation, we will
describe a direct memory access procedure for a four-bit
serial output from the microcomputer to the peripheral
device E. The other peripherals are considered to be
omitted from the arrangement for the purposes of clearly
explaining this fourth illustrative operation. As in the
first three illustrative operations, information must first
be stored in the register 35 and the pointer register 78.
Two bits are stored in the input/output control
register 35, respectively, representing a serial operation
and data output. These two bifs are held in the
register 35 throughout the illustrative operation. An
address representing any appropriate address in readable
memory can be stored in the pointer register 78 until the
illustrative direct memory access operation commences.

A signal DMA REQ is generated by the peripheral
device E initiating a sequence of events that are similar
to the third illustrative operations until the
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controller 85 reaches its state 21 the first time. From
state 21 the controller 85 now steps into state 22 because
of the two bits stored in the input/output control
register 35.

In state 22 the controller 85 turns on the signal
DMA ACK. The address stored in the pointer register 78 is
transferred into the masters of the address latches, and
the peripheral device E turns on the signal ASYN CLK. Thus
the peripheral device E indicates it is ready to receive a
nibble of data in serial form. The nibble of data from the
address pointed to by the direct memory access pointer is
transferred into the shift register in the controller 85.
The controller 85 loops in its state 22 until the signal
ASYN CLK completes four pulses and turns off. For each
pulse of the signal ASYN CLK, the controller 85 shifts one
bit of data out of the shift register onto the lead 132
connecting with the peripheral device E. Thus when four of
the clock pulses have occurred, the entire nibble of data
is shifted out of the shift register of controller 85 and
into the peripheral device E which then turns off the
signal DMA REQ. 1In response to the turn-off of the signal
DMA REQ, the controller 85 steps into its state 24.

In state 24 the address stored in the slaves of
the address latch is incremented by the address arithmetic
unit 62 and the resultant incremented address is stored
both in the pointer register 78 and in the masters of the
address latches. Controller 85 then steps into state 29,
the final state of the illustrative serial output direct
memory access operation. This state 29 was described in
the previous illustrative operation.

The main controller assumes control of the
microcomputer once again and commences processing an
interrupt service routine similar to the one describéd
briefly with respect to the third illustrative direct
memory access operation.

The foregoing description describes several
illustrative embodiments of the invention. These
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embodiments together with other embodiments obvious to
those skilled in the art are considered to be within the
scope of the invention.
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Claims
l. A microcomputer system comprising:
an addressable memory (20, 22);
a processing unit (27, 30, 32, 70, 96);
5 an internal data bus (24) interconnecting
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the memory to the processing unit;

an éddressing means (60, 62, 78, 99, 102)
connected by way of an address bus (40) to the
addressable memory for applying by way of the address bus
a first address from which data is read to the processing
unit during a first period,

CHARACTERIZED IN THAT

the system comprises:

a direct memory access circuit (85)
interconnects with the internal data bus (24); and

the addressing means (60, 66, 78, 99,
102) additionally applies to the addressable memory by
way of the address bus (40) during a second period a
second address from which data is transferred to the
direct memory access circuit (35) or to which data is
transferred from the direct memory access circuit (35) in
response to an asynchronous clock signal.

2. A microcomputer system in accordance
with claim 1

CHARACTERIZED IN THAT

the processing unit (27, 30, 32, 70, 96)
suspends operating for the duration of the second period
while the direct memory access circuit (35) assumes
control until the direct memory access operation is
completed.

3. A microcomputer system in accordance
with claim 1 or claim 2

CHARACTERIZED IN THAT

the microcomputer comprises terminals
which are coupled through a first gate (38) to the
internal data bus (24) for transferring data received on
the terminals in parallel through the first gate and the
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data bus into latches in the direct memory access circuit
(35), the direct memory access circuit (35) being
arranged for further transferring such data in parallel
from the latches through a second gate and the internal
data bus to the second address in the addressable memory.

4. A microcomputer system in accordance
with claim 1 or claim 2

CHARACTERIZED IN THAT

a terminal (130) of the microcomputer is
interconnected with a serial input of a shift register
(850) in the direct memory access circuit (85) for
transferring data received on the terminal into the shift
register, the direct memory access circuit being arranged
for further transferring such data in parallel to latches
(851) in the direct memory access circuit and in parallel
from the latches through a gate and the internal data bus
(24) to the second address in the addressable memory (20,
22).

5. A microcomputer system in accordance
with claim 1 or claim 2

CHARACTERIZED IN THAT

the direct memory access circuit (35) is
arranged for receiving and storing data in parallel from
the second address in the addressable memory (20, 22) by
way of the internal data bus (24), and a gate (37) and
latches connected between the data bus and terminals (48)
of the microcomputer, such gate, latches and the direct
memory access circuit being arranged to transfer the data
stored in the direct memory access circuit (35) in
parallel through the data bus and the gate to the
terminals (48).

6. A microcomputer system in accordance
with claim 1 or claim 2

CHARACTERIZED IN THAT

the direct memory access circuit (35) is
arranged with a shift register for receiving and storing

data in parallel from the second address in the
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addressable memory (20, 22) by way of the internal data
bus and for converting such data from parallel to serial
at an output, and a gate is arranged between the serial
output of the shift register and a terminal (132) of the
microcomputer for controlling serial transfer of the data

to the terminal.
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