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PREFACE

In this introductory Chapter we intend to:

1). develop a common terminology for future chapters.

2). introduce several stored-program-computer design topics.

3). define some of the computer architect's problems (which
will be solved in the subsequent chapters).

In order to achieve these goals, we will start with computer
basics. It should be stressed that approaches and solutions
can be chosen which are different from the ones described in
this and the subsequent chapters. However, the general ideas
described will be appropriate to gain familiarity with the micro-
programmable bit-slice devices in order to use them in any
design configuration.

BACK TO THE BASICS. ..

A STORED-PROGRAM-COMPUTER is defined as a machine
capable of manipulating data according to predefined rules
(instructions), where the program (collection of instructions)
and data are stored in its memory (Fig. 1). Without some
means of communication with the external world, the program
and the data cannot be loaded into the memory nor can the
results be read out. Therefore, an input/output device is re-
quired as shown in Fig. 2.
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Figure 1. Basic Definition of a Stored-Program-Computer.
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Figure 2. I/O Added to the Basic Stored-Program
Computer.

The memory is usually organized in words, each containing N
bits of information. A unique address is allocated for each
word which defines its position relative to other words. The
Central Processor Unit (CPU) usually reads or writes one
word at a time by addressing the memory and then when the
memory is ready, reading the contents of the word or writing
new contents into that word. To perform this operation, two
registers are usually used: The Memory Address Register
(MAR), which contains the address and the Memory Data
Register (MDR) which contains the data (Fig. 3).

CPU MEMORY

EXTERMAL WORLD MPR-441

Figure 3. MAR and MDR Depicted for a
Stored-Program Computer.

Since accessing a memory (reading from it or writing into it) is
usually a relatively slow procedure, it is advantageous to have
a few memory locations inside the CPU which can be read
from or written into very fast. These locations are usually
called Accumulators or Working Registers. Having these fast
access registers inside the CPU (Fig. 4) enables many opera-
tions to be carried out without referring to the memory
(through the MAR and the MDR) and therefore these opera-
tions are executed faster.

The unit which actually performs the data manipulation is
called the Arithmetic & Logic Unit (ALU). It has two inputs for
operands and one output for the result. It usually operates on
all the bits of a word in parallel. The ALU can perform all or
part of the following operations:

Arithmetic Logical
Add OR
Complement AND
Subtract XOR
Increment NAND
Decrement NOR
XNOR
Complement

In some architectures, one of the operands must always be in
a special register (accumulator) and the result of the ALU op-
eration is always transferred to this register. In a more general
CPU, any two of the internal registers can contain the
operands and the result of the ALU operation can be trans-
ferred to any one of them.

Another very useful feature of a CPU is the ability to shift the
contents of a register or the output of the ALU one or more
bits in either direction as shown in Fig. 5.
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Figure 4. CPU with Internal High Speed Registers.
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Figure 5. ALU and Shifter Added to the CPU Design.

We now have the elements to do any data manipulation re-
quired but we still need a unit which can properly set the MAR
in order to find the next instruction of the program in the
memory and to find its associated data. This unit is called the
Program Control Unit (PCU) and its role is to load the MAR
with the correct address in order to find the next instruction or
data item or to point to a memory location where a data word
should be written.

Often, the program steps (instructions, data) are written in the
memory in consecutive locations, starting at address zero or
at any other predefined address. The PCU can simply be in-
cremented after each memory access thereby pointing to the
address of the next instruction or data item. This counter-type
PCU has very little flexibility. Sometimes we wish to change
the “normal” flow of the instructions, particularly if we want to
enable our computer to “make decisions” according to condi-
tions prevailing at the current execution point. For example,
we may want to execute one of two different sequences of in-
structions depending upon the result of the last operation per-
formed. This is accomplished by loading the MAR with a new
value (the address of the next instruction to be executed)
rather than incrementing it. This operation is called a
BRANCH or JUMP and can be unconditional (which allows
execution of a non-contiguous string of instructions) or condi-
tional (depending, for example, on whether the last opera-
tion's result was zero or not, was negative or positive, true or
false, etc.).

Even more flexibility can be achieved by using a stack (a
group of temporary internal or external memory locations) to
store vital data. A stack pointer is used to address the mem-
ory location currently at the top of the stack. Indirect and rela-
tive addressing and other sophisticated addressing modes (all
of which can be handled by the PCU) will be discussed later.
Meanwhile, Fig. 5 shows the PCU as a part of the CPU.

Executing an instruction in our computer now requires the
following steps:

a). The PCU loads the address of the next instruction to the
MAR and signals to the memory that a Read is re-
quested. Incidentally, the PCU may be as simple as a
Program Counter equal to the address width. The mem-
ory loads the MDR with the contents of the location ad-
dressed.

b). The CPU decodes the instruction: i.e., (assuming
operands are in internal registers) selects the proper reg-
isters to feed the ALU, selects the proper function to be
performed by the ALU, sets up the shifter to displace the
result, if required, and selects the register in which the
result should be stored.

c). The ALU performs the function desired.

d). The result is loaded into the destination register.

e). The result is also examined to determine whether a
BRANCH is to be performed.

f). The PCU calculates the address of the next instruction,
(usually called a “FETCH").

This procedure becomes more complicated if the operands
are not stored in the internal registers or if the result is not to
be stored in one of them. Let's take an example instruction
using relative addressing:

"“Take the first operand from the location specified by the
sum of the word after this instruction (immediate) and the
contents of register R1; take the second operand from
the location specified by the sum of the second word
after this instruction and the contents of R2; add the two
operands and place the result in the location specified by
the sum of the third word after this instruction and the
contents of register R3. Then execute the instruction lo-
cated at the address, which is the sum of the fourth word
after this instruction and the contents of register R4 if
there is a carry resulting from the addition. Otherwise
continue sequentially”.

The steps required to execute this instruction are as follows:

a). The PCU loads the address of the next instruction to the
MAR, signalling to the memory that a Read is requested.
The memory loads the MDR with the contents of the loca-
tion addressed.

b). The CPU decodes the instruction, i.e., initiates the follow-
ing steps.

c). The PCU is incremented and the next word is read from
the memory.

d). Register R1 and the MDR are selected as source regis-
ters, MAR is the destination register.

e). The ALU performs “ADD" and the result is placed in the
MAR.

f). The first operand is fetched from the memory and placed,
for example, in R5.

g). The PCU is incremented and the next word is read from
the memory.

h). Register R2 and the MDR are selected again as source
registers and MAR as the destination.
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i). The ALU performs “ADD” and the result is placed in
MAR.

j).  The second operand is fetched from the memory and is
placed, for example, in R6.

k). The PCU is incremented, the next word is read from the
memory.

I). Register R3 and the MDR are selected as source regis-
ters, the MAR as destination.

m). The ALU performs “ADD"” and the result is placed in the
MAR, which now points to the location where the sum of
the operands should be stored.

n). Registers R5 and RE are selected as sources (they con-
tain the operands), MDR is now the destination.

0.) The ALU performs “ADD" and the result is placed in
MDR.

p). A memory write cycle takes place and the contents of the
MDR is stored at the desired address.

q). The carry is examined to determine the next step to be
performed. Assume there is no carry.

r). The PCU is incremented twice (in order to skip the fifth
word of the present instruction). It now points to the ad-
dress of the next instruction.

As can be seen, 18 steps were used to perform a single ad-
dition using this complex relative addressing scheme. Obvi-
ously, our CPU needs some kind of “coordinator” which can:

1). Decode an instruction fetched from the memory.

2). Initiate the proper cycle of steps to be performed.

3). Set up the various controls for each step.

4). Execute the steps in an orderly sequence.

5). Make decisions according to the state of various signals
(conditions).

We will call this coordinator the Computer Control Unit (CCU)
and it is depicted in Fig. 6. Our CPU is now complete (more
or less) and we will go into more detail later.

THE MEMORY

Let's now discuss the memory. The information stored in the
memory is organized in words, where each word consists of N
bits. N may be as small as 8 for very simple processors or as
large as 64 in more powerful machines. The most common
memory width for minicomputers is 16 bits. The number N is
called the width of the memory and the number of bits in the
MDR is obviously also N; equal to the width of the memory.

The depth of a memory is the number of words it contains.
With a MAR having k bits, 2K consecutive memory locations
can be addressed. The addresses start from zero and range
through 2k,

The read access time of a memory directly accessible by the
CPU is the time needed from stable address at the memory
until the data is properly stored in the MDR. This access time
depends on the type of memory used and can be as low as a
few tens of nanoseconds and as large as several micro-
seconds. Using high speed memory improves the perfor-
mance of the computer as less time is wasted waiting for the
memory to respond. In general, faster memories are costly,
take more PC board area and use more power which results
in more heat. A 32 bit wide, 2K (2048) word memory with 50
nanosecond access time may need 10 amps from the +5V
power supply and may require a board area of 10" x 6". Yet
this is a very small memory space.

It is usually not justified to have very large high-speed
memories. Not all the programs and associated data need to
reside in this memory at once. We may have the current pro-
gram (or only a part of it) in the memory while other programs
or data files can reside elsewhere and be brought into mem-
ory during the appropriate part of the program when needed.
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Figure 6. A Computer Control Unit (CCU) Included in a CPU.
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This “elsewhere” may be a magnetic tape, cassette, disk,
diskette, etc. and we will call it Bulk Memory. The distinctive
characteristics of Bulk Memory are:

1). wvery large capacity

2). non-volatile (retains the information when not in use)

3). not randomly accessible

4). long access time

5). inexpensive (per bit)

Usually, Bulk Memory devices are serially accessible, i.e., the
access time for the first word is large, but then consecutive
words can be accessed relatively fast.

In a later chapter the most efficient process of communication
between the main and the bulk memory, called the Direct
Memory Access (DMA), will be discussed in detail.

THE EXTERNAL WORLD

In any useful machine, some means of communicating with
the external word is needed. It may be a keyboard, a CRT, a
card reader, a paper tape punch or, in a process controller,
reading sensors or positioning actuators. The common de-
nominator of almost all of the input/output devices is that they
are much slower than the CPU and therefore a timing prob-
lem arises; the CPU must know when the |/O device is ready
for data transfer. Usually, a signal is sent by the device to the
CPU in order to draw its attention. The CPU now can do one
of two things:

1). Test this signal periodically and when it is present, jump
to a program which handles the data transfer. This type
of operation is called “Polling”. This technique has two

major drawbacks: First, appreciable computer time is
spent performing these periodic tests where most of them
will fail (no “Ready” signal present). Second, the recogni-
tion by the computer CPU of the appearance of a signal
is delayed until the CPU arrives at this device in its pol-
ling sequence.

Imagine what will happen if there are a large number of
/O devices. Long latency times (delays) will occur if
many /O devices are busy simultaneously.

2). Include some hardware in the CPU which can sense the
presence of a "Ready” signal and interrupt the normal
flow of the instructions and force the computer to “Jump”
to the I/O service program whenever there is a request. It
can even send the CPU to different programs according
to the /O device whose “Ready” flag was detected and
even establish priority among the different devices if more
than one device would like to have the CPU’s attention at
the same time. Moreover, under program control, this cir-
cuitry can ignore some or all of the signals if the com-
puter CPU must not be interrupted at that time. Obviously
by paying the price of very little hardware, we gain
enormously in computer performance. We will call this
hardware the “Interrupt Controller” and will discuss it
thoroughly later.

Our computer is now depicted in Fig. 7. We have included the
ALU, the internal register file and the shift circuit in one block,
which we call the “Arithmetic Processor Unit.”

In the following pages and in the subsequent chapters, we will
deal in more detail with each area of the machine.
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Figure 7. The Stored-Program-Computer with DMA and Interrupt Control Added.
4

PRl



€

A WORD ABOUT THE INSTRUCTION SET

The internal architecture of the CPU depends to some extent
on the instruction set the computer is to execute. If the in-
struction set is large, some of the instructions usually are
more complicated and the computer is more powerful, faster
and more efficient. On the other hand, the internal circuitry is
also more complicated. Some examples of these tradeoffs are
as follows.

ALU Processing Capability:

Although with three basic functions (add, complement, and
OR/AND) all the arithmetic and logic operations can be per-
formed, most processors are built to perform subtract, NAND,
XOR, etc. This is perhaps the most outstanding example of
how performance and speed can be gained with little penalty
on the complexity of the machine. With the added features an
XOR operation can be performed in one instruction instead
of 5.

Data Movement:

Let us assume 4 different computers whose data movement
capabilities are described below:

Machine A). A word can be read from the memory and
loaded into Register A only. The contents of Register A can
be written into the memory, or can be moved into any other
register. The contents of any register can be copied into
Register A.

Machine B). The contents of any register can be copied into
any other register or it can be written into the memory. A word
read from the memory can be loaded into any register.

Machine C). As B above but with the added capability to read
from one location in memory, to write that word into another
location in memory.

Machine D). As C above and also the memory-to-memory
operation can be performed on consecutive addresses repeti-
tively. The number of word transfers (or upper and lower ad-
dress limits) are specified by the instruction.

Machine A has very limited data movement capability. In
order to perform an operation on two operands residing in the
memory, we have to:

1). Bring the first operand from the memory into Register A.
2). Copy it into another register.

3). Bring the second operand into Register A.

4). Perform the operation required (result in A).

5). Store the contents of Register A into the memory.

If consecutive operations are required with several partial re-
sults, the drawbacks of machine A become more annoying,
especially if the number of internal registers is small.

Moving a data block from one location in the memory to
another location can be performed by one instruction in com-
puter D, but requires the transfer of each word first to an in-
ternal register then to the new memory location in machines
A, B (two instructions for each word transferred).

Obviously the decoding, multiplexing and sequencing of the
computers grow in complexity as we proceed from machine A
to machine D. We trade the complexity of hardware versus
the software (programming), speed and performance.

Addressing:
The operands for an operation can be found in several ways:

e The operand is an explicit part of the instruction (Im-
mediate)

e The address of the operand is an explicit part of the in-
struction. (Direct)

e The address of the operand is in an internal register; the
register itself is specified by the instruction. (RR)

e The address of the operand is the sum of the contents of
an internal register (specified by the instruction) and a
number (called the displacement) which is an explicit part
of the instruction. (RX)

e The contents of an internal register are added to a
number found in an address specified by the instruction.
The sum is the address of the operand. (Indirect)

e The contents of an internal register are added to a
number which is an explicit part of the instruction. The
sum points to the location where the address of the
operand is written. (Indirect)

e The contents of an internal register are added to a
number which can be found at the location explicitly
specified by the instruction. The sum thus formed points to
a location where the address of the operand is written.

e FEic.

Many other schemes can be formed by combining the above
operations or by chaining them. In every case an “Effective
Address” must be found by calculations and/or memory refer-
ences. Again, we can gain performance by using more
sophisticated addressing schemes but we will pay for it by
adding complexity to our machine, especially in its control por-
tion.

TIMING, SEQUENCING, CONTROLLING

In the previous paragraphs we have shown that we can gain
performance in our computer by having a more complicated
instruction set but more complex hardware is required, usually
in the CCU. We have also shown an example for an “Add”
operation which required 18 precisely controlled steps. Even if
we assume that some of them can be performed simultane-
ously, we will need a multiphase clock to control these steps
— something like that shown in Fig. 8. We can now load an
instruction register at the beginning of an instruction with the
first word of the instruction (the OP CODE) as is shown in
Fig. 9. Using the outputs of the Instruction Register (IRq to
IR,,.1), the different phases of the clock and the various condi-
tion inputs to the CCU, we can now try to write the logical
equations which should satisfy all of the steps of all the in-
structions of our instruction set. Then use Karnough maps or
other techniques to reduce these equations and finally realize
them using AND, OR, INVERT gates and Flip Flops. Simple,
isn't it? Imagine the complexity of a sophisticated computer
and the debugging process it needs!

The question posed immediately is: Isn't there a more or-
ganized and more easily understandable way to do that? Or,
perhaps, can we have some processor do the job for us?
Can't we have some kind of “micro-machine” which can take
care of all the timing, sequencing and controlling jobs of our
computer — a computer inside the computer? With the advent
of the Am2900 family — new Bipolar LSI devices — the an-
swer is: Yes, we can!
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Figure 8. An 8-Phase Clock.
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Figure 9. The Instruction Register Bits.
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THE MICRO-MACHINE

What we need is essentially a machine which can execute a
number of well defined sequences. But, remember that this is
exactly the purpose of a stored program computer. The only
difference between our micro-machine and a general purpose
computer is that in the general purpose computer the program
to be executed is changed from task to task, while in our
micro-machine it is fixed. This allows the use of PROM for its
memory instead of the RAM needed in the general purpose
(GP) computer. Our Computer Control Unit (CCU) using this
micro-machine may now look like Figure 10.

Basically, a microprogrammed machine is one in which a
coherent sequence of microinstructions is used to execute
various commands required by the machine. If the machine is
a computer, each sequence of microinstructions can be made
to execute a machine instruction. All of the little elemental
tasks performed by the machine in executing the machine in-
struction are called microinstructions. The storage area for
these microinstructions is usually called the microprogram
memory.

A microinstruction usually has two primary parts. These are:
(1) the definition and control of all elemental micro-operations
to be carried out and (2) the definition and control of the ad-
dress of the next microinstruction to be executed.

The definition of the various micro-operations to be carried out
usually includes such things as ALU source operand selec-
tion, ALU function, ALU destination, carry control, shift control,
interrupt control, data-in and data-out control, and so forth.
The definition of the next microinstruction function usually in-
cludes identifying the source selection of the next micro-
instruction address and, in some cases, supplying the actual
value of that microinstruction address.

Microprogrammed machines are usually distinguished from
non-microprogrammed machines in the following manner.
Older, non-microprogrammed machines implemented the con-
trol function by using combinations of gates and flip-flops
connected in a somewhat random fashion in order to generate
the required timing and control signals for the machine. Mi-
croprogrammed machines, on the other hand, are normally



considered highly ordered and more organized with regard to
the control function field. In its simplest definition, a micro-
program control unit consists of the microprogram memory
and the structure required to determine the address of the
next microinstruction.

The OP-CODE (type of instruction to be executed by the
computer) is loaded into the Instruction Register and the In-
struction Decoder decodes it. Actually, it generates the micro-
address where the first step of the execution sequence for
that instruction resides in the microprogram memory. The
Am2910 sequencer then generates the microaddress of the
next microinstruction. The microprogram data supplies the
control signals we need to control all the parts of the com-
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Figure 11. Computer Control Function Flow Diagram.

puter (and there are a lot of them), including the sequencer
itself. When all the steps of a machine instruction are exe-
cuted, the microprogram will cause the reading (fetch) of the
next machine instruction from the computer main memory.
Typically, the Computer Control Unit is used to fetch instruc-
tions and decode them using a PROM for mapping the op
code to the initial address of the sequence of microinstruc-
tions used to execute this particular instruction. It will also
fetch all of the operands needed by the machine instruction
and deliver them to the ALU for processing. An example of
the flow of a typical Computer Control Unit is shown in Figure
11.

Assume the OP-CODE of the machine instruction that we
fetch is 8 bits wide. This allows us to execute a minimum of
256 different instructions. Assume also that an average of 6
steps are needed to execute these instructions. Even if sepa-
rate microprogram memory locations are used, a depth of this
microprogram memory is only 1-1/2K (K = 1024). But in that
case, the sequencer can almost be replaced by a simple
counter. Usually we would like to share some micro-routines
among different instructions. With very little effort, we can
shrink the depth of the microprogram memory of Figure 10 to
less than 1/2K. Of course the sequencer will be a little more
sophisticated; it will perform conditional Branch and micro-
subroutine CALL's; but we still don't need the complicated
addressing schemes for microprogram control as were de-
scribed earlier as a part of the machine instruction set.

On the other hand, the width of our microprogram memory
may be large — maybe 60 to 100 bits. This will depend on the
number of control lines needed in our computer. This is of no
great disadvantage since the price of PROM devices is drop-
ping constantly. In a future chapter we will discuss techniques
to reduce the depth and width of the microprogram memory to
save cost.

It is important to understand the distinction between machine
level instructions and microprogram instructions. Figure 12
shows a typical machine instruction for a 16 bit minicomputer
that has an 8-bit opcode to identify one of 256 instructions; a
4-bit source register specification to identify one of 16 source
registers and a 4-bit destination register specification to iden-
tify one of 16 destination registers. The microprogram instruc-
tion of Figure 12 may contain from 32 to 128 bits in a typical
design; or even more bits in a very fast, highly parallel mi-
crocoded machine. This microinstruction word usually will con-
tain fields for the ALU source operand, ALU function, ALU des-
tination, status load enable, shift multiplexer control, bus
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The machine instruction is 16-bits and consists of an op code, source register and destination register specifica-
tion. The microprogram instruction defines all the elemental signals to control the various pieces of the machine.
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cycle control, etc. These fields are used to control the various
devices within the machine so that its execution is as desired
on each clock cycle. This is more straightforward than using
combinatorial logic and yields a more organized design.

Let us now compare the depth-over-width (d/w) ratio of the
computer's main memory to that of our microprogram mem-
ory.

In the Am9080A type microprocessor, the data field is 8 bits
and the address field is 16 bits, allowing direct addressing of
64K locations. The ratio d/w is 8K. In some minicomputers,
the data width is 16-32 bits and the addressing capability is
64-128K. The d/w ratio is about the same. In larger computers
with 32-64 bit data width, we find 256-512K deep memories or
even deeper ones. The d/w ratio again is 8K at least.

On the other hand, the d/w ratio in microprogram memories is
seldom greater than a few tens. Even if we assume that it is
2K deep and only 64 bits wide, we arrive at a d/w ratio of only
32; usually it will be around 10. It is much easier to control a
machine with a d/w ratio of 10 to 20 than to control one with
diw = 8K.

ONE MORE WORD

We have suggested a replacement of the “random logic"”
realization of the CCU by a micro-machine. We call this a
“Microprogrammed Architecture”. Perhaps the biggest advan-
tage of this type of architecture is the ease of structuring the
control sequence. We allocate a bit or a group of bits in the
microprogram memory to control a certain function (e.g.: ALU
source register selection, ALU function, ALU destination selec-
tion, condition selection, next address calculation selection,
MDR destination selection, MAR source selection, etc., etc.)
and for each microstep we write the appropriate state for
these bits (LOW-HIGH) into this memory field. Later we will
see that automated and sophisticated tools are avail-
able to perform this microprogram writing. One such tool is
AMDASM™ as available on System 29. But, this is not the only
advantage of the microprogrammed architecture.

As nobody is perfect, some “bugs” may inadvertently slip into
the design. In a random logic architecture, we will have to re-
design and usually rebuild the whole computer. On the other
hand, in a microprogrammed machine it is usually sufficient to
change a couple of bits in the microprogram to rectify the
problem. This is even easier if a RAM instead of a PROM is
used during the development and debugging phases. Of
course, we must be able to load this memory with the micro-
program by some external means. Again, a powerful tool is
available: AMD’s System/29™.

Finally, let's face the reality: The marketing guys usually
change their requirements (i.e., the instruction set) when you
are 80% through your logic design. Now you have to start
over from scratch. Not so! Change some microcode, perhaps
very little hardware too and here you are! It is even more
convenient when only additions to the existing instruction set
are considered. Just add a few lines to your microprogram to
comply with those new ideas! A mere few minutes using Sys-
tem 29 — That's flexibility! Incidentally, don't tell the marketing
guys how easy it is or you will NEVER get the product out!!

SUMMARY

The block diagram of Figure 13 shows a typical 16-bit
minicomputer architecture. Also identified on this block dia-
gram are various Am2900 family elements that might be used
in each of these blocks. Such a design might use either
4-Am2901A’s or 4-Am2903's for the data path ALU. An
Am2910 could be used as the microprogram sequencer for
control of up to 4K words of microprogram memory. Also
shown on the block diagram are the Am9130 and Am9140
MOS Static RAM's which are potential candidates for use in
the computer's main memory.

The following chapters will discuss various blocks of Figure 13
in detail and give design examples for each section. Needless
to say, the design engineer can appropriately tailor any design
to meet his throughput requirements. Also, special algorithms
can be executed by adding the appropriate hardware and mi-
crocode to the blocks described.
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CHAPTER I
MICROPROGRAMMED DESIGN

INTRODUCTION

4 microprogrammed machine is one in which a coherent se-

uence of microinstructions is used to execute various com-
mands required by the machine. If the machine is a computer,
each sequence of microinstructions can be made to execute a
machine instruction. All of the little elemental tasks performed
by the machine in executing the machine instruction are called
microinstructions. The storage area for these microinstructions
is usually called the microprogram memory. This technique was
identified by Wilkes in the 1950's as a structured approach to
the random control logic in a computer.

A microinstruction usually has two primary parts. These
are: (1) the definition and control of all elemental micro-
operations to be carried out and (2) the definition and control of
the address of the next microinstruction to be executed.

The definition of the various micro-operations to be carried out
usually includes such things as ALU source operand selection,
ALU function, ALU destination, carry control, shift control, inter-
rupt control, data-in and data-out control and so forth. The def-
inition of the next microinstruction function usually includes
identifying the source selection of the next microinstruction ad-
dress, and in some cases, supplying the actual value of that
microinstruction address.

Microprogrammed machines are usually distinguished from
non-microprogrammed machines in the following manner. Old-
er, non-microprogrammed machines implemented the control
function by using combinations of gates and flip-flops con-
nected in a somewhat random fashion in order to generate the
required timing and control signals for the machine. Micropro-
grammed machines, on the other hand, are normally considered
highly ordered and more organized with regard to the control
function field. In its simplest definition, a microprogram control
unit consists of the microprogram memory and the structure
required to determine the address of the next microinstruction.

Microprogramming is normally selected by the design engineer
as a control technique for finite state machines because it im-
proves flexibility, performance, and LS| utilization. Several addi-
tional key features of microprogrammed designs are listed be-
low:

e More structured organization

Diagnostics can be implemented easily

Design changes are simple

Field updates are easy

Adaptations are straightforward

System definition can be expanded to include new features
Documentation and Service are easier

Design aids are available

® Cost and design time are reduced

THE MICROPROGRAM MEMORY

The microprogram memory is simply an N word by M bit mem-
ory used to hold the various microinstructions. For an N word
memory, the address locations are usually defined as location
0 through N—1. For example, a 256-word microprogram mem-
ry will have address locations 0 through 255. Each word of

brs microprogram memory consists of M bits. These M bits are

usually broken into various field definitions and the fields can
consist of various numbers of bits. It is the definition of the var-
ious fields of a microprogram word that is usually referred to as
FORMATTING.

An example of how microinstruction fields are defined in a typ-
ical machine microprogram memory word is as follows:

Field 1 — General purpose

Field 2 — Branch address

Field 3 — Next microinstruction address control
Field 4 — Condition code multiplexer control
Field 5 — Interrupt control

Field 6 — Fast clock/slow clock select

Field 7 — Carry control

Field 8 — ALU source operand control

Field 9 — ALU function control

Field 10 — ALU destination control
Field 11 — Shift multiplexer control
Field 12 — etc.

EXECUTING MICROINSTRUCTONS

Once the microprogram format has been defined, it is neces-
sary to execute sequences of these microinstructions if the
machine is to perform any real function. In its simplest form, all
that is required to sequence through a series of microinstruc-
tions is a microprogram address counter. The microprogram
address counter simply increments by one on each clock cycle
to select the address of the next microinstruction. For example,
if the microprogram address counter contains address 23, the
next clock cycle will increment the counter and it will select ad-
dress 24. The counter will continue to increment on each clock
cycle thereby selecting address 25, address 26, address 27,
and so forth. If this were the only control available, the machine
would not be very flexible and it would be able to execute only
a fixed pattern of microinstructions.

The technique of continuing from one microinstruction to the
next sequential microinstruction is usually referred to as CON-
TINUE. Thus, in microprogram control definition, we will use the
CONTINUE (CONT) statement to mean simply incrementing to
the next microinstruction.

MICROPROGRAM JUMPING

If the microprogram control unit is to have the ability to select
other than the next microinstruction, the control unit must be
able to load a JUMP address. The load control of a counter
can be a single bit field within the microprogram word format.
Let us call this one-bit field the microprogram address counter
load enable bit. When this bit is at logic 0, a load will be inhib-
ited and when this bit is a logic 1, a load will be enabled. If the
load is enabled, the JUMP address contained within the micro-
program memory will be parallel loaded into the microprogram
address counter. This results in the ability to perform an N-way
branch. For example, if the branch address field is eight bits wide,
aJUMP to any address in the memory space from word 0 through
word 255 can be performed.

This simple branching control feature allows a microprogram
memory controller to execute sequential microinstructions or
perform a JUMP (JMP) to any address either before or after
the address currently contained in the microprogram address
counter.

CONDITIONAL JUMPING

While the JUMP instruction has added some flexibility to the
sequencing of microprogram instructions, the controller still
lacks any decision-making capability. This decision-making
capability is provided by the CONDITIONAL JUMP (COND
JMP) instruction. Figure 1 shows a functional block diagram of
a microprogram memory/address controller providing the capa-
bility to jump on either of two different conditions. In this exam-
ple, the load select control is a two-bit field used to control a
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OVERLAPPING THE MICROPROGRAM
INSTRUCTION FETCH

Now that a few basic microprogram address control instructions
have been defined, let us examine the control instructions used

in a microprogram control unit featuring the overlap fetching of 1

the next microinstruction. This technique is also known a

“pipelining”. The block diagram for such a microprogram con-
trol unit is shown in Figure 2. The key difference when com-
pared with previous microprogrammed architectures is the exis-
tence of the "pipeline register” at the output of the microprogram
memory. By definition, the pipeline register (or microword
register) contains the microinstruction currently being executed
by the machine. Simultaneously, while this microinstruction is
being executed, the address of the next microinstruction is
applied to the microprogram memory and the contents of that
memory word are being fetched and set-up at the inputs to the
pipeline register. This technique of pipelining can be used to
improve the performance of the microprogram control unit. This
results because the contents of the microprogram memory
word required for the next cycle are being fetched on an over-
lapping basis with the actual execution of the current micro-
program word. It should be realized that when the pipeline ap-
proach is used, the design engineer must be aware of the fact
that some registers contain the results of the previous mi-
croinstruction executed, some registers contain the current mi-
croinstruction being executed, and some registers contain data
for the next microinstruction to be executed.

Figure 1. A Two-Bit Control Field Can be Used
to Select CONTINUE, BRANCH, or
CONDITIONAL BRANCH.

four-input multiplexer. When the two-bit field is equivalent to bi-
nary zero, the multiplexer selects the zero input which forces
the load control inactive. Thus, the CONTINUE microprogram
control instruction is executed. When the two-bit load select
field contains binary one, the Dy input of the multiplexer is
selected. Now, the load control is a function of the Condition 1
input. If Condition 1 is logic 0, the microprogram address
counter increments and if Condition 1 is logic 1, the jump ad-
dress will be parallel loaded in the next clock cycle. This opera-
tion is defined as a CONDITIONAL JUMP. If the load select
input contains binary 2, the D, input is selected and the same
conditional function is performed with respect to the Condition 2
input. If the load select field contains binary 3, the Dj input of
the multiplexer is selected. Since the D, input is tied to logic
HIGH, this forces the microprogram address counter to the load
mode independent of anything else. Thus, the jump address is
loaded into the microprogram address counter on the next
clock cycle and an UNCONDITIONAL JUMP is executed. This
load select control function definition is shown in Table 1.

TABLE 1.
LOAD SELECT CONTROL FUNCTION.

S$15p Function

0 0 | Continue

0 1 | Jump Condition 1 True
1 0 | Jump Condition 2 True
11 Jump Unconditional
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Let us now compare the block diagram of Figure 2 with that
shown in Figure 1. The major difference, of course, is the addi-
tion of the pipeline register at the output of the microprogram
control memory. Also, notice the addition of the address multi-
plexer at the source of the microprogram memory address.
This address multiplexer is used to select the microprogram
counter register or the pipeline register as the source of the
next address for the microprogram memory. The condition code
multiplexer is used to control the address multiplexer in this ad-
dress selection. By placing an incrementer at the output of the
address multiplexer, is is possible to always generate the cur-
rent microprogram address “plus one” at the input of the micro-
program counter register.

In Figure 1, the microprogram address counter was described
as a counter and could be a device such as the Am25LS161
counter. In the implementation as shown in Figure 2, the
Am25LS161 counter is not appropriate. Instead, an incrementer
and register are used to give the equivalent effect of a counter.

The key difference between using a true binary counter and the
incrementer register described here is as follows. When the
jump address from the pipeline register is selected by the mul-
tiplexer, the incrementer will combinatorially prepare that ad-
dress plus one for entry into the microprogram counter register.
This entry will occur on the LOW-to-HIGH transition of the
clock. Thus, the microprogram counter register can always be
made to contain address plus one, independent of the selection
of the next microinstruction address. When the address multi-
plexer is switched so that the microprogram counter register is
selected as the source of the microprogram memory address,
the incrementer will again set-up address plus one for entry into
the microprogram counter register. Thus, when the address
multiplexer selects the microprogram counter register, the ad-
dress multiplexer, incrementer and microprogram counter regis-
ter appear to operate as a normal binary counter.

The condition code multiplexer S;S; operates in exactly the
same fashion as described for the condition code multiplexer of
Figure 1. That is, binary zero in the pipeline register (the cur-
rent microinstruction being executed) forces an unconditional
selection of the microprogram register via Dg. Binary one or bi-
nary two in the next address select control bits of the pipeline
register cause a conditional selection at the address multiplexer
via Dy or D;. Thus, a CONDITIONAL JUMP can be executed.
Binary three in the next address select portion of the pipeline
register causes an UNCONDITIONAL JUMP instruction to be
executed via Ds.

When the overall machine timing is studied, it will be observed
that the key difference between overlap fetching and non-
overlap fetching involves the propagation delay of the micro-
program memory. In the non-pipelined architecture, the micro-
program memory propagation delay must be added to the
propagation delay of all the other elements of the machine. In
the overlap fetch architecture, the propagation delay associated
with the next microprogram memory address fetch is a sepa-
rate loop independent of the other portion of the machine.

SUBROUTINING IN MICROPROGRAMMING CONTROL

Thus far, we have examined the CONTINUE instruction as well
as the CONDITIONAL and UNCONDITIONAL JUMP instruc-
tions for overlap fetch. Just as in the programming of minicom-

Uuters and microcomputers, the advantages of SUBROUTIN-

9

ING can be realized in microprogramming. The idea here, of
course, is that the same block of microcode (or even a single
microinstruction) can be shared by several microinstruction
sequences. This results in an overall reduction in the total

number of microprogram memory words required by the de-
sign. If we are to jump to a subroutine, what is required is the
ability to store an address to which the subroutine should return
when it has completed its execution. Examining the block dia-
gram of Figure 3, we see the addition of a subroutine and loop
(push/pop) stack (also called the file) and its associated stack
pointer. The control signals required by the stack are an enable
stack signal (FILE ENABLE = FE) which will be used to tell the
file whenever we wish to perform a push or a pop, and a
push/pop control (PUP) used to control the direction of the
stack pointer (push or pop).

In this architecture, the stack pointer always points to the address
of the last microinstruction written on the stack. This al-
lows the “next address multiplexer” to read the stack at any
time via port F. When this selection is performed, the last word
written on the stack will be the word applied to the micropro-
gram memory. The condition code multiplexer of the previous
example has also been replaced by a next address control unit.
This next address control unit (Am29811A) can execute 16 dif-
ferent next address control functions where most of these func-
tions are conditional. Thus, the device has four instruction in-
puts as well as one condition code test input which is con-
nected to the condition code multiplexer. Note also that the
next address control field of the microprogram word has been
expanded to a four-bit field. Outputs from the Am29811A next
address control block are used to control the stack pointer and
the next address multiplexer of the Am2911. In addition, the
device has outputs to control the three-state enable of the
pipeline register and the three-state enable of the starting ad-
dress decode PROM. Also, the architecture has a counter that
can be used as a loop-counter or event counter.

The 16 instructions associated with the Am29811A are listed in
Table 2. As is easily seen by referring to Table 2, three of the
instructions in this set are associated with subroutining in mi-
croprogram memory. The first instruction of this set, is a simple
conditional JUMP-TO-SUBROUTINE where the source of the
subroutine address is in the pipeline register. The RETURN-
FROM-SUBROUTINE instruction is also conditional and is used
to return to the next microinstruction following the JUMP-TO-
SUBROUTINE instruction. There is also a conditional JUMP-
TO-ONE-OF-TWO-SUBROUTINES, where the subroutine ad-
dress is either in the PIPELINE register or in the internal REG-
ISTER in the Am2911. This instruction will be explained in
more detail later.

TYPICAL COMPUTER CONTROL UNIT
ARCHITECTURE USING THE
Am2911 AND Am29811A

The microprogram memory control unit block diagram of Figure
3 is easily implemented using the Am2911 and Am29811A.
This architecture provides a structured state machine design
capable of executing many highly sophisticated next address
control instructions. The Am2911 contains a next address mul-
tiplexer that provides four different inputs from which the ad-
dress of the next microinstruction can be selected. These are
the direct input (D), the register input (R), the program counter
(PC), and the file (F). The starting address decoder (mapping
PROM) output and the pipeline register output are connected
together at the D input to the Am2911 and are operated in the
three-state mode.

The architecture of Figure 3 shows an instruction register ca-
pable of being loaded with a machine instruction word from the
data bus. The op code portion of the instruction is decoded
using a mapping PROM to arrive at a starting address for the



TABLE 2. FUNCTIONAL DESCRIPTION OF Am29811A INSTRUCTION SET.
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H [+] HOLD HOLD H L
PUSH L H L L | PUSH/COND LD CNTR L PC PUSH HOLD H L
H PC PUSH LOAD H L
ISRP L H L H | CONDJSBRPL L R PUSH HOLD H L 4
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TABLE 3. PIN FUNCTIONS.

Function

Abbreviation Name
D Direct Input Bit i
I Instruction Bit i
[+ Condition Code
CCEN Condition Code Enable
Cl Carry-In
RLD Register Load
OE Output Enable
CP Clock Pulse
Vee +5 Volts
GND Ground
¥ Microprogram Address Bit i
FULL Full
P Pipeline Address Enable
MAP Map Address Enable
VECT Vector Address Enable

Direct input to register/counter and multiplexer. Dg is LSB
Selects one-of-sixteen instructions for the Am2910
Used as test criterion, Pass test is 3 LOW on CC,

Whenever the signal is HIGH, CC is ignored and the part operates
as though CC were true (LOW).

Low order carry input to incrementer for microprogram counter
When LOW forces loading of register/counter regardless of
instruction or condition

Three-state control of Y cutputs

Triggers all internal state changes at LOW-to-HIGH edge

Address to microprogram memory. Y is LSB, Y11 is MSB
Indicates that five items are on the stack

Can select #1 source (usually Pipeline Register) as direct
input source

Can select #2 source (usually Mapping PROM or PLA) as
direct input source

Can select #3 source (for example, Interrupt Starting Address)
as direct input source

microinstruction sequence required to execute the machine in-
struction. When the microprogram memory address is to be the
first microinstruction of the machine instruction sequence, the
Am29811A next address control unit selects the multiplexer D
input and enables the three-state output from the mapping
PROM. When the current microinstruction being executed is
selecting the next microinstruction address as a JUMP function,
the JUMP address will be available at the multiplexer D input.
This is accomplished by having the Am29811A select the next
address multiplexer D input and also enabling the three-state
output of the pipeline register branch address field. The register
enable input to the Am2911 is connected to ground so that this
register will always load the value at the Am2911 D input. The
value at D is clocked into the Am2911’s register (R) at the end
of the current microcycle, which makes the D value of this mi-
crocycle available as the R value of the next microcycle. Thus,
by using the branch address field of two sequential micro-
instructions, a conditional JUMP-TO-ONE-OF-TWO-
SUBROUTINES or a conditional JUMP-TO-ONE-OF-TWO-
BRANCH-ADDRESSES can be executed by either selecting
the D input or the R input of the next address multiplexer.

When sequencing through continuous microinstructions in mi-
croprogram memory, the program counter in the Am2911 is
used. Here, the Am29811A simply selects the PC input of the
next address multiplexer. In addition, most of these instructions
enable the three-state outputs of the pipeline register as-
sociated with the branch address field, which allows the register
within the Am2911 to be loaded.

The 4 x 4 stack in the Am2911 is used for looping and sub-
routining in microprogram operations. Up to four levels of sub-
routines or loops can be nested. Also, loops and subroutines
can be intermixed as long as the four-word depth of the stack
is not exceeded.

ARCHITECTURE OF THE Am2910

The Am2910 is a bipolar microprogram controller intended for
use in high-speed microprocessor applications. It allows ad-
dressing of up to 4K words of microprogram. A block diagram
is shown in Figure 4.

The controller contains a four-input multiplexer that is used to
select either the register/counter, direct input, microprogram
counter, or stack as the source of the next microinstruction ad-
dress.

The register/counter consists of 12 D-type, edge-triggered flip-
flops, with a common clock enable. When its load control, RLD,
is LOW, new data is loaded on a positive clock transition. A
few instructions include load; in most systems, these instruc-
tions will be sufficient, simplifying the microcode. The output of
the register/counter is available to the multiplexer as a source
for the next microinstruction address. The direct input furnishes
a source of data for loading the register/counter.
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The Am2910 contains a microprogram counter (wPC) that is
composed of a 12-bit incrementer followed by a 12-bit register.
The wPC can be used in either of two ways. When the carry-in
to the incrementer is HIGH, the microprogram register is loaded
on the next clock cycle with the current Y output word plus one
(Y+1=upPC). Sequential microinstructions are thus executed.
When the carry-in is LOW, the incrementer passes the Y output
word unmodified so that uPC is reloaded with the same Y word
on the next clock cycle (Y = pPC). The same microinstruction
is thus executed any number of times.

The third source for the multiplexer is the direct (D) inputs. This
source is used for branching.

The fourth source available at the multiplexer input is a 5-word
by 12-bit stack (file). The stack is used to provide return ad-
dress linkage when executing microsubroutines or loops. The
stack contains a build-in stack pointer (SP) which always points
to the last file word written. This allows stack reference opera-
tions (looping) to be performed without a pop. The stack pointer
operates as an up/down counter. During microinstructions 2, 4
and 5, the PUSH operation is performed. This causes the stack
pointer to increment and the file to be written with the required
return linkage. On the cycle following the PUSH, the return
data is at the new location pointed to by the stack pointer.

During six other microinstructions, a POP operation occurs.
This places the information at the top of the stack onto the Y
outputs. The stack pointer decrements at the next rising clock
edge following a POP, effectively removing old information from
the top of the stack.

The stack pointer linkage is such that any sequence of pushes,
pops or stack references can be achieved. At RESET (Instruc-
tion 0), the depth of nesting becomes zero. For each PUSH,
the nesting depth increases by one; for each POP, the depth
decreases by one. The depth can grow to five. After a depth of
five is reached, FULL goes LOW. Any further PUSHes onto a
full stack overwrites information at the top of the stack, but
leaves the stack pointer unchanged. This operation will usually
destroy useful information and is normally avoided. A POP from
an empty stack places non-meaningful data on the Y outputs,
but is otherwise safe. The stack pointer remains at zero
whenever a POP is attempted from a stack already empty.

The register/counter is operated during three microinstructions
(8, 9, 15) as a 12-bit down counter, with result = zero available
as a microinstruction branch test criterion. This provides effi-
cient iteration of microinstructions. The register/counter is ar-
ranged such that if it is preloaded with a number N and then
used as a loop termination counter, the sequence will be exe-
cuted exactly N+1 times. During instruction 15, a three-way
branch under combined control of the loop counter and the
condition code is available.

The device provides three-state Y outputs. These can be par-
ticularly useful in designs requiring automatic checkout of the
processor. The microprogram controller outputs can be forced
into the high-impedance state, and pre-programmed sequences
of microinstructions can be executed via external access to the
address lines.

OPERATION

Table 4 shows the result of each instruction in controlling the
multiplexer which determines the Y outputs, and in controlling the
three enable signals PL, MAP and VECT. The effect on the uPC,
the register/counter, and the stack after the next positive-going
clock edge is also shown. The multiplexer determines which
internal source drives the Y outputs. The value loaded into uPC is
either identical to the Y output, or else one greater, as determined
by Cl. For each instruction, one and only one of the three outputs
PL, MAP and VECT is LOW. If these outputs control three-state
enables for the primary source of microprogram jumps (usually
part of a pipeline register), a PROM which maps the instruction to
a microinstruction starting location, and an optional third source
(often a vector from a DMA or interrupt source), respectively, the
three-state sources can drive the D inputs without further logic.

Several inputs, as shown in Table 4 can modify instruction execu-
tion. The combination CC HIGH and CCEN LOW is used as a test
in 10 of the 16 instructions. RLD, when LOW, causes the D input
to be loaded into the register/counter, overriding any HOLD or
DEC operation specified in the instruction. OE, normally LOW,
may be forced HIGH to remove the Am2910 Y outputs from a
three-state bus.

TABLE 4. Am2910 MICROINSTRUCTION SET.

REG/ | FAIL — Pass__
HEX CNTR | CCEN = LOW and CC = HIGH | TCEN = HIGH or CC = LOW | occ
I31p | MNEMONIC NAME TENTs ¥ STACK ¥ STACK CNTR | ENABLE

1] JZ JUMP ZERO X 0 CLEAR 1] CLEAR HOLD PL
1 cls | CONDJSBPL X pC HOLD D PUSH HOLD FL
2 JMAP | JUMP MAP X D HOLD D HOLD HOLD MAP
3 CF | CONDJUMPPL X eC ~ HOLD B, HOLD "HOLD L |
4 PUSH PUSH/COND LD CNTR X [ PusH | rcC PUSH | Nowe1 | PL |
5 JSRP COND JSB R/PL x R PUSH D PUSH HOLD Pl
6 cav COND JUMP VECTOR X eC HOLD D | HOLD HOLD | WVECT
7 IRP COND JUMP R/PL X R HOLD ) HOLD HOLD | PL_ |
. arer R TRy R A (B F HOLD £ HOLD DEC PL

-0 BC POP PC POP HOLD | PL

40 D HOLD D ~ HOLD DEC TRl |
9 RPCT REPEAT PL,CNTR =0 b

<0 [ HOLD PC HOLD HOLD | PL
ry CATN COND RTN e [ HOLD F POP | HOLD | °L
B CJPP COND JUMP PL & POP I HOLD ) D POP HOLD BL
c LDCT | LDCNTR & CONTINUE X [ HOLD PC HOLD LOAD BL
B LOOP TEST END LOOP x | F HOLD PC POP HOLD P
€ CONT CONTINUE X PC HOLD [ HOLD | HOLD | PL
F TWB THREE.WAY BRANCH #0 F HOLD PC POP DEC PL

<0 D POP [ POP HOLD | PL

Mote: 1f CCEN = LOW and CC = HIGH, hold; else load. ¥ = Don’t Care.
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The stack, a five-word last-in, first-out 12-bit memory, has a
pointer which addresses the value presently on the top of the
stack. Explicit control of the stack pointer occurs during instruc-
tion 0 (RESET), which makes the stack empty by resetting the SP
to zero. Aftera RESET, and whenever else the stack is empty, the
' content of the top of stack is undefined until a PUSH occurs. Any
POPs performed while the stack is empty put undefined data on
the F outputs and leave the stack pointer at zero. Any time the
stack is full (five more PUSHes than POPs have occurred since
the stack was last empty), the F_Lﬁwaming output occurs. No
additional PUSH should be attempted onto a full stack; if tried,
information at the top of the stack will be overwritten and lost.

THE Am2910 INSTRUCTION SET

The Am2910 provides 16 instructions which select the address of
the next microinstruction to be executed. Four of the instructions
are unconditional — their effect depends only on the instruction.
Ten of the instructions have an effect which is partially controlled
by an external, data-dependent condition. Three of the instruc-
tions have an effect which is partially controlled by the contents of
the internal register/counter. The instruction set is shown in Table
4. In this discussion it is assumed that Cl is tied HIGH.

In the ten conditional instructions, the result of the data-
dependent test is applied to CC. Ifthe CC inputis LOW, the test is
considered to have been passed, and the action specified in the
name occurs; otherwise, the test has failed and an alternate
(often simply the execution of the next sequential microinstruc-
tion) occurs. Testing of CC may be disabled for a specific micro-
instruction by setting CCEN HIGH, which unconditionally forces
the action specified in the name; that is, it forces a pass. Other
ways of using CCEN include (1) tying it HIGH, which is useful if no
microinstruction is data-dependent; (2) tying it LOW if data-
* dependent instructions are never forced unconditionally; or (3)
tying it to the source of Am2910 instruction bit ly, which leaves
instructions 4, 6 and 10 as data-dependent but makes others
unconditional. All of these tricks save one bit of microcode width.

The effect of three instructions depends on the contents of the
register/counter. Unless the counter holds a value of zero, it is
decremented; if it does hold zero, it is held and a different micro-
program next address is selected. These instructions are useful
for executing a microinstruction loop a known number of times.
Instruction 15 is affected both by the external condition code and
the internal register/counter.

Perhaps the best technique for understanding the Am2910 is to
simply take each instruction and review its operation. In order to
provide some feel for the actual execution of these instructions,
Figure 5 is included and depicts examples of all 16 instructions.

The examples given in Figure 5 should be interpreted in the
following manner: The intent is to show microprogram flow as
various microprogram memory words are executed. For exam-
ple, the CONTINUE instruction, instruction number 14, as shown
in Figure 5, simply means that the contents of microprogram
memory word 50 is executed, then the contents of word 51 is
executed. This is followed by the contents of microprogram
memory word 52 and the contents of microprogram memory word
53. The microprogram addresses used in the examples were
arbitrarily chosen and have no meaning other than to show in-
struction flow. The exception to this is the first example, JUMP

' ZERO, which forces the microprogram location counter to ad-

'dress ZERO. Each dot refers to the time that the contents of the
microprogram memory word is in the pipeline register. While no
special symbology is used for the conditional instructions, the text
to follow will explain what the conditional choices are in each
example.

It might be appropriate at this time to mention that AMD has a
microprogram assembler called AMDASM, which has the capa-
bility of using the Am2910 instructions in symbolic representa-
tion. AMDASM's Am2910 instruction symbolics (or mnemonics)
are given in Figure 5 for each instruction and are also shown in
Table 4.

Instruction 0, JZ (JUMP and ZERO, or RESET) unconditionally
specifies that the address of the next microinstruction is zero.
Many designs use this feature for power-up sequences and pro-
vide the power-up firmware beginning at microprogram memory
word location 0.

Instruction 1 is a CONDITIONAL JUMP-TO-SUBROUTINE via
the address provided in the pipeline register. As shown in Figure
5, the machine might have executed words at address 50, 51 and
52. When the contents of address 52 is in the pipeline register, the
next address control function is the CONDITIONAL JUMP-TO-
SUBROUTINE. Here, if the test is passed, the next instruction
executed will be the contents of microprogram memory location
90. If the test failed, the JUMP-TO-SUBROUTINE will not be
executed; the contents of microprogram memory location 53 will
be executed instead. Thus, the CONDITIONAL JUMP-TO-
SUBROUTINE instruction at location 52 will cause the instruction
either in location 90 or in location 53 to be executed next. If the
TEST input is such that location 90 is selected, value 53 will be
pushed onto the internal stack. This provides the return linkage
for the machine when the subroutine beginning at location 90 is
completed. In this example, the subroutine was completed at
location 93 and a RETURN-FROM-SUBROUTINE would be
found at location 93.

Instruction 2 is the JUMP MAP instruction. This is an uncondi-
tional instruction which causes the MAP output to be enabled so
that the next microinstruction location is determined by the ad-
dress supplied via the mapping PROMs. Normally the JUMP
MAP instruction is used at the end of the instruction fetch se-
quence for the machine. In the example of Figure 5, microinstruc-
tions at locations 50, 51, 52 and 53 might have been the fetch
sequence and at its completion at location 53, the jump map
function would be contained in the pipeline register. This example
shows the mapping PROM outputs to be 90; therefore, an uncon-
ditional jump to microprogram memory address 90 is performed.

Instruction 3, CONDITIONAL JUMP PIPELINE, derives its
branch address from the pipeline register branch address value
(BRg-BRy; in Figure 6). This instruction provides a technique for
branching to various microprogram sequences depending upon
the test condition inputs. Quite often, state machines are de-
signed which simply execute tests on various inputs waiting for
the condition to come true. When the true condition is reached,
the machine then branches and executes a set of microinstruc-
tions to perform some function. This usually has the effect of
resetting the input being tested until some point in the future.
Figure 5 shows the conditional jump via the pipeline register
address at location 52. When the contents of microprogram
memory word 52 are in the pipeline register, the next address will
be either location 53 or location 30 in this example. If the test is
passed, the value currently in the pipeline register (3) will be
selected. If the test fails, the next address selected will be con-
tained in the microprogram counter which, in this example, is 53.

Instruction 4 is the PUSH/CONDITIONAL LOAD COUNTER in-
struction and is used primarily for setting up loops in micropro-
gram firmware. In Figure 5, when instruction 52 is in the pipeline
register, a PUSH will be made onto the stack and the counter will
be loaded based on the condition. When a PUSH occurs, the
value pushed is always the next sequential instruction address. In
this case, the address is 53. If the test fails, the counter is not
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loaded; if it is passed, the counter is loaded with the value con-
tained in the pipeline register branch address field. Thus, a single
microinstruction can be used to set up a loop to be executed a
specific number of times. Instruction 8 will describe how to use
the pushed value and the register/counter for looping.

" Instruction 5 is a CONDITIONAL JUMP-TO-SUBROUTINE via

the register/counter or the contents of the PIPELINE register. As
shown in Figure 5, a PUSH is always performed and one of two
subroutines executed. In this example, either the subroutine be-
ginning at address 80 or the subroutine beginning at address 90
will be performed. A return-from-subroutine (instruction number
10) returns the microprogram flow to address 55. In order for this
microinstruction control sequence to operate correctly, both the
next address fields of instruction 53 and the next address fields of
instruction 54 would have to contain the proper value. Let's
assume that the branch address fields of instruction 53 contain
the value 90 so that it will be in the Am2910 register/counter when
the contents of address 54 are in the pipeline register. This
requires that instruction at address 53 load the register/counter.
Now, during the execution of instruction 5 (at address 54), if the
test failed, the contents of the register (value = 90) will select the
address of the next microinstruction. If the test input passes, the
pipeline register contents (value = 80) will determine the address
of the next microinstruction. Therefore, this instruction provides
the ability to select one of two subroutines to be executed based
on a test condition.

Instruction 6 is a CONDITIONAL JUMP VECTOR instruction
which provides the capability to take the branch address from a
third source heretofore not discussed. In order for this instruction
to be useful, the Am2910 output, VECT, is used to control a
three-state control input of a register, buffer, or PROM containing
the next microprogram address. This instruction provides one
technique for performing interrupt type branching at the micro-
program level. Since this instruction is conditional, a pass causes
the next address to be taken from the vector source, while failure
causes the next address to be taken from the microprogram
counter. In the example of Figure 5, if the CONDITIONAL JUMP
VECTOR instruction is contained at location 52, execution will
continue at vector address 20 if the TEST input is HIGH and the
microinstruction at address 53 will be executed if the TEST input
is LOW.

Instruction 7 is a CONDITIONAL JUMP via the contents of the
Am2910 REGISTER/COUNTER or the contents of the PIPELINE
register. This instruction is very similar to instruction 5; the condi-
tional jump-to-subroutine via R or PL. The major difference be-
tween instruction 5 and instruction 7 is that no push onto the stack
is performed with 7. Figure 5 depicts this instruction as a branch
to one of two locations depending on the test condition. The
example assumes the pipeline register contains the value 70
when the contents of address 52 is being executed. As the
contents of address 53 is clocked into the pipeline register, the
value 70 is loaded into the register/counter in the Am2910. The
value 80 is available when the contents of address 53 is in the
pipeline register. Thus, control is transferred to either address 70
or address 80 depending on the test condition.

Instruction 8 is the REPEAT LOOP, COUNTER # ZERO instruc-
tion. This microinstruction makes use of the decrementing capa-
bility of the register/counter. To be useful, some previous instruc-
tion, such as 4, must have loaded a count value into the register/
counter. This instruction checks to see whether the register/
counter contains a non-zero value. If so, the register/counter is
decremented, and the address of the next microinstruction is
taken from the top of the stack. If the register counter contains
zero, the loop exit condition is occurring; control falls through to

the next sequential microinstruction by selecting uPC; the stack
is POP'd by decrementing the stack pointer, but the contents of
the top of the stack are thrown away.

An example of the REPEAT LOOP, COUNTER # ZERO instruc-
tion is shown in Figure 5. In this example, location 50 most likely
would contain -a PUSH/CONDITIONAL LOAD COUNTER in-
struction which would have caused address 51 to be PUSHed on
the stack and the counter to be loaded with the proper value for
looping the desired number of times.

In this example, since the loop test is made at the end of the
instructions to be repeated (microaddress 54), the proper value to
be loaded by the instruction at address 50 is one less than the
desired number of passes through the loop. This method allows a
loop to be executed from 0 to 4095 times.

Single-microinstruction loops provide a highly efficient capability
for executing a specific microinstruction a fixed number of times.
Examples include fixed rotates, byte swap, fixed point multiply,
and fixed point divide.

Instruction 9 is the REPEAT PIPELINE REGISTER, COUNTER
# ZERO instruction. This instruction is similar to instruction 8
except that the branch address now comes from the pipeline
register rather than the file. In some cases, this instruction may be
thought of as a one-word file extension; that is, by using this
instruction, a loop with the counter can still be performed when
subroutines are nested five deep. This instruction's operation is
very similar to that of instruction 8. The differences are thaton this
instruction, a failed test condition causes the source of the next
microinstruction address to be the D inputs; and, when the test
condition is passed, this instruction does not perform a POP
because the stack is not being used.

In the example of Figure 5, the REPEAT PIPELINE, COUNTER
# ZERO instruction is instruction 52 and is shown as a single
microinstruction loop. The address in the pipeline register would
be 52. Instruction 51 in this example could be the LOAD
COUNTER AND CONTINUE instruction (number 12). While the
example shows a single microinstruction loop, by simply chang-
ing the address in a pipeline register, multi-instruction loops can
be performed in this manner for a fixed number of times as
determined by the counter.

Instruction 10 is the conditional RETURN-FROM-SUBROUTINE
instruction. As the name implies, this instruction is used to branch
from the subroutine back to the next microinstruction address
following the subroutine call. Since this instruction is conditional,
the return is performed only if the test is passed. If the test is
failed, the next sequential microinstruction is performed. The
example in Figure 5 depicts the use of the conditional RETURN-
FROM-SUBROUTINE instruction in both the conditional and the
unconditional modes. This example first shows a jump-to-
subroutine at instruction location 52 where control is transferred
to location 90. At location 93, a conditional RETURN-FROM-
SUBROUTINE instruction is performed. If the test is passed, the
stack is accessed and the program will transfer to the next instruc-
tion at address 53. If the test is failed, the next microinstruction at
address 94 will be executed. The program will continue to ad-
dress 97 where the subroutine is complete. To perform an un-
conditional RETURN-FROM-SUBROUTINE, the conditional
RETURN-FROM-SUBROUTINE instruction is executed uncon-
ditionally; the microinstruction at address 97 is programmed to
force CCEN HIGH, disabling the test and the forced PASS
causes an unconditional return.

Instruction 11 is the CONDITIONAL JUMP PIPELINE register
address and POP stack instruction. This instruction provides
another technique for loop termination and stack maintenance.




The example in Figure 5 shows a loop being performed from
address 55 back to address 51. The instructions at locations 52,
53 and 54 are all conditional JUMP and POP instructions. At
address 52, if the TEST input is passed, a branch will be made to
address 70 and the stack will be properly maintained via a POP.
Shouldthe test fail, the instruction at location 53 (the next sequen-
tial instruction) will be executed. Likewise, at address 53, either
the instruction at 90 or 54 will be subsequently executed, respec-
tive to the test being passed or failed. The instruction at 54 follows
the same rules, going to either 80 or 55. An instruction sequence
as described here, using the CONDITIONAL JUMP PIPELINE
and POP instruction, is very useful when several inputs are being
tested and the microprogram is looping waiting for any of the
inputs being tested to occur before proceeding to another se-
quence of instructions. This provides the powerful jump-table
programming technique at the firmware level.

Instruction 12 is the LOAD COUNTER AND CONTINUE instruc-
tion, which simply enables the counter to be loaded with the value
atits parallel inputs. These inputs are normally connected to the
pipeline branch address field which (in the architecture being
described here) serves to supply either a branch address or a
counter value depending upon the microinstruction being exe-
cuted. There are altogether three ways of loading the counter —
the explicit load by this instruction 12; the conditional load in-
cluded as part of instruction 4; and the use of the RLD input along
with any instruction. The use of RLD with any instruction over-
rides any counting or decrementation specified in the instruction,
calling for a load instead. Its use provides additional microinstruc-
tion power, at the expense of one bit of microinstruction width.
This instruction 12 is exactly equivalent to the combination of
instruction 14 and RLD LOW. Its purpose is to provide a simple
capability to load the register/counter in those implementations
which do not provide microprogrammed control for RLD.

Instruction 13 is the TEST END-OF-LOOP instruction, which
provides the capability of conditionally exiting a loop at the bot-
tom; that is, this is a conditional instruction that will cause the
microprogram to loop, via the file, if the test is failed else to
continue to the next sequential instruction. The example in Figure
5 shows the TEST END-OF-LOOP microinstruction at address
56. If the test fails, the microprogram will branch to address 52.
Address 52 is on the stack because a PUSH instruction had been
executed at address 51. If the test is passed at instruction 56, the
loop is terminated and the next sequential microinstruction at
address 57 is being executed, which also causes the stack to be
POPd; thus, accomplishing the required stack maintenance.

Instruction 14 is the CONTINUE instruction, which simply causes
the microprogram counter to increment so that the next sequen-
tial microinstruction is executed. This is the simplest microinstruc-
tion of all and should be the default instruction which the firmware
requests whenever there is nothing better to do.

Instruction 15, THREE-WAY BRANCH, is the most complex. It
provides for testing of both a data-dependent condition and the
counter during one microinstruction and provides for selecting
among one of three microinstruction addresses as the next mi-
croinstruction to be performed. Like instruction 8, a previous
instruction will have loaded a count into the register/counter while
pushing a microbranch address onto the stack. Instruction 15
performs a decrement-and-branch-until-zero function similar to
instruction 8. The next address is taken from the top of the stack
until the count reaches zero; then the next address comes from
the pipeline register. The above action continues as long as the
test condition fails. If at any execution of instruction 15 the test
condition is passed, no branch is taken; the microprogram
counter register furnishes the next address. When the loop is
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ended, either by the count becoming zero, or by passing the
conditional test, the stack is POP’'d by decrementing the stack
pointer, since interest in the value contained at the top of the stack
is then complete.

The application of instruction 15 can enhance performance of a
variety of machine-level instructions. For instance, (1) a memory
search instruction to be terminated either by finding a desired
memory content or by reaching the search limit; (2) variable-
field-length arithmetic terminated early upon finding that the con-
tent of the portion of the field still unprocessed is all zeroes; (3)
key search in a disc controller processing variable length records:
(4) normalization of a floating point number.

As one example, consider the case of a memory search instruc-
tion. As shown in Figure 5, the instruction at microprogram ad-
dress 63 can be Instruction 4 (PUSH), which will push the value
64 onto the microprogram stack and load the number N, which is
one less than the number of memory locations to be searched
before giving up. Location 64 contains a microinstruction which
fetches the next operand from the memory area to be searched
and compares it with the search key. Location 65 contains a
microinstruction which tests the result of the comparison and also
is a THREE-WAY BRANCH for microprogram control. If no match
is found, the test fails and the microprogram goes back to location
64 for the next operand address. When the count becomes zero,
the microprogram branches to location 72, which does whatever
is necessary if no match is found. If a match occurs on any
execution of the THREE-WAY BRANCH at location 65, control
falls through to location 66 which handles this case. Whether the
instruction ends by finding a match or not, the stack will have
been POP'd once, removing the value 64 from the top of the
stack.

Am29811A Instruction Set Difference

The Am29811A instruction set is identical to the Am2910 except
for instruction number 15. In the Am29811A, instruction number
15 is an unconditional JUMP PIPELINE REGISTER instruction.
This provides the ability to unconditionally branch to any address
contained in the branch address field of the microprogram. Thus,
an unconditional N-way branch can be performed. Use of this
instruction as opposed to a forced conditional jump pipeline in-
struction simply allows the condition code multiplexer select field
to be shared (formatted) with other functions.

TYPICAL COMPUTER CONTROL UNIT ARCHITECTURE
USING THE Am2910

The microprogram memory control unit block diagram of Figure 6
is easily implemented using the Am2910. This architecture pro-
vides a structured state machine design capable of executing
many highly sophisticated next address control instructions.

The architecture of Figure 6 shows an instruction register capable
of being loaded with a machine instruction word from the data
bus. The op code portion of the instruction is decoded using a
mapping PROM to arrive at a starting address for the mi-
croinstruction sequence required to execute the machine instruc-
tion. When the microprogram memory address is to be the first
microinstruction of the machine instruction sequence, the
Am2910 next address control selects the multiplexer D input and
enables the three-state output from the mapping PROM. When
the current microinstruction being executed is selecting the next
microinstruction address as a JUMP function, the JUMP address
will be available at the multiplexer D input. This is accomplished
by having the Am2910 select the next address multiplexer D input
and also enabling the three-state output of the pipeline register
branch address field. The register enable input to the Am2910
can be grounded so that this register will load the value at the
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Am2910 D input. The value at D is clocked into the Am2910’s
register (R) at the end of the current microcycle, which makes the
D value of this microcycle available as the R value of the next
microcycle. Thus, by using the branch address field of two se-
quential microinstructions, a conditional JUMP-TO-ONE-OF-
TWO-SUBROUTINES or a conditional JUMP-TO-ONE-OF-
TWO-BRANCH-ADDRESSES can be. executed by either se-
lecting the D input or the R input of the next address multiplexer.

When sequencing through continuous microinstructions in mi-
croprogram memory, the program counter in the Am2910 is used.
Here, the control logic simply selects the PC input of the next
address multiplexer. In addition, most of these instructions ena-
ble the three-state outputs of the pipeline register associated with
the branch address field, which allows the register within the
Am2910 to be loaded. The 5 x 12 stack in the Am2910 is used for

looping and subroutining in microprogram operations. Up to five
levels of subroutines or loops can be nested. Also, loops and
subroutines can be intermixed as long as the five word depth of
the stack is not exceeded.

CCU TIMING

The minimum clock cycle that can be used in a CCU design is
usually determined by the component delays along the longest
“pipeline-register-clock to logic to pipeline-register-clock” path.
At the beginning of any given clock cycle, data available at the
output of the microprogram memory, counter status, and any
other data and/or status fields, are latched into their associated
pipeline registers. At this point, all delay paths begin. Visual
inspection will not always point out the longest signal delay path.
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Figure 6. A Typical Computer Control Unit Using the Am2910.
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The obviously long paths are a good place to start, but each
definable path should be calculated on a component by compo-
nent basis until the truly longest logic signal path is found.

Referring to Figure 6, a number of potentially long paths can be
identified. These include the instruction register to pipeline regis-
ter time, the pipeline register to pipeline register time via the
condition code multiplexer and the status to pipeline register time.
In order to demonstrate the technique for calculating the AC
performance of the Am2910 state machine design, the timing
diagrams of Figure 7 are presented. Here, a number of propaga-
tion delay paths are evaluated such that the reader can learn the
technique for performing these computations.

All of the propagation delays have been calculated using typical
propagation delays because at the time of this writing, the charac-
terization of the Am2910 has not been completed. When the final
data sheet s published, the user need only select the appropriate
worst case specifications and he can compute the desired
maximum propagation delays for his design. Also, by looking at
the typical propagation delay numbers, the designer will be able
to evaluate the design margin in the system after he has com-
pleted all of the worst case calculations. These typical prop-
agation delays represent the expected values if a system were
set up on the bench and actual measurements would be taken at
5V and 25°C operating temperature.

While Figure 6 and Figure 7 deal with the Am2910 microprogram
sequencer, itis also instructive to evaluate the AC performance of
a typical computer control unit using the Am2911 and
Am29811A. Figure 3 shows such a connection and will be used
as the basis for performing the propagation delay path calcula-
tions. The calculations for the various propagation delay paths
are demonstrated in Figure 8 and are intended to show the

technique for computing these delays. As before, the typical
propagation delays have been used in the computation for com-
parison purposes. The user can derive the maximum numbers at
25°C and 5V, commercial temperature range and power supply
variations or military temperature range and power supply varia-
tions as required for his design.

When Figure 7 and Figure 8 are reviewed in detail, the reader will
recognize that the longest propagation delay paths in the case of
the Am2910 as well as the Am2911 and Am29811A involve the
three-state enables on the map PROM or the pipeline register for
the branch address. If absolute maximum speed is desired, these
paths can be eliminated by using one of several techniques. One
technique is to simply allocate one or more bits in the pipeline
register to control the three-state enables of the various devices
connected to the D input of the Am2910. For the example of
Figure 6, one bit would be sufficient and the pipeline register
could be implemented using an Am74S175 register. This would
allow the true and complement outputs to be used to drive the
pipeline register branch address output enable and the mapping
PROM output enable. Thus, these longest paths would be elimi-
nated and an improvement of about 30ns would be achieved. A
second technique for eliminating these propagation delay paths
would be to use a four input NAND gate and a four input NOR gate
to encode the equivalent function of the MAP enable and the PL
enable. This technique is demonstrated in Figure 9. Again, an
Am748175 register would be used as the pipeline register to
provide the instruction inputs to the Am2910 sequencer. This
would allow instruction 2 to be decoded to provide the MAP
enable signal and “NOT INSTRUCTION 2" to be decoded as the
pipeline enable signal. This technique can be applied as well to
the computer control unit of Figure 3 to accomplish the same
longest path elimination.
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In order to compare the performance of the Am2810 with the
Am2911 and Am29811A, Table 5 is presented. Here the prop-
agation delays for the Am2911 and Am29811A are for a 12-bit
wide microprogram sequencer configuration. If a wider configu-
ration is used, only one additional carry inputto carry output delay
must be added to the appropriate paths of these calculations. A
12-bit wide Am2911/29811A configuration has been evaluated
so that an “apples to apples” comparison can be made.

Asis shown in Table 5, anumber of combinations are possible for
the longest AC propagation delay paths for these microprogram
sequencers. First, the continue instruction can be executed the
fastest of any of the microprogram instructions if the continues
are sequential. That is, from the second continue on, the typical
microcycle can be either 61 or 64ns respectively. To achieve this
speed, itis required that various signals throughout the architec-
ture be stable such that the only paths that enter into the propaga-
tion delay calculation are the clock-to-output of the microprogram
counter, the microprogram memory and the pipeline register
setup.

The second group of instructions shown in Table 5 show some
examples of instruction execution and jumping. These examples
assume that the MAP and OE outputs are not used as described
earlier. These calculations apply to several of the instructions but
not to all the instructions. For the Am2910 sequencer all of the
propagation delays are around 80 to 85ns; while for the
Am2911/Am29811A combination, the propagation delays range
from about 80ns to 100ns, depending on the instruction. It should
be noted that certain other instructions such as push and condi-
tional load counter should be evaluated to determine the speed at
which they can be executed.

The last two instructions shownin Table 5 are for jumps where the

- output enable of the field supplying the address to the D inputs of

the microprogram sequencers are controlled by either the
Am2910 or Am29811A. Notice that for Am2910 configuration, the
jump map represents the longest propagation delay path and is
103ns typical. Also, for the Am2911/Am29811A combination, the
jump map instruction also represents the longest propagation
delay path and is 109ns typical.

It is not the purpose of this exercise to show every possible
propagation delay path; but rather, to show the reader the
technique for computing propagation delays such that any design
can be evaluated and the worst case past derived. Even here, not
all ofthe worst case numbers shown in Table 5 have been derived
in Figures 7 and 8. This was done intentionally and is left as an
exercise for the student.

If the Am2909 or Am2911 and the Am29811A are combined into
microprogram sequencers of either 8 bits in width or 16 bits in
width, the calculations need only be modified slightly to determine

the microcycle times. Obviously, if two Am2911s are used, the
worst case propagation delay paths do not change. However, if
four Am2911s are used, the carry path will become the longer
propagation delay path on several of the computations. This may
be offset however since larger microprogram PROMs may be
used if 64K of microcode is actually being addressed or high
power buffers may be placed between the Am2911 outputs and
the microprogram memory to provide sufficient drive for such a
large microprogram store.

In addition, the Am2909 and Am2911 may be used without the
Am29811A where the user wishes to generate a special purpose
instruction set or very high speed control of the internal multi-
plexer and push pop stack. In some, designs as much as 25 to
30ns, typical, can be removed from the longest propagation delay
paths of the design by using high speed Schottky SSI. While this
has not been the typical case, some designers have used it to
provide a performance improvement not achievable with a stan-
dard Schottky condition code multiplexer and the Am29811A
next address control unit.

APPLICATIONS

It should be understood that the microprogram state machine
built using either the Am2910 or the Am2911/29811A represents
a general purpose state machine controller. Applications for this
type of microprogrammed control include uses in minicomputers,
communications, instrumentation, controllers and peripherals as
well as special purpose processors. Typically, the micropro-
grammed approach provides a more structured organization to
the design and allows the design engineer the greatest flexibility
in implementation.

It is important to understand that microprogrammed machines
need not be part of a typical minicomputer type structure. That is,
a general purpose minicomputer usually has a machine instruc-
tion set that is totally different from its microprogram instruction
control. As such, itis essential that the designer new to computer
design and microprogram design understand the difference be-
tween a machine instruction and a microprogram instruction. This
differentiation is shown in Figure 10 where a typical 16-bit
machine level instruction is demonstrated as compared with a
typical microprogram instruction. The machine level instruction
usually consists of 16 bits and in this example, these bits are used
to provide the op code, source register definition and destination
register definition. The microprogram instruction on the other
hand usually consists of anywhere from 32 to 128 bits in a typical
minicomputer type design. Here, the bits are used to control the
elemental functions of a machine such as the Am2910 instruction
control and condition code multiplexer, the Am2903 source, ALU
function and destination control and so forth. For purposes of this
explanation, let us assume that the machine level instruction is
available to the machine programmer while the microprogram

TABLE 5. SUMMARY OF LONGEST AC PATHS FOR MICROPROGRAM SEQUENCERS.

Am2911

Instruction Am2910 Am29811A Comments

Continue 61 64 The fastest instruction.
Assumes sequential continues!
Instruction Execute 84 88 If the MAP and PL cutput§ e
Jump Map (no OE) 83 78 are not used.
Jump PL (No OE) 78 101
Jump Map (via OE) 103 109 If the MAP and PL outputs
Jump PL (via OE) 98 104 are used.
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Figure 10. Understanding Machine and Microprogram Instructions.

instruction is not available to the machine programmer at the
assembly language level. Let it suffice to say that this assumption
is not necessarily valid in machines being designed today.

Perhaps one of the most typical applications of the micropro-
grammed computer control unit state machine design is as the
controller for a minicomputer. Here, the function of the micropro-
grammed controller is to fetch and execute machine level instruc-
tions. The flow required to perform this function is depicted in
Figure 11 which should be representative for all general purpose
type machines. Figure 11 shows that after initialization, the com-
puter control unit simply fetches machine instructions, decodes
these instructions and then fetches the required operands such
that the original instruction can be executed. This cycle of fetch-
ing and executing instructions is performed without end. Such
things as hardware halts or resets are ignored and should be
assumed to only cause re-initialization.

Once the flow of a typical computer control unit is understood, itis
possible to evaluate a number of architectures using the Am2910
or Am2911/Am29811A such that the flow diagram of Figure 11
can be implemented.

STATE MACHINE ARCHITECTURES

After a machine instruction is fetched from memory, it is normally
placed in the machine instruction register as described in Figure
6. Then the op code portion of the instruction is decoded so that a
sequence of microinstructions in the microprogram memory can
be selected for execution. Each microinstruction is fetched and its
contents placed in the pipeline register as shown in Figure 6 for
execution.

While the architecture of Figure 6 is recommended and has been
used throughout the preceding portion of this chapter, it should be
understood that a number of architectures are possible using
these microprogram sequencers. The normal flow in fetching
microinstructions is to determine the address of the next mi-
croinstruction, fetch the contents at that address and set up this
data atthe input of the pipeline register such that it can be clocked
into the pipeline register for execution. If we assume that a clock
is being used to clock the pipeline register, the Am2910, the
machine instruction register and the Am2903 microprocessor bit
slices, it is possible to define a number of computer control unit
designs where the relationship between the clock edges is dif-
ferent.

There seem to be a minimum of seven different architectures that
can be defined based on placing registers in the appropriate
signal paths and storing data on the low-to-high transition of the
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Figure 11. Computer Control Flow Diagram.

clock. For purposes of this discussion, we will assume that all
clocked devices will operate using the same clock such that
changes will occur on the LOW-to-HIGH transition of the clock.
While itis possible to use multiphase clocks and tie different clock
phases to different devices, that type of system operation will not
be described here. In all cases, we will be talking about the flow of
signals between LOW-to-HIGH transitions of the clock. Typically,
acycle is started by a clock edge at a device and the signals begin
to flow from one device to the next until a set-up time to a clock
edge results. Then, the next microinstruction is executed in

\ i 4



exactly the same manner. There are three different identifiable
types of microinstruction sequences where only one register is in
the signal flow loop. The first of these we shall call an Address-
Based microinstruction cycle. It usually starts with the address of
a microprogram memory word being stored in a register by the
clock. This address has been determined by the previous mi-
croinstruction. This address then accesses the microprogram
memory to fetch its contents which are presented at its outputs to
control the Arithmetic Logic Unit and the results of the Arithmetic
Logic Unit function may be used to determine the next address
selected that will be stored in this microprogram address register.
This is shown as Figure 12a. The second type of microprogram
architecture is called Instruction-Based. Here, the register is
placed at the output of the microprogram memory as shown in
Figure 12b. Again, the cycle consists of executing the mi-
croinstruction in the ALU; perhaps using the results of the opera-
tion to determine the address of the next microinstruction and
then fetching the contents of that microinstruction and setting this
new data up at the input to the register. The third basic architec-
ture for microprogram control is called Data-Based. Here, aregis-
ter is used to hold the status data from the ALU and this is the
determining clock point for the cycle. Here, the status register
initiates the selection of the next address from which the micro-
programmed data is fetched and this microprogram instruction is
used to execute a new function in the ALU thereby setting up the
results for the status register. This scheme is shown in Figure
12c. Note that this scheme requires an additional register at the
output of the microprogram memory to hold a portion of the
microprogram instruction for controlling the condition code mul-
tiplexer and Am2910 instruction set. These primitive architec-
tures for microprogrammed control demonstrate the three points
atwhich a register can be placed to provide a start and an end for
the microcycle. In a general sense, each of these three architec-

tures is one level pipelined. This, however, is not the definition
normally associated with pipelining of microprogram control.

If combinations of the above described architectures are im-
plemented, an improvement in performance will be realized. In
each of the three architectures thus described (address-based,
instruction-based, and data-based), all of the signal paths are in
series and must be transcended before a microcycle can be
completed. They are quite easy to program, however, since all of
the tasks are completed in the loop before proceeding to the next
microinstruction. As stated earlier, these tend to be the slowest of
the possible architectures for microprogram control. This disad-
vantage can be overcome by using a technique referred to as
pipelining in microprogram control. In a pipeline architecture, we
overlap the fetch of the next microinstruction while we are exe-
cuting the current microinstruction. This is achieved by inserting
additional registers in the overall path such that we can hold the
signals step-by-step. There are three possible combinations of
the above mentioned architectures that can be utilized in micro-
program control. These are address-instruction-based,
address-data-based, and instruction-data-based. While each of
these represent two stages of pipelining, we normally refer to
these as the pipelined architectures. These are shown in Figure
12d, 12e and 12f. It is the instruction-data based architecture that
is recommended for the Am2910 and provides the overall best
trade-off in cost versus performance.

The last possible architecture using registers in the signal path is
a combination of all three architectures and is called address-
instruction-data-based microprogram control and is shown in
Figure 12g. Here, three stages of pipeline are involved and we
normally refer to this as two-level pipelined archiecture. Needless
to say, if no pipelining were involved at all, we would have a ring
oscillator.
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Figure 12. Standard Microprogram Control Architectures (Cont.).

The advantage of the instruction-data-based architecture is that
the address and contents of the next microinstruction are being
fetched while the current microinstruction in the pipeline register
(Figure 6) is being executed. This allows a shorter microcycle
since the microprogram memory fetch and ALU execution can be
operated in parallel. The results of this type operation are dem-
onstrated in Figure 13 where we see a typical timing diagram of
the microprogram execution of the address-data-based instruc-
tion architecture. It should be noted that when the computational
aspects of a microinstruction are not completed in the same
microcycle, they obviously cannot be used to determine the ad-
dress of another microcycle until the computation has been com-
pleted and stored in the status register. Thus, this pipelined
architecture offers significant speed improvement except in the
case of certain conditional jumps. In other words, the conditional
jump may not use the status register information of the im-

mediately preceding microinstruction because the computation is
just being performed. For this architecture, the conditional jump
fetch must be executed on the cycle after the status register
contains the proper execution results. This can be seen by study-
ing Figure 13. In most microprogram designs this is not a disad-
vantage because other housekeeping and ALU operations can
be performed while the address of the next microinstruction is
being determined using the current contents of the status regis-
ter. While it is not directly pertinent to the discussion at this time,
let us point out that the Am2904 has been designed such that the
machine architect can utilize both instruction-data-based ar-
chitecture as well as instruction-based architecture if no house-
keeping is required. Thus, the Am2910 and Am2904 can be used
in a variable architecture cycle to achieve maximum performance
for the machine.
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Figure 13. Timing Diagram of Microprogram Execution.
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Figure 14. Typical Am2910 Microprogram Control Unit.

The Am2910 in Computer Control

A general state machine design using the Am2910 is shown in
Figure 14. Here, all three output enables are used to advantage in
order to control the mapping PROM, pipeline register and vector
PROM in this design. This design is very straightforward and in 21
fact is identical to that shown earlier. 1

One area that should not be overlooked is that of initializing the s Ango

Am2910 at power up. One technique for accomplishing this is to :
use a pipeline register with a clear input to provide all LOWSs to the a
instruction inputs of the Am2910. This will cause a reset of the
stack in the Am2910 and force the outputs to the zero word and
microcode which can be used for the initialization routine. Typi-
cally, power up will result in the firing of a timer which can be |
connected to the clear input of the register. Figure 15 shows the Q@ G G QG
technique for initializing the Am2910 using this method. cLEAR —| ELR P f— CLOCK
Dy Dy Dz Dy

One advantage of the Am2909 when compared to either the
Am2910 or Am2911 is the OR inputs to the microprogram ad- BE
dress field. These OR inputs allow two, four, eight or 16-way
branching for each device if proper control is used. This control e arA DGRAM
can be accomplished using the Am29803A, 16-way branch con-

trol unit. A typical computer control unit using the Am2909,
Am2911, Am29803A and Am29811A is shown in Figure 16. In
this example, the least significant microprogram control se-

MPR-488

quencer is an Am2909 and the two more significant sequencers
are Am2911s. Figure 15. Initializing the Am2910.
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Figure 16. A High Performance Microprogram Controller Using the Am2909, Am29811A and Am29803A.

DETAILED DESCRIPTION OF THE Am2911 AND
Am29811A IN A COMPUTER CONTROL UNIT

The detailed connection diagram of a straight-forward computer
control unit is shown in Figure 17. This design features all of the
next address control functions described previously and a few
features have also been added.

Referring to Figure 17, the instruction register consists of two
Am25LS377 Eight-Bit Registers with Clock Enable. These reg-
isters are designated as U1 and U2 and provide ability to selec-
tively load a 16-bit instruction. This particular design assumes
that the instruction word consists of an eight-bit op code as well as
eight bits of other data. Therefore, the op code is decoded using
three 256-word by 4-bit PROMs. The Am29761 has been
selected for this function and is shown in Figure 17 as U3, U4 and
Us.

The basic control function for the microprogram memory is pro-
vided by the Am2911s. In this design, three Am2911s (U8, U7,

Mote: Figures 17, 18, 20, and 24 are at back of the book.
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and UB8) are used so that up to 4K words of microprogram mem-
ory can be addressed. The microprogram memory can consist of
PROMs, ROMs, or RAMSs, depending on the particular design
and the point of its development. This particular design shows the
capability of a 64-bit microword; however, the actual number of
bits used will vary from design to design.

The pipeline register associated with the computer control unit
consists of five integrated circuits designated U16, U17, U18,
U19 and U20.

One of the features of the architecture depicted in Figure 17 is the
event counter shown as U9, U10 and U11. This event counter
consists of three Am25LS163s connected as a 12-bit counter.
The counter can be parallel loaded with a 12-bit word from
pipeline registers U18, U19 and U20. The multiplexer and D-type
flip-flop (U21 and U22) at the counter overflow output (U9) is
present to improve system cycle time and will be described in
detail later.



This design also features a 16-input condition code multiplexer
using two Am745251s, which are designated U12 and U14.
Condition code polarity control capability has been added to the
design by using an Am745158 Two-Input Multiplexer designated
as U13. The W outputs and Y outputs from U12 and U14 have
been connected together but only one set of outputs will be
enabled at a time via the three-state control signal designated as
Rag and Ryp. Since the Y output is inverting and the W output is
non-inverting, the two-input multiplexer, U13, can be used to
select the test condition as either inverting or non-inverting. This
allows the test input on the Am29811A Next Address Control
Unit, U15, to execute conditional instructions on either the in-
verted or non-inverted polarity of the test signal. For example, a
CONDITIONAL BRANCH may be performed on either carry set
or carry reset. Likewise, the same CONDITIONAL BRANCH
might be performed on either the sign bit as a logic one or the sign
bitas a logic zero. Note that the Am29811A Next Address Control
Unit has eight outputs. Four outputs to control the Am2911°s S,
Sy, PUP and FE inputs. Two outputs to control the three-state
enables of the devices connected to the D inputs, i.e., a map
enable (MAP E) to select the mapping PROMs and a pipeline
enable (PL E) to enable the three-state Am2918 outputs which
make up a 12-bit wide branch address field. The remaining two
Am29811A outputs are for loading and enabling the Am25LS163
counters. CNT ENABLE from the Am29811A is active-LOW while
the Am25L5163 counter requires an active-HIGH enable, there-
fore CNT ENABLE from the Am29811A is passed through one
section of the Two-Input Multiplexer (U13) for inversion. An alter-
native counter, the Am25L5169, has enable as active-LOW;
therefore, this inversion through U13 is not required.

Atthis point, a discussion of the typical operation of this computer
control unitis in order. First, bits 0-11 of the microprogram mem-
ory output word, are connected to the pipeline register desig-
nated U18, U19 and U20. The Am2918 has been selected for this
portion of the pipeline register because of its continuous outputs
and three-state outputs. The three-state outputs are connected to
the D inputs of the Am2911 to provide a branch address
whenever needed. These 12 bits are designated BRy-BR44. The
Q outputs of these same Am2918s are designated Ry-R,; and
are connected to the parallel load input of the Am25LS163
Counters. Thus, the counter can be loaded with any value be-
tween 0 and 4,095. Many designs will take advantage of Ry-R;4
and use it as a general purpose field whenever the counter is not
being loaded or a jump pipeline is not being performed. Using a
microprogram memory field for more than one function (branch
address and counter load value in this example) is called FOR-
MATTING and will be covered in greater detail later. The other
two devices in the pipeline register shown on the architecture of
Figure 17 are U16 and U17. First, U17 receives four bits (12, 13,
14 and 15) from the microprogram memory to provide four-bit
instruction field to the Am29811A. This four-bit field, designated
Ri2-Rys, provides the actual next address control instruction for
the computer control unit. Ry is the polarity control bit for the test
input and is connected to the select input of the Am745158
Two-Input Multiplexer. When Rqg is LOW, the signal at the
Am29811A test input will be inverted, but when Ryg is HIGH, the
test input will be non-inverted.

The Am74§175 has been used as part of the pipeline register
(U16) because it has both inverting and non-inverting outputs.
Signals Ry7, Ryg and Ryg are used to control the One-of-Eight
Multiplexer (U12 and U14) A, B and C inputs. Pipeline register
output Ry and Ry are used to enable either the U12 outputs or
the U14 outputs such that a one-of-sixteen multiplexer function is
implemented. In this design, the TEST 0 input of U14 is con-
nected to ground. This provides a convenient path for converting
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any of the conditional instructions to non-conditional instructions.
That is, any of the conditional instructions can be executed un-
conditionally by selecting the TEST 0 input which is connected to
ground and forcing the polarity control to either the inverting or
non-inverting condition. This allows the execution of uncondi-
tional JUMP, unconditional JUMP-TO-SUBROUTINE, and un-
conditional RETURN-FROM-SUBROUTINE instructions.

Bit 21 from the microprogram memory utilizes a flip-flop in U17 as
part of the pipeline register. This output, R4, is used as the
enable input to the instruction register. Needless to say, other
techniques for encoding this enable function in a formatted field
could be provided.

A HIGH PERFORMANCE COMPUTER CONTROL UNIT
USING THE Am2909 AND Am29803A

The high performance CCU (Figure 18) is of a similar basic
design as the previously described CCU. The major differences
are, referring to Figure 18, the addition of an extended enable
control (U16), a vector input (U24 and U25), and an Am29803A
16-way Branch Control Unit (U23). These performance en-
hancements are more related to function than to actual circuit
speed. The use of these enhancements by the microprogram
provides greater flexibility in controlling a machine's environ-
ment, and can reduce the microinstruction count required to
perform a particular task, which has the effect of increasing
overall system throughput.

In describing this high performance CCU design, those sections
which remain unchanged from the previous description (Figure
17), will not be covered again. This includes the mapping
PROMs, sequencer, Am29811A, counter, condition test inputs
and associated polarity control, and the pipeline register. The
areas that will be covered are: extended enable control (U16),
Vector inputs (U24 and U25), and the Am29803A 16-way Branch
Control Unit (U23).

Extended Enable Control

Extended enable control is accomplished via an Am745139 dual
two-to-four line decoder in conjunction with the Am29811A next
address control unit. In Figure 17, PL E and MAP E of the
Am29811A were connected directly to the components that they
are to control (pipeline registers and mapping PROMSs, respec-
tively). Likewise, CNT LOAD and CNT ENABLE are connected
directly to the counters that they control (with the exception that
CNT ENABLE requires_inversion when using Am25LS163
counters). In Figure 18, PL E, MAP E, CNT LOAD and CNT
ENABLE go to the inputs of the Am745139 two-to-four line de-
coder (U16). When either PLE or MAP E is LOW, then either 2Y,
or 2Y, of U16 is LOW and either the pipeline branch address
registers or mapping PROMSs are enabled. If both PL E and MAP
E are HIGH, then output 2Y; of U16 is LOW enabling the three-
state outputs of U24 and U25 which are alternate microprogram
starting address decoders (alternate mapping PROMSs), and
called VECTOR INPUT in this design. Likewise, CNT LOAD and
CNT ENABLE follow the same rules, enabling the counter to load
or count via 1Yy and 1Y of U16.

Vector Input

The “Vector Input” provides the system designer with a powerful
next starting address control. For example, one possible use
might be as an interrupt vector. For instance, use the “Interrupt
Request” output of an Am2914 Vectored Priority Interrupt Con-
troller (or group of Am2914s) as an input to one of the conditional
test inputs of multiplexers (U12 or U14). Then connect the
Am2914 Vector Out lines to the vector mapping PROMs (Vector
input U24 and U25). The microprogram then could, at the appro-
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priate time, test for a pending interrupt and if present, jump in
microprogram memory directly to the routine which handles the
specific interrupt as requested via the Am2914 Vector Output
lines. This routine will take the proper steps to preserve the status
of the interrupt system, and then will service the interrupt. This is
one of many possible uses for the Vector Input. Other possible
uses include both hardware and software “TRAP" routines and
so forth. As can be seen, the design presented here uses the
Vector Enable line (output 2Y; or U16) to enable an alternate
starting address input at the Am2911. This, however, does not
preclude the use of other devices in place of mapping PROMs as
the D-input vector source.

It should be understood that this does not accomplish a “micro-
interrupt” function in that it is not a random possibility. Instead a
microprogrammed test is made and an alternate microroutine is
performed. A true “microprogram interrupt” is one that could
occur at any microinstruction. The Am2910 does not handle this
case internally.

Am29803A 16-Way Branch Control Unit

The Am29803A provides 16-way branch control when used in
conjunction with the Am2909 bipolar microprocessor sequencer,
and is shown as U23 in Figure 18 with its pipeline register U22.
The Am29B03A has four TEST-inputs, four INSTRUCTION-
inputs, four OR-outputs, and an enable control. The four OR-
outputs connect directly to the Am2909 OR-inputs (U8 in Figure
18). The four INSTRUCTION-inputs to the Am29803A provide
control over the TEST-inputs and OR-outputs, and are provided
by the microprogram via the pipeline register U22 (Figure 18).

Basically, the INSTRUCTION-inputs (lg-l3) provide sixteen in-
structions (0-F4) which can select sixteen possible combinations
of the TEST-inputs and provide a specific output on the OR-
outputs depending upon the state of the inputs being tested. (The
subscript 16 refers to basic 16.) All possible combinations of
instruction-inputs, TEST-inputs and OR-outputs are shown in
Figure 19.

Note that instruction zero does not test any inputs (a disable
instruction). Instructions 1, 2, 4 and 8 test one input and can
cause a branch to one of two words. Instructions 3, 5,6, 9, 10 and
12 test two inputs and can jump to one of four words (a 4-word
page). Instructions 7, 11, 13 and 14 test three inputs and can
jump on an eight word page. Instruction number 15 tests all four
inputs and the result can jump to any word on a sixteen word
page.

USING THE Am29803A

In the architecture of Figure 18, the Am29803A allows 2-way,
4-way, 8-way or 16-way branching as determined by selectable
combinations of the TEST-inputs. Referring to Figure 19, the
ZERO instruction (all instruction bits LOW) inhibits the testing of
any TEST-inputs, thus providing LOW OR-outputs. Any single
TEST-input selected (Tg, T4, T, or T3) will result in OR, being
HIGH or LOW in correspondence with the polarity of the selected
TEST-input. Selecting any combination of two TEST inputs re-
sults in the outputs ORy and/or OR; being HIGH or LOW, follow-
ing a mapped one-to-one relationship, i.e., ORy and OR; will
follow the TEST-inputs, but no matter which pair of TEST-inputs
are selected, their HIGH/LOW condition is mapped to the ORg
and OR; outputs. Likewise, selecting any three TEST inputs, will
map their HIGH/LOW condition to the ORp, OR4 and OR, out-
puts. Selecting all four TEST-inputs, of course, causes a one-to-
one relationship to exist between the HIGH/LOW conditions of
the TEST-inputs and the corresponding OR-outputs. Refer to
Figure 19 to verify the relationships between INSTRUCTION-
inputs, TEST-input, and OR-output. It is very important that the
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mapping relationship between these signals be completely un-
derstood. When using the Am29803A TEST-OR capability as
shown in Figure 18, the microprogrammer must position the
applicable microcode within microprogram memory so that the
low-order address bits are available for ORing. Sequencer in-
structions using the Am2909/2911 D-inputs (JRP, JSRP, JP and
CJS in particular) are ideally suited for the Am29803A TEST-OR
capability. The jump-to-location, available via pipeline BRy-BR 4
orthe Am2909/2911 register, can contain the address of abranch
table. A branch table is merely a sequential series of uncondi-
tional jump instructions. The particular jump instruction executed
is determined by the low-order address bits; that is, the first jump
instruction in a branch table must start at a location in micropro-
gram memory whose low-order address bit (or bits) is zero. If a
single Am29803A TEST-input is selected (2-way branching) then
only the least significant bit in the beginning branch table address
needs to be zero. Two Am29803A TEST-inputs selected (4-way
branching) requires that the branch table start on an address with
the low-order two bits equal to zero; 8-way branching requires
three low-order zero bits, and 16-way branching requires four
low-order zero address bits. Understanding this branch control
concept is really quite simple. The branch table is located in
microprogram memory beginning at a location whose address
has sufficient low-order zero bits to accommodate the number of
selected Am29803A TEST-inputs. If, for instance, three TEST-
inputs were selected, the first jump instruction in the branch table
must be at an address whose low-order three bits are zero, such
as address OF8,5. The second jump instruction in the branch
table would begin in microprogram memory address 0F94¢. The
third jump at location 0F A, the fourth at OFB4g, etc. Through all
eight locations (0F845-0FF¢). Assume the following pipeline in-
struction (referring to Figure 18): (1) U22 selects three
Am29803A TEST-inputs, (2) U18 instructs the Am29811A Next
Address Controller to select the Am2909/2911 D-inputs, (3) U16
enables the pipeline branch address as the D source, and (4)
U19, U20 and U21 supplies the address OF8,¢ as the branch
address. The Am29803A TEST-inputs will be ORed into the
low-order three bit positions, thus providing a jump entry into the
branch table indexed by the value of the OR bits. Each instruction
in the branch table is usually a jump instruction, which allows the
selection of a particular microcode routine determined by the
value presented at the Am29803A TEST-inputs. These jump
instructions are the first instruction of the particular sequence.
There are, of course, many other ways to use the Am29803A
16-way Branch Control Unit.

The microprogram memory address supplied via an Am2909
sequencer can be modified by the Am29803A 16-way Branch
Control Unit. Remember, however, that the microcode as-
sociated with this address modification relies on certain address
bits being zero, therefore this microcode is not arbitrarily relo-
catable. The above discussion describes using the D-input and
branching to provide low-order zeroes to use the OR inputs.
Through proper design, the Register, PC Counter, or File can be
used equally well.

THE COMPLETE COMPUTER CONTROL UNIT
USING THE Am2910

A detailed connection diagram for a straightforward computer
control unit using the Am2910 is shown in Figure 20. This design
utilizes the Am25LS377 as U1 and U2 to implement a 16-bit
instruction register. The op code outputs from the instruction
register drive three Am29761 PROMs to perform the op code
decoding function. These are shown in the diagram of Figure 20
as U3, U4 and U5. The Am2910 sequencer (U6) is used to
perform the basic microprogram sequencing function.
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A 16 input condition code multiplexer function is provided by
using two Am2922s as U7 and U8. These devices allow one of
sixteen inputs to be tested and the polarity of the test can also be
determined. The pipeline register consists of U9, U10, U11, U12
and U13. These devices are edge triggered D type registers and
have been selected to provide unique functions as required de-
pending on their bit positions in the pipeline register. An
Am745175 was selected for U9 because both a true and com-
plement output were desired to provide control to the condition
code multiplexer three state enables. An Am745174 register was
selected as U10 because it provides a clear input for initializing
the Am2910 microprogram sequencer. Three Am2918s were
selected for U11, U12 and U13 because they have a three state
output that can be used to provide the branch address field to the
D inputs of the Am2910 and they also have a set of outputs that
can be used to provide other control signals via this field when it
does not contain a branch address. No specific devices are
shown for the microprogram memory as the user should select
the desired width and depth depending on his design.

ANOTHER DESIGN EXAMPLE

The Am2909, Am2910, Am2911, Am29811A and Am29803A
have been designed to operate in the microprogram sequencing
section of any digital state machine. Typically, the examples
shown are for performing the computer control unit function of a
typical minicomputer class machine. The design engineer should
not limit his thinking for the use of these devices simply to that of
microprogram sequencing in a computer control unit. These de-
vices can be successfully used in other areas of designing such
as memory control, DMA control, interrupt control and special
purpose microprogrammed machine architectures. In order to
provide an example of a design using these devices in something
other than a typical computer control unit, a microprogrammed
CRT controller is described in the following.

In order to provide some basis for the design of a CRT controller,
the requirements of this controller must be spelled out. These are
given as follows:

A) Character size: 5 x 7 dot matrix. The character field will be 7
dots by 10 horizontal lines thereby providing ample space for
the 5 x 7 character and the intervening space between
characters and lines of characters.

80 characters per line. A standard 80 character per line dis-
play will be utilized and there will be 18 character periods
allowed for horizontal retrace time.

24 lines of characters per frame. This provides a total of 240
visible lines per frame (24 lines of characters by 10 horizontal
lines per character). There are a total of 24 lines provided for
vertical retrace bringing the total number of lines per frame to
264.

Refresh rate: 60 frames per second. Therefore, the horizon-
tal line rate will be 264 x 60 = 15,840Hz. As there are a total of
80 + 18 = 98 character periods in a line, the character rate
will be 98 x 15.84 = 1,552.32KHz, and the dot rate will be 7 x
1.5288 = 10.86624MHz. (Note: No interlace is used.)

It is assumed that there is a 2K word deep x 8-bit wide
character RAM available to the host computer in which it can
write the ASCIl equivalent of the characters to be displayed. If
scrolling is to be used, the host computer must also write the
first visible character's address divided by 164 into the
Am25LS374 “First Address Register”.

This CRT controller must generate an 11-bit character ad-
dress thatis used by the 2K word deep character RAM. It must
also generate the required video enable signals and the hori-
zontal and vertical blanking signals.
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Principle of Operation

A detailed block diagram of the CRT controller is shown in Figure
21. The block diagram shows an interface to an SBC-80/10 data
bus, address bus and control bus. The outputs of the CRT control-
ler are connected to a CRT monitor on the block diagram. Other-
wise the block diagram shows a straightforward use of the
Am2910 and three Am2911s to implement the CRT control func-
tion using microprogrammed techniques. The SBC-80/10 was
selected for this example since it is well known.

Alogic diagram of the CRT controller is shown in Figure 22. Three
Am29775 512-word x 8-bit registered PROMSs are used to contain
the 23-bit wide microprogram. While only a minimum number of
words are used in the design as shown, many additional words
can be used to add various options (as described later). The
address for these Am29775 registered PROMSs is provided by an
Am2910 microprogram sequencer. Three Am2911 sequencers
are used to generate the character address for the character
RAM. The least significant Am2911 sequencer is connected as a
divide by 16 counter. This RAM address is compared with the
desired last character address (80 x 24 = 1920) value using an
Am25L52521 8-bit equal to detector. When the last address is
detected, it can be sensed at the condition code multiplexer
(Am25L5153) that is used to select the condition code for the
Am2910 sequencer.

The data derived from the 2K word character RAM is decoded by
a character generator (8061) in this design and the character
output is parallel loaded into an Am25LS23 shift register. This
shift register is used to provide the video signal from its Qg output
to eventually drive the display via an Am74S5240 buffer. The
diagram of Figure 22 depicts an oscillator input source to supply
the dot frequency. In this design, a 10.86624MHz oscillator
should be connected to this oscillator input point. This oscillator
input signal is used to clock the shift register containing the
individual dot bits (dot-on or dot-off) and also drives an
Am25LS169 counter which divides this frequency by 7 to gener-
ate the character rate clock. This character rate clock is used
throughout the controller to provide a timing signal for the state
machine design.

An Am25LS168 decade counter is used to generate the line
inputs for the character generator and to count 10 horizontal lines
per character space. This counter is clocked by the horizontal
blanking signal (HB) and its RCO output is used as one of the
condition code multiplexer inputs. The RCO output can be tested
to determine when 10 counts have been executed by the counter
and it is also used to enable the last address comparator during
the 10th horizontal line time.

When the host computer accesses the character RAM, the
HOST-ACCESS line is pulled LOW. This removes the Am2911
outputs from the character RAM address bus. When this access
occurs, improper data may be present at the shift register inputs.
Thus, the character generator PROM output is disabled by the
HOST-ACCESS signal during this time.

When power is applied to this CRT controller or whenever it is
reset, the RESET line is driven LOW. This signal is inverted
through an Am25L5240 and then disables a part of the pipeline
register outputs as well as enabling one half of an Am25L5241.
This Am25L5241 inserts LOWSs onto the instruction (1) inputs of
the Am2910 sequencer. Then, the next character rate clock will
force the microprogram address outputs to zero and the micro-
program for the CRT controller as shown in Figure 23 will be
executed starting at address zero.
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Figure 21. CRT Controller Block Diagram.

The Microprogram for the CRT Controller

Table 6 shows a complete description of the microprogrammed
CRT controller microcode. Execution of these microinstructions
is controlled by the Am2910 sequencer.

As can be seen in Table 6, several techniques were used in this
short microprogram to provide the different counting require-
ments of this CRT controller. Although only one format (80
characters per line, 24 lines per frame) was shown here, the
designer can easily configure his own format by simply changing
some constants in the microprogram. As an exercise, the reader
is encouraged to find a means to program the CRT controller for
different formats. The host computer software could configure the
controller format by using an additional register similar to the
“First Address Register”. This will be discussed in an appendix at
the end of this chapter.

A complete wiring diagram for the microprogrammed CRT con-
troller is shown in Figure 24. This can be used directly with the
interface shown in Appendix A such that the CRT controller can

Note: Figure 24 is at back of the book.
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be connected directly to an Am9080A based microprocessor
system. Appendix A also depicts the use of a 2K word x 8 bit
character RAM as described previously.

CRT Controller Timing Considerations

As was discussed earlier, the character clock frequency for the
CRT controller is 1,552.32KHz. Thus, it is desirable to calculate
the longest path of the design to ensure that none exceed this
clock period of 644.1ns. The timing diagrams of Figure 25 depict
a number of different paths with the associated propagation delay
calculations.

When all of the timing diagrams of Figure 25 are examined, it will
be found that only three show propagation delay times of over
200ns typical. Of these, the worst case is 318ns as shown in
Figure 25(i). Since the requirement of the design is to insure that
none exceed 644.1ns, we have more than a 2 to 1 margin in the
design based on the typicals. Thus, we can see that the design
will operate properly even over the full military temperature range
and power supply variations based on this analysis.
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Am2910 Am2911
ADDR
(Hex) | Label I CCEN|MUX|5, 54 FE ZEROH ZEROL Ch|HB VB| NUM Comments
0 INIT Cav L 3 HHL H L LIH L X ILoad first address from Register to 2911°s file
1 LDCT X X =ELZLEH H L LI H 2319 | ;Load 2910's counter with member of rows/frame — 1
2 MAIN CONT X|H L H H L HiH L X Address supplied by 2911's file
3 cJP L 1L L H H H HiL L %
4 P L ! L.t o H H HiL L $ :One row: 5 x 16 = 80 characters
5 CcJP L 1 L L H H H HiL L )
6 CJP L 1 L L H H H HIL L 3
7 CcJP L 1 L L H H H H|IL L 3
8 CJs L 0 |L L H H H HIH L [ TENTH | ;if tenth (last) line of a row: jump to “TENTH" subroutine
9 CJs L 28 L e H H H{H L | LASTA | :If last character: jump to "LASTA" subroutine
A CJP L 1 |L:L H H H HIH L 3 iWait, until horizontal invisible counts done
B CJpP H XL L H H X X|H L| MAIN | Then do the Main routing again
C | TENTH |[RPCT X X L L L H H H|H L |GOBACK| ;Push next addr on 2911's file: jump to "GOBACK" if not
End of Frame
D Cuv L 3 |HH L H L X Load 2911's file from First Address Register
E LDCT X ¥ {L L H H X X|H H| 14645 | Load 2910's counter with number of invisible characters
during Vert retrace divided by 16, minus 1
F PUSH L 3 |L L H H H HiH H X iPush next PC to 2910's file for double
10 cJP L 1 L L H H H H{H H 5 Wait for LS2911 to count 16
11 RFCT X X |L L H H H H|{H H X :Decrement 2910's counter and jump one line back if = 0
12 LDCT X X /L L H H H HIH H 2349 iLoad 2810's counter again with number of rows/frame — 1
13 CRTN H X |L L H H H H|H H X ;Return from subroutine
14 GOBACK |CRTN H XL L H H H HIH L x ;Return
15 LASTA CRTN H X |X X L L H HIH L X Load zero to 2911's file and return.
Figure 23. Microprogram for the CRT Controller.
TABLE 6. DESCRIPTION OF THE MICROPROGRAM FOR THE CRT CONTROLLER.
Micro-
program Low High
Address Order Am2911 Order Am2911s Am2910 Comments
0 Since ZERO is low, its output Both Sy and Sy are HIGH so The CJV instruction is selected. | This instruction pushes the "First
will be LOW. The Cy, input that the D inputs will be routed | Therefore, VECT output will be | Character Address” more signif-
(from the Pipeline Register) to the ¥ outputs. These inputs | LOW, enabling the “First Ad- icant bits onto the Am2911's file,
is LOW so that the micro- will come from the First Address | dress Register onto the internal | and continues to the next micro-
program incrementer will not Register (the Am2910 VECT is | 8-bit bus. CCEN is LOW; the instruction.
increment, LOW). Cy, is LOW (see left MUX is selecting a constant
column); therefore the micro- HIGH, and the sequencer will
program counter will not incre- | address the next consecutive
ment. FE is LOW (and PUP is microprogram address (word 1).
always HIGH) causing the pre-
sent output to be pushed on
the stack. The character ad-
dress is already the "First
Character Address”.
1 ZERQ and C,, are still LOW, S4 and S; are LOW; thus, the | LDCT is selected and the num-
s0 no change in this device. Y outputs will be the current ber of character-rows per frame
PC, (the same as the Y out- minus 1 (234g) is loaded into
puts were in the previous step). | the Am2910 register/counter.
Cp, is still LOW, therefore no The sequencer addresses the
change will occur in the PC. next microinstruction,
2 Maintaining ZERO LOW With §; = HIGH, 55 = LOW The Am2910 will generate the | This is the starting location for
"MAIN" | assures the proper starting and FE = HIGH, the Am2911 next microprogram address. the main loop.
address. Cp, is HIGH; there- will refer to its internal file
fore, the internal PC will (the starting address of this
be incremented. particular character-row)
without popping.

MNote: Figur

© 24 is at back of the book.
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TABLE 6. DESCRIPTION OF THE MICROPROGRAM FOR THE CRT CONTROLLER (Cont.).

rows were already displayed
and we are at the bottom of the
CRT display. A vertical retrace
pericd is needed and the mi-
croprogram will continue
sequentially. If the counter is
not yel zero, we do not need
o execute the vertical retrace
routine and the next address
will be supplied by the pipe-
register (“GOBACK" =

14,5) while the internal
counter is decremented.

Micro-
program Low High
Address Order Am2911 Order Am2911s Am2910 Comments

3 This Am2911 now counts up Initially these two Am2911s With the MUX selecting the This microstep will be executed
using its PC incrementer. At will not change their ¥ outputs | Cp,4 4 output from the least 16 times. (Note that 80 = 5 x 16.)
the final count (moving from since their C, input is LOW. significant Am2911 slice, the
Fig to 0) its Cp 4 output will However, when the C, input CC input to the Am2910 se-
be HIGH. goes HIGH, the internal PC quencer will be LOW until the

will increment Am2911 counts 16. CC =

LOW will cause the next mi-
croprogram address to be the
pipeline register contents; this
is also the current micropro-
gram address (word 3). When
Cr+4 goes HIGH, CC will go
HIGH and together with CCEN
= LOW, will force the Am2310
to address the next consecu-
tive microprogram address (4).

4 Same as 3. Same as 3. Same as 3, except that at each | The microprogram itself is used

through address, the current micro- as a counter in this applica-

7 program address is written. tion since the count is only 5,
the microprogram is relatively
short versus the memory's depth
and this is a convenient means
to economize on chip count,

8 Continues to count (note that it | Since Cp is LOW (see left The MUX selects the We are now at the end of a TV
enters this line with an output column} no change occurs in Am25LS168 ten-line-counters line. Therefore, the Horizontal
of zero). these devices. Note that the RCO as the condition code in- | Blanking Signal (HB) is HIGH.

Y outputs contain the more put to the Am2310 (CC). If the | The least significant Am2911
significant bits of the address line count is less than 10, CC | slice now counts the invisible
of the first character of the will be HIGH and the next mi- characters during the horizon-
next character row. croinstruction will be addressed. | tal retrace.

If the tenth line of a character

row is executed, CC will be

LOW and a JUMP-TO-SUB-

ROUTINE to an address, sup-

I plied by the pipeline registar

("TENTH") will be executed.

k2] Continues to count through No change. The MUX now selects the Last | Note that 80 characters/row

the internal PC incrementer. Address Comparator output for | and 24 rows/frame requires a
CC. If the current more signif- 192049 word memory. When
icant bits of the character- the last memory location
address coincide with the last (19204) is read out, the scan will
address + 1 (192045/16) a begin at 0.
subroutine call will be per-
formed to “LASTA". Other-
wise, the microprogram will
continue consecutively,

A Continues to count. At count No change until C,, goes Same as at address 3. Waiting for the least significant

15, Cp+4 goes HIGH. HIGH, then count. Am2911 to count to 15. This
microstep will be executed
as many times as necessary
to accomplish this.

B It doesn't matter what this No change. Unconditionally (CCEN = Performing a JUMP to the
device does at this microstep HIGH) steers the micropro- beginning of the main-loop
because at the next micro- gram to the address supplied (address 2).
step it will receive LOW on by the pipeline register
its ZERO input. ("MAIN" = 2).

c Continues to count. No change. If internal counter is equal to The decision whether the bottom

“TENTH” zero, it means that 24 character | of the CRT (End of Frame) is

reached or not is made internally
in the Am2910, using its counter.
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TABLE 6. DESCRIPTION OF THE MICROPROGRAM FOR THE CRT CONTROLLER (Cont.).

Micro-
program Low High
Address Order Am2911 Order Am2911s Am2910 Comments
D ZERO = LOW, therefore, out- | Same as at address 0. Same as at address 0. As we are at the End of Frame,
put Y = 0. This is necessary the “First-Address-Register”
to assure that Cp, 4 is LOW. contents (enabled by the
Am2910's VECT output) is
pushed onto the Am2911's file.
Note that the Vertical Blanking
Signal (VB) goes HIGH.

E Same as at address B. No change. The internal counter is loaded (1464g + 1) x 169 = 23524
with 14649, supplied by the equals the number of character-
pipeling register. The next periods during vertical retrace.
consecutive microstep is Loading 23524 directly into the
addressed. Am2910's counter would require

| 7 bits. Usingthis scheme we
reduce the microprogram width.

F Counts. No change. With CCEN = LOW and CC = | This is a preparatory step for the
HIGH (supplied from a con- 2 step “Vertical Retrace” double-
stant HIGH by the MUX), the nested loop.
next address (104g) will be
pushed onto the Am2910 file,
the counter will not be af-
fected and the next consecutive
microstep will be addressed.

104 Counts. When final count is No change with C,, = LOW; The MUX supplies the Cr. 4 Again, this is a possible way 10
reached, Cpeyq = HIGH. increments with C, = HIGH. output of the less significant dwell on a certain microstep
This has no practical affect as | Am2911 slice to the Am2910 waiting a condition to change
the HE signal is HIGH, and at CC input. While this signal is its status (like address 3 through
the beginning of the next vis- low, the Am2910 will select 7). This is the internal loop of
ible line, the correct address the pipeline register as the a double-nested loop system.
will be fetched from the file source of the next microin-
(address 2). struction address. The current
address (10y) being written
there, this instruction will be exe-
cuted until CC goes HIGH. Then
the next consecutive instruc-
tion will be selected through
the Am2910 internal PC.
11y Counts. Mo change. If the final count has been This is the external loop of the
reached, the next micro- double-nested loop system,
instruction will be addressed which counts the vertical retrace
and the internal stack will be interval. By adding a single mi-
popped (adjusted). Otherwise, | croinstruction the chip count
the next microinstruction ad- was reduced.
dress will be the one residing
on the top of the stack (which
is 1045).
12y Counts. No change. Same as at address 1. Reinitializes the Am2910 internal
counter with the number of
character rows per frame.
13y Counts. Mo change. Unconditional return from End of “TENTH" subroutine at
subrouting. (CCEN = HIGH). End of Frame (with vertical
retrace).
14y Counts. No change. Uncenditional return from End of “TENTH" subroutine
“GOBACK" subroutine. without vertical retrace.
154 Counts. Pushes zero into file. Unconditional return from A one-line subroutine to raini-
“LASTA" subroutine. tialize character address to zero.
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SUMMARY These Am2900 family microprogram control. devices offer the

The Am2910 provides a powerful solution to the microprogram
memory sequence control problem. The Am2910 is a fixed in-
struction set, 12-bit wide microprogram sequencer. In addition,
the Am2909, Am2911, Am29811A and Am29803A provide
another solution to the microprogram sequencing problem.
These devices are bit slice oriented and provide more potential
flexibility to the microprogram sequencing solution. All of these
devices are particularly well suited for the high performance
computer control unit and structured state machine designs using
overlap fetch of the next microinstruction — also referred to as
instruction-data-based microprogram architecture.
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highest performance LS| solution to the problem of microprogram
control. They provide a number of conditional-branch source
addresses as well as conditional jump-to-subroutine and
conditional-return instructions. In addition, several technigues for
timed and untimed looping are provided such that loops from one
to several microinstructions can be executed. All of the devices
described in this chapter are competitively priced and currently
available. In addition, all of these devices are available with
specifications guaranteed over the full commercial temperature
range and power supply tolerance as well as the full military
temperature range and power supply tolerance. All of these de-
vices undergo 100% reliability assurance testing in compliance
with MIL-STD-883.




APPENDIX A

Figure A1 shows the logic diagram of an interface circuit used to
connect the microprogrammed CRT controller to any Am9080A
type processor. Sixteen address-lines, eight data lines, a
memory-read, a memory write and an /O write signal are as-
sumed to be used in an active LOW polarity.

An Am25L52521 8-bit comparator is used to decode the addres-
ses of the 2K by 8 character memory. This memory can be placed
anywhere in the memory space in increments of 2K by using 5
DIP-switches. The comparator is enabled by the presence of
either the MMR or the MMW signal. The output of this comparator
is the HOST ACCESS signal.

The HOST ACCESS signal enables the two Am25LS240 buffers
which connect the processor address bus to the character mem-

Note: Figure A2 is at back of the book.
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ory address bus. It also enables one half of an Am25L.5241 buffer
transferring the MMR or MMR active LOW signal to the proper
data buffer enable (Am25LS240's) and to the WE pins of the four
Am9114 memories in case of a memory write operation. The CS
of two of these memories are driven by A, while the CS of the
other two memories are driven by A4, thus forming a 2K by 8
memory space.

An Am25L.82521 8-bit comparator is enabled by the JOW control
line. If n matches the settings of the DIP switches at the B inputs of
the comparator, an OUT n instruction will write the data into the
Am25LS374 “First Address Register”.

Figure A2 shows the complete wiring diagram of this interface
circuit.
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APPENDIX B

General

A software emulation of the CRT controller was written in
BASIC-E and run on the System 29 support processor. Figure B1
is a printout of this program.

Motations

For reference purposes, each clock pulse (CP) in the program is
numbered. The clocks are character-rate clocks. A subscript 10"
signifies that this variable belongs to thee Am2910 (e.g. R10 = the
contents of the Am2910 Register Counter) and similarly a sub-
script 11 signifies the Am2911 dependent variables (e.g. Y11 -
the Y outputs of the two more significant Am2911s).

Usually the normal function names were used though for the
active LOW functions the bar was deleted for simplicity. A 0
signifies always a LOW and 1 signifies HIGH. Other abbrevia-
tions used in the program:

MA = Microprogram Address (Y output of the Am2910)
CA = Character Address
PC = Program Counter (internal)
R = Register (internal)
F = File (internal)
SP = Stack Pointer (internal)
TENC = The Am25LS168 decade counter
L4B = The 4 least significant bits of CA (the Y outputs of
the less significant Am2911
CN = Carry-in into the less significant Am2911
CN4 = Carry-out from the less significant Am2911
CN4 = Carry-in to the next significant Am2911
110 = The Am2910 instruction
HB = Horizontal Blanking signal (active HIGH)
VB = Vertical Blanking signal (active HIGH)
CPM = Maximum Clock Pulse (at which the program

stops)
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Description

The different groups and subroutines of the emulation program
are as follows: (See Figure B1).

<1000 series: The microcode. Subroutine 50 is the
Am25LS168 decade counter clocking routine.
TENTH is the RCO output of this device.

This is essentially the Am2910 emulation.
Note the definition of the two functions
FNFAIL and FNPASS at the beginning of the
program, compare to the Am2910 instruction
definitions in its data sheet.

The Am25LS153 multiplexer emulation.

The less significant Am2911 emulation. Note
that the only input to this device is ZEROL.
CN and the internal PC (called L4B) are con-
trolled in the CLOCK Subroutine (4000 series).
The two more significant Am2911’s emulation,
Sy and S, are treated as a single number
(ranging from 0 through 3) and denoted by
Si1.

The Clocking routine.

The main emulation routine. It includes the
Am25LS52521 comparator routine and checks
the Clock Pulse against CPM to determine
end of run.

Emulation parameter setup (initialization).
The starting and ending CP numbers, MA,
TENC, R10 and VECTOR (The “First Address
Register”) can be set.

Sets up the print-out parameters

Printout subroutine

Sets the program mode: RUN, PRINT or QUIT
(return to CP/M)

1000 series:

2000 series:
2500 series:

3000 series:

4000 series:
5000 series:

5500 series:

6000 series:
7000 series:
9000 series:

The emulation was exercised to evaluate fifteen different perfor-
mance aspects of the CRT Controller. The results indicated that
in all cases, the design operated as desired.

C
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REM
REV=12
PRINT REV
F000 REM HEADER
FPRINT
FRINT
FRINT " ®EReNRNNENERRERN RN ERERNRRR RN RA R AR R R RR RN N RN NN RNRRNRR
FPRINT
FRINT
FRINT * A MICROPROGRAMMED CRT CONTROLLER EMULATION®
FPRINT
FRINT
FPRINT " %%¥%EM%HXRARNERNENE RN NN MM 632299696 9% W MNWN "
FRINT
FRINT
FRINT * BY MOSHE M. SHAVIT®
FRINT * ADVANCED MICRO DEVICES®
FRINT *® FEERUARY 27, 1978"
FRINT
FRINT
REM
OIM F10(6)
LEF FNFAIL=CCEN=0 AND CC=1
DEF FNFASS=CCEN=1 OR CC=0
REM
REM
REM GOTO 4000 REM FROGRAM PARAMETERS (REMOVED REV &)
REM
REM “<—-—REV &
REM
2100 FRINT
FRINT
FRINT
INFPUT "R-UN, P-RINT OR Q-UIT "3;MODES
IF LEN(MODES$)>=0 THEN GOTO 9100
MODE=ASC(MODES)-79
IF MODE<1 OR MODE > 3 \
THEN FRINT MODES$; * IS INVALID®":\
GOTO 2100
ON MODE GOTO 9110,92120,9130
REM
120 RETURN
REM
2130 REM RUN
FRINT
INFUT "PUT RESULTS ON FILE (0 IF DIRECT FRINTOUT)= ";WFILES
FRINT "CP= ";CP;"MA= ";MA;"VECTDOR= ";VECTUR;\
"CPM= "3;CPM;"ROW= *";24-R10
INFUT "INITIALIZE (Y OR N; CP,MA=0 IF N)";5%
IF Ss="Y" \
THEN GOSUR 5300 \ REM INIT.
ELSE CF=0 : MA=0
IF WFILES="0" X\
THEN GOTO 4010 N REM DIRECT PRINTOUT
REM ELSE FILE WFILES : GOTO 5000 REM MAIN
110 REM FRINT
FRINT
INFUT "GET RESULTS FROM FILE="3;RFILES
FILE RFILES
" REM
AH000 REM FRINT PARAMETERS
FPRINT
4010 PRINT "OUTPUT FORMATS:"

Figure B1.
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REM
6020

REM
6030

6032

6034

6036

REM
4090

REM
4900

PRINT A=CF AND CA ONLY"

FRINT * B=CP,CA,HE,VE,MA"
FRINT * c=CF,CA,MA, TENC,R10"
FRINT * D=ALL"

FRINT

INFUT *"FORMAT=";FORMATS
IF LEN(FORMATS)=0 THEN GOTO 4010
IF ASC(FORMATS)<65 OR ASC(FORMATS)>68 N\
THEN PRINT FORMATS:;" IS ILLEGAL™ =\
GOTO 6010
PRINT

REM

IF UFILES NE "0" \

THEN CONTROLS="A" =\
GOTO 4030

PRINT "CLOCK CONTROL®"

FRINT * A=CONTINOUS®

PRINT " E=STEP"

INFUT "CONTROL="3;CONTROLS

IF LEN(CONTROL$)=0 THEN GOTO 4020

IF ASC(CONTROLS)<65 OR ASC(CONTROLS$)X>66 N\
THEN FRINT CONTROL$;" IS ILLEGAL" =\

GOTO 6020
PRINT

PRINT "OUTPUT CONTROL®

PRINT A=AT EACH CF"

FRINT * BE=AT EVERY N-TH CP*"

FPRINT * C=MANUAL CONTROL*®

FRINT * 0=5TARTING AT CFS AT EVERY CF*

FRINT * E=8TARTING AT CFPS AT EVERY N-TH CF®
INFUT "OUTPUT=";0UTPUTS
IF LEN(OUTPUT$)=0 THEN GDTD 4030

~ IF ASC(OUTPUTS)<465 OR ASCC(OUTFUTS) =69 N\

THEN FRINT OUTFUT%;" IS ILLEGAL® =\
GOTO 4030

0.CTL=ASC(OUTPUTS) ~64
ON 0.CTL GOTO 6090,6032,6090,6034,6036
INPUT *N="3;N

M=0

GOTO 4090

INFUT *CFS= *;CFS
GOTO 4090

INPUT *CFS= *;CFS
INFUT *N= *;N

M=0

GOTO 4090

FORMAT = ASC(FORMATS)-64
ON FORMAT GOSUR 6190,6300,6200,6100

IF WFILEs$="0" THEN GOTO 5000 REM MAIN
PRINT

IF END #1 THEN 6910

FOR I=1 TO 2 STEF © REM IO UNTIL END OF FILE

READ #1; CF,R10,F1,S5F10,FC10,CA,MUX,CC,CCEN,MA, TENC,\
CN4,F11,HB,VR

F10(SF10)=F1

GOSUE 7000 REM PRINT

GOSUR 5200 REM ESCAPE (REV 7)

IF S=155 THEN PRINT:PRINT *AHORTED AT ®";CP : GOTO 6910

NEXT I

Figure B1 (Cont.)
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REM
46910 CLOSE 1

ouT 100,12 REM FRINTER FAGE EJECT (REV 7)
GOTO 2100

REM

;4100 FRINT

PRINT "CP","R10","F10","SF10",*FC10"
FRINT "CA*,"MUX",*CC","CCEN", "MA"
FRINT "TENC","CN4®,"F11","HE","VB"
FRINT

6190 RETURN

REM

46200 FRINT
FRINT *"CLOCK®,"CHAR.ADDR®,"2910 REG.","LINE CNTR.®,*NEXT MA®
RETURN

REM

&300 FRINT
FRINT "CLOCK®","CHAR.ADDR", "H.BELANKING", "V.BLANKING","MEXT MA"

RETURN
REM
REM
7000 REM FRINT SUBROUTINE
ON 0.CTL GOTO 7010,7005,7002,7003,7004
REM

7002 INPUT "OUTPUT (Y OR N)";8%
IF S§s="Y" \

THEN GOTO 7010 \
ELSE RETURN
REM
7003 IF CP<CPS THEN RETURN ELSE GOTO 7010
REM
7004 IF CP<CFS THEN RETURN ELSE GOTO 7005
REM
7005 M=M+1
IF M=N THEN M=0 : GOTO 7010 ELSE RETURN
REM
7010 ON FORMAT GOTO 7100,7200,7300,7400
REM™
7100 PRINT *CP= *;CF,"CA= *;CA
RETURN
REM
7200 IF HE=0 THEN HES$='l." ELSE HEs$=" H*
IF VE=0 THEN VE$='L"® ELSE VBE&=" H*
FRINT CF,CA,HES,VES, MA
RETURN
REM

7300 FRINT
FRINT CP,CA,R10,TENC,MA
RETURN
REM
7400 PRINT
FRINT CP,R10,F10(SF10),5F10,FC10
PRINT CA,MUX,CC,CCEN,MA
FRINT TENC,CN4,F11,HB,VE

RETURN
REM
REM
5000 REM MAIN ROUTINE
REM
GOSUE 4000 REM CLOCK
REM FETCH MICROCODE
ON MA+1 GOSUE 30,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22
GOSUB 2500 REM 2911L
GOSUE 3000 REM 2911H

Figure B1 (Cont.)
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CA=Y11%14+L4E REM CHARACTER ADDRESS
REM COMFARATOR NEXT
IF Y11=120 AND TENTH=0 \ REM REV &
THEN COMF=0 \
ELSE COMP=1

GOSUE 2000 REM MUX
GOSUB 1000 REM 2910
REM REV &

IF WFILE$="0" THEN GOSUE 7000 \ REM DIRECT FRINTOUT
ELSE FRINT #1;CP,R10,F10(SP10),5F10,FCL10,CA,MUX,\
CC,CCEN, MA, TENC,CN4,F11,HE, VR

IF CONTROLS$="B" THEN INFUT 5% REM SINGLE STEF
REM CHECK END OF RUN
GOSUER 5200 REM ESCAFE (REV 7)
IF 8=155 THEN PRINT:FRINT *ABORTED AT *;CP : GOTO 5100
IF CP<CPM THEN GOTOD 5000 REM REFEAT MAIN
REM
5100 IF WFILES NE "0" THEN CLOSE (1)
ouT 100,12 REM FPRINTER PAGE EJECT (REV 7)
GOTO 9100
REM
REM 5200 SUE REV 7
5200 REM ESCAPE SUBROUTINE
S=INF(97)
S=INT(5/2)
8=8/2-INT(5/2)
IF 8 NE O THEN 8 = INF(96)
RETURN
REM
5500 REM INITIALIZATION
FRINT
SP10=1

FRINT "MA= ";MA
5505 INFUT "NEW MA (Y OR N)";8%

IF S%$="N" THEN GOTO 5510

INPUT "MA=(0<=MA<22) *;MA

MA=INT (MA)

IF MA<0 OR MA»21 N\

THEN PRINT MA;" IS ILLEGAL" 2\
(GOTO 5505

IF MA=0 THEN TENC=0 : HE=1 : TENTH=1
REM
5510 PRINT

FRINT "VECTOR= *®;VECTOR
5915 INPUT "NEW VECTOR (Y OR N)";8¢

IF S$="N" THEN GOTO 35520

INFUT *VECTOR=(0<=VECTOR<120)"3;VECTOR

VECTOR=INT{VECTOR)

IF VECTOR<0 OR VECTOR>11%9 \

THEN PRINT VECTOR;" IS ILLEGAL" =2\
GOTO 5515

REM
5520 FPRINT

FPRINT "CFP= *";CP

INPUT "NEW CP (Y DR N) ";Ss

IF S$="N" THEN GOTO 5530
5525 INFUT "CP(==0)= ";CF

CP=INT(CF)

IF CP<0 THEN PRINT CP;" IS ILLEGAL" = GOTO 35325
REM
5530 FPRINT

FRINT "CPM= ";CFHM
5535 INPUT "NEW CPM (Y OR N)";5%

IF 8$="N" THEN GOTO 53540

Figure B1. (Cont.)
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REM

b 5540

REM
5960

REM
REM
REM
30

L ——

REM

2

REM

REM

INPUT *CPM=(CP+1<CPM)";CPM
CFM=INT(CPM)
IF CPM<CF+1 THEN FPRINT CPM;" IS ILLEGAL";"CP= ";CF :GOTO 5535

FRINT

FRINT ®"TENC= *;TENC

IF MA=0 THEN GOTO 5550

INFUT "NEW TENC (Y OR N)*j;S%

IF §$="N" THEN GOTO 5550

INFUT *TENC=(0«<=TENC<10)*;TENC

TENC=INT(TENC)

IF TENC<0 OR TENC>9 N\

THEN FRINT TENC;* IS ILLEGAL™® =\

GOTO 5545

IF TENC=9 THEN TENTH=0 ELSE TENTH=1

PRINT

FRINT "R10= ";R10

INFUT "NEW R10 (Y OR N)";S8%

IF S$="N" THEN GOTO 5540

INPUT "R10 (Q<=R10<25)=";R10

R10=INT(R10)

IF R10<0 OR R103x24 THEN PRINT R10;* IS ILLEGAL" : GOTO 5555

REM
RETURN

I10=6
CCEN=0
MUX=3
H11=3
FE=0
ZEROH=1
ZEROL=0
CN=0
HE=1 REM REV 2
VE=0
FL=0
RETURN

I110=12

S11=0

FE=1

ZEROH=1

ZEROL=0

CN=0

HE=1 REM REV 2
VEB=0

PL=23

RETURN

I110=14

S11=2

FE=1

ZEROH=1

ZEROL=0

CN=1

HBE=1 REM REV 2
VE=0

RETURN

I110=3
Figure B1 (Cont.)
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REM

REM

REM

REM

CCEN=0 REM
MUX=1 9
§11=0

FE=1

ZEROH=1

ZEROL=1

CN=1

HE=0

VEB=0

FL=3

KRETURN

110=3
CCEN=0 REM
MUX=1 10
811=0

FE=1

ZEROH=1

ZEROL=1

CN=1

HE=0

VE=0

FL=4

RETURN

110=3
CCEN=0 ff”
MUX=1

511=0

FE=1 N

ZEROH=1

ZEROL=1

CN=1,

HE=0

VE=0

PL=S

RETURN

110=3
CCEN=0 i
MUX=1

§11=0

FE=1

ZEROH=1

ZEROL=1

CN=1

HE=0

UB=0

PL=6 REM
RETURN 13

110=3
CCEN=0

MUX=1

$11=0

FE=1

ZEROH=1

ZEROL=1

CN=1

HE=0 REN
VB=0 14
FL=7

RETURN

Figure B1 (Cont.)
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110=1
CCEN=0

MUX=0

§11=0 -
FE=1 W
ZEROH=1 |
ZEROL=1 '
CN=1

GOSUE S0 REM TENC
VE=0

FL=12

RETURN

110=1
CCEN=0
MUX=2
§11=0
FE=1
ZEROH=1
ZEROL=1
CN=1,
GOSUE 50
VB=0
FL=21
RETURN

110=3
CCEN=0
MUX=1
S11=0
FE=1
ZEROH=1 _
ZEROL=1 A&
CN=1

GOSUR 50

UE=0

FL=10

RETURN

110=3
CCEN=1
511=0
FE=1
ZEROH=1
GOBUR 50
VE=0
FL=2
RETURN

I110=9

S11=0

FE=0 REM REV §
ZEROH=1

ZEROL=1

CN=1

GOSUE 30

VEB=0

FL=20

RETURN

I10=6 u

CCEN=0
MUX=3
811=3



REM
15

REM

REM
14

REM
17

REM
18

REM
19

REM
20

FE=0 REM
ZEROH=1
ZEROL=0
GOSUER 50
VE=1

RETURN

REV 10

110=12
811=0 REM
FE=1 REM
ZEROH=1
ZEROH=1 REM
GOSUB S50

VB=1

PL=11%

RETURN

REV 10
REV 10

I110=4
CCEN=0
MUX=3
S11=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOSUB 350
VB=1
RETURN

I10=3
CCEN=0
MUX=1
S11=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOSUE 50
VEB=1
FL=16
RETURN

I10=8
§11=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOSUE 50
VEB=1
RETURN

I10=12
511=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOsSUR 50
VB=1
FL=23
RETURN

I10=10

REMOVED REV 10

Figure B1 (Cont.)
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REM

21

REM
i)

i

REM
S0

REM
1000

REM
1100

REM
1110

REM
1120

REM
1130

CCEN=1
511=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOsSUe S50
VB=1
RETURN

I110=10
CCEN=1
811=0
FE=1
ZEROH=1
ZEROL=1
CN=1
GOSUR S0
VEB=0
RETURN

I10=10

CCEN=1

FE=0 REM REV @
ZEROH=0

ZEROL=1 REM REV 9
CN=1

GOSUE 50

VE=0

RETURN

REM TEN-LINE-COUNTER CLOCKING SUBROUTINE
IF HB=1 THEN RETURN

HE=1

TENC=TENC+1

IF TENC=% THEN TENTH=0 ELSE TENTH=1

IF TENC=10 THEN TENC=0

RETURN
FUSH AND POF SUBROUTINES REMOVED REV 3
REM 2910 INSTRUCTIONS SUBROUTINE

ON I10+1 GOTO 1100,1110,1120,1130,1140,1150,1160,1170,1180, \

1190,1200,1210,1220,1230,1240, 1250

REM JZ

MA=0 REM 2910 Y

SP10=0 REM 2910 STACK FOINTER (=0 REV 3)
RETURN

REM cJs

IF FNFAIL \

THEN MA=FC10 \
ELSE MA=PL =\

FUSH=1 REM REV 3

RETURN
REM JMAF
FRINT "JMAFP NOT FPROGRAMMED®
RETURN
REM CJF
IF FNFAIL N\

THEN MA=PC10 \

ELSE MA=FL
RETURN

Figure B1 (Cont.)
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REM
1140

REM
1150

REM
1160

REM
1170

REM
1180

REM
1190

REM
1200

REM
1210

REM
1220

REM
1230

b REM

1240

REM PUSH
IF FNPASS THEN R10=PL REM LOAD COUNTER
MA=FC10
FUSH=1 REM REV 3
RETURN
REM JSRF
FRINT "JSRP NOT PROGRAMMED*
RETURN
REM cJv
IF FNFAIL \
THEN MA=PC10 \
ELSE MA=VECTOR
RETURN
REM JRP
IF FNFAIL \
THEN MA=R10 \
ELSE MA=FL
RETURN
REM RFCT
IF R10=0 \
THEN MA=FC10 =\
POF=1 \
ELSE MA=F10(SP10) =\
R10=R10-1
RETURN
REM RPCT
IF R10=0 \
THEN MA=PC10 \
ELSE MA=FL 2\
R10=R10-1
RETURN
REM CRTN
IF FNFAIL N\
THEN MA=PC10 \
ELSE MA=F10(5F10) =\
FOF=1 REM REV 3
RETURN
REM CJPP
PRINT *CJPF NOT PROGRAMMED®
RETURN
REM LDCT
R10=PL
MA=PC10
RETURN
REM LOooP
IF FNFAIL N\
THEN MA=F10(SP10) N
ELSE MA=FC10 =\
FOP=1 REM REV 3
RETURN
REM CONT
MA=FC10
RETURN Figure B1. (Cont.)
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REM

1250 REM TUB
PRINT "TWB NOT PROGRAMMED®
RETURN

REM

REM

2000 REM MUX SUBROUTINE

ON MUX+1 GOTO 2100,2200,2300,2400
REM
2100 IF TENTH=0 \
THEN CC=0 \
ELSE CC=1
RETURN
REM
2200 IF CN4=0 \
THEN CC=0 N\
ELSE CC=1
RETURN
REM
2300 IF COMP=0 \
THEN CC=0 \
ELSE CC=1

RETURN
REM
2400 CC=1
RETURN
REM
REM
2500 REM LEAST SIGNIFICANT 2911 (2911L) SUBROUTINE
IF ZEROL=0 THEN L4E=0
RETURN
REM
REM
REM
REM
3000 REM MORE SIGNIFICANT 29118 (2911H) SUBROUTINE
ON S11i+1 GOSUR 3100,3200,3300,3400
IF ZEROH=0 THEN Y11=0
RETURN
REM
3100 Yii=FC11
RETURN
REM
3200 Y1i=R11
RETURN
REM
3300 Yii=F11
RETURN
REM

3400 IF I10=6 \
THEN Y11=VECTOR \
ELSE Yil=FL

RETURN
REM
REM
4000 REM CLOCK SUEBROUTINE
REM FC10=MA+1 REMOVED REV 4
IF CN=1 THEN L4E=L4B+1
IF L4E>15 THEN L4B=0 : CN4=1 ELSE CN4=0
IF CNa=1 \
THEN FCO11i=Y11+1 \
ELSE FC11=Y11
IF FE=0 THEN F11=PC1l1
REM <~-REV 3

Figure B1 (Cont.)
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. IF FUSH=1 \

THEN SP10=8FP10+1 =\
F10(8F10)>=PC10 2\

FUSH=0
IF SF10>4 N\ 3
THEN PRINT "2910 STACK FULL * =\
BF10=3
IF POP=1 \
THEN SP10=8F10-1 :\
POF=0
IF SP10<0 \
THEN PRINT "POP EMPTY FILE? ";CP =\
5F10=0
REM REV 3 ==>
PC1O=MA+1 REM REV 4
CFP=CP+1
RETURN
REM
REM

Figure B1 (Cont.)
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APPENDIX C

A simple circuit was designed to accommodate five different
display formats and also to comply with the European 50Hz TV
standard. Figure C1 is the circuit diagram of this additional circuit.

The following parameters change when the format is changed:

1) The number of characters/line.

2) The number of lines/frame.

3) The number of characters to display (i.e., the address of the
last character).

4) The line frequency and therefore the dot frequency.

The number of characters/line is counted by the least significant
Am2911 sequencer via the microcode. Therefore, the microcode
can be changed to change the number of characters/line. The
number of lines/frame is counted by a constant, loaded into the

Am2910 internal counter by the microcode. The microcode can
be changed to vary the number of lines/frame.

The scan is reinitialized to zero when the last address +1 is
attained. Ug (Am25L52521) detects this address by comparing
bits A4 through A4 of the character address bus to a constant
supplied to its B inputs. A table listing these constants is shown in
Figure C1. By setting the DIP switches according to that table, the
character scan will reinitialize correctly. The same constant is
routed through one half of an Am25L5240 (U24) to the internal
data bus. At microprogram address zero, a JUMP MAP instruc-
tion enables these outputs thereby putting a starting address on
the bus according to the table in Figure C1.

The microprogram is shown on Figure C2,

+5V +5V
6
CONNECT
FOR 50 Hz . 1Cy 1€y 1C3 1C3
vt -——— 0O B 6
U4t
Amzaih 14, amsisiss oy |16
WEP Dg 1w GRD
7 |7 8
21
+5V =
E b3 1
T 7 9 TS
oo So 21 1a, 1, L) Mg
O/CS: 4 1hs Wy 16 MD:
0/052 6 1A v 14 MDy g
oo 1ia, v, |2 MDy o .
< U0 +5V AAA- M0s 12
ANA Mo 13
uz4 R MDg
1/2 Am25L5240 Wi o, "
AAA- 15
131&14129171.53 _l_
FEE -
U9
Am25LS2521
MPR-501
LAST COMPARE AT MAP
FORMAT CHAR. ADD. +1 | LAST ADD/16 | S; 52 S, S; | ADDRESS DOT FREQ. (MHz)
24 x 80 1920 120D 78H |H HHH 0F0 10.86624
24 x 64 1536 96D 60H |HH L L 0F3 9.09216
24 x 32 768 48D 30H | L HHL 0F9 5.544
16 x 32 512 32D 20H | L HLL 0FB 5.376
16 x 16 256 16D 10H | L L HL OFD 3.65568
At0Ag Ag A7
Figure C1.
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ADTYPE CRT.DEF

yCRT DEFINITION FILK

i BY MCSEE M.
JREV 2 3/8/78

]
TITLE
WCRD

y

FE:
ZEROE ¢
S11:
I1s:
CN:
ZERCL:
Vkb:
FER:
CCEN:
MUXD:
MUX1:
MUXe:
MUX3:
PL:

H

S}
I

1

COUNT:
COUNTE :
COUNTV:

IND

A

SHAVIT

CRT CONTRCLLER --DEFINITIONS

24

LEF
LEF
DEF
DEF
DEF
LEF
DEF
DEF
DEF
LEF
LEF
DEF
DEF
DEF

EQU
EQU

DE
33
E

[l I
Ff g v

1VB#1,23X%
1X,1VE#1,22X
2X,2V%:Q4,20X
4X,4VH#,1€6X
9X,1VB#1,14X
10X,1VB#1,13X
11%X,1VB#2,12X
12X,1VE#2,11X
13X,1VE#,10X
14X,B#60,8X
14X,E#12,8X
14X,E#01,8X
14X,B#11,8X
1€EX,BV%:

B#d
B#1l

B#1,B#l,B#2¢,5X,B#1,B41,R4¢ ,B#2,1X,2X,8Y
B#1,B#1,B#@0,5X ,F#1,B#1,B#¢,B#1,1X,2Y,8X
B#1,B#1,B#0C,5X,541,58#1,5#1,B#1,1X,2X,8X

Figure C2. AMDASM Definition and Assembly Files for the CRT Controller.
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AMLDOS /28 AMDASM MICRO ASSEMBLER, V1.1
CRT CCATKCLLER

goee

2eeg1
geez

2083
9004
gees
aeoe
aeev
peee
gees
200 A
2ees
2eac
eeer
ACK

@00E

gOCF
gele
ge11
801z
0213
2014

2015
2816

@17
peie

go1¢
BB1A
8018
8e1c
881D
0O1E
peLr
2020
ge21
eg22
ACK
9e22

2024
9825
@B2€
027

iCET CONTRCLLER MICROFROGEAM

b
yEY MOSHE M. SEAVIT
iREV 2 5/3/7¢

119

248¢€: 110

H#2

24 ROWS

H#E

/ CNL & HB H

110

H#C

/VB & PL D#23

M2480: 110
110
11¢
110
11¢
I1e
119
I1e
119
110

T2480: 110

110

H#E
H#Z
H#3
H#3
H#3
H#3
H#1
H#1
H#3
H#3
H#C

H#E

/ HBH & VB BH

110
I11¢
11e
110
110
110

GOBACK: I1@
LASTA: 118

C e e = s e

2464: 118

H#C
H#d
H#3
H#E
H#C
H#A

H#A
H#A

24 ROWS

E#6

/ CN L & HB H

110

H#C

/VB & PL D#23

M2464: 110
110
118
I1@
Ile
11e
118
110
112
T2464: 112

I1e
/ HB H &
118
118
110
110

H#E
H#3
H#2
H#3
H#3
H#1
BE#1
H#3
H#3
H#9

H#6

VB H

H#C
H#4
H#&3
H#8

;JUMP MAP

8@ CHARACTERS 60 F/S

&

& VB

&

&

& CCEN L & MUX1
& CCEN L & MUX1
& CCEN L & MUX1
& CCEN L & MUX1
& CCEN L & MUX1
& CCEN L & MUXO
& CCEN L & MUX2
& CCEN L & MUX1
& CCEN B &

&

&

rallea B walnglra R ea vl vl

CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZERCL L &
511 @ & FE & ZERCH & ZERCL L & CNL & HE H &
$11 2 & FE & ZERCH & ZEROL L & CN & HE H & VE

COUNT & PL
COUNT & PL
COUNT & PL
COUNT & PL
COUNT & PL
COUNTH & PL T2488
COUNTH & PL LASTA
COUNTH & PL $

AN e e

S11 © & FE & ZERCH & EB H & VB & PL M248@
S11 @ &§ FE L & ZEROH & ZEROL & CN H & HB H & VB & PL GOE

CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &
S11 @ & FE & ZEROH & HE E & VB H & PL D#146
MUX1 & COUNTV & PL 3%

FE L & ZERCHE L & ZERCL & CN H & ER H & VB

&

& CCEN L & MUX3 & COUNTV
& CCEN L &

& COUNTV

& COUNTV & PL D#23

& CCEN H & COUNTV

& CCEN H & COUNTH

& CCEN H &

64 CHARACTERS 6@ F/S

& CCEN L & MUX3 & 511 3 & FE L & ZERCH & ZEROL L &

& VB

& 511 ¢ & FE & ZEROH & ZEROL L & CN L & HE H &

& S11 2 & FE & ZEROH & ZERCL L & CN & HE H & VB
& CCEN L & MUX1 & COUNT & PL ¢

& CCEN L & MUX1 & COUNT & PL $

& CCEN L & MUX1 & COUNT & PL $

& CCEN L & MUX1 & COUNT & PL $

& CCEN L & MUX® & COUNTH & PL T2464

& CCEN L & MUX2 & COUNTH & PL LASTA

& CCEN L & MUX1 & COUNTH & PL %

& CCEN E & S11 ¢ & FE & ZEROH & HB H & VB & PL M24€4

& 511 @ & FE L & ZEROH & ZEROL & CN HE & HB H & VB & PL GOB
& CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &

§ S11 @ & FE & ZERCOH & HB H & VB H & PL D#122

& CCEN L & MUX3 & COUNTV

& CCEN L & MUX1 & COUNTV & PL $

& COUNTV

Figure C2 (Cont.)
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% J

AMDOS /29 AMDASM MICRO
CRT CONTROLLER

PEZE
2025

2E2A
QL2E

gozC
@027
EOZE
gEZF
2e3e
gl
ge3z
B33
ACK
pe34

B35
BO3E
gB37
geze
2e3s
go3A

PO3E
Be3C

803D
PO3E
@O3F
ga4e
ge41
go4z2
2e43
7044
ACK
2045

g04€
ee4n
2048
2040
PE4A
@e4E
9840
pe4rD

Po4E
@e4F

Ile
116

2432: 110

H
H
i
) 24 ROWS
'
L
5

H#&C
H#A

h#6

/ CNL & HB H

1109

H#C

/VE & PL D#22

M2432: 112
119
110
118
110
11e
I11e
T2432: 112

I1e

H#E
H#3
H#3
H#1
H#1
H#2
HH#3
H#S

H#E

/ HB H & VB H

I1e
118
118
110
I1e
112

0 e s s as =

1€32: 112

H#C
H#4
H#3
H#B
H#C
H#A

16 ROWS

B#E

/ CNL & HB H

119

H#C

/VB & PL D#15

Mig32: 110
110
I1¢
110
Iie
119
110
T1€32: 118

I1e

H#E
H#3
B#3
H#1
H#1
H#3
H#3
B#9

E#6

/ HB E & VB E

116
I1e
118
110
I1e
110
110
1109
118
110

e eE e s

H#C
H#4
B#3
H#8
H#C
H#4
H#2
H#E
H#C
H#A

16 ROWS

ASSEMBLER, V1.1

& COUNTV & PL D#23
& CCEN H & COUNTV

32 CHARACTERS €@ F/S

CCEN L & MUX3 & 511 3 & FE L & ZERCH & ZEROL L &
VB
511 @ & FE & ZERCH & ZEROL L & CN L & HR H &

&
&
&
& 511 2 & FE & ZERCB & ZEROL L & CN & HR H & VE

& CCEN MUX1 & COUNT & PL $%

& CCEN MUX1 & COUNT & PL $

& CCEN MUX@ & COUNTH & PL T2422

& CCEN MUX2 & COUNTH & PL LASTA

& CCEN MUX1 & COUNTH & PL 3

& CCEN 511 @ & FE & ZERCH & HB H & VB & PL M2432
&

&

&

&

&

&

&

&

-l ol ol ol ol o)
e

S11 @ & FE L & ZEROH & ZEROL & CN H & HB H & VB & PL GOB
CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL 1 &

S11 @ & FE & ZEROH & HB H & VB H & PL D#74
CCEN L & MUX3 & CCUNTV

CCEN L & MUX1 & COUNTV & PL $

COUNTV

COUNTV & PL D#23

CCEN B & COUNTV

32 CHARACTERS €@ F/S

& CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &
& VB

& S11 @ & FE & ZEROH & ZEROL L & CN L & HR H &

& S11 2 & FE & ZEROH & ZERCL L & CN & HB E & VB

& CCEN L & MUX1 & CCUNT & PL %

& CCEN L & MUX1 & COUNT & PL %

& CCEN L & MUX@ & COUNTH & PL T1632

& CCEN L & MUX2 & COUNTH & PL LASTA

& CCEN L & MUX1 & COUNTH & PL $

& CCEN E & S11 @ & FE & ZEROH & HB H & VB & PL M1632
& S11 @ & FE L & ZEROE & ZEROL & CN H & HB H & VB & PL GOB
& CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &
§ S11 @ & FE & ZEROH & HB H & VB H & PL D#250

& CCEN L & MUX3 & COUNTV

& CCEN L & MUX1 & COUNTV & PL $

& COUNTV

& COUNTV & PL D#48

& CCEN L & MUX3 & COUNTYV

& CCEN L & MUX1 & COUNTV & PL §

& COUNTV

& COUNTY & PL D#15

& CCEN H & COUNTV

16 CHARACTERS 6@ F/S

Figure C2 (Cont.)
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AMDOS /29 AMDASM MICRC ASSEMBLER, V1.1 \) :
CRT CONTROLLER

£e5e
2851

2852
2953
g@54
gest
¢@5€
2e5%
gece
ACK
8B5g

P@54
BE5B
gesc
9e5D
B@SE
@esy

0oFe
oe¥e

BOFZ
POF3

BOFS
goFrc

P@FE
POFE

BOFD
@erD

g1ee

01ee
g1e1

giez
glez
P104
2105
@le€e
g1a7
e1ee
g1¢¢
2184
¢10E
@1ec
ACK

S1€16: 11¢ H#¢€ CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &
/ CNL & HB H VB
116 H#C S11 @ & FE & ZERCH & ZEROL L & CN L & HB H &
/VB & PL D#15 L

M1€1€: I1¢ H#E 511 2 & FE & ZFROH & ZEROL L & CN & HB H & VE

&
&
&
&

112 H#3 & CCEN L & MUX1 & COUNT & PL §

I10 H#1 & CCEN L & MUX@ & COUNTH & PL T1616

11¢ H#1 & CCEN L & MUX2 & COUNTH & PL LASTA

I19 H#3 & CCEN L & MUX1 & COUNTH & PFL &

I1¢ H#Z & CCEN H & S11 @ & FE & ZEROH & HB H & VR & PL M1616

T1€16: 1I1@ H#9 & S11 @ & FE L & ZEROH & ZEROL & CN H & HR E & VE & PL GOER
11¢ H#E & CCEN L & MUX2 & S11 3 & FE L & ZEROE & ZERCL L &
/ HB H & VB H

I1¢ H#C & S11 @ & FE & ZEROH & HE K & VB B & PL D#203

110 H#4 & CCEN L & MUX3 & COUNTVY

I1¢ H#3 & CCEN L & MUX1 & COUNTV & PL 4

112 H#8 & COUNTV

119 H#C & COUNTV & PL D#15

110 H#A & CCEN H & COUNTV

]
ORG H#@FO ;24%80

11¢ H#3 & CCEN H & PL S2488

[ET—

ORG H#QF3 j 24%64
I1@ H#3 & CCEN H & PL S2464

—
.

ORG H#GFS  ;24%32
119 H#3 & CCEN H & PL $S2432 1

€

ORG H#@FB 1 16%32
112 H#3 & CCEN H & PL S1€32

ORG H#QFD 116%16
11¢ .H#3 & CCEN H & PL 51616

5@ F/5 ROUTINES

ORG H#100
1
i 24 ROWS 89 CHARACTERS 5@ F/S
’
s
52480E: 110 H#€ & CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &
/ CN L & HE E & VB
116 H#C & S11 @ & FE & ZEROH & ZEROL L & CN L & HB H &
JVE & PL D#23
MZ2482E: I1¢ H#E & 511 2 & FE & ZERCH & ZEROL L & CN & HB H & VB
I1¢ H#3 & CCEN L & MUX1 & COUNT & PL $
I19 B4#3 & CCEN L & MUX1 & COUNT & PL $
112 H#2 & CCEN L & MUX1 & COUNT & PL 3%
110 HE#3 & CCEN L & MUX1 & COUNT & PL $
I19 H#3 & CCEN L & MUX1 & COUNT & PL 3
110 H#1 & CCEN L & MUX@ & COUNTH & PL T2480E
I11¢ H#1 & CCEN L & MUX2 & COUNTH & PL LASTA
I19 H#3 & CCEN L & MUX1 & COUNTE & PL $ )
119 H#Z & CCEN H & S11 @ & FE & ZEROH & HE H & VB & PL M24B0E h )
T24EPE: 110 H#C & 511 @ & FE L & ZEROH & ZEROL & CN H & HB B & VB & FL GOB

Figure C2 {Cont.)
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AMDOS/29 AMDASM MICRC ASSEMBLER, V1.1
CRT CONTROLLER

216D 11¢ H#6 & CCEN L & MUXZ & S11 3 & FE L & ZERCH & ZEROL L &
{ / HB H & VB H
\ y 219%E I1¢ H#C & S11 @ & FE & ZEROH & HE H & VB H & PL D#220 i ITERATES
201 TIMES
@1eF Ilg H#4 & CCEN L & MUX3 & COUNTV
8118 119 H4#3 & CCEN L & MUX1 & COUNTV & PL $
#111 110 H#8 & COUNTV
1
@112 I1¢ H#C & COUNTV & .PL D#239
8113 I11¢ B#4 & CCEN L & MUX3 & COUNTV
2114 I1¢ H#3 & CCEN L & MUX1 & COUNTV & PL $
2115 11@ E#8 & COUNTV
]
g11e I1¢ H#C & COUNTV & PL D#23
@117 110 H#A & CCEN H & COUNTV

24 ROWS €4 CHARACTERS 5@ F/S

@118 S2464E: 118 H#6 & CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &
/ CNL & HE E & VB

gl1¢ 11¢ B#C & 511 © & FE & ZEROH & ZERCL L & CN L & HB H &
/VB & PL D#23

©11A M2464E: I10 H#E & S11 2 & FE & ZEROCH & ZEROL L & CN & HE H & VB

@118 11¢ H#3 & CCEN L & MUX1 & COUNT & PL $

@11cC I1¢ BE#3 & CCEN L & MUX1 & COUNT & PL $

@110 1180 E#2 & CCEN L & MUX1 & COUNT & PL 3

g11E I1¢ H#3 & CCEN L & MUX1 & COUNT & PL $

#11F 116 H#1 & CCEN L & MUX@ & COUNTE & PL T2464E

g g1z2e 119 H#1 & CCEN L & MUX2 & COUNTH & PL LASTA
( / @121 11¢ H#3 & CCEN L & MUX1 & COUNTH & PL %

@lzz I1¢ H#3 & CCEN H & S11 @ & FE & ZERCGH & HB E & VB & PL M24€4E

@122 T24€4E: 110 H#9 & S11 @ & FE L & ZEROH & ZERCL & CN H & HB H & VB & PL GOB

ACK

@124 I11¢ H#€ & CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &
/ HBR H & VB H

@125 I11¢ H#C & 511 @ & FE & ZERQH & HB H & VB H & PL D#2¢0

g12€ 119 H#4 & CCEN L & MUX3 & COUNTV

g1z27 112 H#3 & CCEN L & MUX1 & COUNTV & PL $

@1z& I1¢ H#8 & COUNTV

1

912¢ I1¢ H#C & COUNTV & PL D#167 1 BES

@lzh 119 H#4 & CCEN L & MUX3 & COUNTV

212E 112 H#3 & CCEN L & MUX1 & CCUNTV & PL $

g12C 116 H#8 & COUNTV

¥
@12D 118 H#C & COUNTV & PL D#Z3
@12E I1¢ H#A & CCEN H & COUNTV

24 ROWS 32 CHARACTERS 5@ F/S

@12F S2432E: 110 H#6 & CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &
/ CNL & HEB H & VB
0130 11¢ H#C & S11 @ & FE & ZEROE & ZEROL L & CN L & HB H &
/VB & PL D#23
$131 M2432E: I1¢ H#E & S11 2 & FE & ZEROH & ZEROL L & CN & HB H & VB
4 @122 110 H#Z & CCEN L & MUX1 & COUNT & PL $
Kh_/ 0133 116 H#3 & CCEN L & MUX1 & COUNT & PL &
@134 I1¢ H#1 & CCEN L & MUX@ & COUNTH & PL T2432F
8135 118 H#1 & CCEN L & MUX2 & COUNTE & PL LASTA
2136 I19 H#3 & CCEN L & MUX1 & COUNTH & PL $

Figure C2 (Cont.)
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AMDOS /28 AMDASM MICRO
CRT CONTROLLER

2137

g138
ACK

9139

2134
@13E
#13C
@13D
Z13E
@13F

2140
g141

@14z
2142
gl44
9145
7146
2147
2148
@lac
ACK
P144

Pl4E
214C
914D
@l4E
@14F
2159
2151
9152
@152
gl54

2155
8156

8157
2188
g15¢
2154
@15B
815C
215D
ACK
@15E

B1EF
@160
glel
glez

110 H#3
T2432E: 110 H#9

110 H#E
/ HB H & VB H
116 H#C
110 H#4
110 H#Z
110 H#8
11 H#C
I1¢ H#A

16 RQWS

1€632E: 110 H#E
/ CN L & HE H
110 H#C

/VB & PL L#15
M1€32E: 118 H#E
11¢ H#2Z

112 H#3

116 H#l

116 H#1

11¢ H#3

118 H#3

T1632E: 110 H#E

110 H#€
/ HE H & VB H
I1@ H#C
116 H#4
110 H#3
I11¢ H#E
118 EH#C
110 H#4
110 H#3
119 H#8
116 H#C
116 H#A

16 ROWS

[ F TR

1€16E: I1¢ H#6
/ CN L & HE H
116 H#C

/VB & PL D#15
M1€1€E: 110 H#E
110 H#3

I11¢ H#1

I11@ H#1

116 H#3

116 H#3

T161€E: I10 Hat

I1@ H#6
/ HBH & VB H
I1e H#C
11@ H#4
119 H#3
I11¢ H#E

ASSEMBLER, V1.1

& CCEN H & S11 @ & FE & ZERCH & HB H & VB & PL M2432E
& 511 @ & FE L & ZEROH & ZEROL & CN H & HB H & VB & PL GOE

& CCEN L & MUX3 & S11 3 & FE L & ZEROH & ZEROL L &

S11 @ & FE & ZEROH & HB H & VE H & PL D#224
CCEN L & MUX3 & COUNTYV

CCEN L & MUX1 & COUNTV & PL &

COUNTV

COUNTV & PL D#23

CCEN H & COUNTV

e e

32 CHARACTERS 5@ F/S

CCEN L & MUX3 & 511 2 & FE L & ZEROH & ZEROL L &
VB
S11 @ & FE & ZEROB & ZEROL L & CN L & HB E &

S11 2 & FE & ZEROB & ZEROL L & CN & HB H & VB

CCEN L MUX1 & COUNT & PL $

CCEN L MUX1 & CCUNT & PL $

CCEN L MUX@ & COUNTH & PL T1632E

CCEN L MUX2 & COUNTH & PL LASTA

CCEN L MUX1 & COUNTH & PL %

CCEN H 511 @ & FE & ZEROH & HB H & VE & PL M1€32E

S11 @ & FE L & ZEROH & ZERCL & CN H & HB H & VE & PL GOB

&
&
&
&
&
&

CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &

S11 @ & FE & ZEROH & HB H & VB H & PL D#25@
CCEN L & MUX3 & COUNTV

CCEN L' & MUX1 & COUNTV & PL 3

COUNTY

COUNTV & PL D#223 1475

CCEN L & MUXZ & COUNTV

CCEN L & MUX1 & COUNTV & PL $

COUNTYV

COUNTV & PL D#15

CCEN H & COUNTV

e o PP P>

16 CHARACTERS 5@ F/S

CCEN L & MUX3 & S11 2 & FE L & ZEROH & ZEROL L &
VB
$11 @ & FE & ZEROB & ZEROL L & CN L & HB H &

S11 2 & FE & ZERCE & ZEROL L & CN & HB H & VB

CCEN L & MUX1 & COUNT & PL ¢

CCEN L & MUX@ & COUNTH & PL T1€1€E

CCEN L & MUX2 & COUNTH & PL LASTA

CCEN L & MUX1 & COUNTE & PL $

CCEN H & S11 @ & FE & ZEROH & HB H & VB & PL M161€E

S11 @ & FE L & ZEROH & ZERCL & CN H & HB H & VB & PL GOB

e e

CCEN L & MUX3 & 511 3 & FE L & ZEROH & ZEROL L &

511 @ & FE & ZEROE & HB H & VB H & PL D#200
CCEN L & MUX3 & COUNTV

CCEN L & MUX1 & COUNTV & PL $

COUNTV

e

Figure C2 (Cont.)
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AMTCS/29 AMDASM MICRO ASSEMBLER, V1.1
CRT CONTROLLER
1
9162 I11@ H#C & COUNTV & PL D#121 1323
@164 I1¢ H#¥4 & CCEN L & MUX3 & COUNTV
2165 I1¢ H#3 & CCEN L & MUX1 & COUNTV & PL %
9166 110 H#g & COUNTV
1
Qle7 I11¢ H#C & COUNTV & PL D#15
@168 110 H#A & CCEN H & COUNTV
]
@1F@ ORG H#1F@ ;24%820
21F@ 110 H#3 & CCEN H & PL S24B@E
H
)
g1Fz ORG H#1F3 124%E4
@1F3 110 HE#3 & CCEN H & PL S2464E
H
]
@1Fs ORG H#1F9 ;24%32
@1Fs I119¢ H#3 & CCEN H & PL S2432E
H
r
@1FB ORG H#1FB 3 16%32
@1F3B 116 H#Z & CCEN H & PL S1632E
H
1
@1FL ORG HE#1FD y16%16
¢1FD 110 HE#3 & CCEN H & PL S1€1EE
H
H
END
Qeee XXXX@Q1@XXXXXXXX XXXXXXXX g2 212010P1X11@1XXX
9021 9111011€X0001011 XXXXXIXX 20223 91119110XX911611
Pegz 11¢01100X0001XXX 00010111 g¢24 11091160XXX11XXX
9003 11121119X1001XXX XXXXIXXX @e25 11000100X11110811
geg4 11000011X1100010 000001060 P@2€ 11000@011X1111010
@ees 1100e911X110001¢ @veve1e1 @e27 11001008X1111XXX
@P0€E 112000911X1100010 20000110 ge2e 119001100X1111XXX
geev 1100¢011X1100€10¢ 20000111 g@2¢ 11001218X11111XX
PePE 11¢00011X110601¢ C0Q0P10GLO 9224 €11109110X0001011
PPOS 11000001X1101000 00001101 PEZ2B 110201100X00€1XXX
POCA 11000001X1101001 90010110 @92C 11121110X10@01XXX
Pe0B 11¢20011X1101010 @0OR1211 PP2T 1100€011X1100010
P90C 11000011XXX211XX 90000011 ge2E 11002011X11¢2001@
2eer @1¢012€1X1101XXX @20e1@181 @@2F 11000€01X1101020
POCE ©1110119XX011911 XXXXXXXX g03@ 1100000131101001
PeOF 11001100XXX11XXX 10010010 @21 119000011X110101¢
P21 11000160X1111211 XXXXXXIXX 2832 11000@011XXX@011XX
P211 11000011X1111019 20010001 Pe33 P1661001X11601XXX
P@12 11001000X1111XXX XXXXXXXX ¢34 9111¢119XX011@11
2213 116@1100X1111XXX 90016111 P35 11091100XXX11XXX
9214 11901216X11111XX- XXXXXIXX @e3€ 11000100X1111611
@815 11091918X11011XX XXXXXXXX 2037 119000011X11116810
ge16 PeXX1018X11011XX XXXXXXXX 9038 11001008X1111XXX
@17 ©11101190X0001011 XXXXXXXX Pe3c 11091100X1111XXX
@21E 110901100X0001XXX 20016111 ge34 11001012X11111XX
2219 11121112X18@1XXX XXXXIXXX P@3B 21110118X0601¢11
@C14A 11000011X1100010 00011010 gO3C 11001100X0@01XIX
PO1B 11000011X1160010 @0011011 g83D 11101110X1¢01XIX
g21C 11000011X1100010 00011120 @g@3F 11000@11X112001¢
@210 11000011X11000106 00011101 @03F 11606011X1106010
PP1E 110€¢001X1101000 00106010 PP4A@ 11000001X1121000
ZE€1F 1100¢0201X1101001 00€10112 P2041 11900001X1101601
2022 11000011X11¢1010 060100820 o042 11060011X1101010
@021 11000011XXX0@11XX Q0011001 P043 11900011XXX011XX
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XXXXXXXX
@1111010
XXXXXXXX
20109110
XXXXXXXX
gep1€111
EXXXXXXX
XXXXXXXX
geo1e111
IXXXXXXX
00101101
01011106
P@118611
20012112
90110201
90101100
00010101
XXXXXXXX
21001010
XXXXXXXX
80110111
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20216111
IXXXXXXX
XXXXXXXX
GePe1111
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00111110
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01000100
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21000010
26111101



AMDOS/29 AMDASM MICRO ASSEMBLER, V1.1
CRT CONTROLLER

0044
2845
gv4¢€
2047
2046
ge49
BO4A
0048
ge4cC
064D
PO4E
Ae4F
417
2851
@052
g5z
254
2pes
ge56
2e57
@058
205¢
P@5A
2458
gesc
ge5D
BB5E
#O5F
oere
QOF3
@@Fg
BEGFB
G@FD
2100
g1e1
9162
81ez
9184
2185
g1d6
glew
2108
918¢g
21oA
@19B
g1ec
@1ep
812k
010F
9110
9111
gliz
2113
2114
2115
g1ll€
@117
118
2119
@11A
@11E
g11cC
11D

@1001601X1101XXX
91118110XXP11011
110@1100XXX11XXX
11020160X11110611
1160¢011X1111010
11601068X1111XXX
11001166X1111XXX
11000100X1111911
11000011X1111010
11601066X1111XXX
11261168X1111X3X
11601016X11111XX
$1110110X0001011.
11¢01108X0801XXX
11181116X1001XXX
11606011X1100016
11060001X11210€0
11000901X11010901
11900011X1101018
11000011XXX011XX
21001001X1101XXX
91110116XX211611
11801106XXX11XXX
11000106X1111911
11000011X1111610
11601060X1111XXX
11001188X1111XXX
11601010X11111XX
XXXX@211X¥ XXX 1XX
XXXX@@11XXXXX1XX
XXXX@211XXXXX1XX
XXXX@011XXXXX1XX
XXXX@011XXXXX1XX
21110110X6001011
1100118930021 XXX
11121118X1801XXX
11000211X11060010
110¢0011X110€01¢
112006011X1100018
112006011X1100010
11600011X1102010
11000001X1101000
110006001X1101001
1100¢911X1101018
1100801 1XXX@11XX
91001061X1101XXX
$1110116XX011611
11881188XXX11XXX
11900106X1111011
11000011X1111018
11001066X1111XXX
11601166X1111XXX
11000100X1111011
11006011X1111018
11001600X1111XXX
1166118@X1111XXX
11801016X11111XX
91110110X6061811
11001160X8801XXX
11101110X1861 XXX
11000011X1100016
11000011X1100010
11000011X1100610

PeP10101
IXXXXXXX
11111010
XXXXXXXX
21001060
IXXXXXXX
0e110000
XXXXXXXX
21091162
XXXXXXXX
90801111
XXXXXXXX
IXXXXXXX
20901111
XXXXXXXX
210106611
819110060
20010110
01016110
gleleele
0egl191e1
XXXXXXXIX
11601011
XXXXXXXX
10111690
XXXXXXXX
PP6@1111
XXXXXXXX
egoeenel
gecdie111
09101210
2e111911
01010000
XXXXXXXX
20010111
XXXXXXXX
eeoeoa11
20000100
pecesiol
oeees11a
20900111
000211060
00010110
¢epelele
6000010
pPP1e1e1
XXXXXXIX
11001089
XXXXXXXX
2e0100080
XXXXXXXX
11121111
IXXXXXXIX
00010100
XXXXXXXX
00916111
XXXXXXXX
IXXXXXXX
g0016111
XXXXXXXX
90911911
060811100
20011101
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@11E
@11F
@12e
@121
@122
g122
@124

@125
8126
g127
glzs
@1z2¢c
@124

@12E

@12C

812D
@12F
B12F

6130

2131

9122

2133

9134

9135
213¢€
@137
2138
8138

8134

@13B

@13C

@130
@13E
@13F
2140
2141
B0l4az
8143
0144
9145
@14¢€
@147
Bl4ag
g14c
B144

G14E
#14C

214L
@14E
214F
215@
@151
9152
9152
2154
@155
@156
@157
215&
@15¢
@154
@15E
@15C

11000611X110001¢
11000001X1101000
110000601X11016081
11¢0@011X1101¢210
11000011XXX811XX
€1001001X1101XXX
#1110110XX@011011
11001100XXX11XXX
11000102X1111011
l1¢¢e611X111101¢€
11021000X1111XXX
11801100%1111XXX
11000106X1111211
11000011X1111010
11001006X1111XXX
1100110¢X1111XXX
11001016X11111XX
©1110110306001011
11001100X2@21XXX
11161116X1681XXX
11000611X1126010
11002011X1100010
11000001X1101000
11000001X1101001
11000011X1121210
11900011XXX211XX
21001001X1101XXX
©1110118Xx@11211
11001100XXX11XXX
110¢0100X1111011
11e@@e11X111101¢@
119001000X1111XXX
11001100X1111XXX
11001910%11111XX
@lli1ei11exeoviell
11001100X0801XXX
11101119X18@81XXX
11¢00011X1100910
11000011X1100610
11000001X1101080
11000001X11016081
110060011%11021010
11000011XXX011XX
21601061X1101XXX
©11106110XX011811
11€001100XXX11XXX
11000100X1111011
11000011X1111018
110¢100¢X1111XXX
11001180X1111XXX
1166€106X1111011
11¢@0011X1111@1@
11001906X1111XXX
110€1100X1111XXX
11601012X11111XX
9111¢110X0001611
11061100X0001XXX
11101116X1081XXX
110660011X11006610
11¢00001X1161000
110eeep1X1121001
11000611X1101010
11002011XXX811XX

gee1111e
20100011
gep1011e@
210001
30011010
PoP161061
IXXXXXXX
110¢1000
XXXXXXXX
P0100111
IXXXXXXX
101906111
XXXXXXXX
gele1e11
XXXXXXXX
pee10111
XXXXXXXX
XXXXXXXX
20P1€111
XXXXXXXX
0110610
gel11ee11
29111000
00010110
ge1ielie
gel1oeel
e0010101
XXXXXXXX
11100008
XXXXXIXXX
00111100
IXXXXXXX
PeP16111
XXXXEXIX
XXXXXXXX
00001111
XXXXXXXX
91600011
01000100
0121001
20010110
01000111
21000010
00218101
XXXXXXXX
11111e1@
TXXXXXXX
g18011@1
XXXXXXXX
11011111
XXXXXXXX
@leleeel
IXXXXXXX
Peee1111
IXXXXXXX
IXXXXXXX
peee1111
XXXXXXXX
21011000
#1911161
geeie11e
g1911@11
g1e1e111
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CRT CONTROLLER

215D
215E
@15F
2160
2161
g1e2
B1E3
0164
2165
216€
21e7
2168
21Fro
@1F3
B1Fc
@1FE
@1FD

ENTRY

21e001081X1181XXX
©1119110XX011011
11001100XXX11XXX
116001206X1111@11
11960011X1111012
11001000X1111XXX
11001100X1111XXX
11000108X1111€11
11g@éee11xiiliele
11001000X1111XXX
11021100X1111XXX
110€1016X11111XX
XXXX@@11XXXXX1XX
XXXX@@11XXXXX1XX
IXXX@011XXXIXX1XX
XXXX@@11XXXXX1XX
XXXX@011XXXXX1XX

POINTS

SYMBOLS

GOERACK ge15

H
L

LASTA
M1E1E

geel
aeoe
1€
gesz

M1E16E @157

M1E3Z

€e3D

M1ESZE 2142

M24322

@gzc

MEZ43ZE 2131

M24E4

gele

MZ2464E 2114

MZ4EE

2gec

MZ2480E 2102

S1€1€

2ese

S1E16E 2155

S1€32

223E

S16I2E 214¢

52432

PezA

S2432F 212F

Sz4€4

ge1v

S2464E @118

52460

2201

S24E6E glee

T1€16

gese

T1€E16E 215D

T1622

ges4s

T1E3ZE 2146

T2432

2833

T2432E @128

Tz464

ggze

T2464F @123

Tz248€

2eeD

T248CE 21eC

TCTAL

PHASE 2 ERRCRS =

0ee101@1
XXXXXXXX
11601068
XXXXXXXX
91100001
XXXXXXXX
p11118061
XXXXXXXX
01100101
XXXXXXXX
00001111
XXXIXXXXX
oeoeeeee
00011000
00181111
01000020
219106101

@
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APPENDIX D

The Microprogrammed CRT Controller was built on a System 29
universal card and exercised by the System 29 support proces-
sor. An Am9080A program was written to fill the character mem-
ory. Figure D1 is the listing of this program. In order to observe the

5
;FROGRAMM TO WRITE INTO
sBY MOSHE M. SHAVIT
sREV 0 3/6/78

correct output of the controller, an oscilloscope or CRT monitor
can be connected through an adaptation circuit shown in Figure
Da. |

CHARACTER HMEMORY

¥
O1FF = STACK  EQU 1FFH ;STACK POINTER
00FF = FAR EQU OFFH sFIRGT ADNRESS REGISTER 0/F FORT
8000 = CHARAT  EQU 8000H  :CHARACTER MEMORY STARTS HERE '
0200 ! ORG STACK+1 ;UORKING SPACE ABOVE STACK
0200 Fa ons 1 :FIRST ALDRESS
0201 CURAD DS 2 ;CURRENT ADDRRESS
0203 FIL s 2 sACFIRST CHARACTER IN LINE)
¥
0100 ORG 100H ;FROGRAN STARTS HERE
0100 31FFO1 LXT SF,STACK
0103 213087 LXI H,720H+CHARAD  ;LAST LINE, FIKST CHARACTER
0106 220302 SHLD FIL ;IN "FIRST CHARACTER [N LINE® BUFFER
0109 220102 SHLD  CURAD  jAND IN CURRENT ALDDRESS BUFFER
010C aF XRA A sCLEAR A
0100 D3IFF ouT FAR ;START ADDRESS=0
010F 320002 STA Fa ;SAVE IN BUFFER
0112 CD1EO1 CALL  CLEAR  3CLEAR ALL CHAR. MEMORY
0115 CO2C01 MAIN  CALL CHARIN READ CHARACTER AND FUT IN CHAR. MEMORY
0118 C31501 JHF MAIN ;00 IT AGAIN
7
5 ( \
011k 04600 CLEAR MUI E,0 sDATA=0
0110 210080 LXI H, CHARAT ;FIRST CHARACTER ADDRESS \J
0120 110008 LXI 0,20480 ;COUNTER
0123 70 CLEAR1 MOV M, E :CLEAR THAT ADDRESS
0124 1E nCX o : COUNT
0125 23 INX H ;NEXT ADDRESS
0126 74 MO A, T ; CHECK
0127 B3 ORA E ; IF DONE
0128 C22301 JNZ CLEARL sNO. CONTINUE
012E €9 RET (YES. BACK TO CALLER
3
¥
012C 0EO1 CHARIN MVI c,1 ;CF/M READ COLE
012E COO500 CALL 5 ;CF/M READ ROUTINE
0121 FE1A CFI 14H ;CTL-Z7
0133 CA0000 Jz 0 sRETURN TOD CPM IF YES
0136 240102 LHLD  CURAD  ;FETCH CURRENT ADDRESS
0139 FEOD CPI ODH ;CR?
013F CA4401 Jz CRLF ;YES.
013E 77 MOV M,a ;URITE  CHARACTER
013F 23 INX H ; INCREMENT
0140 220102 SHLD CURAD  ;STORE IN BUFFER
0143 C9 RET ;BACK TO CALLER
H
0144 ES CRLF FUSH H
0145 IS PUSH o
0146 C5 FUSH B
0147 FS FUSH FSU
0148 1EOA MUT E,O0AH
014A OEQ2 MYI c,2
014C CLOS00 cALL 5
014F F1 FOF FSu
0150 C1 FOP H
0151 D1 FOF I \ ,)
0152 E1 FOF H ;ROUTINE TO ECHO LF
0153 EE XCHG ;5AVE CURRENT ADDRESS IN IE
Figure D1
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0154 015000 LXI E,B0D 380 CHARACTERS/LINE
0157 2A0302 LHLD FIL sFETCH FIRST CH. IN LINE ADDRESS
015Aa 09 DAD E sHL= A(NEXT LINE'S FIRST CH. ADD.)
015F EER XCHG s HL=CURRENT ADDR.,DE=A(NEXT LINE FIRST CH. ADDRD)
015C 0400 MVI B,0 sDATA=0
015E 7C CRLF2 MOV AyH sMORE SIGNIFICANT CURRENT ADDRESS
‘ 015F BA CHF o 3=NEXT LINE FIRST ADDRESS?

0160 C24B01 JNZ CRLF3 $NO
0163 70 MOV A, L sLESS SIGNIFICANT CURRENT ADDRESS
0164 BE CMF E $I5 CURRENT LINE FULL?
0165 CAGDO1 JZ CRLF4 YES
0168 70 CRLF3 MOV M,B sSTORE 0 AT THAT ADDRESS
0169 23 INX H 5 INCREMENT ADDRESS
0146A C3ISEOL JHF CRLF2 ;GO CHECK AGAIN
016D 7C CRLF4 MoV AyH sMORE SIGNIFICANT PART OF ADDRESS
016E E&O7 ANI 7 sONLY 3 LESS SIGNIFICANT BITS
0170 FEO7 CPI 7 ;LAST LINE PASSED?
0172 C27E01 JNZ CRLFS sNOT YET
0175 7D MoV A,L sLESS SIGNIFICANT BYTE OF ADDRESS
0176 FEBO CFI BOH sARE WE AT 7BOH=1920D7
0178 C27E01 JNZ CRLFS sNOT YET, SKIF
017B 210080 LXI H,CHARAL :YES, START WRITING AT BEGINNING OF CH. MEM.
017E 220302 CRLFS SHLD FIL sSTORE IN FIRST CH. IN LINE EBUFFER
0181 220102 SHLD CURAL sAND IN CURRENT ADDRESS BUFFER
0184 3A0002 LA Fé sFETCH FIRST VISIIELE CHARACTER ADDRESS
0187 C605 ADI ] $SCROLL
0189 FE78 CFPI 120D ;TOD MUCH?
018B CC?401 CZ CRLFO sYES
018E 320002 STA Fa 3STORE IN FIRST ADDRESS BUFFER
0191 D3FF ouT FAR sLOAD REGISTER
0193 C9 RET ;RETURN TO CALLER

¥

¥
0194 AF CRLFO XRA A ;FIRST ADDRESS=0
0195 C% RET

Figure D1 (Cont.)

Oscilloscope Connections.

13y VIDEO &
VB BLANKING

2 12
HEB O
D
us1

VIDEQ

2 4
ALE (HORIZONTAL)
l EP o AL .| +5Y  SYNCH

14

1Ag 1Yy
+5V uso 12k

AmZ5L5240 ¥
‘ 1 g 22001
24, 2¥, _W"T'f:lf:-:mu
(INVERSE)

GAD 26 1uF

|||E
||H

Ball Monitor Interface.

+5V

Am26502

L1, o

33k

.

HB >——— 1

Cx  Rx/Cx 6| Cx RxiCx
Vee

=

+5vV

w
—1 8l

HORIZONTAL
DRIVE

: va)—-—-r“— h
vy
L

VERTICAL
DRIVE

MPR-502
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1 | | =
Ry1Ryg Rig Ag Rz Rg Rg Ry Ry Rz Ry Ry
MULTIPLEXER SELECT e deebilala Al Jalalsle
16y 1Cy 1€, 1Cy D C B ACLR D C. B ACLR O C B ACLR
15 10 15 10 18 10
Rap Ria Rig Ry7 SELECT |, & : s & B AL - ) AR P i 3 =
0 0 0 0 TEST 0 amzsLs153 B 3 Am25LS163 AmP5LS183 AmZELS163
0 0 0 1 TEST 1 L v & OAD P cP [OAD P cCP IOAG P cP
0 0 1 0 TEST 2 = 7 9172 9172 o B =
. 0
. .
0 . !
1 1 1 1 TEST 15 Vee 3 —
t Dn
1 [ ]
R mrasia
o
POLARITY CONTROL =
R1g OUTPUT
0 COMPLEMENT
OF TEST TEST 15 i1
3] TRUE TEST TEST 14 ul
TEST 13 I
TEST 12 T
TesT 11 b e
Dy Am745251
TEST 10 El =
TESTQ al et
NEXT ADDRESS CONTROL TeErs A D1 v e R
o
c Aaas afi=
Ris Ri1s4 Ri13 Ri2 FUNCTION 9|‘° e = :
NEXT | 28
X X X X Uiz
INSTRUCTION e }—l
= 7 [
TEST 7 2l TNT _ TNTLOAD| ,
TEST 6 o) [ ENABLE  jare
Dg 15 4 10 {2
TEST S 14 G 1 TEST FE
TEST 4 5| 8 r S =
MACHINE INSTRUCTION REGISTER Oy Ura — - ug PP
REST L Dg TAS2E1 Amz2o811a 51 2
TEST2 2 il =] 5
Ra21 FUNCTION = H o, wh 2 ol
0 LOAD TESTO [ E‘ o L = FLE
o
1 HOLD J__ C B oGAS =l 1z 4
= o] w| ] 7 1| 13| 12] n ==
fiyg |Fag [R17 |Rao | 2o Rig | R1s [Rag |Paa |Raz
Veo Vee ZERD
CONTROL VALUE 1of 7] 2f 15| ] 1z| 0] 7] 5| 2
Q; O G 03 Oy 1 1 0 0 0 O G |0
Uga CLR CLR Uyz Qg
R11-Ro FUNCTION AMI4S175 = Am745174 g
EO.& SRR 6.9 4 VALUE Dz DBy Dy D by Dy D Dy Dy Dg
T 5| s n] s] &] 3] 1
e A © 15 14 13 12 2
JUMP ADDRESS
BR11-BRg FUNCTION
KKK - XXX JUMP ADDRESS
(Rg—~Rqql

Figure




D15 D14 013012 011049 Oy Dg

16-BIT DATA BUS

DOy 05 DypDy-Dy Dy Dy

1w|17|14|13| 8| 7| 4| 3

8D 7D 6D 5D 4D 3D ZD 1D
Uy 1

Am2ELSITT

80 7Q 60 50 40 30 20 10

Wwle 1512 9| €| 5| 2

P b—

1817|14]13]| 8| 7] 4] 3

8D 7D 6D 5D 4D 3D 2D 1D
1] Uy

Am25LS3TT
BQ 70 6Q 50 40 30 20 1Q

E CP b—

19[16]1s] 12 o] 6] 5] 2|

OTHER
I
5] 1] 2| 3| 4| 7| | s 5] 1] 2] 3] a] 7| 6] 5 5] 1] 2| 3] ¢f 2| 6| s
A7 Ag Ag Ag Az Ag A Ay Ay Ag Ag Ag Ay Ag Ag Ay A7 Ag As Ag Ag Ay Ay Ag
L 1. Uy _|1e Ug 14
Amz761 = Am29761 = Am29761 &
03 0z 07 O s O3 03 07 Og &5 | = 03 02 0 O s | =
a[wf 1]z 131 a[w][11]12 1:31' a[10]11 ]z |3I
BRyy
BRyg
BRy
BRg
BRy
8Rg
BAg
B8R,
By
BR;
B8Ry
BRg
_L 4| 5| 6] 7 4| 8| 8] 7 a| s} 8] 7
g D3 P20y Dy 7 18] P2P2 P 5 o i |- lee Dy Iy -
18 S 77 ol ] S E doc
FE RE FE RE — FE RE }—
20 20
PUP Ug PUF Uy 2 PUP Ug
n 5 Am2011 L 55 Am2911 n 5 Am2911
L 1 10
Sg cP sy e — s cr cLOCK
__|e £ 2
ZERD OE —{ ZERO [ AR —{ ZERD o |5,
Y3 Y2 ¥y Yo Y3 ¥z ¥3 Yo S )
1514 13] 12 15[ 18[13[ 12 5[] 13[12
OE
M1 Mg Mg Mg M7 Mg Mg M, M3 My My Mg
MICROPROGRAM MEMORY
IFiTlTIIIII]!II|I|I[fll!fll['lII]TITITI[]’IIIlllllll'llllllllll
&0 56 52 43 a4 40 36 a2 F:] 24 20 16 12 a 4 o
1z-21}
o-11)
e —_— )
L G| ey e |  ER ot i R e Bl
5] 2] &] 4] ] 12| 4] 1] 1] 2] a] 4]
Dy Dy Dy Dy b3 Dz Dy Dy Bafspy 1Dy Dy
7 u. 9 7 u 9 ! u. L]
— ol o 18 cp p— oF Lk cp f— oE o cp
Am2913 Amz918 Am2918
Oy Oy Oy Gy Y3 Y2 ¥y ¥p 0y Oy Oy G ¥ ¥p ¥y ¥y O3 Op Oy Gy ¥y ¥y ¥y ¥y
u[n] s] 2|13 IUI BEl n||1! 5| 2'\3 |n| & 3| "I”I 5] 2I13 mI 6 3—[_
RyyRyg Rg Ry | BRyp | BRg Ry Rg Rg Ry BRg | BR, Ry Ry Ry Rg | BRy | BRy
BRyy  BRy BA;  BAg BRy  BR,
T II | (BRg—BR,q)
7. Computer Control Unit with Am2911. MPR-503



MULTIPLEXER SELECT <

Vee
1 ]
| 1 = e
maa. Bia-Risafan SELFCT ] 1 R11 P Ry R Ry By Bs Ry Fauha iRy
0 0 0 0 TEST 0 €] 5| 4] 3 6] s| «] 3] 4 6| 5] 4] 3] 1 NEEER
0 0 0 1 TEST 1 g 1y W 103 D ¢ 8 act | D C B ACLR DocoB ACR |
0 0o 1 o TESEo Uz el e, & wiRtlen Suoe b feo iR
* 1, Amastsisz AmIBLEIES  op |2 AmMZ5LE1ES cP=_| AmZELENF  op |2
: [ Y oA B [ P (OAG P [GAD
. . = 7[1a 21 1| 91 1[ 9! r| a
1 1 1 | TEST 15
1 | ]
Veo
3
% fan J
POLARITY CONTROL .
AmT45174 = a
R1g QUTPUT %
] COMPLEMENT OF TEST
1 TRUE TEST TEST 15 -] P8 |2
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INTRODUCTION

The heart of most digital arithmetic processors is the arithmetic
logic unit (ALU). The ALU can be thought of as a digital subsys-
tem that performs various arithmetic and logic operations on two
digital input variables. The Am2901A and Am2903 are Low
Power Schottky TTL arithmetic logic unit/function generators that
perform arithmetic/logic operations on two four-bit input vari-
ables. In most ALUs, speed is generally a key ingredient. There-
fore, as much parallelism in the operation of the arithmetic logic
unit as possible is desired.

The Am2901A and Am2903 ALUs are designed to operate with
an Am2902A carry lookahead generator to perform multi-level full
carry lookahead over any number of bits. Therefore, the devices
have both the carry generate and carry propagate outputs re-
quired by the Am2902A carry lookahead generator. The devices
also have the carry output (C,+4) and a two's complement over-
flow detection signal (OVR) available at the output. The net result
is that a very high-speed 16-bit arithmetic logic unit/function
generator can be designed and assembled using four of these bit
slice devices and one Am2902A (the Am2902A is a high-speed
version of the "182 carry lookahead generator). In addition, the
Am2901A and Am2903 provide a minimum of 16 working regis-
ters for providing source operands to the ALU.

UNDERSTANDING THE BASIC FULL ADDER

The results of an arithmetic operation in any position in a word
depends not only on the two-input operand bits at that position,
but also on all the lesser significant operand bits of the two input
variables. The final result for any bit, therefore, is not available
until the carries of all the previous bits have rippled through the
logic array starting from the least significant bit and propagating
through to the most significant bit. A full adder is a device that
accepts two individual operand bits at the same binary weight,
and also accepts a carry input bit from the next lesser significant
weight full adder. The full adder then produces the sum bit for this
bit position and also produces a carry bit to be used in the next
more significant weight full adder carry input. The truth table for a
full adder is shown in Figure 1. From this truth table, the equations
for the full adder:

S=A®@B®C
Co = AB + BC + AC,

where A and B are the input operands to the full adder and C
is the carry input into the adder.

Inputs Qutputs
A B C S Cg
0 0 0 0 0
0 0 1 1 0
0o 1 0 1 0
[ SRR BRS | 0 1
1 0 0 1 0
1 0 1 0 1
1T 1 0 0o 1
1T 1 1 1T 1

Figure 1. Full Adder Truth Table.

The sum output, S, represents the sum of the A and B operand
inputs and the carry input. The carry output, Cg, represents the
carry out of this cell and can be used in the next more significant
cell of the adder. Full adder cells can be cascaded as depicted in
Figure 2 to form a four-bit ripple carry parallel adder.

Note that once we have cascaded devices as shown in Figure 2,
we may wish to discuss the equations for the i-th bit of the adder.
In so doing, we might describe the equations of the full adder as
follows:
Si=A@®B® G
Ci+1 = A;B; + BC; + AG;
where the A; and B; are the input operands at the i-th bit, and
the C; is the carry input to the i-th bit. (Note that the equa-
tions for this adder are iterative in nature and each depends
on the result of the previous lesser significant bits of the
adder array.)

The connection scheme shown in Figure 2 requires a ripple
propagation time through each full adder cell. If a 16-bit adderis to
be assembled, the carry will have to propagate through all 16 full
adder cells. What is desired is some technique for anticipating the
carry such that we will not have to wait for a ripple carry to
propagate through the entire network. By using some additional
logic, such an adder array can be constructed. This type of adder
is usually called a carry lookahead adder.

| X ¥ e Ay X Y. .
cin ] 0 1 1 z 2 3 3
[ B A C B A C 8 A c B A
s cp s g 5 cy 5 cg
S 81 Sz S3 Cout

MPR-521

Figure 2. Cascaded Full Adder Cells Connected as a Four-Bit Ripple-Carry Full Adder.



A FOUR-BIT CARRY LOOKAHEAD ADDER

Looking back to the equations developed for i-th bit of an adder,
let us now rewrite the carry equation in a slightly different form.
When we factor the C; in this equation, the new equation be-
comes:

Ci+1 = AB; + Gi(A; + By)
From the above equation, let us now define two additional equa-
tions. These are:

G|' = AEB]

Pi = Ai + Bi
With these two new auxiliary equations, we can now rewrite the
carry equation for the i-th bit as follows:

Cis1 = G + PG
Note that we have now developed two terms: the P; term is
known as carry propagate and the G; term is known as carry
generate. An anticipated carry can be generated at any stage of
the adder by implementing the above equations and using the
auxiliary functions P; and G; as required.

It is interesting to note that the sum equation can also be
written in terms of these two auxiliary equations, P; and G;. For
this case, the equation is:

Si = (A + B)(AB;) @ C;
The auxiliary function G; is called carry generate, because if itis
true, then a carry is immediately produced for the next adder
stage. The function P; is called carry propagate because itimplies
there will be a carry into the next stage of the adder if there is a

carry into this stage of the adder. Thatis, G;, causes a carry signal -

atthe i-th stage of the adder to be generated and presented to the
next stage of the adder while P; causes an existing carry at the
input to the i-th stage of the adder to propagate to the next stage of
the adder.

Let us now write all of the sum and carry equations required for a
full four-bit lookahead carry adder.

So =A@ Bo® Co

Sy =A@ B @ (Gp + PoCp)

SQ = Az@ B.@® (G-] + PTGD + P-‘poCo)

S3 = A3 ® B3 @ (Gz + PoGy + P2P4Go + P2P1PCo)
Cisqg = Ga + P3Gy + P3PGy + p3P2P1G° + p3pzp1 PQCQ

An important point to note is that ALL of the sum equations and

the final carry output equation, C;.,.4, can be written in terms of the

A;, By, and Cy inputs to the four-bit adder. The configuration as
described above is shown in Figure 3. This figure is divided into
two parts — the upper blocks show the auxiliary function
generator circuitry required to implement the P; and G; equations
while the lower block implements the logic required to generate
the sum output at each bit position.

A serious drawback to the lookahead carry adder is that as the
word length is increased, the carry functions become more and
more complex, eventually becoming impractical due to the large
number of interconnections and heavy loading of the G; and P;
functions. The auxiliary function concept can be extended, how-
ever, by dividing the word length into fairly small increments and
defining blocks of auxiliary functions G and P.

It is possible for a given block to define a function G as the carry
out generated with the block; and P can be defined as the carry
propagate over the block. If the block size is set at four bits, then
the functions for G and P for this block can be defined as follows:

G = Gy + P3Gy + P3PyGy + P3PoP4Gy
P = P3P,P;Py

MPR-522

Figure 3. Full Four-Bit Carry-Lookahead Adder.

It is important to note that neither of these terms involves a
carry-in (Cp) to the block, so no matter how many blocks are tied
in an adder, all the blocks have stable G and P functions available
in a minimum number of gate delays.

The G and P functions can be gated to produce a carry-in to each
four-bit block, as a function of the lesser significant blocks. The
carry-in to a block is therefore:

Ch =Gno1 + Pho1Gn-2 + Pn1Pn2Gn 3+ ...
+ Pn—1Pn—2Pn—3 S P2P1PQCQ
Finally, the carry-in to each of the bits in a four-bit block must
include a term for the actual least significant carry-in; note,
therefore, that the equations for the four-bit full adder presented
above include a term for carry-in at each bit position.

Figure 4 shows the technique for cascading typical bit slice ALUs
such as the Am2901A or Am2903 and one Am2902A in a full
16-bit high-speed carry lookahead connection. Figure 5 shows a
connection scheme using only four bit slices in a 16-bit arithmetic
logic unit connection where the carries are rippled between the
devices. Each bit slice does use internal carry lookahead over the
four-bit block.
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Figure 5. Connection of 16-Bit ALU Using Ripple Carry.

In summary, the ripple carry method can be used in conjunction
with the lookahead technigue in several ways.

1. Lookahead carry over sections of the adder and ripple carry
between these sections of the adder can be used. This
method is often the most efficient in terms of hardware for a
given speed requirement. It does not require the use of a
lookahead carry generator such as the Am2902A.

2. Lookahead carry across 16-bit blocks with a ripple carry be-
tween 16-bit blocks can be used. This technique is usually
called two-level carry lookahead addition. This technique re-
sults in very high-speed arithmetic function generation and
makes a reasonable tradeoff between the speed and
hardware for word lengths greater than 16 bits.

3. Full lookahead carry across all levels and all block sizes can
be used. This is the highest speed arithmetic logic unit con-
nection scheme. For word sizes up to 64 bits, itis referredto as
three-level lookahead carry addition. Such a 64-bit ALU re-
quires the use of five Am2902A carry lookahead generator
units in addition to the 16 bit slice ALU devices as shown in
Figure 6.

OVERFLOW

When two’s complement numbers are added or subtracted, the
result must lie within the range of the numbers that can be
handled by the operand word length. Numbers are normally
represented either as fractions with a binary point between the
sign bit and the rest of the word, or as integers where the binary
point is after the least significant bit. The actual choice for the
location of the binary point is really up to the design engineer, as

b.

the hardware configuration required for either technigue is identi-
cal. It is also possible to use number notations that include both
integer and fractional representations in the same numbering
scheme. Overflow is defined as the situation in which the result of
an arithmetic operation lies outside of the number range that can
be represented by the number of bits in the word. For example, if
two eight-bit numbers are added and the result does not lie within
the number range that can be represented by an eight-bit word,
we say that an overflow has occurred. This can happen at either
the positive end of the number range or at the negative end of the
number range. The logic function that indicates that the result of
an operation is outside of the representable number range is:

OVR = Cs® Csy4

where Cs is the carry-in to the sign bit and Cg. is the
carry-out of the sign bit.

Thus, for a four-bit ALU with the sign bit in the most significant bit
position, the two's complement overflow can be defined as the
Cn+4 term exclusive OR'ed with the C,, ;5 term.

Putting the ALU in the Data Path of a Simple Computer

Once the Design Engineer understands the basic configuration
and operation of a simple high speed carry lookahead adder, he
can begin to understand the configuration required to implement
the data handling section of a typical computing machine. The
simplest architecture for the data handling path of a minicomputer
is shown in Figure 7. Here, an accumulator is used in conjunction
with an ALU to perform a basic arithmetic/storage capability for
data handling. The computer control unit of Figure 7 can be a
simple or sophisticated state machine as described in Chapter 2.



16 4-BIT SLICES

CARRY-OUT
Can Ceo
G P G P OVERFLOW
[#] [#]
Gy Py Gy Py Gy Py Gy Pp Gy By Gy Pg Gy Py Gz Py Ga Py
b il 1 G2
—c, AmIo0ZA —]|c, Amig0za ¢, AmZO02A v c, Am2I02A
G jo G
e Criy Cnez Cnix Crvy Tz T Crvy Cnez Crex Cry Care
Taty ToCg Talqg Talzp  Tolzgq Tolzg Talzg Talag Tolqs TeCgz  Tolgs  Tolgn
00

GpPp Gy Pq Gz Py

AmZA02A

Cn

Cnsx  Cnsy  Cniz

Tole

TeCag

ToCap

MPR-525

Figure 6. 64-Bit ALU with Full Carry Lookahead Using 5 Am2902s and 16 4-Bit Slices.
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Figure 7. Basic Computer Data Path.

While the introductory material of this chapter concentrated on full
adders, it should be understood that more ALU functions than
addition are required if we are in to implement the data path of a
typical minicomputer. Typically, some or all of the functions
shown in Figure 8 are needed if we are to implement a powerful
data handling capability.

The operation of the ALU/accumulator configuration shown in
Figure 7 can be described as follows. The accumulator can be
loaded by bringing data in from the data-in port through the A
input of the ALU, passed through the ALU and loaded into the
accumulator. A second word of data can be presented at the
data-in port to the A input of the ALU and the ALU can be usedto
perform an operation suchas A + B,AORB, AANDB, A - Band
so forth. The results of this ALU operation can then be placed into
the accumulator. The accumulator output is available at the
data-out port for use elsewhere. Additional ALU functions such as

Figure 8. Basic ALU Instructions.

those shown in Figure 8 are easily implemented by adding some
additional circuitry to the four-bit carry look ahead adder shown in
Figure 3. If this circuitry is added, we will arrive at a logic diagram
as shown in Figure 9. This diagram certainly is familiar to most
CPU designers and is the well known Am74S181 four-bit arith-
metic logic unit/function generator.

Once the operation of the simple computer data path as shown in
Figure 7 is understood, the Design Engineer will soon recognize
the need for additional registers if our machine is to be general
purpose and execute instructions. Very rapidly the need arises for
a register to hold a program counter (PC) and a memory address
register (MAR). The purpose of the program counter is to point t

the address of the next instruction in main memory. Typically it is
loaded into the memory address register which actually provides
the address on to the address bus of the machine. Then, the
program counter is incremented through the ALU and stored until
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Figure 10.Three Register Computer Data Path.

it is needed again. The block diagram of Figure 10 shows these
additional registers connected in parallel at the output of the ALU.
( | This ALU output is called the F bus. Each of these registers (the
accumulator, the PC, and the MAR) has an enable input from the
CCU so that they can selectively be loaded with data from the
ALU. In addition, each of these registers has an output enable
such that they can be selectively enabled onto the D bus, The D
bus represents the data output path from the basic computer data

path and also is used as one of the inputs to the actual ALU/func-
tion generator. The other input in this example is called the R bus
and comes directly from the main memory data output as well as
from the I/O data input. As shown in Figure 10, the memory
address register (MAR) has a second output that is used to drive
the address bus. In this example, this register always contains the
address to be applied to the external memory whether it be the
address of data or the address of an instruction.



The best way to understand the operation of this single ALU/three
register machine is to take an example. Let us assume we have
just completed the execution of one machine instruction and are
ready to fetch the next instruction. The first operation would be to
transfer the current value of the program counter onto the D bus
through the ALU onto the F bus and into the memory address
register. This might be accomplished during one microcycle. The
second operation might be to again put the PC on the D bus, pass
itthrough the ALU B port and increment the value atthe B port and
reload it into the PC register. Thus, the PC has again been
updated to point to the address of the next intruction. During this
time, the address from the MAR is on the address bus and we are
fetching data from the external memory and placing it on the R
bus. The third microcycle would be to bring the data out of the
external memory and pass it to the instruction register in the CCU.
The next microcycle might be to decode this instruction and
determine that the next word after the current instruction in mem-
ory (an immediate operation) is to be added to the value currently
in the accumulator. Thus, we would again need to place the PC
into the MAR on one cycle and then increment the PC on the next
cycle. Following this, the data from the external memory could be
brought to the R bus through the A port of the ALU and added to
the accumulator value which is placed on the D bus and brought
through the B port of the ALU. The result would be placed in the
accumulator. This operation would complete the example and we
would be ready to fetch the next instruction. As can be seen, a
number of microcycles are required to fetch the instruction, de-
code it, fetch the data and execute the instruction. One of the best
ways to understand the flow needed to implement a typical in-
struction set is shown in Figure 11. Here, we see the basic
instruction fetch and decode operation followed by the path used
to execute each of the various instructions. Then, we see areturn
to the fetch operation to fetch the next instruction.

Certainly from this discussion we can see how three registers
have enhanced the performance of the simple ALU/accumulator
data path shown in Figure 7. Typically, even more registers than
shown in Figure 10 are needed if we are to increase the power of
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our machine. If we examine the block diagram of Figure 12, we \)

see a similar architecture to that as shown in Figure 10. Here, the
number of working registers has been expanded to sixteen at the
output of the ALU. These can be used to provide a program
counter function and a number of accurmnulator functions simul-

taneously. In addition, note that the registers have two output |

ports such that the simultaneous selection of any two of the
sixteen registers is possible. Both of these registers can be pre-
sented to the ALU so that operations on two registers simultane-
ously can be executed. In addition, a data input multiplexer is
available at the A port of the ALU such that external data can be
brought in to the configuration. Likewise, there is an output multi-
plexer such that either the A output of the registers or the ALU
output can be selected. This output multiplexer is used to provide
a data out port and the output can also be loaded into memory
address register to provide an address as required. Thus, the
architecture of Figure 12 is quite similar to that of Figure 10 except
that the number of registers has been increased to provide addi-
tional flexibility.

If we assume that one of the sixteen registers inside of this
register file is to be used as the program counter, we see that the
program counter can be brought out of the A output port and
loaded into the memory address register and at the same time it
can also be brought out the B output port and incremented in ALU
and reloaded into the register file. In this architecture it appears
the A output of the register stack can also be brought to the input
multiplexer and the A port of the ALU and incremented via that
path and reloaded into the registers. While this is possible in the
architecture of Figure 12, we are leading up to the implementation
of an Am2901A and this path is not needed in the Am2901A.
Thus, we can implement functions and operations in the diagram
of Figure 12 just as we could in the diagram of Figure 10. How-
ever, what was previously performed in two microcycles can now
be performed in one microcycle. That is, the MAR can be loaded
with the current value of the PC and at the same time the PC can
be incremented and the new value restored in the PC register.
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Figure 11. Steps for ADD Instruction.

Figure 12. Multi-Register ALU.
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Another feature of the block diagram of Figure 12 is the depiction
of the carry in bit to the ALU and the four output flags associated
with the ALU. Here, carry in is the normal carry in as needed in
any adder such that the device is cascadable. In addition, certain
kinds of arithmetic functions such two’s complement arithmetic
also need the ability to provide a carry in for certain operations.
The most common is two's complement subtract which is usually
performed by complementing the operand to be subtracted, ad-
ding and adding one at the carry in. Also, the ALU shows the four
output flags usually associated with a typical minicomputer.
These are the carry output, the sign bit, the overflow detect, and
the zero detect. These four status flags are used to determine
various things about the operation being performed. The carry out
flag and overflow flag are as described in the previous sections of
this chapter. They provide the carry and overflow information
about the addition.

The sign bit is simply the most significant bit of the ALU and
represents the sign of a two's complement number. Thatis, when
the sign bit is LOW, we assume the two's complement number is
positive and when the sign bit is HIGH, we assume the two's
complement number is negative. Thus, the sign bitis active HIGH
and carries negative weight as we assume in any standard two's
complement number representation. If the reader is unfamiliar
with two's complement number notations, a discussion of this
topic can be found in an application note entitled “The Am25505,
Am2505 and Am25L05 Schottky, Standard and Low Power TTL
Two's Complement Digital Multipliers” as found in Advanced
Micro Devices' Schottky and Low Power Schottky Data Book
dated 10/77. This application note begins on page 5-49 and fully
details two's complement number notation and gives examples.

The fourth status flag is called the zero flag and again is just what
the name implies. This flag represents the fact that all of the ALU
outputs are at logic zero. In this design, a logic zero means that all
of the ALU output bits are LOW.

If the architecture of Figure 12 is extended a little more, we will
arrive at the Am2901A as depicted in Figure 13. Here, we have
redrawn the structure so that the registers are placed above the
ALU; however, the function is identical. Two new functions have
been added to this block diagram that have not previously been
discussed. These are the RAM shift matrix located directly above
the sixteen registers now described as a 16 x 4 dual port RAM.
The purpose of the RAM shift network is to allow the ability of
shifting the data word to be written into the register either up one
bit position or down one bit position. The second function added
to the block diagram is that of the Q register and shift network.
Here, the Q register is used as an auxiliary register such that
double length operations can be performed and it is also used in
the multiply and divide algorithms. In addition, the shift network
allows the Q register contents to be shifted up one bit position or
shifted down one bit position. In addition, it should be pointed out
that the memory address register is not part of the Am2901A. This
is because there were not enough pins on the package to imple-
ment the function and the additional power required by the output
buffers would have reduced the performance of the ALU and
register stack. Instead, this function is being designed into other
2900 family products.

Am2901A ARCHITECTURE

A detailed block diagram of the Am2901A bipolar micropro-
grammable microprocessor structure is shown in Figure 14, The
circuit is a four-bit slice cascadable to any number of bits. There-
fore, all data paths within the circuit are four bits wide. The two key
elements in the Figure 14 block diagram are the 16-word by 4-bit
2-port RAM and the high-speed ALU.
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Figure 13. Am2901A Block Diagram.

Data in any of the 16 words of the Random Access Memory
(RAM) can be read from the A-port of the RAM as controlled by
the 4-bit A address field input. Likewise, data in any of the 16
words of the RAM as defined by the B address field input can be
simultaneously read from the B-port of the RAM. The same code
can be applied to the A select field and B select field in which case
the identical file data will appear at both the RAM A-port and
B-port outputs simultaneously.

When enabled by the RAM write enable (RAM EN), new data is
always written into the file (word) defined by the B address field of
the RAM. The RAM data input field is driven by a 3-input multi-
plexer. This configuration is used to shift the ALU output data (F) if
desired. This three-input multiplexer scheme allows the data to
be shifted up one bit position, shifted down one bit position, or not
shifted in either direction.

The RAM A-port data outputs and RAM B-port data outputs drive
separate 4-bit latches. These latches hold the RAM data while the
clock input is LOW. This eliminates any possible race conditions
that could occur while new data is being written into the RAM.

The high-speed Arithmetic Logic Unit (ALU) can perform three
binary arithmetic and five logic operations on the two 4-bit input
words R and S. The R input field is driven from a 2-input multi-
plexer, while the S input field is driven from a 3-input multiplexer.
Both multiplexers also have an inhibit capability; that is, no data is
passed. This is equivalent to a “zero” source operand.
Referring to Figure 14, the ALU R-input multiplexer has the RAM
A-port and the direct data inputs (D) connected as inputs.
Likewise, the ALU S-input multiplexer has the RAM A-port, the
RAM B-port and the Q register connected as inputs.
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Figure 14.




K./This multiplexer scheme gives the capability of selecting various

pairs of the A, B, D, Q and “0" inputs as source operands to the
ALU. These five inputs, when taken two at a time, result in ten
possible combinations of source operand pairs. These combina-
tions include AB, AD, AQ, A0, BD, BQ, B0, DQ, DO and Q0. Itis

Upparent that AD, AQ and AOQ are somewhat redundant with BD,

o

BQ and BO in that if the A address and B address are the same,
the identical function results. Thus, there are only seven com-
pletely non-redundant source operand pairs for the ALU. The
Am2901A microprocessor implements eight of these pairs. The
microinstruction inputs used to select the ALU source operands
are the lg, |; and |, inputs.

The two source operands not fully described as yet are the D input
and Q input. The D input is the four-bit wide direct data field input.
This port is used to insert all data into the working registers inside
the device. Likewise, this input can be used in the ALU to modify
any of the internal data files. The Q register is a separate 4-bit file
intended primarily for multiplication and division routines but it
can also be used as an accumulator or holding register for some
applications.

The ALU itself is a high-speed arithmetic/logic operator capable
of performing three binary arithmetic and five logic functions. The
I3, 4 and Is microinstruction inputs are used to select the ALU
function. The definition of these functions is shown in Figure 15.
The normal technique for cascading the ALU of several devices is
in a look-ahead carry mode. Carry generate, G, and carry propa-
gate, P, are outputs of the device for use with a carry-look-
ahead-generator such as the Am2902A ('182). A carry-out, Cp 4.4,
is also generated and is available as an output for use as the carry
flag in a status register. Both carry-in (C,,) and carry-out (C,+4)
are active HIGH.

SOURCE
OPERANDS DESTINATION
AB B 0
AD DO SHIFT LOAD Y-0UT
AQ Q0 uP RAM F
A0 D QO up RAM & Q F
DOWN  RAM F
DOWN  RAM&Q F
NONE NONE F
ALU FUNCTIONS NONE  Q F
R+S RORS NONE i A
R-S RANDS NONE. .- -HaM 5
5-R REXORS
R EXNOR S
R AND S

Figure 15. Am2901A Microinstruction Control.

The ALU has three other status-oriented outputs. These are F3, F
= 0, and overflow (OVR). The F; output is the most significant
(sign) bit of the ALU and can be used to determine positive or
negative results without enabling the three-state data outputs. F5
is non-inverted with respect to the sign bit output Y. The F = 0
output is used for zero detect. It is an open-collector output and

'whenallF outputs are LOW. The overflow output (OVR) is used to

(-/. can be wire OR'ed between microprocessor slices. F = 0is HIGH

flag arithmetic operations that exceed the available two's com-
plement number range. The overflow output (OVR) is HIGH when
overflow exists; that is, when C,; 5 and C, 14 are not the same

polarity.

(H,/

The ALU data output is routed to several destinations. It can be a
data output of the device and it can also be stored in the RAM or
the Q register. Eight possible combinations of ALU destination
functions are available as defined by the lg, |7 and lg micro-
instruction inputs. These combinations are shown in Figure 15.

The four-bit data output field (Y) features three-state outputs and
can be directly bus organized. An output control (OE) is used to
enable the three-state outputs. When OE is HIGH, the Y outputs
are in the high-impedance state.

A two-input multiplexer is also used at the data output such that
either the A-port of the RAM or the ALU outputs (F) are selected at
the device Y outputs. This selection is controlled by the lg, |; and
Iz microinstruction inputs.

As was discussed previously, the RAM inputs are driven from a
three-input multiplexer. This allows the ALU outputs to be entered
non-shifted, shifted up one position (X2) or shifted down one
position (+2). The shifter has two ports; one is labeled RAM, and
the other is labeled RAM3. Both of these ports consist of a
buffer-driver with a three-state output and an input to the multi-
plexer. Thus, in the shift up mode, the RAM, buffer is enabled and
the RAMg multiplexer input is enabled. Likewise, in the shift down
mode, the RAM, buffer and RAM; input are enabled. In the
no-shift mode, both buffers are in the high-impedance state and
the multiplexer inputs are not selected. This shifter is controlled
from the lg, I; and lg microinstruction inputs.

Similarly, the Q register is driven from a 3-input multiplexer. In the
no-shift mode, the multiplexer enters the ALU data into the Q
register. In either the shift-up or shift-down mode, the multiplexer
selects the Q register data appropriately shifted up or down. The
Q shifter also has two ports; one is labeled Qg and the otheris Q.
The operation of these two ports is similar to the RAM shifter and
is also controlled from Ig, |7 and Ig.

The clock input to the Am2901A controls the RAM, the Q register,
and the A and B data latches. When enabled, data is clocked into
the Q register on the LOW-to-HIGH transition of the clock. When
the clock inputis HIGH, the A and B latches are open and will pass
whatever data is present at the RAM outputs. When the clock
input is LOW, the latches are closed and will retain the last data
entered. If the RAM-EN is enabled, new data will be written into
the RAM file (word) defined by the B address field when the clock
input is LOW.

Am2903 GENERAL DESCRIPTION

The Am2903 is a four-bit expandable bipolar microprocessor
slice that performs all functions performed by the industry stan-
dard Am2901A. In addition, it provides a number of significant
enhancements that are especially useful in arithmetic oriented
processors. The Am2903 contains sixteen internal working re-
gisters arranged in a two address architecture and it also provides
all of the necessary signals to expand the register file externally
using the Am29705 register stack. Any number of registers can
be cascaded to the Am2903 using this technique. In addition to its
complete arithmetic and logic instruction set, the Am2903 pro-
vides a special set of instructions which facilitate the implementa-
tion of multiplication, division, normalization and other previously
time consuming operations such as parity generation and sign
extension. A block diagram of the Am2903 is shown in Figure 16.

ARCHITECTURE OF THE Am2903

The Am2903 is a high-performance, cascadable, four-bit bipolar
microprocessor slice designed for use in CPU’s, peripheral con-
trollers, microprogrammable machines, and numerous other ap-
plications. The microinstruction flexibility of the Am2903 allows
the efficient emulation of almost any digital computing machine.
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Figure 16. Basic Am2903 Block Diagram.

The nine-bit microinstruction selects the ALU sources, function,
and destination. The Am2903 is cascadable with full lookahead or
ripple carry, has three-state outputs, and provides various ALU
status flag outputs. Advanced Low-Power Schottky processing is
used to fabricate this 48-pin LS| circuit.

All data paths within the device are four bits wide. As shown in the
block diagram of Figure 16, the device consists of a 16-word by
4-bit, two-port RAM with latches on both output ports, a high-per-
formance ALU and shifter, a multi-purpose Q Register with shifter
input, and a nine-bit instruction decoder.

Two-Port RAM

Any two RAM words addressed at the A and B address ports can
be read simultaneously at the respective RAM A and B output
ports. Identical data appear at the two output ports when the
same address is applied to both address ports. The latches at the
RAM output ports are transparent when the clock input, CP, is
HIGH and they hold the RAM output data when CP is LOW. Under
control of the OEg three-state output enable, RAM data can be
read directly at the Am2903 DB |/O port.

External data at the Am2903 Y |/O port can be written directly intou

the RAM, or ALU shifter output data can be enabled onto the Y I/O
port and entered into the RAM. Data is written into the RAM at the
B address when the write enable input, WE, is LOW and the clock
input, CP, is LOW.

Arithmetic Logic Unit

The Am2903 high-performance ALU can perform seven arithme-
tic and nine logic operations on two 4-bit operands. Multiplexers
at the ALU inputs provide the capability to select various pairs of
ALU source operands. The E, input selects either the DA exter-
nal data input or RAM output port A for use as one ALU operand
and the OEg and I inputs select RAM output port B, DB external
data input, or the Q Register content for use as the second ALU
operand. Also, during some ALU operations, zeros are forced at
the ALU operand inputs. Thus, the Am2903 ALU can operate on
data from two external sources, from an internal and external
source, or from two internal sources.

When instruction bits 1, I3, |5, |1 and lg are LOW, the Am2903
executes special functions. Figure 17 defines these special func-
tions and the operation which the ALU performs for each. When
the Am2903 executes instructions other than the nine special
functions, the ALU operation is determined by instruction bits l4,
I3, Iz and 14. Figure 18 defines the ALU operation as a function of
these four instruction bits.

Am?2903s may be cascaded in either a ripple carry or lookahead
carry fashion. When a number of Am2903s are cascaded, each
slice must be programmed to be a most significant slice (MSS),
intermediate slice (IS), or least significant slice (LSS) of the array.

The carry generate, G, and carry propagate, P, signals required
for a lookahead carry scheme are generated by the Am2903 and

are available as ontputs of the least significant and intermediate, )

slices.

The Am2903 also generates a carry-out signal, Cy, 4 4, which is
generally available as an output of each slice. Both the carry-in,
Cp. and carry-out, Cp,44, signals are active HIGH. The ALU
generates two other status outputs. These are negative, N, and
overflow, OVR. The N output is generally the most significant
(sign) bit of the ALU output and can be used to determine positive
or negative results. The OVR output indicates that the arithmetic
operation being performed exceeds the available two’s comple-
ment number range. The N and OVR signals are available as
outputs of the most significant slice. Thus, the multi-purpose G/N
and P/OVR outputs indicate G and P at the least significant and
intermediate slices, and sign and overflow at the most significant
slice. To some extent, the meaning of the C,, 14, P/OVR, and G/N
signals vary with the ALU function being performed.

ALU Shifter

Under instruction control, the ALU shifter passes the ALU output
(F) non-shifted, shifts it up one bit position (2F), or shifts it down
one bit position (F/2). Both arithmetic and logical shift operations
are possible. An arithmetic shift operation shifts data around the
most significant (sign) bit position of the most significant slice, and
a logical shift operation shifts data through this bit position (see
Figure 19). SIOq and SIO; are bidirectional serial shift inputs/out-
puts. During a shift-up operation, SIQg is generally a serial shift
input and S10; a serial shift output. During a shift-down operation,,
S10;is generally a serial shift input and SIOg a serial shift output.

The ALU shifter also provides the capability to sign extend at slice
boundaries. Under instruction control, the SOy (sign) input can
be extended through Yy, Y4, Y2, Y3 and propagated to the SIO;
output.
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N Two's Complement | F=S+Cp, if Z=L Log. Fiz—Y )
L L H L 2 Multiply FoReSiC, 1Z-H (Note 2) Hi-Z Input Fo Log. Q/2=Q | Input | Qg L |
: F . —— .
L H L L| 4 O"ﬁ;"g:".'r‘;z’ F=S+1+Cp, FosY Input Input | Parity | Hold Hi-Z | Hi-Z L |
Sign/Magnitude- F=8+Cp if Z=L FoY R " "
L H L H 5 Two's Complement | F=5+Cy, if Z=H (Note 3) Input Input Parity | Hold Hi-Z Hi-Z L
Two's Complement |F=S+C if Z=L Log. Fiz—Y . Y |
LoH H L8 il Last Cycle |F=S—RA—1+CnitZ=H| (Note 2) Hi-Z input | Fo | Log.Qi2»@ | Input | Qp L
T Single Length = . "y |
H L L a8 Normalize F=5+C, F—Y Fs Fs Hi-Z Log. 2Q—+0 Qq Input L
T -
H L H L A Normalize and F=5+C, Log 2F =Y R3¥Fj Fq Input | Log. 2Q—+Q | Q; Input L
First Divide Op.
Two's Complement |F=S+R+C, if Z=L —_—
H H L L c i Log. 2F—+Y Ry % F. F. Input | Log. 2Q—+Q Input L
Divide F=S-R-1+Cqitz=H| 0 AL I e b % -
Two's Complement |F=S+R+C, if Z=L K
H H H L E Divide, Correction F=5-R-1+C,itZ=H| F=Y¥ Fs Fy Hi-Z Log. 20-+0Q Qs Input L
and Remaindar
NOTES: 1. At the most significant slice only, the Cp,. 4 signal is internally gated to the Y3 output, L=LOW Hi-Z = High Impedance
2. At the most significant slice only, F5 ¥ OVR is internally gated to the Y5 output. H = HIGH ¥ = Exclusive OR
3. At the most significant slice only, S3% F3 is generated at the Y3 output. X = Don't Care Parity = SI03 ¥ F3 ¥ F; ¥Fy ¥ Fp
4, Opcodes 1,3, 7,9 B, D, and F are reserved lor future use,

Figure 17. Special Functions: Iy = I; = I, = I3 = I, = LOW, IEN = LOW.

b lg |13 | la | |4 | Hex Code ALU Functions ._E_’
5i0g S10y SI0g S10g
clholole 0 lg=1L Special Functions
lo=H Fi= HIGH Sip:‘i?i’cl:nl smmw

LiLjL|H 1 F = § Minus R Minus 1 Plus G, Sles fiteemosdians Stice
L|L|H]|L 2 F = R Minus S Minus 1 Plus C, Am2903 Arithmetic Shift Path

LI{L|H|H 3 F = R Plus S Plus Cj,

CIH[L|L 4 F=SPlsC, T 10, __EH__ si0,

LIH[L[H 5 F =S Plus C,

LIH[H]|L 6 F = R Plus Cy, Siie Positions

L|H|H]|H 7 F =R PlusCy Am2903 Logical Shift Path

HiL|L]|L 8 F; = LOW

H{LC|L|H 9 F; = A; AND S, MER-031
HiL[H|L A F; = R; EXCLUSIVE NOR §; Figure 19.

HIL|[H|H B F; = R; EXCLUSIVE OR S;

HIH[L|L c F; = R; AND §;

H{H|L|H o Fi = Ri NOR §; The instruction inputs determine the ALU shifter operation. Figure
HIH|H|L E Fi = Rj NAND §; 17 defines the special functions and the operation the ALU shifter
H|H|H|H F Fi = R OR §; performs for each. When the Am2903 executes instructions other
L~ LOW H = HIGH i~ 0103 than the nine special functions, the ALU shifter operation is de-

termined by instruction bits Igl;lgls. Figure 20 defines the ALU
shifter operation as a function of these four bits.

Figure 18. ALU Functions. Q Register

The Q Register is an auxiliary four-bit register which is clocked on
the LOW-to-HIGH transition of the CP input. Itis intended primar-

UA cascadable, five-bit parity generator/checker is designed into ily for use in multiplication and division operations; however, itcan

@

the Am2903 ALU shifter and provides ALU error detection capa-
bility. Parity for the Fy, Fy, F2, F3 ALU outputs and SIO; input is
generated and, under instruction control, is made available at the
SIOg output.
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also be used as an accumulator or holding register for some
applications. The ALU output, F, can be loaded into the Q Regis-
ter, and/or the Q Register can be selected as the source for the
ALU S operand. The shifter at the input to the Q Register provides




T T | |
E 5104 Yy ¥2 ‘ ‘ Q Reg &
Hex | ALU Shifter | Most Sig. | Other | Most Sig. | Other | Most Sig. | Other | — Shifter

lg 1y lg lg | Code Function Slice | Slices | Slice | Slices | Slice | Slices Yy | Yg | S0 | Write | Function QIO |QIO,

L L L L ) Anth. Fl2—=Y Input Input £y S0 Fy Fa | Fs Fo L | Hod Hi-Z | Hi-Z
[T U U A 7 | legre Input nput | SI0; | SI0; N Fr | Fo L Hoid HiZ | HZ

L L H L H Arith, Fi2—+¥ Input Input F3 | 50y Fy Fo L
'C L H H 3 Log. Flz—Y Input Inpul SI0; | 8K Fi e | L

L H L L 4 Fs¥ Input Input Fy | Fy Fo Paity | L

L H L H 5 Foy Fo Parity H

L H H L 6 Fay Fo | Panty H

L H H H 7 F—y Fo Parity L

H L L L B8 Arith. 2F =Y S0y Input L

H L L H| 9 Log, 2F =7 Si0g | mput | L -

H L H L A Aith, 2F =Y Si0yg Input | L Log 20-0Q Qg Input
'H L H H| B | Logar-y Si0g Ir:p_ui_? L Tlog 20=Q | Q3 | input

H OH L L = Fy Fo HiZ H | Hold H-Z | HiZ

H H L H o Fov [ s Fr o |Fo Hi-Z H | Log 200 | Q3 | put

H H H L E SI0g—+Yp. ¥y. Yz Ys 50, | TN 1 S0y | SI0g| S10g i;u_("j'_i." I H-Z | HI-Z

H H H H | F | Fey F Fa F2 | F1 |Fo Mz | L | H Hi-Z | Hi-Z
Parity = Fg % Fo % Fq % Fg ¥ SI03 L =LOW Hi-Z = High Impedance
¥ = Exclusive OR H = HIGH

Figure 20a. ALU Destination Control for Ig or Iy or Iy or I3 or I = HIGH, IEN = LOW.

ALU RAM
OPERATION SHIFTER WRITE Q
up
SINGLE DOWN
LENGTH YES NC
SHIFT ARITH UP
ARITH DOWN
UpP up
LENGTH DoWN ves | DOWN
SHIFT ARITH UP up
ARITH DOWN DOWN
upP
Q-SHIFT PASS NO DOWN
RAM YES NC
RAM & Q YES LOAD
LOAD Q PASS NO LOAD
NONE NO NC
SIGN EXTEND S10g YES NC
NC = No Change

Figure 20b. Am2903 ALU Destination Control Summary.

the capability to shift the Q Register contents up one bit position
(2Q) or down one bit position (Q/2). Only logical shifts are per-
formed. QIO, and QIO; are bidirectional shift serial inputs/out-
puts. During a Q Register shift-up operation, QIO is a serial shift
input and QIO; is a serial shift output. During a shift-down opera-
tion, QIO is a serial shift input and QIO is a serial shift output.

Double-length arithmetic and logical shifting capability is pro-
vided by the Am2903. The double-length shift is performed by
connecting QIO; of the most significant slice to SIO; of the least
significant slice, and executing an instruction which shifts both the
ALU output and the Q Register.
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The Q Register and shifter operation is controlled by instruction
bits Igl;lgls. Figures 17 and 20 define the Q Register and shifter
operation as a function of these four bits.

Output Buffers

The DB and Y ports are bidirectional I/O ports driven by three-
state output buffers with external output enable controls. The Y
output buffers are enabled when the OEy inputis LOW and are in
the high-impedance state when OEy is HIGH. Likewise, the DB
output buffers are enabled when the OEg input is LOW and in the
high-impedance state when OEg is HIGH.

The zero, Z, pin is an open collector input/output that can be
wire-OR'ed between slices. As an output it can be used as a zero
detect status flag and generally indicates that the Y_5 pins are all
LOW, whether they are driven from the Y output buffers or from an
external source connected to the Y3 pins. To some extent the
meaning of this signal varies with the instruction being performed.

Instruction Decoder

The Instruction Decoder generates required internal control sig-
nals as a function of the nine Instruction inputs, ly_g; the Instruc-
tion Enable input, IEN; the LSS input; and the WRITE/MSS in-
put/output. The WRITE output is LOW when an instruction which
writes data into the RAM is being executed.

When IEN is LOW, the WRITE output is enabled and the Q
Register and Sign Compare Flip-Flop can be written according to
the Am2903 instruction. The Sign Compare Flip-Flop is an on-
chip flip-flop which is used during an Am2903 divide operation.

Programming the Am2903 Slice Position

Tying the LSS input LOW programs the slice to operate as a least
significant slice (LSS) and enables the WRITE output signal onto
the WRITE/MSS bidirectional I/O pin. When LSS is tied HIGH, the
WRITE/MSS pin becomes an input pin; tying the WRITE/MSS pin
HIGH programs the slice to operate as an intermediate slice (15)
and tying it LOW programs the slice to operate as a most signifi-
cant slice (MSS). This is shown in Figure 21.
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9 _ INSTRUCTION BUS
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| 1 I |
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—]a, Qg ‘N Qg a, ay Q Qg f—o
——]5z Sg S3 S 83 Sg 83 So [
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z _ Cp = z _Gp — < _ G — Z __Caf=— —
Y WE 1 v we Y WE Y WE
-1% H 4,}/ 2 4+ 2 a+
Chiz G2, P2 Cnsy G1. Py Cnix Go P cn
Am2802A Cn

MPR-531

Figure 21. Am2903 — 16-Bit CPU with Carry Look Ahead.

EXPANDING THE NUMBER OF Am2903 REGISTERS

The Am2903 contains 16 internal working registers configured in
a standard two port architecture. The number of working registers
in the ALU configuration can be increased by utilizing the
Am29705 16-word by 4-bit two-port RAM. Any number of
Am29705's can be connected to the Am2903 to increase the
number of working registers. Figure 22 shows a block diagram of
the basic Am29705. As is seen, the device consists of a 16 word
by 4 bit two port RAM with latches at the A and B outputs similar to
the RAM contained within the Am2903. Each of the latch outputs
has three state drivers capable of driving the DA and DB inputs of
the Am2903. The Am29705 is a non-inverting device. That is,
data presented at the inputs is stored in the RAM and when
brought to the RAM outputs, it is non-inverted from when it was
orginally brought into the device.

The technique for using the Am29705 to expand the number of
registers in the Am2903 can best be visualized by referring to
Figures 23 and 24 simultaneously. In Figure 23, the data bus
connections are shown such that the Am2903 Y output is used to
drive the Am29705 inputs. Here, we also assume this bus may be
tied to a data bus through a bi-directional buffer. In Figure 23, the
A outputs of the Am29705 are connected together and also
connected to the DA input of the Am2903. Likewise, the B outputs
from the Am29705 are also shown connected to the DB inputs of
the Am2903. In all cases, we are assuming 16-bit data busses.
Thus, four Am2903's are assumed and eight Am29705's are
assumed. As shown in Figure 23, one of the write enable inputs to
the Am29705 is tied to the latch enable input of the Am29705 and
these pins are also tied to the clock input of the Am2903. This
allows the latches in the Am29705 to perform identically to those
in the Am2903.

A -
ADDRESS

-
L] -

DATA IN
16 x4
RAM
A OUT WE B OUT
X NI

B
ADDRESS

MPR-532
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Figure 22. Am29705 Block Diagram.




If we refer to Figure 24, we see the connections required to setup
the addressing for additional registers associated with the
Am2903. Here, three two-line to four-line decoders are used to
properly control the A address, B address and write enable sig-
nals to the devices. As shown in Figure 24, the four A address
lines are all tied in parallel between the Am2903 and the
Am29705's. The two-line to four-line decoder is used to enable
the appropriate output enable from the Am29705’s or switch the
EA MUX inside the Am2903 such that the proper register is
selected. The B address operates in a similar fashion in that the
four B address lines are also all tied together. Likewise, a two-line
to four-line decoder is used to properly select the output enable of
either the Am29705's or the Am2903 such that the correct source

< DATA BUS >
| BUFFER |
IN ——
LE
Am29705 WE
—— A-ouT B-OUT |—=—
IN Lo
LE
Am29705 WE
p——] A-ouT B-OUT |—=—4#
16 16
16
Am2803 cP
L—=1 DA-IN ouT DB-IN [=—
| CLOCK
MPR-533

Figure 23. Am2903 — Data Bus Cascading.

operand register is selected. In addition, a two-line to four-line
decoder is used to control the write enable signal such that only
one register is written into as a destination. This is controlled by
properly selecting the write enable of either the Am2903 or the
Am29705 as determined by the two most significant bits of the B ]
address. u

If this technique is used properly, any number of Am29705's can
be used in conjunction with the Am2903. It may be necessary to
use either a three-line to eight-line decoder or perhaps even a
larger circuit to decode the more significant bits of the A and B
addresses. Likewise, the write enable signal must be controlled
so that the correct destination register will be written.

UNDERSTANDING BIT SLICE TIMING

Perhaps one of the most important aspects of designing with
either the Am2901A or the Am2903 is understanding the calcula-
tions required to compute the worst case AC performance. In
order to perform these calculations, we have selected a number
of standard Schottky devices and assigned minimum, typical and
maximum speeds at 25°C and 5V for use in these calculations as
shown in Figure 25. Certainly the design engineer should use the
exact specifications of the devices he has selected for his design
in order to perform the worst case calculations. What is intended
here is an understanding of the technique to perform these calcu-
lations and some method to allow a comparison of the Am2901A
and Am2903 in terms of their AC performance. Since at the time
of this writing the Am2903 is still being characterized, only the
typical AC data is currently available. Thus, all calculations will be
made using the typical AC times such that we can compare the
Am2901A with the Am2903. When final characterization data on
the Am2903 is available, the designer can then compute his
performance by selecting the appropriate temperature range and
power supply variations as required by his design.

Figure 26 shows the typical AC calculations for the functions
usually considered in an Am2901A design. These functions are
usually the speed for a logic operation, arithmetic operation, logic
operation with shift and arithmetic operation with shift. In each
case, we are computing speeds from the LOW-to-HIGH transition
of a clock through an entire microcycle to the next LOW-to-HIGH
transition of a clock.

OES —
—a=q A
Am29705 Bl l—— 2704
OEA WE — 1 DECODER
s
Lo per: 2
WY OE8 T 7 ,a B
27104 Am28705 B va o
DECODER OEA e
5
2 ] 3
AgAs [ 4 OEB 2704
7 A Am2903 gl DECODER
EA ad _
WRITE WE E \
TWO ADDRESS OPERATION
MPR-534

Figure 24. Am2903 — RAM Address Cascading.
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‘ | Similarly, Figure 27 shows the same type of computations for an
Am2903 system. There is one very important distinction that
should be made in computing the timing of an Am2903 16-bit ALU
when compared with an Am2901A ALU inthatin the Am2903, the
shifter is at the output of the ALU and is followed by the zero

bdetector. Thus, in an Am2903 design, the flags are no longer

DEVICE & PATH MIN. TYP. MAX.
S Register
Clock to Output 9 15
OE to Output 13 20
Set-Up 5 2
S MUX
Data to Output 5 8
Select to Output 12 18
OE to Output 13 20
Microprogram PROM
Address to QOutput 30 50
OE to Output 18 25
Mapping PROM
Address to Output 25 45
OE to Output 18 25
Decoder
Select to Qutput 8 12
Counter
Clock to Q 9 13
Clock to TC 12 18
CET to TC 8 12
Data Set-Up 8 4
Load Set-Up 16 10
CEP or CET Set-Up 12 7
S-EXOR
IN to OUT 7 11
Am2922
Clock to Output 21 32
Data to Output 13 19
OE to Output 10 17
Data Set-Up 10 5
Am29811A
Input to Output 25 35
Am29803A
Input to Output 25 35
Am2902A
C, to Cn+x,y.z 7 11
G, PtoG,P 7 10
G, Pto Cpyx,y.z 5 7

Figure 25. Standard Device Schottky Speeds.

independent of the shift operation. This is easily seen in Figure

27.

By way of comparison, Figure 28 shows speeds for the four types
of operations for the Am2901A 16-bit system as compared with

the Am2903 16-bit system.
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D
¥
MUX MUX
Cn
STATUS CK
REG
D Cn+ Z &P
CK
cLOCK DATA AU Amz902A CARRY
Cn
+]
LOGIC OPERATION
SPEED COMPUTATIONS
DEVICE NO. DEVICE PATH PATH1 | PATH2 PATH 3
S-REG | CPloQ 9 E ] 9
20014 READ-MODIFY-WRITE 55 - -
20014 AB - Y = a5 -
20014 | AB - Zero - - 65 PATH 1
S-FREG | SET-UPD - 2 H PATH 2
ToTALms | &4 56 76 PATH 3 MPR-535
b)
D
¥
MUX MUX
STATUS
REG
CK | paTaQuT
CLOCK REG p CARRY
N
a
ARITHMETIC OPERATION
SPEED COMPUTATIONS
DEVICE NO. DEVICE PATH PATH 1 PATH 2 PATH 3
SHEG CPioQ g 9 g
20014 AB to GP 0 0 40
29024 GP 10 Crayz 5 5 5
28014 SET-UP G, 40 = -
20014 Cplo ¥ 20 -
28014 Cp, 1o Zero - - a5 PATH 1
5-AEG SET-UPD 2 2 PATH2 — — -
|_TOTALns 54 7% 51 PATH3 —— T

Figure 26. Typical AC Calculations for the Am2901A.
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c)
|
|
|
!
|
l{o
i
i Y
MUK MUx
STATUS CK [ o
AEs 1L Cu+Z GF
CK
CLOCK nn'l;;gm Am2902A CARRY
Cn
a
LOGIC OPERATION WITH SHIFT
SPEED COMPUTATIONS
| OEVI_C_E__HO- DEVICE PATH PATH1 PATH 2 PATH 2
| s ReG cPoQ 9 ] E]
| 2801n AB 1o RAMp3 60 - -
| 5-MuUx Doy 5 -
29014 SET-UP RAMgs 15 - -
29014 ABlo Y - 45 -
29014 ABto Z - - B5 PATH 1
S-REG SET-UP D - 2 2 PATH 2
|_ToTALns 5 56 % PATH 3 MPR-537
d)
Y
MUx
o
gaTA OuT CARRY
TWO'S COMPLEMENT ARITHMETIC OPERATION REG cy
WITH SHIFT DOWN
SPEED COMPUTATIONS ]
DEVICE NO. DEVICE PATH PATH 1 PATH 2 PATH 3 a
5 - REG CPwQ 9 ] ]
29014 AB 1o GP 40 &0 40
29024 GP 19 Cpinyz 5 5 5
2901A Cp to Fy, OVR 20 - -
S-EXOR IN - OUT 7 -
S-MLUX DtaY 5 - -
2901A SET-UP RAM; 15 - -
2901A Calo Y 20 -
2901A Cy to Zero - 5 PATH 1
S-REG SET-UP D - 2 PATH 2
TOTAL-ns 101 76 a1 PATH3 —— — — MPR-538

Figure 26. (Cont.)
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DATA
REG

Mux
STATUS g
REG
[+]
cK
MAGNITUDE ONLY ARITHMETIC OPERATION cLock DAL uT CARRY
WITH SHIFT DOWN Cn
SPEED COMPUTATIONS i
DEVICE NO. DEVICE PATH PATH 1 PATH 2 M
S - REG CPoQ 9 9
29014 AB 10 GP 0 40
29024 GP 15 Gy 5 5
28014 Cp 10 Coas 10 = |
S-MUX DioY 5 -
29014 SET-UP RAM, 15 -
29014 Cp 1o Zoro - 35
S-REG SET-UP D - ~2 PATH 1
TOTAL-ns B4 91 PATH 2 MPR-539
Figure 26. (Cont.)
a)
1
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a (—
]
0 DADEY |{AB,1I s, 08 } 58,1
¥ T ¥
Mux | SHIFT i oK Ll I MUX
| Cyt 4 / L_
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— ™ Am2908 o | see
| ove \\ / N
i N N " Cn
[ p—l—
Il \
STATUS cK {
REQ b eyt z &b
cLock = Rt Amz902A CARRY
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LOGIC OPERATION a
SPEED COMPUTATIONS
DEVICE NO. DEVICE PATH PATH 1 PATH 2 PATH 3
s-mEG | cPua 3 9 s
2003 ABlY 56 56 56
2903 Yoz - 1% - | PATH1 — .
SREG SET-UP D H 2 - |
2503 SET-UP ¥ - - 8 | PATH 2
TOTAL:ns &7 | PATH 3 MPR-540

Figure 27. Typical AC Calculations for the Am2903.
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| DEVICE NO. DEVICE PATH PATH 1 PATH 2 ] PATH 3
S-AEG cPioa s | s | s
2003 A Blo G, P | % | s 5
20024 G P10 Chayy: | 5 | 5 | s
2003 | Catev | 25 - 25
; 2903 | Cp 0 FLAG - a8 -
2903 YioZ 16 -
| S-REG SET-UP D 2 2 - )
| 2e03 SET-UP Y | 9
TOTAL-ns "3 { 10 | 104 MPR-541
c)
e
' |
[ To D i
! DATA [ — ‘
| REG .*_____Rac.jj |
{
|
) . — a
. a {i"_ — = {
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| | | v
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status | hEK L —————t— )
G
RE =] Cy+ 2 GF
oK
cLock AT ST Am2502A - CARRY
L
LOGIC OPERATION WITH SHIFT Q
SPEED COMPUTATIONS
DEVICE NO. DEVICEPATH | PATH1 | PATH2 PATH 3
S - REG CPwa a | ] ' 9 |
2003 A B0, 6| B4 84
MU | oy 5 - 5
2903 Sty 13 13 13
2003 Yoz 8 18 - -
SREG SET-UP D F 2 - PATH 1 -
2003 SET-UP Y - - a PATH2 — — — —
TOTAL-ns 109 104 100 PATH 3 MPR-542
Figure 27. (Cont.)
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| 5 - REG CPioQ [ a 3 i
2903 ABWGP | 56 56 =]
290248 GP 16 Cayuye | 5 5
| 2903 Cp 1o 8104 21 -
| 2003 SI0s oY ] -
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5 - REG CPIoQ 9 9
2003 ABHRG P | 56 56
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Figure 27. (Cont.)
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Functional Am2901A Am2903
Operation

Logic 76 83
Arithmetic 94 113
Logic with Shift 89 109
Two's Complement

Arithmetic with 101 151
Shift Down

Magnitude Only

Arithmetic with 91 127
Shift Down

Figure 28. Summary of Am2901A and Am2903 AC
Performance in a 16-Bit Configuration.

USING THE Am2903 IN A 16-BIT DESIGN

Perhaps the best technique for understanding the design of the
16-bit ALU is to simply take an example. Figure 29 shows a block
diagram overview of four Am2903’s with the appropriate shift
matrix control, status register, MAR and the usual interface to a
CCU and main memory. This block diagram represents the nor-
mal data handling path associated with a simple 16-bit minicom-
puter. If we expand this block diagram to show what would nor-
mally be considered to be the complete 16-bit central processing
unit, the block diagram of Figure 30 results. Here, we see the
Am2903's surrounded by a typical set of MSI support chips. In
addition, the block diagram shows a typical computer control unit
as described in Chapter 2 of this series. Thus, all of the blocks are

now in place to show a simple 16-bit microcomputer built using
the Am2900 family devices. The full design for such a machine is
shown in Figure 31.

Figures 31A, Figure 31B and Figure 31C detail the connection of
each IC used in this design. Quite simply, the design can be
described as follows. Figure 31A represents the microprogram
sequencer portion of the design. U1, U2 and U3 are the instruc-
tion register that receive a 16-bit instruction from main memory.
U4, U5 and U6 are the mapping PROMs used to decode the OP
code portion of the instruction to arrive at a starting address for
the microprogram sequencer. The microprogram sequencer is
the Am2910 and is shown as U7. The branch address pipeline
register is U8, U9 and U10 and can be enabled to the D inputs of
the Am2910 sequencer to provide the jump address from micro-
code. The pipeline register for the instruction inputs to the
AmM2910 is U14. This machine also has the ability to select the A
and B addresses for the Am2903 devices from the microprogram
as well as the instruction register and U11 and U12 provide this
capability as a part of the pipeline register. U13 is a two line to four
line decoder used as part of the control for the A and B address
select for the Am2903’s. U15 is part of the pipeline register and
provides both true and complement outputs for bit 11. U16 and
U17 represent a one of sixteen decoder whose output can be
applied to the DA bus to allow the implementation of all the bit
operations. These include bit set, bit clear, bit toggle and bit test.
U18 and U19 are PROM's that provide the ability to enter one of
thirty-two preprogrammed constants onto the DA bus.

Figure 31B is predominately the data handling portion of the
design. Here, U20 and U21 represent a data register that re-
ceives data from the data bus. U26, U27, U28 and U29 are the
four Am2903's that form a 16-bit register/ALU combination. U30
is the carry look ahead generator for the ALU section. U22, U23
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Figure 29. Am2903 with Shift Mux and Status Register.
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and U24 represent the status register with the ability to save and
restore the flags in main memory. U25 is the condition code
multiplexer for the microprogram sequencer. U33, U34, U35 and
U36 represent the shift linkage multiplexers that tie together the
internal shifters within the Am2903's. U37 is part of the pipeline
register and provides both true and complement outputs of a
number of the microprogram bits. U38 is part of the carry in logic
control such that double length arithmetic operations can be
performed. U31 and U32 are the data out register that can be
used to accept data from the Am2903s and enable this data onto
the data bus. U39 and U40 represent the memory address regis-
ter and are used to hold the address provided from the CPU to
main memaory.

The microprogram store is shown in Figure 31C. Here, we have
used both the 512 x 8 registered PROM's and 512 x 4 non-
registered PROM's in this design. A total of 68 microprogram bits
have been depicted in this design. These are shown so that
maximum flexibility is achieved. In most typical designs some 10
to 20 of these bits would not be used. Figure 31C shows four
512-word by 8-bitregistered PROM's (U41, U42, U43 and U44). It
also shows nine 512-word by 4-bit PROM'’s represented as U45
through U53.

Perhaps the best way to review the design is to simply understand
the function of each of the microprogram control bits. If the pur-
pose of each of these bits is well understood, the design engineer
will be well along in understanding the design of the simple
minicomputer CPU presented here.

The Microprogram Structure

The microprogram for the design shown in Figure 31 is 68 bits
wide. The functions of the microprogram control bits are as fol-
lows:

Bits PLO The 9 instruction bits of the Am2903 super-

through PL8  slices.

Bits PL9, The IEN, EA, OEB control inputs of the

PL10, PL11 Am2903 superslices, respectively. PL11 is also
connected to the data-in registers (U20 and
U21) output-enable. This connection assures
that there will be no conflict on the DE pins.

Bits PL12 Select the source for SIO of the Am2903, both

through PL14
(12 through

for shift-up and for shift-down operations. The
following table summarizes the functions of

Microprogram Bits Qlo, Qlo,

17 16 15 (Shift-down) (Shift-up)

L L L 0 0

L L H SIO, SIO,

L H L QIO, Qlo,

L H H Carry Carry

H L L Zero Zero

H L H Sign Sign

H H L Not allocated Not allocated
H H H 1 1

Bit PL18

Bit PL19

Bit PL20

Bit PL21

Bit PL22

Bit PL23

Bits PL24
through PL27

Bits PL28
through PL31

When LOW, enables the MAR clock input, i.e.
the data appearing on the Y output pins of
the Am2903 Superslices™ will be clocked into
the MAR at the LOW-to-HIGH transition of
the clock pulse.

When LOW, enables the MAR output onto the
Memory Address Bus.

When LOW, enables the data output register
clock, i.e. the data appearing in the Y output
pins of the Am2903 Superslices™ will be
clocked into the data output registers (U31
and U32) at the LOW-to-HIGH transition of
the clock pulse.

When LOW, enables the data output registers
onto the Data Bus.

When LOW, enables the data-in register clock,
i.e. the data appearing in the Data-Bus will be
clocked into the data-in registers at the
LOW-to-HIGH transition of the clock pulse.

This is the Cl input of the Am2910 micropro-
gram sequencer.

This is a 4-bit wide field which can be used
either for the A-address, for the B-address or
for both A and B addresses of the Am2903
superslices.

This is a 4-bit wide field, which can be
used for either the A-address of the Am2903
superslice or to designate one of sixteen bits to
the DA inputs of the Am2903 superslice via the
Am2921’s (116 and p17).

pid) these bits.
Microprogram Bits Slo, SIo,

14 13 12 (Shift-down) (Shift-up)
L L L o] 0

L L H SI0, sio,

L H L Qlo, QIO,

L H H Carry Carry

H L L Zero Zero

H L H Sign Sign

H H L Not allocated Not allocated
H H H 1 1

Bits PL15 Select the source for QIO of the Am2903, both
through PL17  for shift-up and shift-down operations. The fol-
(n15 through  lowing table summarizes the functions of

wul7) these bits.

Bits PL32 Select the source fof the Am2903 A-address,
and PL33 according to the table below:
Sits A-Address Source
33 32
L L Data Bus bits 0 through 3
L H Microprogram bits 28 through 31
H L Data Bus bits 4 through 7
H H Microprogram bits 24 through 27
Bit PL34 Selects the source of the Am2903 B-address,
according to the table below:
Bit
24 B-Address Source
L Data Bus bits 4 through 7
H Microprogram bits 24 through 27




Bit PL35

Bits PL36
and PL37

Is the C,, input of the least significant Am2903
via an Am74S157 mux (n38).

Affect the status register input signals, ac-
cording to the table below:
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Bits

36

Next Carry Next Zero, Sign, Overflow

H
H

Previous Carry Previous Zero,

Sign, Overflow

Previous SIOq5 Previous Zero,

Sign, Overflow

Am2903 superslices' Output
Data Bus bits 0 through 3

Bit PL38

Bit PL39

Bit PL40

Bit PL41

Bit PL42

Bit PL43

Bit PL44

Bit PL45

Bit PL46

and PL47
Bits PL48

through PL50

Selects either the carry flip-flop or the PL35 bit
for carry in.

When LOW, enables the status register output
to the data bus bits 0 through 3.

Controls the output polarity of the one-of-six-
teen bit select logic.

When LOW, enables the Instruction register
(U1, U2, U3) clock. The data present at bits 0
through 15 of the Data-Bus will be latched into
the Instruction register at the next LOW-to-
HIGH transition of the clock pulse.

This is an output signal. When HIGH, it signals
the main memory that a memory read is re-
quested.

This is an output signal. When HIGH, it signals
to the main memory that a memory write is re-
quested.

Selects the source of the one of sixteen bit de-

coders (U16 and U17) . When LOW, the output

of the Am2919 register (U12) containing the pre-
viously latched microprogram bits 28 through

31 will be applied to the decoders. When HIGH,

the output of the Am2919 register (U3) con-

taining the previously latched Data-Bus bits 0

through 3 will be applied to the decoders.

Selects the Am2903 Superslices™’ DA port
source. When LOW, the output of the one of six-
teen bit decoder (U16 and U17) will be applied
to that port. When HIGH, the output of the
Am29771 PROM's (U18 and U19) will be ap-
plied to the Am2903 DA ports.

These are the RLD and CCEN control inputs
of the Am2910 sequencer, respectively.

These select the condition code according to
the following table:

Bits Condition Code Selected
50 49 48
L L L Carry
L L H Sign
L H L Zero
L H H Overflow
H L L
H L H Not Allocated
H H L
H H H
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Bit PL51 Is the condition code polarity control. When
HIGH, the condition code selected will pass non-
inverted. When LOW, the selected condition
code will be complemented.

Bits PL52 Are the | inputs of the Am2910 sequencer.

through PL55

Bits PL56 This is a 12-bit wide field and it serves, usu-

through PL67 ally as the next microprogram address.How-
ever, the 5 |east significant bits of this field (bits
56-60) serve also as an address field of the

Am29771 “constant” PROM's (U18 and U189).

Some Sample Microroutines

Figure 32 shows the microprogram code for a few sample micro-
routines. Different addressing schemes are demonstrated with
the “ADD" operation. All the other arithmetic or logic operations
can be easily programmed by substituting the 14-14 field of the
Am2903 with the appropriate function. Since the main memory
address is generated by the Am2903 superslices, the internal
register No. 15 serves as the program counter.

The following is a description of some sample microroutines. The
reader should refer to the description of the microprogram bits
given earlier in this chapter and to the data sheets of the Am2910
sequencer and of the Am2903 superslice.

Microword INIT.

This microword should be at address 0 and when the machine is
reset, the Am2910 will start executing from here. The purpose of
this location is to reset the machine program counter (Register
15) to zero. Ultimately more microinstructions can be added,
should the necessity of other reset functions arise.

Bits 1-4 (Am2903 I4-14) being 8y will cause the superslices to
generate all zeroes at the F-points (internal). Bits 5-8 (Am2903
Is-lg) being Fy; will cause this data (all zeroes) to appear on the Y
outputs. Bit 9 (@) is LOW and therefore, WRITE will be LOW
and this data will be written into the internal register selected by
the B-address inputs. Bit 34 is HIGH; therefore, microprogram
bits 24-27 will be selected as B address source. Since Fy is in
these bits, all zeroes will be written into the program counter
(Register 15). Bit 18 is LOW; therefore, the data at the Y outputs
(all zeroes) wil be latched into the MAR at the next clock pulse.
Bits 36 and 37 are set such that the flags will be updated, namely
CY=N=0VF=0, Z=1.

Bits 42, 43 are both LOW so no memory reference signalis sentio
the main memory (the MAR is still in an undetermined state). Bits
52-55 (Am2910 I) are set to Eyy which will force the sequencer to
continue to the next sequential address (1) as the CI (bit 23) is
HIGH.

Bits 21 and 39 are both HIGH to ensure that there is no conflict on
the data bus though in this case one of them could be a DON'T-
CARE. Bit 38 could also be a DON'T-CARE as the carry is zeroed
by the ALU. Making a HIGH in bit 46 enables executing this
microstep without disturbing the Am2910 sequencer's internal
register which at power-up has no significance but may be impor-
tant, should a software restart be issued.

All the other bits are DON'T-CARES.

Microword FETCH

This is the first step in the machine instruction fetch routine. In this
step, the main memory is addressed by the MAR, aread signal is
issued (bit 42 = HIGH), and the machine instruction (mac-
roinstruction) is placed on the data bus by the memory. It is

9
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!
2910 DA
PL 1 CCP CC CLEN RLD|CONS BIT | MMW MMR|iRE POL [FDOE CY=0 Flags
Number of Bits 12 4 1 3 1 1 1 1 1 1 1 1 1 1 2
Bit No. 55 D o . |
: 0 - o I~ @ w0 ] o - @ @© @ |
3 8 g v ¥ g1z 8|8 8 &
INIT X E X X X 1 X X 0 0 X X 1 0 2
FETCH X E X X X 1 X X | 0 T 0 X | 1 0 0
FETCH + 1 X T i et S | X X/ 0 01 X |1 0 0
ADD FETCH+1 [ 7 X X 1 1 X X| 0 110 x| 1 0 2
ADDIMM X E X X X 1 Xez ek e s et 0 0
ADDIMM + 1 [FETCH+1 | 7 X X 1 1 X X| o 110 X |1 0 2
ADD DIR X E X X X 1 X X| 0o 1|1 x| 1 0 0
ADD DIR + 1 X E X X X 1 X X| 0o o1 x| 1 0 0
ADDDIR + 2 |ADDIMM + 1| 7 X X 1 1 X X/ o 1|1 x| 0 0
ADD RR1 X E X X X 1| X X| 0o o1 X/|1 0 0
ADD RR1 + 1 X E X X X 1 X Xl o 1|1 x| 0 0
ADDRR1 +2|FETCH+1 |7 X X 1 1 X X| 0o 1|0 X|1 0 2
2903 2910 Y-D MAR 2903
C, B A R, Ry| CI [DDBEOE E|OE E |Q S OEBEA IEN Ig_g ly_4 Iy
Numberof Bits| 1 1 2 4 4 | 1 11 1|1 1|3 3 1 1 1 4 4 1
Bit No. S ~ =
8 3 42 38| ¥ s 822z w2 e 2 I oo
[ I - I -
INIT b b s e e s X 1 X/ X 0|X X X X 0 F 8 X f
FETCH R . S T 1 1|/ 0 1|Xx X 0 X 1 X x X
FETCH + 1 1 TR 1 1 1/ 0 0|X X 0 X 0 F 4 0
ADD 0000 %X X[ 1 i 1 1/ 0 1|X X 0o 0 0 F 3 0
ADDIMM 1o e X e F ol 1 o 1 1| 0 X X 0 X 0 F 4 0
ADDIMM +1 [0 0 0 X X | 1 11 1/ 0 1|X X 1 0o 0o F 3 0 i
ADD DIR T ¥ Xl 0 1 1/ 0 X|X X 0 X 0 F 4 0 ;
ADDDIR+1 |0 X X X X| 1 1 1 1| X 0oflx X 1 X 1 X 4 o0 ,
ADDDIR+2 ([0 X 3 X F | 1 o 1 1|/ 0 0|X X X 0 1 F & X ;
ADD RR1 R Sy S X 1 1/ X o|x X X 0o 1 F 6 X
ADDRR1 +1|0 X 3 X F | 1 0 1 1/ 0 0|X X X 0 1 F 6 X
ADDRR1+2|0 0 2 X X | 1 1 1 1/ 0 1|X X 1 0 0 F 3 0
1. 4-bit fields in hex, others in octal.
2. X = Don't Care.

Figure 32. Example Microcode for Figure 31 Design.
25



latched into the instruction register (U1, U2, and U3) at the next
clock LOW-to-HIGH transition (bit 41 = LOW). Itis assumed that
if a relatively slow main memory is used, the clock is halted until
the data is stable on the data bus and the register set up times are
met. We will see in a later chapter how easy itis to implement this
requirement using the Am2925 clock generator. The same as-
sumption will also be made in a memory write cycle.

Bit 9 (Am2903 ﬁ} is HIGH; thus, we don't care what the ALU
does during this microstep. We prevent the flags from changing
by setting bits 36-38 LOW. Also, the registers atthe Y output have
the E input HIGH (bits 18, 20). Bits 21 and 39 are both HIGH; thus,
the data bus is free to accept data from the main memory (bit 42 is
HIGH, signaling memory read request). The MAR is enabled to
the address bus (bit 19 = LOW) and at the next clock, the
macroinstruction will be latched into the instruction registers (bit
41 = LOW). The Am2910 sequencer will continue to the next
instruction (bits 52-55 = Ey).

Microword FETCH + 1

This is the second step in the macroinstruction fetch routine. The
instruction already resides in the instruction registers U1, U2 and
u3).

The Am2910 sequencer receives a JUMP MAP instruction (bits
52 though 55 = 2). The next microinstruction will begin to execute
the present macroinstruction — according to the mapping PROM.

We use this microstep to update (increment) the program counter
(Register 15). Bit 34 being HIGH, microprogram bits 24-27 (=Fy)
will be the B address. The Am2903 OEB and |y are LOW, there-
fore, the contents of Register 15 will serve as the S operand for
the ALU. C,, being HIGH, a 4 in the |;-14 field will increment this
value. IEN = LOW with I5-1g = F will write this (incremented) value
into the same register (R15). At the same time, the MAR is also
updated (bit 18 = LOW).

We could update the program counter and the MAR in the previ-
ous microstep (location FETCH), but then we had to leave the
ALU idle during this microcycle. By adopting the present scheme,
we can overlap the first step of the macroinstruction fetch routine
{the memory-read cycle) with the execution of the last step of the
previous macroinstruction — provided the memory and the data
bus are free to perform it. The JUMP MAP cycle is always neces-
sary — and that is why we prefer to update the PC at this step.

Microword ADD

This is a sample register-to-register operation. The two operands
reside in the internal registers pointed to by the two 4-bit fields of
the macroinstruction:

15

8 7 4 3

1st Operand and
Destination Register
Number

2nd Operand

OPCODE Register Number

Bits 32-33 are set LOW, instruction register bits 0-3 are selected
as A address. Bit 34 = LOW selects instruction register bits 4-7 as
B address (see Fig. above). Bit 1 {lp), bit 10 (EA) and bit 11 (OEB)
are also LOW; therefore, the contents of the selected registers
will be presented to the ALU's R and S inputs. Bits 1-4 (11-14) = 3,
the ALU will perform:

F = R plus S plus C,.
Note that bit 356 and 38 are LOW. With I5-Ig (bits 5-8) = F; and TEN

(bit 0) = LOW, the result will be written into the internal register
pointed at by the B address lines.
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Bits 18 and 20 are HIGH and inhibit the MAR and the data out
registers from being affected, while bits 36, 37 (=2) allow the
flags to assume values according to the result of the operation.

During the execution of the function required (ADD in this exam-

ple) we fetch the next OP CODE from the main memory. The '|

MAR is enabled to the address bus (bit 19 = LOW) and a memory
read is requested (bit 42 = HIGH). Atthe end of this microstep the
next macroinstruction will be latched into the instruction registers
(bit 41 = LOW).

The Am2910 sequencer is instructed to select the pipeline regis-
ter bits 56-67 as the next microprogram address (bits 52-57 = 7,
bit 47 = HIGH) where the location of FETCH + 1 (2 in this
example) is written. The next step will be JUMP MAP and update
PC.

Microword ADD IMMEDIATE

This 2 step microroutine adds the contents of an internal register,
pointed at by bits 0-3 of the macroinstruction with its second word,
placing the result into the internal register pointed at by bits 4-7 of
the OPCODE.

15 8 7 43 0

Result
Register Number

2nd Operand

OPCODE Register Number

First word of the macroinstruction

15 0

DATA (1st Operand)

Second (next consecutive) word of the macroinstruction

The first step is to read the fitst operand from the memory (bit 19
= LOW, bit 42 = HIGH) and to latch it into the data-in register
(U20 and U21) (bit 22 = LOW). At the same time the ALU updates
(increments) the program counter (register 15) and the MAR (bit
18 = LOW). (Compare the location FETCH + 1 ). The Am2910
sequencer will continue to the next microprogram address (com-
pare to location FETCH).

Location ADDIMM + 1 is the second step of this macroinstruc-
tion. Itis very similar to location ADD, the only difference is that bit
11 (OEB) is HIGH, selecting the Data-in register as source for the
ALU's S operand. The same macroinstruction fetch overlap
technique is used again.

Microword ADD DIRect
This is the starting location to execute a macroinstruction where
the second word is the address of the operand:

15 8 7 43 0

Result
Register Number

2nd Operand

OPCODE Register Number

First word of the macroinstruction

C
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Address of the 1st operand

Second (next consecutive) word of the macroinstruction

The first step is to read the second word of the macroinstruction
into the Data-in register. This microword is identical to the one
written at location ADDIMM.

Microword ADD DIR + 1

The Data-in register now contains the address of the operand.
We have to transfer it into the MAR.

With Ig (bit 0) LOW and OEB (bit 11) HIGH, the ALU’s operand will
be the DB bus, i.e., the Data-in register. l4-l4 (bits 1-4) = 4 will
pass this input to its output, as Cy, (bit 3) is LOW. With 1EN (bit9) =
HIGH, the WRITE line will be HIGH too, assuring that the internal
registers maintain their contents. Since |s-lg (bits 5-8) = Fy, the
ALU output will appear on the Am2903 Y pins. This data which is
actually the operand address and will be transferred into the MAR
at the next clock cycle. The Am2910 sequencer continues to the
next consecutive microstep.

Microword ADD DIR + 2

Now we read in the operand from the main memory. The MAR is
enabled to address bus (bit 19 = LOW), a memory read signal is
issued (bit 42 = HIGH) and the data-in register's clock is enabled
(bit 22 = LOW). At the next LOW-to-HIGH transition of the clock,
the operand will be placed in the data-in register.

Meanwhile, we need to restore the address of the next mac-
roinstruction in the MAR. Bits 32-33 = 3 select microprogram bits
24-27 as the A address (an Fy is written there); therefore, the
internal program counter will be addressed, as EA (bit 10) =
LOW. The ALU performs an F = R + C,, with C,, (bit 35) LOW,
thus passing the program counter contents to the output. IEN (bit
9) = HIGH prevents disturbance of internal Am2903 registers and
bit 18 will enable the MAR to receive the next macroinstruction
address.

Note that the situation now is exactly the same as after the first
step of ADD IMMediate. The operand is in the data register and
the MAR points to the next macroinstruction. Therefore, the
Am2910 sequencer will address, as the next microstep, location
ADDIMM + 1. The step after this will, of course, be FETCH + 1. A
total of 5 microsteps were needed to execute this macroinstruc-
tion but it occupies only 3 microprogram locations.

It is worthwhile to note here that by adding two more Am2920
registers between the Data-bus and the Address-bus and a
couple of control-bits in the microprogram, we could shorten the
microprogram by one step. In this design we chose notto do soin
order to demonstrate the Data-bus to Address-bus path through
the ALU.
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Microword ADD RR1

The macroinstruction to be excuted here points to the register in
which the first operand is written, and also into which the result
should be written. The second 4-bit field of the OP-CODE (bits
0-3) points to the register in which the address of the second
operand is stored.

15 87 43 0

1st Operand and
Result Register
Number

2nd Operand’s
Address Register
Number

OPCODE

Bits 32 and 33 are LOW. Therefore, instruction register bits 0-3
will form the A-address. Now we take the contents of this register
and place itin the MAR exactly the same way as we did inlocation
ADD DIR + 2 with the program counter. The Am2910 continues.

Microword ADD RR1 + 1

Here we fetch the operand and place it in the Data-in register. At
the same time, we restore the program counter into the MAR.

Microword ADD RR1 + 2

Bits 32, 33 = 2 and instruction register bits 4-7 serve as the
A-address. Bit 34 = LOW; the same instruction register bits serve
as B-address, too. Note, that OEB (bit 11) is HIGH; therefore, the
ALU R-source will be the Data-in register and the S-source will be
the register addressed by A-address. The result (sum), however,
will.be written to the correct register, as 1EN (bit 9) is LOW.

At the same time, the next macroinstruction is fetched in the
usuall oooverlapping way and the next microinstruction to be
excuted will be at location FETCH + 1.

Summary

In this design shown in Figure 31, we have demonstrated some of
the addressing schemes mentioned in Chapter 1. We used the
ADD instruction throughout these examples, but any other arith-
metic or logic instruction can be executed, in exactly the same
manner by changing the microcode bits 1-4 to the appropriate
ALU code.

The reader is encouraged to write several microcode-lines to
execute the other addressing modes mentioned in Chapter 1. He
will discover that when the result of the macroinstruction is to be
written into main memory, the overlapping instruction-fetch is not
feasible. In some cases, when the MAR no longer contains the
Program Counter value, an additional microstep is needed in
order to restore the Program Counter into the MAR. The reader is
again encouraged to modify location FETCH in order to save this
additional microstep.



Appendix

Throughout Chapter 3, a number of AC calculations have been
made to show typical speeds for an Am2901A and Am2903 16-bit
ALU configuration. This Appendix shows the latest SWITCHING
CHARACTERISTICS for the Am2901A and Am2903.

The typical data on the Am2301A shown in this Appendix super-
sedes that shown on page 2-12 of the Am2900 Family Data Book
dated 4-78 (AM-PUBO0O03). The only difference between the data
shown in the typical column of the switching characteristic and
this Appendix appears in Table 3. The typical carry in set-up time
should be 40ns.
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The typical switching characteristic data for the Am2903 as

shown in this Appendix supersedes the data presented in the,

Am2903 Bipolar Microprocessor Slice/Am2910 Microprogram
Controller Data Booklet dated 3-78. Here, a number changes
have been made to the table for both the combinatorial propaga-
tion delays and the set-up and hold times.

Should any questions arise concerning the switching characteris-
tics for either the Am2901A or Am2903, please do not hesitate to
contact the AMD factory and ask for Bipolar Microprocessor
Marketing or Bipolar Microprocessor Applications.

"
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Am2901A — (MAY 18, 1978)

ROOM TEMPERATURE
SWITCHING CHARACTERISTICS
(See next page for AC Characteristics over operating range.)

Tables |1, II, and Ill below define the timing characteristics of
the Am2901A at 25°C. The tables are divided into three types
of parameters; clock characteristics, combinational delays
from inputs to outputs, and set-up and hold time require-
ments. The latter table defines the time prior to the end of the
cycle (i.e., clock LOW-to-HIGH transition) that each input must
be stable to guarantee that the correct data is written into one
of the internal registers.

All values are at 25°C and 5.0V. Measurements are made at
1.5V with V; = 0V and V| = 3.0V. For three-state disable
tests, C, = 5.0pF and measurement is to 0.5V change on
output voltage level. All outputs fully loaded.

TABLE |
CYCLE TIME AND CLOCK CHARACTERISTICS
TIME TYPICAL |GUARANTEED

Read-Modify-Write Cycle

(time from selection of

A, B registers to end of 55ns 93ns

cycle)
Maximum Clock Frequency to

Shift Q Register (50% duty 40MHz 20MHz

cycle)
Minimum Clock LOW Time 30ns 30ns
Minimum Clock HIGH Time 30ns 30ns
Minimum Clock Period 75ns 93ns

TABLE 1l

COMBINATIONAL PROPAGATION DELAYS (all in ns, C|_ = 50pF (except output disable tests))

2. If the B address is used as a source operand, allow for the A, B source” set-up time; if it is used only for the destination address, use the

B dest.” set-up ume.

Db W

Where two numbers are shown, both must be met.
Tt L’ is the clock LOW time.

DY 0 is the fastest way to load the RAM from the D inputs. This function is obtained with | = 337.

. Using Q register as source operand in arithmetic mode. Clock is not normally in critical speed path when Q is not a source.
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TYPICAL 25°C, 5.0V GUARANTEED 25°C, 5.0V

To Shift Shift

Output _ _|F=0 OQutputs _ _|F=0 Outputs
From p Y | F3 |Ch+a|G,P|RL=|OVR Y | F3 |Cph+a| G, P |RL=|OVR
Input 270 RAMol: Ao 270 ANy~ %9

RAM3| Q3 RAM3| Q3
ALB 45 45 45 40 65 50 60 — 75 75 70 59 85 76 90 =
D (arithmetic mode)| 30 30 30 25 45 30 | 40 — 39 37 41 31 55 45 59 =
D(lI=X37) {Note 5}| 30 30 - = 45 40 - 36 34 - = 51 - 53 =
Cn 20 20 10 — 35 20 30 27 24 20 - 46 26 45 T
1012 35 35 35 25 50 40 45 - 50 50 46 41 65 57 70 —
245 35 35 35 25 45 35 45 e 50 50 50 42 65 59 70 —
lg78 15 = - - = = 20 20 26 = - - - 26 26
OE Enable/Disable |20/20] — - | = | = | - - | = |l30/33] - | - SHER — | = =
A bypassing it _ _ o _ _ - = - _ _ -~
ALU (I = 2xx) = i
Clock _4 (Note6)| 40 | 40 | 40 | 30 | 65 | 40 | 65 | 20 || 52 | 52 | 52 | 41 | 70 | 57 | 71 | 30
SET-UP AND HOLD TIMES (all in ns) {(Note 1) TABLE Il
TYPICAL 25°C, 5.0V GUARANTEED 25°C, 5.0V
From Input Notes
Set-Up Time Hold Time Set-Up Time Hold Time
AL B 2,4 40 93
Source 3,5 tpwl +15 0 towl + 25 0
B Dest, 2,4 tpwl + 15 0 tpwk + 15 0
D (arithmetic mode) 25 0 70 0
D (I = X37) (Note 5] 25 0 60 0
Ch 40 0 55 0
012 30 0 64 0
l345 30 0 70 0
l678 4 tpwk + 15 0 tpwl + 25 0
RAMg, 3, Qp, 3 15 0 20 0
MNotes: 1. See next page,




A. Am2903 SWITCHING CHARACTERISTICS (TYPICAL ROOM TEMPERATURE PERFORMANCE) — (MAY 18, 1978) \J

Tables IA, IIA, and IlIA define the nominal timing characteris-

tics of the Am2903 at 25°C and 5.0V. The Tables divide the TABLE IA — Write Pulse and Clock Characteristics
parameters into three types: pulse characteristics for the y )
clock and write enable, combinational delays from input to Time '
output, and set-up and hold times relative to the clock and Minimum Time CP and WE both LOW 15

write pulse. to write "
Measurements are made at 1.5V with Vi = OV and V| = Minimum Clock LOW Time 15ns

3.0V. For three-state disable tests, C, = 5.0pF and mea- e )

surement is to 0.5V change on output voltage level. Minimum Clock HIGH Time 35ns

TABLE IlIA — Combinational Propagation Delays (All in ns)
Outputs Fully Loaded. CL = 50pF (except output disable tests)

To Output | N SI0g
From Input —— Y | Chs | GP [(85Z| N | OVR | DB | WRITE | QIO QIO; | SIO; | SIO; |(Parity)
A, B Addresses | | -
(Arith. Mode) 65 | 60 56 | 64 70 I 65 69 87
A, B Addresses |

' - - - - 55

(Logic Mode) 56 46 56 33 64 81
DA, DB Inputs 39 | % | 30 | - [4 | s | - - - 39 | 47 | 60
EA 8 | 33 26 - 3% | 4 - - - 36 41 | 58
Cn 25 | 21 - - 20 | - - - 21 25 48
lo a0 | 3 24 - @ - 15(1) - 41 39 63
laaze | 5 | 45 | 22 - s | s - 17(1) - 45 | 51 68
ls765 %5 | - - - | - - | - 21 2229(2)  |2417(2)| 2017(2) | 24117(2)
IEN - - - N - - - 10 | - - | - -
OEB Enable/Disable T - - | - - 12115(2) - | - - - - |\ )
OEY Enable/Disable [14/14(2)| — . - - - | - - - - - | - |
SI0,, SI0; 13 sl - -] - - - - - 19 20
Clock 58 57 a0 | - 56 72 24 - 28 56 63 76
Y - - - e | -] - - - - - -
MSS %5 | - 25 | - | 5| 2 - | - - 2 27 24

Notes: 1. Applies only when leaving special functions.
2. Enable/Disable. Enable is defined as output active and correct. Disable is a three-state output turning off.
3. For delay from any input to Z, use input to Y plus Y to Z.
TABLE IllIA — Set-Up and Hold Times (All in ns)
CAUTION: READ NOTES TO TABLE lil. NA = Note Applicable; no timing constraint.

HIGH-to-LOW LOW-to-HIGH

Input “::ﬂ:i':sspi:?\ta:o ' Set-up Hold 1 Set-up Hold Coinment
Y 1 clock ' NA NA 9 3 | TostoreYinRAMorQ |
WE HIGH Clock 5 Note 2 | Note 2 0 To Prevent Writing
WE LOW | Clock § NA NA 5 | o To Write into RAM |
A.B as Sources . Clock 19 -3 NA .' NA See Note 3
B as a Destination Clock and WE both LOW -4 Note 4 MNote 4 -3 'I‘I;:;\g:tr?egataa :géyreigéo

| QI0g, QIO, Clock ' NA NA 10 -4 To Shift Q _L\J

lg765 Clock 2 Note 5 Note 5 -18
IEN HIGH Clock 10 Note 2 Note 2 0 To Prevent Writing into Q
1EN LOW Clock NA NA 10 -5 To Write into Q

30 \)
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CHAPTER IV
THE DATA PATH

The previous CPU example (See Chapter Ill) utilized SSI and MSI
components to accomplish the shift-linkage, carry control, and
status register functions associated with the ALU. These func-
tions can all be implemented with the Am2904 status and shift
control unit.

The Am2904 is an LS| device that contains all the logic necessary
to perform the shift and status control operations associated with
the ALU portion of a microcomputer. These operations include
storage for ALU status flags; carry-in generation and selection;
data-path, carry bit linkage for shift/rotate instructions; and status
condition code generation and selection. The ALU status flags:
carry, zero, negative, and overflow; may be stored in either of two
registers, a machine status register or a micro status register. The
carry-in multiplexer can select the true or complement of the
microstatus carry flag or machine status carry flag, as well as an
external carry, a logical one, or a logical zero. The shift linkage
multiplexers provide paths to rotate/shift single and double length
words up, down, around the carry flag, and through the carry flag.
The status condition code multiplexer provides tests on the true or
complement of any status flag, as well as more complicated
logical combinations of these flags to facilitate magnitude com-
parisons on unsigned and two's complement numbers, and nor-
malization operations.

STATUS REGISTERS

The status registers contained in the Am2904 are shown in the
upper portion of Figure 1. Each register is independently con-
trolled by a combination of instruction signals and enable signals.

MICRO STATUS REGISTER (uSR)

The uSRis enabled when the CEp signalis low. When CEpis low
the instruction present on |5 through Iy will be executed on the
LOW to HIGH transition of the Clock input. These instructions fall
into three main categories: Bit Operations, Register Operations
and Load Operations.

The bit operations allow individual bits of the uSR to be set or
reset. (See Table 1.1).

The register operations allow the SR to be loaded from the
machine status register, to be setto all one's, resetto all zero's, or
swapped with the machine status register. (See Table 1.2).

The load operations allow the wSR to be loaded from the | inputs
directly, from the | inputs with I complemented, or from the |
inputs with overflow retained, loygr + rovr — rovr (See Table
1.3). The load operation with I complemented can be used to
emulate machines which use direct subtraction and thus need to
complement the carry to obtain a borrow. The load with overflow
retained allows a series of arithmetic instructions to be executed
without the need for a check for overflow after each instruction. If
an overflow occurred at any time during the series it will be
“trapped.” Thus a single test for overflow, at the end of the series,
is all that is required.

MACHINE STATUS REGISTER (MSR)

The MSR is enabled when CEy is low. If CEy is low the in-
struction present on |5 through ly will be executed on the LOW
to HIGH transition of the Clock input. Additionally the individual
bits of the MSR may be selectively enabled through the use of
the Enable inputs Ez, E¢, Ey and Eqyp (See Figure 1). This
allows all possible combinations of the four status flags to be
selectively operated on for maximum flexibility. Thus the in-
struction specified by Is-1 only effect the enabled status flags.

12 by I bavn
]
F I|
| Mux MU |
] <t
4 f"
o cF GG @__ z
j Ec
P MIERD MACHINE Ey
CE. STATUS STATUS
- REGISTER REGISTER =
CEw
HC M EK FOVA Mg Mz My Mavg
3 i ¥z Ye
- INSTR
s DECODE 2
Z ¥u Yovm

i

" BEN
favs T
IC By MMy Me

L

510, 510,
[
INSTR &
DECODE
SHIFT
Q0 iy =1=1+)
== Mux
Mg ——f Ty ——tg

Iy ha

INTERNAL

Figure 1. Am2904 Block Diagram.

The MSR instructions fall into two main categories: register op-
erations and load operations (bit operations can be implemented
through the use of the selective enable control lines).

The register operations allow the MSR to be loaded from the
bi-directional Y port, or the pSR. Additionally the MSR may be
set, reset, or complemented (See Table 2.1). These three in-
structions, combined with the selective enables, allow any com-
bination of MSR bits to be set, reset, or complemented.

The load operations allow the MSR to be loaded directly from the |
inputs, from the | inputs with | complemented, or from the | inputs
for shift through overflow (See Table 2.2). The load with I com-
plemented can be used to produce a borrow. The load for shift
through overflow loads the zero flag and the negative flag from
the | inputs while swapping the overflow and carry flags. This
allows the shift through overflow operation to be easily im-
plemented.

SHIFT LINKAGE MULTIPLEXERS

The shift linkage multiplexers control bi-directional shift lines
SIOn, SI0qy (RAM shifter on the Am2903) and QIOn, QIO, (Q
register shifter on the Am2903). To enable the shift linkage mul-
tiplexers the shift enable line SE must be low. When SE is low the



TABLE 1. MICRO STATUS REGISTER
INSTRUCTION CODES.

Table 1-1. Bit Operations.

complement numbers and unsigned numbers. Table 5 lists the
conditionaltest outputs (CT) corresponding to the state of the I5-1g
instruction lines. Table 6 lists the possible relations between two
unsigned or two’'s complement numbers and the corresponding
status and instruction codes. The three-state conditional test

ls43210 uSR i output CT is active only if OE¢r is low.
Octal Operation
CARRY IN MULTIPLEXER
10 0 = uz RESET ZERO BIT :
11 1 ik SET ZERO BIT The Carry output can be selected from one of seven different
14 0s 2 RESET CARRY BIT sources depending on the state of instruction input lines. The
o 1 #e e seven possible sources are: logical zero, logical one, the ©SR
ke carry flag, the complement of the SR carry flag, the MSR carry
e 0 = mn RESET SIGN BIT flag, the complement of the MSR carry flag, or the external carry
15 1 = e SET SIGN BIT input Cy, (See Table 4).
16 0 = ugyr RESET OVERFLOW BIT
17 1 = movm SET OVERFLOW BIT
TABLE 2. MACHINE STATUS REGISTER
Table 1-2. Register Operations. INSTRHCEON CODES,
Isa3210 uSR
s Opersilon Comments Table 2-1. Register Operations.
Is43210 MSR
00 My = py LOAD MSR TO uSR E Comments
01 1= uy SET SR Octal Operation
02 My — px REGISTER SWAP = VAR LOAD Yz. Yc, Yn. Yovr
03 0 = puy RESET uSR * * TO MSR
01 1= My SET MSR
Table 1-3. Load Operations. 02 ux = My REQISTER SWAP
- 03 0 = My RESET MSR
ls43210 uSR c ==
: omments 05 My — My INVERT MSR
Octal Operation
06, 07 Iz =* pz
lg = ne LOAD WITH
IN = BN OVERFLOW RETAIN
U s Table 2-2. Load Operations.
30, 31 lz = pz |543210 MSR
Comments
50, 51 lc = we LOAD WITH Octal Operation
70, 71 Iy = uy CARRY INVERT
love > Hovr Bt ‘hﬁ > Mz 2 LOAD FOR SHIFT
04,05 | Iz = p OVR c THROUGH OVERFLOW
z . =+ My OPERATION
20-27 lc = uc LOAD DIRECTLY Mc - Movr
32-47 Iy = uN FROM
52-67 lovR = KoOVR Iz lc: In: love 10,11 lzre=-Mg
7977 30, 31 Ic = Mc LOAD WITH
Note: The above tables assume CE is LOW. 905551 I My CARGYANVERT
70,7 love = Movr
08, 07 Iz = Mz
shift linkage data path will be set-up depending on the state of 12-17 lc = Mg LOAD DIRECTLY
instruction lines |y through lg (See Table 3). These instructions 20-27 Iy = My FROM Iz, I
allow single length or double length shifts/rotates either up, or 32-37 lovR = Movr In: lovr
down. Additionally shifts/rotates may be done through or around 40-47
the MSR carry and negative flag. Special operations exist to 52-67
provide support for add and shift (multiply) instructions. These 72-77

instructions select the present carry I (for unsigned multiply),
or the Exclusive-OR of the sign flag |, with the overflow flag
lgyg (for two's complement multiplication).

CONDITION CODE MULTIPLEXER

The condition code multiplier selects one of sixteen possible
logical combinations of the uSR, MSR or | inputs, depending on
the state of the I5-ly input lines. These combinations include the
true or complement form of any individual bitin the SR, MSR or |
inputs. Additionally several more complicated logical operations
may be performed to provide magnitude tests on both two's

Y INPUT/OUTPUT LINES

The bi-directional Y data lines may be used for extra data input
lines when the Y output buffer is disabled (OEy high).
Additionally, when Is-I5 are low, the Y buffer is disabled, irre-
spective of the OEy signal. When the Y buffer is enabled (OEy
is low) the Y data lines are selected from the MSR, pSR, or |
input lines depending on the state of instruction lines |5 and 4
(See Table 7).
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TABLE 3. SHIFT LINKAGE MULTIPLEXER INSTRUCTION CODES.

€

€

o lg lg 1 lg| Mg RAM Q sio, | slo, |Qio, | Qio, ::33"52
MSB LSB MSB LSB
0 0 0 0 O o —=F[=F z 0 z 0
0o 0 0 0 1 O = = z 1 z 1
o 0 o 1 0 ak w1} z 0 z My SIo,
o o o 1 1 mE z 1 z Slo,
o o 1 0 0 z Mc z SI0,
o 0o 1 o0 1 e — z My z SI0,
o o 1 1 0 O —[=1—1=F z 0 z SI0,
o 0o 1 1 1| OeT=—1T=F | 2 0 z SI0, QIo,
o 1 0 0 o z SI0, z Qlo, S0,
o 1 0 o 1| O———=1| 2 Mc z | ao, sI0,
o 1 0 1 0 ] zZ S0, z QIo,
o 1 0 1 1 e z I z SI0,
o 1 1 0 o z Me z | sio, QI0,
o 1 1 0 1 . $Iw z QIo, z S0, Qlo,
01 1 10 []N o [—] Z |INn®logwp| Z 510,
01 111 O z Qlo, z slo,
MSB LSB MSB LSB
1 0 0 0 0 =1+ -[=1-=| O z 0 z SO,
t 0 0 0 A (=1 {=1] 1 z 1 z slo,
1t 0 0 1 0| [] -{=Fs-{—1-| 0 z 0 z
10 0 1 1 0 =3 {=1+ | 1 z 1 z
Tt 0 1 0 0 O — — ]~ | QlO, d 0 z SIO,
10 1 0 1 —1=1 — | Q0, z 1 z 510,
10 1 1 0 ]l {=F—4=1-|ao, z 0 z
1 o 1 1 1 | — | alo, z 1 z
1 1 0 0 0 [I—JE] SIo, z Qlo, z SO,
i1 0 0 1 [] L= M z QIO, z slo,
i1 0 1 0 O E Slo, z QIo, z
11 0 1 1 L =12 | M z 0 z
11 1 0 o0 —EJ Q!0, z Mc z slo,
1 1t 1 0 1 O Qio, z slo, z sio,
1 1 1 10 ﬁ *FI Qlo,, Z Mc z
111 1A O @ Qlo, z SIo, z

Notes: 1. Z = High impedance (outputs off) state.

2. Outputs enabled and Mg loaded only if SE is LOW.

3. Loading of Mg from I4¢.g overrides control from s g, CE, Ec-

C




TABLE 4. CARRY-IN CONTROL MULTIPLEXER INSTRUCTION CODES.

bz k4 Is I3 2 Iy Co
0 X X X X 0
1 X X X X 1
1 0 X X X X Cx
B 1 0 0 X X pe
1 1 0 X 1 X me
1 1 0 X X 1 A
1 1 0 1 0 0 | fe
1 1 1 0 X X Mc |
1 1 1 X 1 X Mc
1 1 1 X X 1 Mc
1 1 1 1 0 0 Mc

TABLE 5. CONDITION CODE OUTPUT (CT) INSTRUCTION CODES.

o P lg=1lg=0 ls=0,14=1 ls=1,1s=0 lg=14=1
0 0 0 0 0| (unNDuove)* uz (un @ povr) + 1z (MN® Movr) + Mz | (IN® loyr) + Iz
1 0 0 0 1| (un®rovr) Bz (Ln@rove) * Bz (MN® Moyg) * Mz (IN® lgyrl * Tz
2 0 0 1 0| un@rovr uN @ povR My @ Moy IN® lovn
3 o0 1 1] u®uovr enErova Mn® Movr | WOlove
4 0 1 0 0| uz nz My [ 1z
5 0 1 0 1| m iz Mz | Tz ;
6 0 1 1 0| povr HOVR Moyg ‘ lov |
7 o 1 1 1| Fovr Fovr Movr | Tova |
8 1 0 0 0 e+ opg Rt ouz MC+MZ Tc" Iz !
9 10 0 1| figeiEz fAc* Az Mg » Mz Ic+ 1z |
A 1 0 1 0 me me Mg e
B 10 11| Ee frre Mc e
C 1 1 0 0 Hc + pz e+ uzg mc + Mgz I |_c Iz
D [ 1 1 0 1| ucmm pe* iz Mc - Mz | le*lz :
E T 10| IN® My N My In :
F T 1| @My N My ‘ T I

Notes: 1. @ Represents EXCLUSIVE-OR

(¥ Represents EXCLUSIVE-NOR or coincidence.

TABLE 6. CRITERIA FOR COMPARING TWO NUMBERS FOLLOWING “A MINUS B OPERATIONS.

For Unsigned Numbers For 2's Complement Numbers

3.0 o |

Relation Status CT=H |CT=L Status CT=H | CT=L |

A=B Z=1 4 5 Z=1 4 |
 a-8B z-0 5 4 z-0 5
A=B | C-=-1 A B | NOOWR-=-1 3
A<B Cc B A N @® OVR = 1 2
A=B C.] D Cc {N@OVR}—?=1 1

A=B C c D N@OW) +Z=1 | 0 1

@ = Exclusive OR
(=) = Exclusive NOR

H = HIGH
= LOW

CT = L for the desired test.

MNote: For Am2910, the CC input is active LOW, so use |5 code to produce
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TABLE 7. Y OUTPUT INSTRUCTION CODES.

TABLE 8-1. STANDARD DEVICE SCHOTTKY SPEEDS.

OE, I I Y Output Comment Device and Path Min. Typ. Max.
; X X z Output Off S-REGISTER
{ J High Impedance Clock to Output 9 15
(o] o] X wi = Y; See Note 1 OE to Qutput 12 20
o ] M = Y Set-up 5
Am2802A
o ! ! Y CntoCn+x, Y, Z 7 11
- G, PtoG, P 7 10
Notes: 1. For the conditions: ! !
ls, las I3, 12, 11, lo are LOW, Y is an input. G PtoCntx Y, 2 5 7
OEy is “Don't Care” for this condition.
2. X is "Don't Care" condition.
TABLE 8-2.

TIMING ANALYSIS

In the previous chapter a timing analysis was presented with the
shift-linkage, carry-control, and status registers implemented in
SS1 and MSI. This timing analysis will be repeated with the SSI
and MS| logic replaced with the Am2904. Tables 8.1, 8.2, 8.4 and
8.5 list the typical AC characteristics of the registers, Am2902A,
Am2901A, Am2903, and Am2904 used in these calculations.
Table 8.3 lists the assumed AC characteristics for the set-up time
of the Am2904.

Figure 2 illustrates the timing analysis for an Am2901A based

design. The analysis begins with the LOW to HIGH transition of

the system clock. All signals must be valid for the next LOW to
(' HIGH transition of the system clock, i.e. one-microcycle later.

Figure 3 illustrates a similar timing analysis for the Am2903. The
results of both analysis are listed in Table 9.

USING THE Am2904 IN A 16-BIT DESIGN

Perhaps the best technique for understanding the Am2304 is to
simply compare 16-bit ALU designs with and without the
AmM2904. The first design, Figure 4a, is an example of a 16-bit
CPU design using SSI/MSI parts instead of the Am2904. In
Figure 4b, the second 16-bit CPU design, the Am2904 is shown
replacing the SSI/MSI. The Am2904 substitutes for the appro-
priate shift matrix control and status registers. A more detailed
comparison may be obtained by referring to the 16-bit ALU de-
signs in Chapter Ill and the one in Appendix C of this chapter. To
understand the Am2904 further, the usage of the Am2904 is
described through the microprogram bits in the microprogram
structure and shown later in the actual microprograms.

PRELIMINARY SWITCHING CHARACTERISTICS.

Combinational Delays (ns)

From (Input) To (Output) thg
Iz Yz
:g :ﬁ 20
lovr Yova
cP Y2 Yo Ya Yoyr | 30
o ls Y2, Yo Ya Yovr | 23
iz lc I lovs | CT 30
ce |t a0 |
B cT 30
oy Go 12
cp Co 20
| h,2,3,5,11,12 Co 24
SI0,,, QIO,, SI0, 16
SI0,, QIO SIO,, 16
e I lova sio, 20
sio,, Qlo,, “aio, 16
SI0,, QIO, Qlo, 16
op aic, Ao, 2
o mEm e

TABLE 8-3. ASSUMED SET-UP TIME.*

Input

TS

IOVR, 1Z, IN, IC

20ns

*The actual set-up times where not available at the time this was written.
See current data sheets for correct timing on these signals.




TABLE 8-4.

Am2901A — (MAY 18, 1978)

ROOM TEMPERATURE
SWITCHING CHARACTERISTICS

TABLE |

CYCLE TIME AND CLOCK CHARACTERISTICS

O

Tables |, Il, and Il below define the timing characteristics of TIME TYPICAL |GUARANTEED
the Am2901A at 25°C. The tables are divided into three types Read-Modify-Wri
of parameters; clock characteristics, combinational delays e fiom s;:z&;‘f'zf
from inputs to outputs, and set-up and hold time require- A, B registers to end of 55ns 93ns
ments. The latter table defines the time prior to the end of the cycle)
cycle (i.e., clock LOW-to-HIGH transition) that each input must Mari -
2 : : aximum Clock Frequency to
be staple to guara_ntee that the correct data is written into one Shift Q Register (50% duty 40MHz 20MHz
of the internal registers. cycle)
All values are at 25°C and 5.0V. Measurements are made at Minimum Clock LOW Time 30ns 30ns
1.5V with V. = 0V and V| = 3.0V. for three-state disable Minimum Clock HIGH Time 30ns 30ns
tests, C = 5.0pF and measurement is to 0.5V change on M k Peri 75
output voltage level. All outputs fully loaded. inimum Clock Period ns 93ns
TABLE 1l
COMBINATIONAL PROPAGATION DELAYS (all in ns, C|_ = 50pF (except output disable tests))
TYPICAL 25°C, 5.0V GUARANTEED 25°C, 5.0V
T Shift Shift
Oztput F=0 Outputs __|F=0 Outputs
Y | F3 |C G,P | RL=|OVR Y | F3 |C G, P |RL=|OVR
o i 270 RAMg| Qg i 270 | o
Input RAM3| Q3 RAM3| Q3
A, B 45 | 45 45 | 40 | 65 50 | 60 - 75 | 75 70 59 85 | 76 | 90 -
D (arithmetic mode)| 30 | 30 30 | 25 | 45 30 | 40 = 39 37 | 41 31 55 | 45 | 59 -
D{1=%37) (Note 5} 30 | 30 - = 45 - 40 - 36 | 34 - 51 - 53 -
Cn 20 | 20 | 10| - |3 | 20 |30 | - 27 | 24| 20| — | 46 | 26 | 45 | —
1012 35 35 35 | 25 | 50 | 40 | 45 - 50 | 50 | 46 41 65 57 | 70 -
1345 35 35 35 | 25 | 45 | 35 | 45 - 50 | 50 50 | 42 | 65 | 59 | 70 -
678 15 - = = - - 20 20 26 - - — - 26 | 26
OE Enable/Disable |20/20 — | — | — | = | = | = | — |30/33] — | - - S -
A bypassing o _ - . _ . . 35 _ £ _ _ _
ALU (1 = 2xx) 30
Ciock__f (Note 6)| 40 40 40 | 30 | 55 | 40 55 | 20 52 | b2 52 41 70 57 | 71 30
TABLE 111
SET-UP AND HOLD TIMES (all in ns) (Mote 1)
TYPICAL 25°C, 5.0V GUARANTEED 25°C, 5.0V
From Input Notes
Set-Up Time Hold Time Set-Up Time Hold Time
A B 2,4 40 0 a3 0
Source 3,5 tpwl +15 tpwl + 25
B Dest. 2,4 tpwl + 15 0 tpwlk + 15 0
D (arithmetic mode) 25 0 70 0
D(l=X37) (Note 5) 25 0 60 0
Ch 40 0 55 0
lo12 30 0 64 0
la45 30 0 70 0
'6?8 4 tpwl *+ 15 o] tpwl + 25 0
RAMg, 3. Qp, 3 15 0 20 ]
MNotes: 1. See next page.
2. If the B address is used as a source operand, allow for the A, B source’” set-up time; if it is used only for the destination address, use th
“B dest.” set-up time.
3. Where two numbers are shown, both must be maet.
4. "tgnL” is the clock LOW time.
5. DV 0 is the fastest way to load the RAM from the D inputs. This function is obtained with | = 337,
6. Using Q register as source operand in arithmetic mode. Clock is not normally in critical speed path when Q is not a source.

8
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TABLE 8-5.

A. Am2903 SWITCHING CHARACTERISTICS (TYPICAL ROOM TEMPERATURE PERFORMANCE) — (MAY 18, 1978)

Tables |A, IIA, and IlIA define the nominal timing characteris-
tics of the Am2303 at 25°C and 5.0V. The Tables divide the
parameters into three types: pulse characteristics for the

TABLE IA — Write Pulse and Clock Characteristics

clock and write enable, combinational delays from input to Time
output, and set-up and hold times relative to the clock and Minimum Time CP and WE both LOW 15ns
write pulse. | to write
Measurements are made at 1.5V with V,, = OV and V|y = Minimum Clock LOW Time 15ns
3.0V. For three-state disable tests, C_ = 5.0pF and mea- — :
surement is to 0.5V change on output voltage level. Minimum Clock HIGH Time 35ns
TABLE llA — Combinational Propagation Delays (All in ns)
Outputs Fully Loaded. CL = 50pF (except output disable tests)
“—___To Output L [ [ S0y |
From Input Y [ Chis | GP [(SYZ]| N | OVR DB | WRITE | QIO QIO; | SI0, | SIO; |(Parity)
A, B Addresses - B B |
(Arith. Mode) 65 60 56 64 70 33 65 69 87
A, B Addresses !
. — 4 — = - - 55 |
{Logic Mode) 56 6 | 96 33 64 81
DA, DB Inputs 39 38 30 - 40 56 - - - 39 47 60
EA ’ | 33 2 - % & - - - 36 a1 58
Cn R - 0 | 38 - - - 21 25 48
lo [ 40 a2 - | ¥ 42 - 15(1) - 41 39 63
lss21 [ a5 | 45 32 - 4] s - 17(1) - s | s 68
la7es | 5 | - - - | - = - 21 2229(2)  |24117(2)| 2717(2) | 24117(2)
EN - - - -1 -1 -1 w — |- [ - [ -
OEB Enable/Disable | - - N = s - | - - N
OEY Enable/Disable [14142)) ~ | - | — | | _ - - - - - -
SI0,, 510, i | - | - [ A B . N - - ” »
Clock | 58 57 w0 | 56 72 24 - 28 56 63 76
Y - e | -] - - - - - . ~ ]
MSS 2 2 5| 5 | - | - - u | 7 | w |

Motes: 1. Applies only when leaving special functions.

2. Enable/Disable. Enable is defined as output active and correct. Disable is a three-state output turning off.
3. For delay from any input to Z, use input to Y plus Y to Z.

TABLE llIA — Set-Up and Hold Times (All in ns)

CAUTION: READ NOTES TO TABLE lll. NA = Note Applicable; no timing constraint.

HIGH-to-LOW LOW-to-HIGH
With Respect to | W .._/—
_ Input 1o this Signal Setup | Hold | Set-up | Hold Comment
Y Clock NA NA 9 -3 To store Y in RAM or Q
WE HIGH Clock 5 Note 2 | Note 2 To Prevent Writing
WE LOW Clock NA NA 15 To Write into RAM
A.B as Sources Clock 19 -3 NA NA | See Note 3
) —_— To Write Data only into
B as a Destination Clock and WE both LOW -4 Note 4 Note 4 -3 the Correct B Address
QI0,, QIO; Clock NA NA 10 —4 To Shift Q
la7es Clock 2 Mote 5 MNote 5 -18
IEN HIGH Clock 10 Note 2 | Note 2 0 To Prevent Writing into Q
1EN LOW Clock NA NA 10 -5 To Write into Q
7
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LOGIC OPERATION Cn-z GP
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n :
DEVICE NO. | DEVICE PATH | PATH1 [ PATHZ | PATH3
SAEG PG | 3 3 lq
2001A READ-MODIFY-WRITE 55 -
20014 AB - ¥ 45 -
29014 AB - Zewo - | - 85 PATH 1
| 2904 SET-UP | - - -
S-REG SET-UP D - 2 20 PATH 2
TOTALR | ' 64 56 24 PATH 3
Figure 2-1.
of
DATA —
K CLOCK
REGISTER £Log -
5 $
DA,DE  A,B, | DA, DB
CLOCK > s10, f— I
= cLOCK |
Sion SHIFT I — SHIFT f=—r!
[ 1
Am2904  lc Cn+4  Am2901A { . e Am2901A
In F3 |
IOVA OVR
INSTRUCTIONS ——] I+l Iz f——7 Cn
13 7" cr ¥
ARITHMETIC OPERATION o 1
SPEED COMPUTATIONS i
Cn+z'
DEVICE NO. |  DEVICE PATH PATH1 | PATHZ | PATH3 DATA OUT L, : T
SAEG cPra il BT 9 REGISTER Am2802A
20014 AB W GP 40 I 40 40
28024 GP 1o G+ xyz 5 | 5 5 |0
28014 SET-UP Cn w | - N
25014 Cat ¥ = 2 -
25014 Cn o Zero - 35
04 SET-UR | - | pos PATH 1
5-REG SET.UP D - | 2 = PATH 2
TOTAL-ns 94 | TE L] PATH 3

Figure 2-2.
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SET-UP I
=T-UF O

9
40
| 5
| 0
| 24
I 15
|

TR e

DATA OUT
REGISTER

To

<

PATH 1
PATH 2
PATH 3

« DA, DE  A,B,I
eroe CLOCK  CLOCK [ .
e — SHIFT
L] L] - L] Am2801A
INSTRUCTIONS ——] 15l Iz z Cn cn
Y ¥
LOGIC OPERATION WITH SHIFT o T
SPEED COMPUTATIONS o
| Toevicewo. | pEvice paTH PATH1 | PATHZ2 | PATH3 DATA OUT Gz GFP
| REGISTER CARRY

SREG cPwa ] s A cn !

Z01A AB 1o AAMOZ &0 - | -

2904 $I0), 1o 510, 16 | 7]

2901A SET-UP RAMOS 15 |

29014 ABlY - 45 |

A AB I Z - - | 65

2904 SETUR | - - = | PATH 1

SREG SETUP D - [ I PATH 2
| TotaLns | 100 s | e | PATH 3

Figure 2-3.
of
DATA -
CLOCK CLOCK
REGISTER 4
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DA, DB A,B,I
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Figure 2-4.
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Figure 2-5.
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LOGIC OPERATION c e
n+z
SPEED COMPUTATIONS DATA OUT Eanny
DEVICE NO. | DEVICE PATH PATH1 | PATH2 | PATH3 REGISTER cn b
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Figure 3-1.
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Figure 3-3.
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15/
< DATA BUS >
— RSN
12/ l DATA IN 1 DATA OUT l
REGISTER REGISTER
7
COMPUTER CONTROL 16 /
UNIT {CCU) 16 16
7
N
L b I R I P AB DA DB r
12 : 4f : ADDR . b
Z, N, C, OVR
MICROPROGRAM
MEMORY Am2904 @
STATUS AND SHIFT wi 2
| CONTROL UNIT ﬂ w - J\
PROM 5 g
. V| 88 ]
g/ L // 2//
e SUPER SLICES
.- PROM SIo/Qio
8] S103/5103
: e
J ]
VO CONTROL 7
Figure 4b.
TABLE 9. TIMING ANALYSIS SUMMARY (ns). Bits PL14 The CEx and SE control inputs of the Am2904,
and PL15 respectively. CEn enables the Micro Status
Operation Am2901A Am2903 Register. SE enables the Am2904 shift opera-
Logic %4 101 tions.
Arithmetic 109 131 Bits PL16 CCU Next Address.
- - through PL19
Logic w/Shift 100 138
: Bits PL20 CCU Multiplex test select.
Two's Complement through PL23
Arithmetic with 13 161
Shift Down Bit PL24 This bit determines the polarity of the incoming
- test signal to the CCU.
Magnitude only ; ) . ]
Arithmetic with 109 142 Bit PL25 Active LOW Instruction Register enable.
Shift Down Bits PL26 CCU multi-way branching select.
through PL29
Bits PL30 Selects the ALU operand sources.

THE MICROPROGRAM STRUCTURE

The functions of the pipelined (PL) microprogram bits are il-
lustrated in Figure 5 and as follows:

Bits PLO
through PL11

This is a shared control field. The field is used
for branching to a microprogram address or to

load the CCU counter or control bits for I/O.

Bit PL12

The shared control field is determined by

PL12, LOW for branching and counting or
HIGH for I/O control.

Bit PL13

When LOW, enables the WRITE output and

allows the Q Register and Sign Compare flip-
flop to be written into.

through PL32

PL30|PL31| PL32 | ALU Operand R ALU Operand S
L L L RAM Output A RAM Qutput B
L L H RAM Output A DByp.3
L H X RAM Output A Q Register
H L L DAp.5 RAM Output B
H L H DAg.3 DBp.3
H H X DAQ_:; Q Register
L = LOW = HIGH X = Don't Care

€



Bits PL33 Selects the ALU functions. Bits PL41 This 4-bit wide field is used for the A-address
through PL36 through PL44  source.
I |13 |2 | Iy | Hex Code ALU Functions Bits PL45 This 4-bit wide field is used for the B-address
i ool 5 lp=1L Special Functions through PL48  source.
lo=H | Fi=HGH Bits PL49  This 4-bit wide field is the B destination ad-
LiL]L]H 1 F = S Minus R Minus 1 Plus Cpy through PL52 dress into which new data is written.
LI L|H|L 2 F = R Minus S Minus 1 Plus Cp, _
LILIH]H E] F = R Plus S Plus C, Bit PL53 Am2903 oo_ntrol input OEy. When LOW enables
CTHILTL p F-SPusC, the ALU shifter output data onto the Y bus.
B L § & F=SPlsCy Bits PL64  Am2904 instruction code field.
L H|H|L 6 F = R Plus Cy, through PL59
L|H|HIH ! F.=F Bl On Bits PLBO Am23904 shift link Itipi instructi
— is m s Inkage multipiexer instruction
ALY LN ) Fi.z LOW — through PL63  code field.
HIL|L|H 9 F; = R AND S;
HiL|H|L A F; = R; EXCLUSIVE NOR §; Bits PLG64 Am2904 “carry-in" control multiplexer field.
H|L|H|H B F; = R; EXCLUSIVE OR §; and PL65
Al i L © FRAND S Bits PL66  The CEj, OEcr, OEy control inputs of th
P - its e CEy, OEgyr, OEy control inputs of the
HiH]LIH o Fi = Ri NOR S; through PL68 Am2904, respectively.
HIH|[H|L E F; = R; NAND S;
HiH]HIH F Fi =R OR 5 Bit PL69 This bit when LOW, enables bits PL74 through
L= LOW H = HIGH i=0to3 PL89 onto the Am2903 DA Bus.
Bits PL37  Selects the ALL} destination controls. Bit PL70 When LOW, zeros the carry in's to the Am2903
through 40 slices.
= » ; Bit PL71 When HIGH, enables a status register used in
lg Iy 1 Ig| Code| Funcion | BCD calculations.
P ity Lobob LD Unsigned Multply | Bit PL72 When LOW, clears the status register.
. Lol .l“i B Two's Compiamant 1
: | | Mooy | Bit PL73 When LOW, enables Am2909/11 registers.
L H L L | 4 'O“;f""“";‘:‘:‘
L T '?gguagmm- Bits PL74 This field contains a 16-bit constant from mi-
B Rk bk il through PL89 crocode that is passed to the Am2903's via
Mtl, Lot Gyle | the DA bus. Constant is enabled by PL69.
Single Length
Normalize |
Doutle Langth I
Normahze and H
First Diwide Op.
Two's Complament ';
Divide
o Compoment |
Divige, Comection I
and Ramainder |
lg OR Iy OR I3 OR I4 = HIGH, Igy = LOW
T T T 1
| | | !
| | 80 | Y3 Y2 QReg & |
| Hex ALU Shifter Most Sig. | Other | Most Sig. | Other | Most Sig.  Other | | — Shitter |
g 17 I5 Ig | Code Function Slice | Slices | Slice ' Slices | Slice | Slices | Yy | Yg Slog | Write Function ;{Jll'.!3 DIOD
LoL L L i o Asith, Fi2 Y Input Input i Fy S0y | S0y : Fq ' Fp |Fy Fg L [ roid R Hi-Z
Tr e W] T Unpwt | S0, | S0y | Fy L Fy  Fp IF | L THod -z | Wz |
S Tnpat | Fy | om0, | si05 | Fy | Fe |E Fo Log. @2=Q | Inpwt | Qg
LL oM oW 3 Inp T om0y 0 | F3 l Fy | Fz |F o U Log. @2—0Q | Inpul | Qg
T T R LA M = = phank Be.
T H | s Imput | Fy Fa T Fr R Fp Panty H log @2—Q | Input | Qg
L ] s Input | Fs [ Fa | Fy |Fp | Pariy H ] iz | Az
. —L o L s Inp 2 gt F - i Bt
. o R s . — AL
A TH |9 | leg ey Fsy Fa F | - Hold Hez | HE
N U T AT ] it 2Ry ' [ £ I "L [ log 200 | Q3 | Inpw
P H H H B Log. 2F—1 3 f [ T L Log 20—~0 | O3 | Input
HH L L € | F= F | TR | Fa . H | Hol Hi-Z | WiZ
H LM o [ For [ Iy TR R R s Fi |Fa iz H | Leg 20-0 Q3 Input
KR U E | si0g=vg vy Y2 Yy si0, | S0y | SIop | SO, | Sk j Sicy | SI0p|S10p | mput | Fioid [ Hz | hiz
W WM M M| F | Foy o | £ R T e | F [F Fo mz | L | ool 1 hiz HiZ_ |

The Am2903 special functions can be selected by the following conditions: Ig = Iy = lp = I3 = |4 = LOW, Igy = LOW
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SOME SAMPLE MICROROUTINES

The following algorithms are implemented using the Am2903
Superslices™ and Am2904 status and shift control unit. The
algorithms were developed with the aid of AMDASM on System
29. All algorithms assume values and constants to be initialized
prior to the entrance of the algorithms. Appendix A relates the
actual microcode to the microword fields. Appendix B is the
AMDASM Phase 1 and Phase 2 listings of the microprograms
and the definitions of mnemonics. Figure 4b is a block diagram
of the CPU hardware including the Am2904 Status and Shift
Control Unit from which the microroutines were developed. A
detailed diagram of the CPU hardware is in Appendix C.

Normalization, Single- and Double-Length

Normalization is used as a means of referencing a number to a
fixed radix point. Normalization strips out all leading sign bits such
that the two bits immediately adjacent to the radix point are of
opposite polarity.

Normalization is commonly used in such operations as fixed-to-
floating point conversion and division. The Am2903 provides for
normalization by using the Single-Length and Double-Length
Normalize commands. Figure 6a represents the Q Register of a
16-bit processor which contains a positive number. When the
Single-Length Normalize command is applied, each positive
edge of the clock will cause the bits to shift toward the most
significant bit (bit 15) of the Q Register. Zeros are shifted in via the
QIO0 port. When the bits on either side of the radix point (bits 14
and 15) are of opposite value, the number is considered to be
normalized as shown in Figure 6b. The event of normalization is
externally indicated by a HIGH level on the Cn+4 pin of the most
significant slice (Cn+4 MSS = Q3 MSS % Q2 MSS).

There are also provisions made for a normalization indication via
the OVR pin one microcycle before the same indication is avail-
able on the Cn+4 pin (OVR = Q2 MSS*% Q1 MSS). Thisis for use
in applications that require a stage of register buffering of the
normalization indication.

Since a number comprised of all zeros is not considered for
normalization, the Am2903 indicates when wuch a condition
arises. If the Q Register is zero and the Single-Length Normaliza-
tion command is given, a HIGH level will be present on the Z line.

RADIX
15914 13 121 w0 & &7 & 5 4|3 2 1 0

Ll lelelefelele L

L
DEVICE 4 DEVICE 3 DEVICE 2 DEVICE 1

o

O REGISTER |U L] I ]

a) Unnormalized Positive Number.

RADIX

15914 12 32|11 1w 9 8|7 6 5 4|3 2 1 0

HERE

MSS LSS

0 REGISTER l o

b) Normalized Positive Number.

MPR-040

Figure 5.
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The sign output, N, indicates the sign of the number stored in the
Q register, Q3 MSS. An unnormalized negative number (Figure
7a) is normalized in the same manner as a positive number. The
results of single-length normalization are shown in Figure 7b. The
device interconnection for single-length normalization is outlined
in Figure 8. During single-length normalization, the number of
shifts performed to achieve normalization can be counted and
stored in one of the working registers. This can be achieved by
forcing a HIGH at the Cn input of the least significant slice, since
during this special function the ALU performs the function [B] +
Cn and the result is stored in B. Figure 9 illustrates the single-
length normalize. However, the microcode is shown in Figure 10.
Microcode for both single and double normalization can be re-
duced by one step by testing for zero during passing of number
into Q.

Mormalizing a double-length word can be done with the Double-
Length Normalize command which assumes that a user-selected

RAM Register contains the most significant portion of the word to
be normalized while the Q Register holds the least significant half
(Figure 11.) The device interconnection for double-length nor-
malization is shown in Figure 12. The Cn+4, OVR, N, and Z
outputs of the most significant slice perform the same functions in
double-length normalization as they did in single-length normali-
zation except that Cn+4, OVR, and N are derived from the output
of the ALU of the most significant slice in the case of double-
length normalization, instead of the Q Register of the most sig-
nificant slice as in single-length normalization. A high-level Z line
in double-length normalization reveals that the outputs of the ALU
and Q Register are both zero, hence indicating that the double-
length word is zero.

When double-length normalization is being performed, shift
counting is done either with an extra microcycle or with an exter-
nal counter. Figure 13 illustrates the double-length normalize
flowchart and Figure 14 shows the microcode.

RADIX
15414 13 1211 W0 9 8|7 6 5 4(3 2 1 0
QREGISTER | 1|1 [ | 1lojofo|lojafr)ifof1 ‘ 1{a]1
M55 LSS
DEVICE 4 DEVICE 3 DEVICE 2 DEVICE 1

a) Unnormalized Negative Single Length Number.

165 14 13 12

O REGISTER ojojo|o

b) Normalized Negative Single Length Number,

MPR-041
Figure 7.
F= B +Cp, F-¥.8 a-a
0y Mss —— @10y aiog Qlo, 2i0g aio, oioy Q10 Q0 f=—o o
Qv 0, M85 ——— Ty
Oyv0q M55 —=——] OVR  Am2903 Am2903 Amzo03 amz003  Cp fee—— 1
QyMss = N
— 510 10, S0, 510 SI0, SI0, SI0, SI0,
3 z 0 3 z 0 3 z 0 3 z 0 +5
Gg+ T+« G,
MPR-042

Figure 8. Single Length Normalize.

Unsigned Multiply

This Special Function allows for easy implementation of unsigned
multiplication. Figure 15 is the unsigned multiply flow chart. The
algorithm requires that initially the RAM word addressed by Ad-
dress port B be zero, that the multiplier be in the Q Register, and
that the multiplicand be in the register addressed by Address port
A. The initial conditions for the execution of the algorithm are
that: 1) register R4 be reset to zero; 2) the multiplicand be in Ry
and 3) the multiplier be in Rys. The first operation transfers the

multiplier, Rys, to the Q Register. The Unsigned Multiply instruc-
tion is then executed 16 times. During the Unsigned Multiply
instruction, R1 is addressed by RAM address port B and the
multiplicand is addressed by RAM address port A.

When the unsigned Multiply command is given, the Z pin of
device 1 becomes an output while the Z pins of the remaining
devices are specified as inputs as shown in Figure 18. The Z
output of device 1 is the same state as the least significant bit of
the multiplier in the Q Register. The Z output of device 1 informs



START
NUMBER IN Q
TO BE NORMALIZED

SINGLE LENGTH
NORMALIZE
ALU DISABLE
SHOLD

R2-=—0

QizQz =1

SINGLE LENGTH
NORMALIZE
R2—=-R2 + 1

1

SINGLE LENGTH
NORMALIZE
R2=-R2 + 1

Q2301 =1

Q—=-Q2
Ms —=— Q3

R2=—R2Z -1

END
NORMALIZED NUMEER IN Q
EXPONENT NUMBER IN R2

Figure 9. Single Length Normalize.

RADIX
31430 20 28 27 26 25 24 23 22 21 20 19 18 17 16
013C SLN R2,R2,0FF & CONT & SHOLD
0130 MAZ & T & CJP & GOTO ABORT e | | [ [ | ‘ ‘ [ | | | ‘ 1 ]
013E MAC & T & LOW RO & CJP & GOTO END
013F SLN R2,R2 & MAOD & T & GJP ONE & GOTO END & SUL
0140 AGAIN: SLN R2,R2 & MIO & T & CJP ONE & GOTO AGAIN & SUL
[NEY] SDOP & 5MS & CONT TER 15 14 13 12 1110 8 8 7 6 5 4 3 2 1 0
0142 SRS R2,R2,R0 & CONT ‘ | | [ l | I ‘ ] | | | ‘ l ‘
MPR-043
Figure 10. Figure 11. Double Length Word.
F=[8]+Cn  Log2F-Y.8 200
03 Mss
aiog aio, Qiog aio, aloy aig, aio, aiop fe— o
(Fg¥Fpl MSS = oy
(F3¥Fy) MSS =—] OVR  Am2303 Am2903 Am2903 Am2o03 Gy f=—— 0
Fg MSS N
—-_—| 5104 sio 5104 510, 5104 510 510, s10 [~—

MPR-044

Figure 12. Double Length Normalize.
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START

LS NUMBER IN O
MS NUMBER IS R15

DOUELE LENGTH
NORMALIZE
ALU DISABLE
SHOLD

NO

R2-=—0

- @
NO

DOUBLE LENGTH
NORMALIZE
Qo -0

DOUBLE LENGTH
NORMALIZE
Qo =0

YES

R2=—R2 + 1

I

Q=—0/2
Ms —=— Q3

R2—=—R2 + 1

END
NORMALIZED
LS NUMBER IN O
MS NUMBER IN R15
EXPONENT NUMBER

IN R2.
Figure 13. Double Length Normalize.

0148 OLN R15,R15,0FF & CONT & SHOLD
0149 MAZ & T & CJP & GOTO ABORT
014A LOW R2 & MAC & T & CJP & GOTO END2
0148 OLN R15,R15 & SDUL & MAQ & T & CJP & GOTO JUMP1
014C LOOP4: DLN R15,R15 & SDUL & MIO & T & CJP & GOTO JUMP1
014D PAR R2,R2 & JP ONE & GOTO LOOP4
014E JUMP1: PAR R2,R2 & CONT ONE
014F SDRQ R15, R15 & SDMS & END

START
MULTIPLICAND IN RO
MULTIPLIER IN R15

16 ==CTR
R15—=0Q

UNSIGNED
MULTIPLY
DECREMENT CTR

END
PRODUCT (MS) IN R1
PRODUCT (LS) IN @

Figure 15. Unsigned 16 X 16 Multiply.

the ALUs of all the slices, via their Z pins, to add the partial product
(referenced by the B address port) to the multiplicand (referenced
by the A address port) if Z = 1. If Z = 0, the output of the ALU is
simply the partial product (referenced by the B address port).
Since Cn is held LOW, it is not a factor in the computation. Each
positive-going edge of the clock will internally shift the ALU out-
puts toward the least significant bit and simultaneously store the
shifted results in the register selected by the B address port, thus
becoming the new partial sum. During the down shifting process,
the Cn+4 generated in device 4 is internally shifted into the Y5
position of device 4. At this time, one bit of the multiplier will
down shift out of the QIO ports of each device into the QIO5
port of the next less significant slice. The partial product is
shifted down between chips in a like manner, between the SI0g
and 5103 ports, with SIQg of device 1 being connected to QlO5
of device 4 for purposes of constructing a 32-bit long register to
hold the 32-bit product. Shifting of the partial product between
the B address and Q registers are accomplished via the
Am2904. At the finish of the 16 x 16 multiply, the most signifi-
cant 16 bits of the product will be found in the register refer-
enced by the B address lines while the least significant 16 bits
are stored in the Q Register. Using a typical Computer Control
Unit (CCU), as shown in Appendix C, the unsigned multiply
operation requires only two lines of microcode, as shown in
Figure 16, and is executed in 17 microcycles.

LOPT R15 & F & GRD & PUSH & COUNT 00E
UMUL R1,R1,R0 & F & CNT & SDDL & RFCT

010C
010D

Figure 14.
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Two's Complement Multiplication

The algorithm for two's complement multiplication is illustrated by ST:SLTTrPucaND IN RO
Figure 17. The initial conditions for two's complement multiplica- MULTIPLIER IN R15

tion are the same as for the unsigned multiply operation. The
Two’'s Complement Multiply Command is applied for 15 clock
cycles in the case of a 16 x 16 multiply. During the down shifting
process the term N % OVR generated in device 4 is internally
shifted into the Y3 position of device 4. The data flow shown in

15—=CTR
Rys—=0Q

Figure 18ais still valid. After 15 cycles, the sign bit of the multiplier
is present at the Z output of device 1. At this time, the user must
place the Two's Complement Multiply Last cycle command on the
instruction lines. The interconnection for this instruction is shown
in Figure 18b. On the next positive edge of the clock, the Am2903
will adjust the partial product, if the sign of the multiplier is nega-
tive, by subtracting out the two’s complement representation of NO
the multiplicand. If the sign bit is positive, the partial product is not
adjusted. At this point, two's complement multiplication is com-
pleted. Using a typical CCU, as shown in Appendix C, the two's
complement multiply operation requires only three lines of micro-

2'S COMPLEMENT
MULTIPLY
DECREMENT CTR

YES

2'5 COMPLEMENT

code, as shown in Figure 19, and is executed in 17 microcycles. MULTIPLY
TWO’S COMPLEMENT DIVISION
END
The division process is accomplished using a four quadrant non- PRODUCT (MS) IN R1 @
restoring algorithm which yields an algebraically correct answer FRODUCT {LS) IN @
such that the divisor times the quotient plus the remainder equals
the dividend. The algorithm works for both single precision and Figure 17. 2's Complement 16 X 16 Multiply.
F=[B] +Chif 2=0
F=[Bl +[Al +CpitZ=1 Log. Fiz—~ Y. B az-a
DEVICE 4 DEVICE 3 DEVICE 2 DEVICE 1
%o Lss
Qioy Qigy Ql0g Qo a0, Qlog Q0 ity —
=1 Cnes
—=—— OVR Am2903 AmZ903 Am20d AmZ903 c, =10
I FoLss
XlNowl ——=510; 5i0p slog , sio sioy , Sigg siog s .

Qg 1ss

is internally shifted into position ¥3 MSS.

Note: For unsigned multiply, Cpn + 4 MSS is internally shifted into position Y3 MSS; 2's complement multiply N¥OVR

iply.
a) Multiply MPR-049
F=[B] +Cnif Z=0
F=[B] = [A] =1+ChifZ=1 LogFl2~Y.B wz-a
9o Lss
0oy aiog Qi0y aig, Qlog 2i0, Qi0y Qg f—e
-
—=——— OVR  Am2903 Am2903 Amzo03 Amz303  Cn
N F,
LSS
X iNots) ——=] 510 510, sio si0, sl 10 510, s10,
ot s, o 3 g ] %, ] s, o [T
Qg ss
Note: N % OVR is internally shifted into position Y3 MSS.
b) Complement Multiply, Last Cycle.
) p ply, y ——

Figure 18.
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0113 LQPT R15 & F & GRD & PUSH & COUNT 00D
0114 TCM R1,R1,R0 & F & CNT & SDDL & RFCT
0115 TCMC R1,R1,R0 & SDDL & CONT CZ

Figure 19.

multi-precision divide operations. The only condition that needs
to be met is that the absolute magnitude of the divisor be greater
than the absolute magnitude of the dividend. For multi-precision
divide operations the least significant bit of the dividend is trun-
cated. This is necessary if the answer is to be algebraically
correct. Bias correction is automatically provided by forcing the
least significant bit of the quotient to a one, yet an algebraically
correct answer is still maintained. Once the algorithm is com-
pleted, the answer may be modified to meet the user's format
requirements, such as rounding off or converting the remainder

so that its sign is the same as the dividend. These format modifi-
cations are accomplished using the standard Am2903 instruc-
tions.

The true value of the remainder is equal to the value stored in the
working register times 2"~ " when n is the number of quotient
digits.

The following paragraphs describe a double precision divide
operator.

Referring to the flow chart outlined in Figure 20, we begin the
algorithm with the assumption that the divisor is contained in
Rg. while the most significant and least significant halves of
the dividend reside in Ry and R, respectively. The first step is
to duplicate the divisor by copying the contents of Ry into Rj.
Next the most significant half of the dividend is copied by
transferring the contents of R, into R, while simultaneously
checking to ascertain if the divisor (Rp) is zero. If the divisor is
zero then division is aborted. If the divisor is not zero, the
copy of the most significant half of the dividend in Rz is con-
verted from its two's complement to its sign magnitude rep-
resentation. The divisor in Rs is converted in like manner in

START
DIVISOR IN RO
DIVIDEND (MS) IN R1
DIVIDEND {LS) IN R4

@

SIGN/MAGNITUDE
TWO'S COMPLEMENT
R2

SIGN/MAGNITUDE

TWO'S COMPLEMENT
R3
VES SCALE
DIVIDEND
NO
2R3I—R3

YES
NO
2R2—=R2

Ri—=—0Q

YES

SCALE

NO

18T
DIVIDE OP

2'S COMPLEMENT
DIVIDE

R1
NO
YES

2'S COMPLEMENT
DIVIDE
R1

END
QUOTIENT IN Q
REMAINDER IN R1

Figure 20. Two’s Complement Division.
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the next step, while testing to see if the results of the dividend
conversion yielded an indication on the overflow pin of the
Am2903. If the output of the overflow pin is ‘one’ then the
dividend is —2" and hence is the largest possible number,
meaning that it cannot be less than the divisor. What must be
done in this case is to scale the dividend by down shifting the
upper and lower halves stored in Ry and Ry respectively. After
scaling, the routine requires that the algorithm be reinitiated at
the beginning.

Conversely, if the output of the overflow pin is not a one, the sign
magnitude representation of the divisor (R3) is shifted up in the
Am2903, removing the sign while at the same time testing the
results of two's complement to sign magnitude conversion of the
divisor in the Am2910. If the results of the test indicate that the
divisor is —2" i.e., overflow equals one, then the lower half of the
dividend is placed in the Q register and division may proceed.
This is possible because the divisor is now guaranteed to be
greater than the dividend. If overflow is not a one then we must
proceed by shifting out the sign of the sign magnitude represen-
tation of the dividend stored in Ry. At this point we are able to
check if the divisor is greater than the dividend by subtracting the
absolute value of the divisor (R3) from the absolute value of the
upper half of the dividend (R) and storing the results in Ry. Next,
the least significant half of the dividend is transferred from R4 to
the Q register while simultaneously testing the carry from the
result of the divisor/dividend subtraction. If the carry (Cn+4) is

one, indicating the divisor is not greater than the dividend then a
scaling operation must occur. This involves either shifting up the
divisor or shifting down the dividend. If the carry is not one then
the divisor is greater than the dividend and division may now
begin.

The first divide operation is used to ascertain the sign bit of the
quotient. The two’'s complement divide instruction is then exe-
cuted repetitively, fourteen times in the case of a sixteen bit
divisor and a thirty-two bit dividend. The final step is the two’s
complement correction command which adjusts the quotient by
allowing the least significant bit of the quotient to be setto one. At
the end of the division algorithm the sixteen bit quotient is found in
the Q register while the remainder now replaces the most sig-
nificant half of the dividend in Ry. It should be noted that the
remainder must be shifted down fifteen places to represent its
true value. The interconnections for these instructions are shown
in Figures 21, 22, 23. Using a typical CCU as shown in Appendix
C, the double precision divide operation microcode, is shown in
Figure 24.

For those applications that require truncation instead of bias
correction, the same algorithm as above should be implemented
except one additional Two's Complement Divide instruction
should be used in lieu of the Two’s Complement Divide Correc-
tion and Remainder instruction. However, this technique results
in an invalid remainder.

F=[8] +Cp, Log. 2F — ¥, B —-a

Qg MSS

Qo alog

aioy

[s10s7Y alog
Fa¥ FyMss =—— g 0
Fa¥ FyMss =—— OVR  Am2903 Am2903

Fqy M55 =—— N

5103 L

1oy alog aig

Am2903 Am2903  Cp f=— 0

——a— 1510, S0
Ry F3) MSS z

FresFpeligeTyes @,

5103 510 510 sl0g

MPR-053

Figure 21. Double Length Normalize/First Divide Operation.

F=[B] «[A] #CaifZ-0

F=IB] —la]l —1+CrifZ=1 Log. 2F -~ ¥, B 0-Q

Qg M55

[#1]e] o, alo: i,
3 0 3 0

Cn+a

AmZnd Am2903

e OVR
_-—

si0 si0g 5103 siog

(FavRgl M5S

SIGN COMPARE FF

Qo aiog aiog aiog

AmZ03

Am2003 €,

sl

s10g si0g
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MPR-054

Figure 22. 2's Complement Divide.
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F-[Bl +]a] +CnidtZ2=0

F=[B] — [A]l “1+Crif2=1 F-¥ B 20-0
03 MSS aed] Q104 alog a0, Q10g Ql0y a0, Qiog Gy |—1
— s '
—-—] OVR  Am2903 AmZ803 Am2903 Amzo03 €,
—_—
— ] siog 5105 5104 sl0g S10y S10¢ 10y S10g f—rn
z z z z -

SIGN COMPARE FF %

MPR-055

Figure 23. 2's Complement Divide Correction.

0119 OIv: LOW R10 & JSR & GOTO INP

011A PAR R7,R15 & JSR & GOTO INP crant
g} :g :i: 2;-212-&5615%& GOTO INP NUMBER TO BE ROOTED IN A1
0110 LOOPT: PAR R3,R7 & CONT

011E PAR R2,R1 & T & MIZ & CJP & GOTO ABORT

011F SMTC R2,R2 & CONT Z

0120 SMTC R3,R3 & T & MIO & CJP CZ & GOTO SCALE1

0121 ALUOFF & T & MIO & CJP & GOTO SKIPG

0122 SURL R3,R3 & SUL & CONT

0123 SURL R2,R2 & SUL & CONT

0124 ALUOFF & JP & GOTO LOOP2

0125 SCALE1: LOPT R4 & JSR & GOTO SDIVD

0126 ALUOFF & JP LOOP1

0127 LOOPZ: SSR R3,R2,YBUS & CONT ONE
0128 SKIPE: LQPT R4 & F & MIC & CJP & GOTO SKIP3

0129 ALUOFF & JSR & GOTO SDIVD
0124 SURL R2,R2 & SDL & CONT
0128 ALUOFF & JP & GOTO LOOP2
M2C  SKIP3: ALUOFF & F & GRD & LDCT & COUNT 00C
012D DLN R1,R1,R7 & T & GRD & SDUL & PUSH
012E TDIV R1,R1,R7 & F & CNT & SDUL & RFCT CZ
012F TDC R1,R1,R7 & SUH & CONT CZ i 0
0130 QMOV R15 & JSR & GOTO OUTP AO—— 2R0 He == Ab VR
0131 PAR R15,R1 & JSR & GOTO OUTP
0132 ALUDFF & JP & GOTO DIV
0133 SDIVD: PAR R1,R1 & CONT
0134 ALUOFF & T & MIS & CJP & GOTO NEG
0135 PAR R1,R1,ADRQ & SDDL & CONT
0136 ALUOFF & JP & GOTO RET
0137 NEG: PAR R1,R1,ADRQ & SDDL & CONT
0138  RET: QMOV R4 & CONT
0139 PAR R10,R10 & RTN ONE
Figure 24.

NON-RESTORING BINARY ROOTS

The algorithm for Non-Restoring Binary Roots is illustrated in
Figure 25. Theinitial conditions required are: 1) the non-negative
number to be rooted in the radicand register, Ry; 2) Ry has the
positive append bits 101g; 3) R3 has the negative append bits
011g; 4) R, is the mask register with BFFFy; 5) Rs is the partial
register with 4000y; and 6) the counter register, Rg, with the
value 08.

RO = R0-AS
SHOLD

An example of the Non-Restoring Binary Root algorithm is shown B CTEDHUMEER KRS

in Figure 26. Starting at the binary point, the number to be rooted

is partitioned into pairs. The partial value is subtracted from the
first pair. An intermediate remainder and sign are then produced. Figure 25. Non-Restoring Binary Root.

23



ROOT———— = 1 0 0 0 0 1 1 1 .
87y AR A S — H
b 40100011100110001.—-—18225
10 -1 10
1st 0.0 0 0 BEARY P
PARTIAL VALUE - 101 OINT
1.011 0
+ 101
1.11000 1 1 AN INTERMEDIATE
+1001 1 REMAINDER
1.1 1101120 0
+100011
111111101411
+100001
0.0000011001000
SIGN | ~ 100001 0 1
BIT 0.010000Q 101
- 100000101
0.0000000GCO
LREMAINDER

Figure 26. Non-Restoring Binary Root Example.

If the remainder is positive, a 1 is entered in the corresponding
root bit. Then a 01 is appended to the partial, shifted and sub-
tracted from the present remainder to produce the next remain-
der. When the remainder becomes negative, the present remain-
der is not restored. A 0 is entered in the next corresponding root
bit. Then an 11 is appended to the partial, shifted and added to the
present remainder. The entire process is repeated until the
partial root has developed into 8 bits or the remainder is zero.

Referring to Figure 26, the same method of finding the root
applies. A starting partial value, Rs, is subtracted from the
radicand, Ry, which produces the intermediate remainder Ry.
During this time, the sign of the remainder is stored within the
Am2904. Then Rg is masked by R, to obtain the next partial value
and Ry is shifted to obtain a new mask for the next cycle. Status is
obtained from the Am2304 and tested. If the remainder is posi-
tive, a root bit of 1 is developed and bits 01 appended by Rs.
When negative, a root bit of 0 is developed and bits 11 appended
by Rj. At this point Rg is decremented and tested for zero. If Rg #
0, then addition or subtraction is performed on the remainder
depending on the sign bit stored in the Am2904. A new remainder
is produced and cycled through the procedure again. Figure 27
illustrates the microcode.

BCD HARDWARE ADDITIONS

In applications where fast BCD operations are needed the de-
signer has the option of using a slight amount of additional
hardware to dramatically increase the performance of these op-
erations. These firmware/hardware trade-off's are very applica-
tion sensitive. The hardware-firmware examples given below are
specifically for an intensive BCD system with a large fraction of
conventional logic-arithmetic operations. The designer is willing
to reduce cycle time slightly to increase BCD thru-put. Small
hardware additions are acceptable as long as flexibility is re-
tained.
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0152 SORT: LOW R10 & CONT

0153 LOW RO & CONT

0154 PAR R1,R15 & CONT

0185 PAR R2,R0,.DARB & CONST 0005 & CONT
0156 PAR R3,RD,,DARB & CONST 0003 & CONT
0157 PAR R4,R0,,DARB & CONST H#BFFF & CONT
0158 PAR R4,R0,,DARB & CONST 4000 & CONT
0159 PAR R6,R0,,DARB & CONST 0008 & CONT
015A SRS RO,R1,R5 & CONT & SHOLD

0158 CYCLE: AND R5,R5.R4 & CONT

015C SDRL R4,R4 & MAS & CJP & GOTO END3
015D SDRL RO,RO, & T & MAS & CJP & GOTO POS
015€ OR R5,R3 & JP & GOTO CNT

015F POS: OR R5,R2 & CONT

0160 CNT: SRS R6,R6.RI0 & CONT

0161 SDRL R2,R2, & T & MIZ & CJP & GOTO END3
0162 SDRL R3,R3 & T & MAS & CJP & GOTO SUB
0163 ADD RO,RO,R5 & JP & GOTO CYCLE & SHOLD
0164 SuB: SRS RO,RO,RS & JP & GOTO CYCLE & SHOLD
0165  END3: JP & GOTO SQRT

Figure 27,

The hardware additions finally decided on were chosen to in-
crease the performance of BCD to binary conversion, binary to
BCD conversion and BCD addition. The performance increases
were approximately an order of magnitude in the first two cases,
and a factor of 4 or 5 in the last case. A diagram of the additions
(3% ICs) is given in Figure 28.

The 74508 AND gates normally pass the carry from the
Am2902A to the Am2903s. When microbit CZER is low the
Carries-in are forced to zero. This is used to “disconnect” the
carry so that a test may be done on each slice simultaneously. For
example if a test for 5 or greater is desired a HEX B is added and




BCD HARDWARE ADDITIONS
Am2904 Am2903 Am2903 Am2903 Am2003
EY O——0O] DEY — cout CIN CIN CIN CIN f=—
¥ EF P GF
'—f -0 CZER
D3
ENSR O S0 Q J_v
L—su c GP C GP C GFP
Am25LS1954
cLock o > cK cIN
CLSR O of cL
03 @2 a1 00
TO Am2909 OR INPUTS
Figure 28.

the carry out of each slice will indicate the result of the test. This
allows simultaneous tests on each individual slice and greatly
increases thru-put. This addition increases the performance of
BCD to binary conversion and binary to BCD conversion by at
least an order of magnitude. The drawback to this addition is that
the AND-gates introduce an extra gate delay in a critical path. The
machine cycle time may be increased by about 8ns. The increase
in BCD performance will more than offset this delay for BCD
intensive systems.

Another hardware addition is the Am25L5241 three-state buffer.
This buffer allows the Am2904 to be used to store the carry-out
status bits via the bi-directional ¥ bus.

The 25L5195A is wired as a 4-bit register with clear and enable.
This register is used to store the carry-out bits from a test cycle.
The outputs of the 25L.S195A are ORed with the output of the
Am2904 Y-bus and connected to the Am2909 OR inputs in the
CCU. This allows a multi-way branch on the OR of two test
cycles, greatly increasing the performance of BCD addition.

BCD TO BINARY CONVERSION

The usual method of BCD to binary conversion is to divide the
BCD number by 2. The 1-bit remainder will indicate if a 1
existed in the BCD number. The previous division result is di-
vided by 2 again and the remainder will indicate if a 2 existed
in the BCD number. In general the remainder from a division
by 2" will indicate if a 2" existed in the BCD number.
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These remainders can be used to construct the binary rep-
resentation, b,2" + b,_412"7" + by_p2"7% + ...+ b2" +
b02°' The by, bit is thus the remainder from division step n +
1. The binary representation may thus be created by shifting
the rernainders down until the m-bit BCD number has been
divided by 2 m times.

To divide a BCD number by 2 a down shift is executed. The 4, 2
and 1-bit positions will contain the correct result, but the 8-bit
position is incorrect. Its value has changed from 10 to 8 instead of
from 10 to 5. This means the resulting BCD number will have a
value 3 greater than it should for the division by 2 to be correct. A 3
must be subtracted from any digit in which a 1 entered its 8-bit.

A sample conversion is given in Table 10. The BCD number is
gradually shifted down and corrected when necessary. The bi-
nary number is finally correct after 16 cycles.

A flow diagram for the algorithm is given in Figure 29. The BCD
input, A, is shifted down into the binary output B, to start the loop.
The constant 0888 is added to A with the carries-in forced to zero.
The resulting carries-out will indicate if A contained a 1 in any of
the 8-bit positions. These carries are saved in status register
SR1. A multi-way branch is then executed to enter the adjust
table. The digits are adjusted depending on the previous test. At
the same time a shift can be executed to prepare for the next test
instruction. A test for end of loop is also done in this cycle to
provide an exit if 16 iterations of the loop are complete. Finally a
shift up of B is needed to cancel the extra right shift when the loop
is exited. The microcode for this algorithm is given in Figure 30.



TABLE 10.
Digit Digit Digit Digit BCD —=Binary
3 2 1 0 Result Operation
0010 1001 0000 0100
0001 0100 1000 0010 0 SHIFT
0001 0100 0101 0010 ADJUST DIGIT 1
0000 1010 0010 1001 00 SHIFT
0000 0111 0010 0110 ADJUST DIGITS 2,0
0000 0011 1001 0011 000 SHIFT
0000 0011 0110 0011 ADJUST DIGIT 1
0000 0001 1011 0001 1000 SHIFT
0000 0001 1000 0001 ADJUST DIGIT 1
0000 0000 1100 0000 11000 SHIFT
0000 0000 1001 0000 ADJUST DIGIT 1
0000 0000 0100 1000 011000 SHIFT
0000 0000 0100 0101 ADJUST DIGIT 0
0000 0000 0010 0010 1011000 SHIFT
0000 0000 0010 0010 ADJUST NONE
0000 0000 0001 0001 01011000 SHIFT
0000 0000 0001 0001 ADJUST NONE
0000 0000 0000 1000 101011000 SHIFT
0000 0000 0000 0101 ADJUST DIGIT 0
0000 0000 0000 0010 1101011000 SHIFT
0000 0000 0000 0010 ADJUST NONE
0000 0000 0000 0001 01101011000 SHIFT
0001 ADJUST NONE
0000 101101011000 SHIFT
0000 ADJUST NONE
000 0101101011000 SHIFT
000 ADJUST NONE
00 00101101011000 SHIFT
00 ADJUST NONE
0 000101101011000 SHIFT
0 ADJUST NONE
0000101101011000  SHIFT
ADJUST NONE
BINARY TO BCD CONVERSION
A: - 8D NUMBER @ A method very similar to the one used for BCD to binary conver-
D: - DUMMY REGISTER sion may be used for binary to BCD conversion. The BCD number
is created by shifting the binary number up, into a partial BCD
result. The BCD number is adjusted to provide a multiplication by
s A 2. The shift adjust process continues until the least significant
binary bit is shifted into the BCD result.
I The adjustment is needed when a 1 is shifted from the 8-bit
reontt A ity position to the 1-bit position of the next digit. the value has
SR1==- CARRIES-OUT; increased from 8 to 10, instead of from 8 to 16. To correct thisa 6
| must be added to any digit that has a 1 shifted out of its 8-bit
position. Alternately a 3 could be added before the shift to any
T R digit that has a 1 in its 8-bit position.
+ 8 Another correction is needed whenever an invalid BCD digit is
ADJUST; encountered. If a number greater than 9 is detected in any digit a
il g 10 must be subtracted from that digit and a 1 added to the next
highest digit. The same correction can be accomplished if a 6 is
I added to the invalid digit after the shift. To correct before the shift
SHIFTUP B a 3 is added to any digit which contains a 5, 6 or 7. These
adjustments are summarized in Table 11. Both adjustments may
be accomplished by adding a 3 to any digit which is greater than 4.
@ Table 12 shows an example conversion. The binary number is
gradually shifted up and the BCD partial result adjusted. After 14
iterations the conversion is complete. A flow diagram for the
Figure 29. BCD to Binary Conversion (16 Bits to 14 Bits). algorithm is given in Figure 31.
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"

A: = RO
B: =0
1 ENR & COUNT LOOP & CONT
2 PAS RO, RO LDRQ & SDDL & LDCT & CONST 15
LOOP: 3 ADD R1, RO, RO, DARB & ALUOFF & CONST 0888 & CZERO & ENSURT & CLSR2 & RPCT
4 ALUOFF & MULTI 8WAY
ALIGN 8
5 ALUOFF & CJRP & CNTR & GOTO EXIT
6 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
7 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
8 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
9 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
10 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
11 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
12 SUB RO, RO, RO, LDRQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
EXIT: 13 PAS RO, RO, RO, LURQ & SDUL & RTN
Figure 30.
TABLE 11.
Adjustment
Present # Before Shift Reason @
0000 NONE -
0001 NONE -
0010 NONE -
0011 NONE _ SHIFTUP B
0100 NONE -
0101 +3 ‘
0110 +3} lllegal BCD
01 11 +3 SHIFT UP B
1000 | +3
1001 +3 I
1010 +3 SHIFT UP B
1011 +3 Shift Thru INTO A
1100 +3 Correction i
1101 +3
110 +9 P
1111 +3 SR1-=- CARRIES-OUT

Initially the 14-bit binary number is left justified by two shift up
operations. To start the loop the binary input, B, is shifted up, into
the partial BCD result, A. The constant BBBB is added to A, with
the carries-in forced to zero. The resulting carries-out are stored
in status register SR1. A multi-way branch is used to enter the
adjusttable. The digits are adjusted depending on the result of the
previous test. In the same instruction a shift is executed to pre-
pare for the next test cycle. Additionally an end of loop test is used
to provide an exit if 16 iterations of the loop are complete. Before
the exit a fix-up cycle is used to cancel the extra shift executed in
the loop. The microcode for this algorithm is given in Figure 32.

BCD ADD

One method of performing a 4-digit BCD add is to do a 16-bit
binary add, with the carries-in forced to zero, and adjust the
resulting sum. The adjustments are necessary to change invalid
BCD digits to valid BCD digits. When an invalid digit is modified
a carry to the next highest digit is generated. This could cause a
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MULTI-WAY BRANCH
ON SR1

T'S

ADJUST;
SHIFT-UP B INTO A;
LOOP 15 TIMES;

|

SHIFT DOWN A

Figure 31. Binary to BCD Conversion (14 Bits to 16 Bits).




Q: =Binary Input
R0O: = BCD Result

1 SURL RD, RO & SUL & CONT
2 SURL RO, RO, & SUL & ENR & COUNT LOOP & CONT
3 PAS RO, RO, ,LURQ & SDUL & LDCT & COUNT 15
LOOP: 4 ADD R1,R0, RO, DARB & ALUOFF & CONST BBBB & CZERO & ENSR1 & CLSR2 & RPCT
5  ALUOFF & MULTI 16WAY
ALIGN 16
6  ALUQFF & CJRP & GOTO EXIT
7 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
8 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
9 ADD R1, RO,-RO, LURQ,DARE & CONST 0003 & CJRP & CNTR & GOTO EXIT
10 ADD R1, RO, RO, LURQ,DARBE & CONST 0003 & CJRP & CNTR & GOTO EXIT
11 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
12 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
13 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
14 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
15 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
16  ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
17 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
18  ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
19 ADD R1, RO, RO, LURQ,DARBE & CONST 0003 & CJRP & CNTR & GOTO EXIT
20 ADD R1, RO, RO, LURQ,DARBE & CONST 0003 & CJRP & CNTR & GOTO EXIT
21 ADD R1, RO, RO, LURQ,DARB & CONST 0003 & CJRP & CNTR & GOTO EXIT
EXIT: 22 SDRL RO, RO, & SDL & RTN
Figure 32. Binary to BCD Conversion Microcode (14 Bits to 16 Bits).
TABLE 12.
Result
Digit Digit Digit Digit Binary — BCD
3 2 1 0 Conversion Operation
00101101011000
] 0101101011000 SHIFT
0 ADJUST NONE
00 101101011000 SHIFT
00 ADJUST NOMNE
oo 01101011000 SHIFT
oo ADJUST NOMNE
0010 1101011000 SHIFT
0010 ADJUST NONE
0 o1m 101011000 SHIFT
0 1000 ADJUST DIGIT O
01 0001 01011000 SHIFT
01 0001 ADJUST NONE
010 0010 1011000 SHIFT
010 0010 ADJUST NONE
0100 0101 011000 SHIFT
0100 1000 ADJUST DIGIT 0
0 1001 0000 11000 SHIFT
0 1100 0000 ADJUST DIGIT 1
o1 1000 0001 1000 SHIFT
01 101 001 ADJUST DIGIT 1
011 0110 Q011 000 SHIFT
011 1001 0011 ADJUST DIGIT 1
011 0010 0110 00 SHIFT
1010 0010 1001 ADJUST DIGIT 2
1 0100 0101 0010 0 SHIFT
1 0100 1000 o010 ADJUST DIGIT 1
10 1001 0000 0100 SHIFT
10 1001 0000 0100 ADJUST NONE
2 9 0 4
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previously valid digit to become invalid. The word must be
checked and modified until all digits are valid (up to four modifi-
cation cycles could be necessary).

Initially the two BCD numbers are added with the carries-in to
each digit forced to zero. The carries out are saved. Next the hex
number 6666 is added to the sum, with the carries-in forced to
zero, and the resulting carries out are saved. This tests each
digit for validity, a carry-out indicating an invalid BCD digit

(greater than 9). If a carry was generated in either cycle a 6 is
added to the invalid digit, with carries-in forced to zero, to create
the valid BCD digit. Additionally a 1 must be added to the next
highest digit to provide the BCD carry-out. Each time a digit is
adjusted the carry-out may invalidate the next highest digit. Thus
adjustment cycles must be followed by validity tests until all
digits are valid. A flow diagram for this algorithm is given in
Figure 33. The microcode for this algorithm is given in Figure 34.

A—=—4 + B = CIN;
CARRIES-IN=—0D;
SRA1—=—CARRIES-OUT;

I

D—=—A + 6,6,66;
CARRIES-IN—=—0;
SR2—=—CARRIES-OUT;

l

MULTI-WAY
BRANCH ON
SR1 OR SR2

,fis

ADJUST DIGITS;
SR1=—0;
NO
ADJUST ADJUST

O

A= R1
B: = RO

1 ADD R1,R1,R0 & CZERO & ENSR1 & CONT Z

2 ADD R1.R1,R0,,DARB & ALUOFF & CZERD & ENSR2 & CONST 6666

3 ALUOFF & MULTI 16WAY & RMAC

ALIGN 16

4 ALUQFF & JMP & GOTO EXIT & ENSR1

5 ADD R1,R1,RD, DARB & CONST 0016 & GOTO LOOP & CLRSR1

6 ADD R1,R1,R0,,DARB & CONST 0160 & GOTO LOOP & CLRSR1

7 ADD R1,R1,R0,,DARB & CONST 0176 & GOTO LOOP & CLRSR1

8 ADD R1,R1,R0,,DARB & CONST 1600 & GOTO LOOP & CLRSR1

9 ADD R1,R1,R0,,DARB & CONST 1616 & GOTO LOOP & CLRSR1

10 ADD R1,R1,R0,,DARB & CONST 1760 & GOTO LOOP & CLRSR1

11 ADD R1,R1,R0,,DARB & CONST 1776 & GOTO LOOP & CLRSR1

12 ALUOFF & JMP & GOTO LOOP & SMAC & CLRSR1

13 ADD R1,R1,R0,.DARB & CONST 0016 & GOTO LOOP & SMAC & CLRSR1
14 ADD R1,R1,R0,,DARB & CONST 0160 & GOTO LOOP & SMAC & CLRSR1
15 ADD R1.R1,R0..DARB & CONST 0176 & GOTO LOOP & SMAC & CLRSR1
16 ADD R1.R1,R0..DARB & CONST 1600 & GOTO LOOP & SMAC & CLRSR1
17 ADD R1,R1,R0,,DARB & CONST 1616 & GOTO LOOP & SMAC & CLRSR1
18 ADD R1,R1,R0, DARB & CONST 1760 & GOTO LOOP & SMAC & CLRSR1
19 ADD R1.R1,R0, DARB & CONST 1776 & GOTO LOOP & SMAC & CLRSR1

EXIT:

Figure 33. BCD Add.

Figure 34. BCD Add Microcode.

SUMMARY

In this chapter, a detailed description of the Am2904 was pre-
sented, along with an example timing analysis. Several micro-
code algorithms were discussed to show how the Am2904 oper-
ates in a 2903 based CPU. As can be seen, the Am2904 provides
a powerful, single-chip LS| solution to the shift multiplexer, status
register, and carry multiplexer design portion of a CPU using
either the Am2901B or the Am2903.
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The Appendix includes a full microcode listing. The interested
reader is encouraged to study these listings to gain a better
understanding of the hardware organization (Appendix C). An
additional microcode listing (Appendix B) gives the AMDASM™
definition file and source file for the microcode. The reader should
study these listings while referring to the AMDASM Manual. (The
Am2900 Family Data Book contains an AMDASM Reference
Manual, document AM-PUB003, 4-78 FRODO.)
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APPENDIX A

COMMENTS

LABEL

LOOP4:

JUMP1:
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SUB:
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APPENDIX B

AMDOS /29 AMDASM MICRO ASSEMBLER, V1.1

CPUII DEFINITIONS
JADVANCE MICRO DEVICES

i AM2923 AND AM29@4 DEFTINITION FILE FOR CPUII

1
jREV. OCTOZER 17, 197&

WORD 89
i ZQUATES

MEM: EQU H&F
SPF: EQU E#0
OFF: EQU B#1

72903 DESTINATION MCDIFIERS

ADE: EQU H#0
LDR: QU H#1
ADRQ:  EQU E#2
LDRQ:  EQU H#Z
RPT: EQU H#4
1DQP: . EQU E#5
QPT: QU I#6
RQPT:  EQU H#7
AUR: EJU E#8
TUR: EQU E#9
AURQ:  EQU H#A
LURQ:  EQU H#B
Y3US:  EQU H#C
LUQ: EQU E#D
SINX: EQU E#E

i CONSTANTS

R EQU ©#e
Rl: EQU H#1
Re: EQU E#2
R3: EQU BE#3
R4: QU H#4
E5: EQU EH#5S
RG: EQU E#5
BT EQU EH#&#7
Re: EQU EH#8
RG: EQU E#9
R1@: FQU H#A
Ell: EQU E#E
Riz2: EQU E#C
K13: EQU H#D
Elss EQU E#E
R15: EQU H#F
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AMDOES /20 AMDASM MICREQ ASSIMBLER, V1.1
CPUII DEFINITIONS

72923 SOURCE MODIFIERS

RADB: EQU ZE#g0a1
RAQ: EQU 3B#01@
DARE: FQU 3B#120
DADE: EQU 3B#1e1
DAQ: EQU 3B#110

ICIN:  EQU 12H#01
BIN: EQU 12E#10
30UT:  EQU 12H#@8
LMAR:  EQU 12H#12
YREG:  EQU 12H#@2
A0UT:  EQU 12H#40
I0UT:  EQU 12H#24

;CARRY SELECT

ONZ: EQU 2B#0@1
CZ: EQU 2B#10

INITIONS

5]

ySUB DX

SURMG: SUR 26X, 1B#0,4VE,4VY,4VX

SUB1L: SUB 26X,1B#C,4VX,4VY,4VX ,4VHATF
SiRZ: SUER Z6X,1B#@,4VY,2VY ,4Y AVHEF
SUR3: SUS 3VR#00Q,16%,1E40,13X

SUR4: SUR 36X,1B#2,12X

SURS: SUE 44X,1F5#0,15%

SURB: SUE 44X,1B#2,15X%

SUE7: SUB 28X

SUzE: SUE 26X,1EB#0,4VX,RX,AVH#F
SURS: SUB 36X,1B#0,4VY,4Y,4VX,4VE#RT
SUB1#:  SU3 36X ,13#0,4VY,4VY,4X _
SUB11: SUR 24X,2VE400@,34% ,4R20200,1741,5X
SU=12: SUB 771,1RB#1,12VXH#0%

SU213: SUR SPF,3VE#00Z,1€X,1B#0,13%
SUE14: SUB 24X,2VE#00,34X,4T#0000,274#10
SUB18: SUB 23Y,1B#@,8X

SUR1E: SUE SPF,3B#200,16%,1VB#2,13X
SUB17: SUB 54X

SUB1&: SUB 22X,1B#2,7X%

§7319: SU3 16Y%,1B#7,13X%

SUR2@: SUER 1X,1VE#Z,14X

SUEZ21: SUB 39%,H#B,20X
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AMDOE /25 AMDASM MICRO ASSEMBLER, V1.1
CPUII PEFINITIONS

T\ ACK:  DEF 66X,E#9,20X

(h_/ OBF:  DEF 66X,H#A,Z0X
CNT:  DEF 66X,H#F,20X
GRD:  DEF 66X,E#8,20X
JZ: DEF SUB11,H#0,SUR20
cJS:  DEF SUB11,E#1,SUR2@
JMAP:  DEF SUB11,8#2,SUB20
cJP:  DEF SUB11,E#3,SUB20
PUSH:  DEF SUB11,E#4,SUR20
JSRP:  DEF SUB11,H#45,SUB2¢
CJV:  DEF SUBL1,E#6,SUB20
JRP:  DEF SUB11,E#7,SUR2g
RFCT:  DEF SUB11,H#8,SUB2¢
RPCT:  DEF SUB11,E#9,SUB2@
CRIN:  DEF SUB11,H#A,SUE20
CJPF:  DEF SUB11,E#B,SUB20
LDCT:  DEF SUB11,H#C,SUB2¢
LOCP:  DEF SUB11,H#D,SUE20
CONT:  DEF SUB11,E#E,SUR20
Jp: DEF SUB11,H#F,SUB2@
JSR:  TDEF SUB14,E#01,SUB20
RTN:  DET SUB14,H#GA,SUB2¢

1 STARED CONTEOL FIELD
GOTC:  DEF SUB12
. COUNT: DEF SUB12
<’ ©PUT: DEF 77X,1B#2,12VYH#OY
sPCLARITY CONTRCL

DEF B5%,1B#1,24%
DEF 63X ,1B#0,24X

txf b

72983 CONTROL/FUNCTIONS

N: DFF 3EX,1B#1,H#F,LX,Har ,B#0,19X,1B840,12X
oUT: LEF 26X ,1E#0@,8X,H#F,H#(C,H#6,SUE3
YOFFP: DEF 36X,1B#1,53X%
EIGH: DEF SUB8,H#2,33#212,SUB1Q

SRS: DEF SUB1,H#1,SUBZ
SSH: DEF SUB1,E#2,SUB3
ADD: DEF SUB1,H#3,SUBZ
PAS: LEF SUB2,H#4,SURZ
OMS: DEF SUBZ2,E#5,SUB3
PAR: DEF SUBQ,H#6,SUB3
COMR SUES,H#7,5URZ

DEF
F SUBE,E#8,3X,SUB19
F SUB1,H#Q,SUB3
'EF SUEB1,H#4,SUR3
P SURL,E#R,SUB3
F SUB1,H#C,SUBZ
F SUP1,E#D,SUBZ
? SUBL,H#F,SUB3
F SUB1,H#F,SU33

= = e
O =
Lz i
L
f= N N Bl N S

12602 SPECTAL FUNCTIONS
37
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AMDOS/29 AMDASM MICRO ASSEMBLER, V1.1
CPUII DEFINITIONS

UMUL e DEF SUB@,E#@,SUB16
TCM: DEF SUB@,H#2,SUB16
SMTC: DEF SUB1@,E#5,SUB16
TCMC: DLF SUB@,H#6,S5UB16

SLN: DEF SUB10@,H#8,SUB16
DLN: DEF SUEZ ,H#A,SUB16E
TDIV: DEF SUB@,B#C,SUB1E
TDC: DEF SUB@,H#E,SUB16
INC: DEF SUB12,H#4,SUR1E

SDQP:  DEF SUB4,H#5,4X,SUB3

SUQP: DEF SUR4,F#D,4X,SUB3

1LQPT: DEF 26X,1B#0,8X,4VX,H#6,E#6,SUR3

RMOV: DEF SUB2,H#4,SUB3

QMOV:  DEF 36X,1B##,4VX,8Y ,MEM,H#4,3B#0106,SUB19
SDRL: DEF SUB1@,H#1,H#4,SUBZ

SURL: DEF SUB1#,H#0,H#4,SUB3

;2004 SHIFT CONTEOL

SDDEH: DEF SUB7,H#3,SUBE
SDUH: DEF SUB7?,H#7,SUBS
SDDL: DEF SUB7,H#E,SUBE
SDUL: DEF SUB7,H#6,SUBS

KDD: DEF SUB7,H#F,SUBE
RDU + DEF SUB7,H#F,SUBS
$SSX0: DEF SUB7,H#E,SUB6
RSD: DEF SUB7,H#A,SUBS
RSU: DEF SUB7,H#A,SUBS
SUL: DEF SUB7,H4#2,SUB5
SUT: DEF SUB7,H#3,SUBS
SDL: DEF SUB7,H#@,SUB6
SDH: DEF SUB7,E#1,SUB6
spvMS:  DEF SUB7,H#5,SUBE
SMS s DEF SUR7,H#2,SUR6

SDDC: DEF SUB7,H#7,SUB6E
SDUC: DEF SUB7,H#4,5UBS

;2004 MICRC INSTRUCTICN CODES
RSTI: DEF 3@X,6R#000€11,SURLY

SWAP: DEF 3 X,6B#00@01¢,SUB17
SHLD: EQU 1B#1

;2004 MACEINE INSTRUCTION CODES
LMA: DEF SUB15,6B#00000@,SUBLY

RSTA: DEF SUB15,6B#0202¢11,SUE17
SEOLD: DEF 23X,1B#0,66X

; 29¢4 MICRO STATUS SELECT
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AMDOS/29 AMDASY MICRO ASSEMBLER, V1.1

CPUIT DEFINITICNS

MIZ: DEF SUB18,6B3#0101€0,5UB21
MIO: DEF SUB1E&,6B#@1011@,SUB21
MIC: DEF SUB1&,6E#011€18,SUB21
MIS: DEF SUB18,6B5#@1111@,5U3B21

52984 MACHINE STATUS SELECT

MAZ: DEF SUB18,EB#120102,5UB21
MAO: DEF SUB16,6B#10@114@,S5UB21
MAG: DEF SUB1&,6B#1¢1@81¢,SUB21
MAS: DEF¥ SUB18,6B#1¢111@,SUR21

yDEVICE DISABLE

ALUCFF: DEF 7 X,1B#1,13X

ALLOFF: LEF 7 X,3B#111,13X

yLOAD CONSTANT

CONST: DEF 1€ VXHE#0%,4X,1R#@,69X
;BCD STATUS REGISTER CONTROL
ENR: DEF 1€X,1B#@,72X

CLSR2: DEF 17X,1B#8,72X

ENSR1: DEF 18X,1B#1,71X
CZERG: DEF 19X,1EB#0,70X

END
TCTAL PHASE 1 ERRORS = @
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£16@
eige
2101
2122
2102

£li4d
€145
vlee
4187
C1gE

Zlos

2184
Z12E
21¢C
414D
Glek
¢ler
2114

€111
11z
d112
¢114
€115
g11¢
€117
Zlle

211¢
2114
Z11E
£211¢C
211D
211k
B11F
2126
4121
2122
Cl2&
2124
glzz
¢lze
g1z
glze
@123
J124
¢l12E
€12C
912D
Z12E
G12F
2132

s ADVANCE

MICrC LEVICES

i AMECZEZ AND AMZS24 CPUITI ECURCE FILE

InNP:

USM:

SMe

DIV:

LOOF1:

SCALEL:

LCCP2:
SKIPE:

SKIPS:

CR: Exled

ALUCFF & T & CBF & CJP & GCTC INE
ALUCFY & PUSE

IN & T & OBRF & LOCP & PUT ICIN
ALUCFF & RTN

CUT & CONT & PUT YREG

ALUCFF & PUSH

ALUCFF & F & ACK & LOOP & PUT IOUT
ALJCYF & PUSH

ALUCFF & T & ACK & LQOP

ALUOFF & RTN

LOW R1 & JSR & GCTO INP

PAE RE,R15 & JSE & GOTO INP

LQPT R15 & F & GRD & PUSH & COUNT g#&E
UMUL R1,R1,R2 & F & CNT & SDDL & RFCT
PAR K15,R1 & JSR & GOTO QUTP

JMOV R15 & JSR & GOTO OUTP

JP & GCTC USM

LO¥W k1 & JSk & GOTO INP

PAR R€,R15 & JSE & GOTC INP

LUPT R15 & ¥ & GRD & PUSH & CCUNT 2€D
TCM R1,R1,k€ & F & CNT & SDDL & REFCT
TC¥C R1,R1,R€ & SDDL & CCNT CZ

PAR R15,R1 & JSR & GOGTC QUTP

MOV R15 & JSR & GOTO QUTP

ALUCFF & JP & GCTO 5S¢

LOW R1¢ & JSK & GOTC INP

PAR K7,E15 & JSR & GOTC INP

PAR R1,R15 & JSR & GOTC INP

PAR R4,R15 & CGRNT

FAR R&,R7 & CONT

PAR EK2,R1 & T & MIZ & CJP & GOTQ ABCRT
SMTC k2,R2 & COMT CZ

SMTC R3,R2 & T & MIC & CJP CZ & GOTC GSCALEL

ALUCFF & T & MIO & CJP & GOTOC SEIP6
SURL R3,R3 & SUL & CONT

SURL R2,R2 & SUL & CONT

ALJUGFF & JP & GOTO LCOP2

LQPT R4 & JSE & GOTO SDIVD

ALUOFF & JP LCCP1

SS®R R15,R3,R2,YBUS & CONT ONE

LQPT R4 & F & MIC & CJP & GOTO S4lIP3
ALUCFF & JSR & GOTC SDIVD

SDRL R2,RZ2 & SDL & CONT

ALUQFF & JP & GOTG LOOP2

ALUCFF & F & GRD & LDCT & COUNT 2&C
DLN R1,R1,R7 & T & GRD & RDU & PUSH

TDIV K1,R1,R7 & F & CNT & RDU & RFCT CZ

TDC R1,R1,R7 & SUH & CONT CZ
QMOV R15 & JSR & GOTC CUTP
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( ) 2131 PAR R15,R1 & JSR & GOTC CUTP
gl1iz ALUCFF & JP & GOTC DIV
2133 SDIVD: ©PAR R1,R1 & CONT
2134 ALUOFF & T & MIS & CJP & GOTC NEG
G125 PAR K1,R1,ADRQ & SDDL & CONT
J13€E ALUCFF & JP & GOTC RET

2127 NEG: PAR H1,K1,ADRQ & SDLL & CONT
¢1Z2 RET: MOV R4 & CONT

2130 PAR R13,R14 & RTN ONE
2134 SLNOEM: JSE & GOTO INF
Z1ZB LQPT R15 & CONT
#13C SLN K2,R2,CF¥ & CCNT & SHCLD
213D MAZ & T & CJP & GOTO AROQET
Z13% MAC & T & LOW RE & CJP & GOTO ENT
213F SLN K2,R2 & MAC & T & CJP ONE & GCTC END & SUL
2142 AGAIN: SIN E2,R2 & MIO & F & CJP ONF & GOTC AGAIN & SUL
gisi SDQIP & SMS & CONT
Pléec SRS RZ,R2,R¢4 & CONT
7143 IMOV K15 & JSE & J0TC QUTP
glés FAR R15,R2 & JSR §& GOTC QUTPE
2145 END- JP & GCTC SLNGRM
#14€ I'LNCRM: JSE & S0TC INF
_ 147 LJPT R15 & JSR & GOTGC INE
£ §148 DLN R15,R15,R15,CFF & CONT & SEOLD
W~ ¢14¢ MAZ & T & CJP & 30T0 ABCHT
El4h LOW R2 & MAC & T & CJP & 30TC ENIDZ
14F DLN R15,R15,R15 & SDUL & MAOQ & T & CJF & GUTC JUMEL
z14C 10CP4: TIN R15,kK15,715 & SDUL & MIO & 7 & CJF & ZCTC JUMEL
Z1<D PAR R2,RZ & JP CNE & 30TC LOCP4
214F JUMPl: PAR R2,RZ & CCNT ONE
F1a¥ SLAQ R1%5,R15 & SDMS & JSE & <UTC CUTE
£15¢ QMOV R15 & JSR & GOTC oUTPp

¥151 BNDZ: JP & GCTC DLNCRM

€152 SQRT:  LGW K12 & CONT

Ylac LOW RZ & JSR & GOTC INP
¢154 PAR R1,R15 & CONT
Z15z PAX h2,EZ,,TARB & CCNST 20€5 & CONT
¢12€ FAR R&,RE,,LARB S CONST 2¥d2 & CJONT
2157 FAR ®4&,R2,,DARE & CCNST F4BHFF & CONT
K158 PAR E3,KZ,,LAEb & CONST 4g¢9 & CONT
¥l5e FAR RE,RJ,,DARB & CONST 2248 & CONT
¢104 SRS RZ,R1,R5 & CONT & SHCLD
2138 CYCLE: AAND R3,R3,R« & CONT
J15¢C SDRL n4,RB4 & MAS & CJP & GOTC ENDE
2150 SURL R@,E¥ & T & MAS & CJP & GCTO PGS
¢10k CR R5,R3 & JP & GCTO CNT
415F POS: CR R5,RZ & CONT

<, Z1EZ CNT: SHES EE,RE,R12 & CONT

( | <181 STCRL Re2,R2 & T & MIZ A GJP ,SHLD & GCTO ENDOS
2162 SDEL E3,R® & T & MAS & CJP & GCTC SUE
C1eE ATD RZ,R¢,R5 & JP & GOTO CYCLL & SHAOLL
218« SUB: SRS RE,RZ,R5> & JP & GOTC CYCLE & SEOLD
4165 END3: JP & GCTC SGRT

(:ji
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£1€€ ABCKT: ALUOFF & JP & GCTO ABORT
2187 JP & GCTO DIV

END




XAXXAAXXXXAAAAXX
11191460011401108@
XXX XXXAXAXEAXXXX
1XXXXX@100X@1YXX
XLEXXXXXX X XXX XXX
1110101121%002082
XXEXXXAXALXXXXXX
1999901012 X31 XXX
EXXXXXAXXXEXXEAXX
1XXXXX1110%X020¢0
XXX AXXXXEXXXXX
1XXXXXQ100X01 XXX
XXXEXXXXXXKEXEXX
1016211101501400
XXXXXAXXXXXXXEYX
1XXXXXQ1GBXE1XLX
IORB090T0000e 000
1112@111¢1X21X7X
FEAXEXAEXZALXAXAX
1306081218 X31 XXX
19990900 0009000
1000E0Ree1X0c1led
EXEXXXXXXXXXXXXX
1002¢2C001520122
AEXAXIAREAXAXATAX
1900602140 242180
) 9099999099900
1911111220208 Y%
9.9.99.999909.99.9.9.04
1C0CCeREB1X22120
109509990 09090901
14220920091 %2912@
I 0999909089909 0:
1¥XX¥x1l11xexiee
1999999009000 9 01
1CCRE00RO1L22120
FXXXRAXXXALAXXAXNX
1208080431 490148
FEXXXXXXXXKXXXXX
1220400 le0Xeslea
KXXXXEXXXXEXXXXX
12111110RERZELKE
FAXXEXAXXAXAXXLK
1XXXXX11163835XX
EAXXXIXYXXXXXEXX
1002000001422 192
F90060099089000 01
12220¢2021X223122
1000093000950 91
1XXXXX1111X21132
IR BV DL OO FO B0
12¢ 2003831 22106
XXXXXXXXXXAXKEAX
12222¢00201X20188
AXEIRYAXEYXEREXEE
19264603301 %28132
1939430086006 000 ¢
1XXEXX1110 52 2X%XK
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IXEXXXALAOCYXXXYX
01220302000
AXXXYXYXPBXXXXXX
19999999994
IXXXXXXXOBXXXXXX
Poe2000001
XXXXXXXY@OXXXXXX
AXXXTEXLXX
)9.9.09.0.9.941'50.900.94
PRoeeoRe1e
XXXXXXXXOOXEXXXX
KXXXXXXXXX
AXXXTXXYOQURXXXEXX
2020082128
EXXXXXXYZ2RX XXXXX
1999909099
XXXXXXXX@2XXXAXX
1999999990
IXXXXXXX@RYXYXXX
XXXXXXEXXX
XXXXXXXYQ@XXAXYX
Cl1eeceuveeo
19.0.9.099.041 5009991
gleaeecvez
1999999941999 0994
YI68291113
XAXXXXXX0BEZ112XX
}9.09.999.00 6
XXX XXXX3OXXXXXX
glewoeclew
EEXXXTXEZ2LEXXXLX
2168282182
XEXXXREY @Y XXXXX
glegegzliele
IXXXXAXEDILAXELXL
21222078eR
XEXXXXYX@OXKXEXX
4124206222
KXXXXXXX2@XAXXXX
Pezeee11el
XXEXXXXX923112%K
LXXXXXXXXX
EXXAXAXF190118YX
AXXXXXXXXX
EXXXXXEXQCYAXXRK
21eerecloe
1 0.8.99.0.09 81000081
2128222127
FXTXYXXACLRELLTX
4128219291
XXXXXXXXPOXXXXZX
2lepogacen
XXAXXXXX2BXXXETK
2120¢C00¢0
XEXEAXYACONKXKXX
21492092022
TXXXXXXXZ2XXXXXX
TXXRXXRLYXX
43

19009090 000890964
TEXXXXXEXYXYZAXXX
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Am2903 MNEMONICS

Iz FUNCTION
RAMB RAM B — OUTPUT
Q Q REGISTER
SPF SPECIAL FUNCTIONS

ALU Functions

¢

SPF Special Functions
HIGH Fi = HIGH HIGHS
SRS Subtract R from S S-R-1+C,
SSR Subtract S from R R-=S-1+0C,
ADD Add Rand S R+S+C,
PAS Pass S S+ C,
COMS 2's Complement S S+ C,
PAR Pass R R+ C,
COMR 2's Complement R R+ Cp
LOW Fi = LOW LOW'S
CRAS Complement B AND with S RAS
XNRS Exclusive NOR R with S RVS
XOR Exclusive OR R with S RVS
AND AND R with S RAS
NOR NOR R with S RVS
NAND NAND R with S RAS
OR OR R with S RVS
ALU Destination Control
ADR Arithmetic Shift Down, Results Into RAM
LDR Logical Shift Down, Results Into RAM
ADRQ Arithmetic Shift Down, Results Into RAM and Q Register
LDRQ Logical Shift Down, Results Into RAM and Q Register
RPT Resuilts Into RAM, Generate Parity
* LDQP Logical Shift Down Contents of Q Register, Generate Parity
* QPT Results Into Q Register, Generate Parity
RQPT Results Into RAM and Q Register, Generate Parity
AUR Arithmetic Shift Up, Results Into RAM
LUR Logical Shift Up, Results Into RAM
AURQ Arithmetic Shift Up, Results Into RAM and Q Register
LURQ Arithmetic Shift Up, Results Into RAM and Q Register
* YBUS Results to Y BUS Only
* LuUQ Logical Shift Up the Contents of the Q Register
SINX Sign Extend
REG Results to RAM, Sign Extend
* = WRITE = H
Special Functions
UMUL Unsigned Multiply
TCM Two’s Complement Multiply
INC Increment by One or Two
SMTC Sign Magnitude <— Two's Complement
TCMC Two’'s Complement Multiply Last Step
SLN Single Length Normalize
DLN Double Length Normalize
TDON Two's Complement Multiply Division
TDC Two Complement Division Correction
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Am2904 Mnemonics

SHIFT
INSTRUCTIONS
Loaded
lo lg Ig kb g Mc  RAM Q slo, slo, QI0, | QI0; |jnto Mc
MSB LSB MSB LSB
SDL 0 0 0 0 0 Oo{—=Fo0{—F z 0 z 0
SUH |0 0 0 0 1 O 1~-=31-—13 Z 1 z 1
SuL 10 0 1 0 0 -[=Jo0o-[=10| O z 0 z
SUH 1 0 0 1 1 O -[=F1{=1+1| 1 z 1 z
SDDH| 0 o0 o0 1 1 mE — ] z 1 z Sl0,
sboL |0 O 1 1 0 Oo{—F———1 z 0 z SIO,
souL | 1 0 1 i 0 O -] o| QIO, z 0 z
SDUH| 1 o 1 1 1 0O -=1}F—_{=11] o, z 1 z
RSD 6 1% 0 -0 O -l " z SIO, z QIo,
RSU 1+ 1 0 1 0 =l EJ " Slo, z Qlo, z
Is®loyR
SSXO [-0% 41 8m A O Z |In®lovr| Z S10,
.
ROD |0 1 1 1 A1 O z QIo, z SIO,
*
Rou [ 1 1 1 1t 1| O Qlo, z SIO,, z
sbMsS| 0 0 1 0 1 0O Mﬁ-EI—-{EI— z My z SIo,
sMs [0 o 0o 1 0 T 0 z | My | SiO,
sooc| o o 1 1 1] Qo = z 0 z | sio, | ao,
spuc| 1 o 1 0 O J—_—1+—{—10| Qio, z 0 z SIO,
Microstatus Register Instruction Codes Microregister Condition Code Output (CT)
RSTI Reset uSR 0 = py MIZ Zero wz = Cy
SWAP Register Swap My = py MIO Overflow wove = Ct
SHLD Hold Status MIC Carry pwe —+ Cr
MIS Sign uy = Cr

Machine Status Register Instruction Codes

LMA

RSTA
SHOLD

Load Yz, Yc, YN‘ YO\."F( YX b Mx
To MSR

Reset MSR 0 = My
Hold Status

Machine Register Condition Code Output (CT)

MAZ Zero Mz = Cy
MAQO Overflow Moyg = Cr
MAC Carry Mec = Cr
MAS Sign My —= Cy
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MICROPROGRAM BITS
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9
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S 8
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D3 D2 D1

Amza1s

Q0 ¥3 ¥z Y1

Do
CcP

OE
Y0

Q3 gz @

D3 D2 D1 DO

D3 Dz D1

Am2918

Am29E

G0 ¥3 Y2 Y1

Q3 Q2 @1

Q20 Y3 ¥z Y1

Do

OE
Y0

—— CLOCK

D15
D14

o7

a7 06

AT AG

Am25L5191

ACO

A

CP

ENP

ENT

uo
LD

D

C B A gp

ENT
Am25L5191
m up

cP LD

l

ENF

ENT
Am25L5181
uo

Lo

=1

l CLOCK

TEST INPUTS

TEST INPUTS:

o7
D&
D5
D4

pz AmM25L52535
o1
Do
cL

RE

ME
PoL C

D3 Y

LI

A OE
[

PL18 ——
PL18 —
PLIT
PL16

Am29811

OE
=] TEST

s0

51
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Pup
LD
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ENC

MAP

11
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D3 ¥
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Do

cL

o
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DATA BUS
| 2 =] 2| 2] =
| 8| a| & 8] 8
D5 D4 D3 D2 D1 DO
CP — cLOCK
Am25LS37TT
ok Jo— pL25
25 04 Q3 G2 Q1 QO
A A4 A3 AZ A1 AD AT A6 A5 A4 A3 A2 A1 AD A7 AB AS A4 A3 AZ A1 AD
TS5t csi Cs1
Am27521 Am27521 Am27521
csz csz €52
93 02 01 Q0 | 03 @z @1 Q0 Q3 @2 Q1 Q0
e
4
D3 D2 DI DO s0 D3 D2 D1 DO s0 D3 Dz D1 DO =
s1 81 R1
FE FE A2
FUP PUP R
Cn Cnid cn Cn:4 caf—t
Am2911 Am2911 Am290%
cP CcP
oR3 —
OR2 |——
e AE OR1 ——
ZERO ZERO ORD |——
Y3 ¥z Y1 YO ——-0] o ¥a Y2 Y1 Y0 OE Y3 ¥ Yi-X0

|

A11 YATD YAS YAB

YAT YAG YAS YA4

N

YAZ YAZ YA1 YAOD

T
Am29803
T2

T

OFE1
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PLZS
PLZE
PL27
PLZE
T3

™
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APPENDIX C

MICROPR(

Yal
YAD

|

|

AD A1 A2 A3 A4 AS A6 AT AB

AB AT A6 A5 A4 A3 A2 A1 AD

AD A1 A2 A3 A4 A5 AB AT AB

cLOCK —— CP (=
El Am29775 El Am29775 s AM27513 —
B2 E2
o0 O1 02 03 04 05 06 OF 00 O1 02 03 04 05 06 OF o0 o1 02 03
= | ol = 2| 2| =) - wl ol @| ~| o] w| =T| = = = o = =]
1 al & & & |l =l = = =] = =| = o B o o
3 3 4| & 3 & &2 al 2| 2| 2| 2| £ 2| 2 32l sl
PIPELINE BITS / MICROPROGRAM BITS /
CLOCK
AD A1 A2 A3 A4 A5 AB AT AB AD AT A2 A3 Ad A5 A6 AT AB AD A1 A2 A3 A4 AS AB A7 AS
CLOCK cP cP cp
AmM29775 E Am29775 ET Am29775
E2 E2 E2
00 O1 02 03 04 05 06 OF 00 01 02 03 04 05 06 OF 00 01 02 03 04 05 06 OF
— @l @ ~ w| = =] o ~ o = w| = o | =| | @o| 2| ~| @
s 8 5 2 ] | & B El Bl & & Rl Rl Rl B g -
2|5 2 33 338 3| 3| 2| 3| 2 2| 2| 2 2| 2| 2| 3| 2| 3| 3| &




iRAM MEMORY

|

|

|

AD A1 AZ A3 A4 A5 AG AT AB

AD A1 AZ A3.A4 AS AB AT AB

AD A1 AZ A3 A4 AS AE AT AB AD A1 A2 A3 A4 AS AB AT AB

—c Am27513 &= Am27513 s Am2TS13 s Am2TS13
oo o [+73 03 oo o1 0z 03 00 o1 Q2 03 o0 o1 o2 03
= @ o - o o @ "~ © o = ) o = )
ﬂi % ¢§- -t =4 b ES ES B ES ES ES ES ES a1 ES

MICROPROGRAM BITS

| |

D1 D2 D3
— CP
Am25L508

—OjEN i ik
Q) Q0 Q1 Q1 G2 Q2 Q3 Q3

18
3

[

| Ta| T T

PL&1
PL23

{ PIPELINE BITS

Am2ELSITT
CLOCK —— cP

"
16
15
14
13
3
"
0

VO CONTROL BITS

|

|

|

AD A1 A2 A3 A4AS AG A7 AB AD A1 A2 A3 A4 A5 AB AT AB AD A1 A2 A3 A4 A5 AB AT AB A0 A1 A2 A3 Ad4 A5 AB A7 A8

—cp cp cP c

— E1 Am29775 Ei Am29775 5] AM29775 El Am29775

— E2 E2 E2 Ez
00 O1 02 03 04 05 06 O7 00 O1 02 03 04 05 06 O7 00 O1 02 03 04 O5 06 O 00 01 02 03 04 O5 06 OF
w [ o - o - = - e o - o o ~ wy b4 (] - k=] @ -] - w w -
gl 3) g &[5 §) § § G| &) &) 2| 3| 85| 3 o] A B e B 1 =| 51 &| 3| 5| 8| 8 2
a ajajajajajlal a a a ﬂ ala aja|a ajla|la|d a d a f al o alal al a al o

PIPELINE BITS




DATA BUS

al =l =l =] =] = = = = 15| ora| i3] oz o] oee
AEEHEBERE BEEEEEEE ||
o7 D5 03 D4 B3
cLock ———fep Amza
&n 5 E YI Y6 Y5 YA V3 )
e
"
. D& BuUS -—
PLTLPLES
FLI-PLED e
PLALPLE
S
gL on TN
£ & 3 2 T
DAT DAZ DA DAD D83
n—iw
s —in
M —o
o P — 0
l P — W
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Introduction

In order to access instructions and data in an orderly manner
within a computer, a Program Control Unit is usually used to
provide the most efficient mechanism for program control. A
program is a set of instructions which direct the processor to
perform a specific task. Ordinarily, program instructions are
stored in sequential memory locations. During the normal pro-
cessing of a program, an instruction is fetched from the location
specified by the program counter, the instruction is executed, the
program counter is incremented, and another fetch and execute
cycle begins. The addressing mechanisms that such control unit
might employ are various. Indeed there are some machines that
literally use dozens of addressing modes to fetch instructions and
data. In this discussion of program control units, several of the
addressing modes and their common implementation techniques
will be discussed. The addressing modes used commonly in
today's machines include register, immediate, direct, indirect,
index, and relative and various combinations thereof.

Data Formats

Technically, an instruction set manipulates data of various length
words. Generally speaking, most 16 bit minicomputers can ma-
nipulate data of three different word lengths: 8-bit bytes, 16-bit
words and 32-bit double words. This data may represent fixed
point numbers, floating point numbers, or logical data. The datais
used as operands for the instructions, and is manipulated as
indicated by the particular instruction being executed.

Typically, fixed point data is treated as signed 15-bit integers in
the 16-bit representation or as signed 31-bit integers in the 32-bit
double length notation. Positive and negative numbers are rep-
resented in the ordinary 2's complement notation with the sign bit
carrying negative weight. Positive numbers have a sign bit of zero
and negative numbers have a sign of one. The numerical value of
zero is always represented with all bits LOW.

Floating point numbers consist of a signed exponent and a signed
fraction. Many different formats are used by manufacturers in
expressing floating point data and these variations will not be
described here. Let it simply suffice to say that the floating point
number represents a quantity expressed as the product of a
fraction times the number 2 raised to the power of the exponent.
In some cases, the number 16 is raised to the power of the
exponent. Typically, all floating point numbers are assumed to be
normalized prior to their use as operands. No pre-normalization is
performed and all results are post-normalized. Usually, the float-
ing point instruction set will normalize un-normalized floating
point numbers.

Logical operations are used to manipulate 8-bit bytes, 16-bit
words or 32-bit double words. All bits participate in the logical
operations.

Instruction Formats

Various minicomputers use different types of instruction formats
ranging from the very simple straight forward formats to the more
complicated difficult to decode formats. For example, a register to
register format can consist of a simple 8-bit opcode and two 4-bit
source operand specifiers. On the other hand, it may consist of a
byte or word specifier, an opcode specifier, source and destina-
tionregister specifiers, and mode specifiers for each of the source
and destination register selections. Again, it is not the purpose of
this application note to describe all of the trade-offs in selecting
instruction formats but rather to select a simple format such that
the student of bipolar microprogrammed microprocessors can
understand the techniques used by instructions for operating the
machine.

Thus, we will use a few 16-bit and 32-bit formats in this application
note to demonstrate the function of the program control unit in
various types of instruction execution.

Instruction Types

For purposes of this application note, we will define nine different
instruction types using various addressing modes. As we define
these instruction types, we will use the basic ADD instruction as
the example in all cases. It should be recognized that the opera-
tions of the instructions are similar for all the arithmetic as well as
logical type operations. However, by using the ADD instruction it
will be easier to describe the operation of each of these instruc-
tions rather than to try to be very general in their description.
Figure 1 shows all nine instruction types with their appropriate
names. As is seen, four of the instruction types are single 16-bit
word instructions while five of the instruction types are double
word or 32-bit, instructions. The advantage of the double word
instructions is that a second word can be used as an address
whereby it provides an index value or a second word can be used
for data which is used as an immediate value.

Register-to-Register Instructions

When the register-to-register (RR) instruction is executed, it is
simply a technique for selecting two of the machine’s internal
working registers in order to execute the desired operation. The
instruction is fetched from memory and placed in the instruction
register and the source register R2 and second source register
R1 are selected as the two source operands for the ALU. Register
R1is the destination register in addition to being a source register
and the results of the ALU operation will be placed in the register
specified by the R1 field. In the instruction format shown in Figure
1 for the register-to-register instruction, the 8-bit opcode field
specifies the machine operation to be performed. The next 4-bit
field, R1, in the instruction format specifies the address of the first
operand. In most machines, the R1 field is normally the address
of a general register. The 4-bit R2 field in the register-to-register
instruction format specifies the address of the second operand;
this also is normally the address of a general register. In most
machines, the R1 field also in addition to being a source operand
is the destination general register select. Thus, the results of the
operation are stored in the register selected by the R1 field.

The RR instructions are used for operations between registers.
We are assuming in this discussion that the machine contains 16
general registers which function as accumulators or index regis-
ters in all arithmetic and logical operations. Each general register
contains a 16-bit word consisting of two 8-bit bytes. For arithmetic
operations, the most significant bit is considered the sign bit using
2's complement representation. The general registers of the
machine are usually numbered from 0 to 15 (decimal) and written
in hexadecimal notation as 0 through F. In this example, the
general registers have not been given specific functional assign-
ments. However, in some machines certain registers are as-
sumed to perform specific functions. These can include specific
stack pointer registers and program counter registers. Figure 2
depicts the typical signal path for executing the RR instruction in a
bit-slice system.

The actual operation of the Register-to-Register Instruction is as
follows. First, the instruction is fetched and placed in the instruc-
tion register as shown in Figure 2. This is part of the fetch routine.
Next, the instruction is decoded via the mapping PROM and the
appropriate microinstruction in the microprogram memory
selected and placed in the pipeline register. Then, the instruction
is executed where the two registers in the general purpose regis-
ters of the Am2903 are selected by the contents of the R1 and R2
fields of the instruction register. The actual microcode required to




Register-to-Register ADD INSTRUCTION
0 7|8 1112 15

oP R1 R2 (R1) — (R1) + (R2) \

Register-to-Memory Reference

] 15 ,
op [ R | x (R1) « (A1) + [(x2)] '
Memory-to-Memory
0 15
OP [ x1 | x2 [xn)]) < [x1)] + [(x2)]

Register Short Immediate :
0 15 I

OP | R1_|DATA (R1) < (R1) + DATA
Register-to-Indexed Memory
0 15]16 31
o [ riJ x ADDRESS (R1) « (R1) + [(x2) + A]
Register-to-Memory Immediate
0 15|16 3t
opP [ a1 | x DATA (R1) < (R1) + DATA + [(x2)]
Memory-to-Memory Indexed
0 15]16 a1
oP | x1 | xe ADDRESS [x)] < [(x1)] + [(x2) + A]

Register Immediate

0 15|16 3
OP [ R ] DATA (R1) < (R1) + DATA
Memory Immediate
0 15|16 31
oP | DATA [(x1)] < [(x1)] + DATA

Note: (R1) means the contents of register 1.
[(x1)] means the contents of the word whose address is in R1.

Figure 1. Various Instruction Types for the ADD operation. |
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Figure 2. Register-to-Register Instructions Select Two Registers in the Am2903 Array for Instruction Execution. =
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execute this instruction is shown in Figure 3. Here, we assume
the Program Counter (PC) value is contained in one of the gen-
eral registers and can be selected by microcode as well as the R1
and R2 fields. This was shown in Chapter 3.

Register-to-Memory-Reference

The register-to-memory-reference instruction is one whereby the
contents of the memory location pointed to by the register iden-
tified with the X2 value is fetched from memory and then added to
the register value specified in the R1 field. The result of this
operation is placed in the register specified by the R1 field.

Figure 4 shows a general block diagram of the hardware used to
implement the instruction types described in the first part of this
application note. As shown, the memory address register can be
driven by either the Y outputs or the DB outputs of the Am2903s.

In addition, the Y outputs of the Am2903s can be placed onto the
memory data bus by means of a three-state buffer. The computer
control unit is intended to be representative of that described in
Chapter 2 of this application note series. For purposes of this
discussion, we assume the program counter (PC) is one of the
general purpose registers within the Am2903 register stack.
Later, we will change this concept and use the PC external to
Am2903.

The operation of the register-to-memory-reference instruction as
depicted in Figure 1 can best be described by referring to Figure
5. Here, we see the first three microinstructions that represent the
fetch routine for the currently described machine. First, the pro-
gram counter is placed in the memory address register and the
program counter is incremented and returned to the PC register.

Microinstruction Microcycle Time
Operation TO | T1 T2 | T3 |T4 |75 |76 | T7 | 18| TO | TI0| T11 | T12
PC —MAR; PC + 1 - PC X
Fetch Inst to IR X
Decode X
R1+R2 - R1 X
Figure 3. Register-to-Register Instruction Microcode.
s o BT ] Am2903
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Figure 4. Simple Memory Addressing Scheme with PC in the ALU.
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Microinstruction

Operation TO | 1| T2

T3

Microcycle Time

T4 | T5 | T6 | T7 | T8 T10 | T11 | T12

PC =MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
(X2) - MAR

MEM + R1 -+ R2

Figure 5. Register to Memory Reference Instruction Microcode.

Next, the instruction is fetched from memory and placed in the
instruction register within the CCU. Thirdly, the instruction is
decoded via the mapping PROM and the appropriate micro-
instruction selected and placed in the pipeline register. To exe-
cute this particular register-to-memory-reference instruction, it is
necessary to place the contents of the register specified by the X2
field into the memory address register. Then the contents of
memory can be fetched and the operand added to the value
currently contained in the register specified by the R1 field. The
result of this operation is placed in the register specified by the R1
field. All totaled, the execution of this register to memory refer-
ence instruction requires five microcycles as depicted in this
example.

Memory to Memory

This instruction is one whereby the memory location pointed to by
the contents of the register specified in the X2 field is fetched and
the memory location pointed to by the contents of the register
locations specified in the X1 is fetched and these two operands
are added together. At the completion of the instruction, the
resultant is placed in the memory location as defined by the
contents of the register specified in the X1 field.

The Memory to Memory Instruction operation is also depicted by
the block diagram shown in Figure 4. In fact, all of the next six
instructions to be defined utilize the block diagram of Figure 4 to
represent the hardware required for implementing these instruc-
tions.

The microcode required for the memory to memory instruction is
detailed in Figure 6. The first three microinstructions represent
the fetch routine. In the fourth microinstruction, the contents of the
register specified by the X2 field are placed in the memory ad-
dress register. Then, in the fifth microinstruction the contents of

this memory location is loaded into the Q register within the
Am2903. This value is temporarily held for use later. In the sixth
microinstruction, the contents of the register specified by the X1
field in the instruction is placed in the memory address register.
On the seventh microinstruction, this operand is fetched from
memory and added to the contents of the Q register with the result
being placed in the Q register. In the eighth microinstruction, the
current contents of the Q register is returned to the memory
location. This memory location is specified by the contents of the
register specified by the X1 field and is still in the memory address
register. Thus, we have used the Q register as a temporary
holding register for the data used in this instruction.

Register with Short-Immediate

This instruction is a technique whereby a 4-bit field is added to the
contents of the register specified by the R1 field. Thus, short
jumps or branches can be executed within a range of zero to
fiteen memory locations. The more significant 12-bits of the word
are zero filled.

The register with short immediate instruction operates very simi-
lar to the register-to-register instruction. The microcode for this
instruction is shown in Figure 7. The only difference between the
register-to-register instruction and the register short-immediate
instruction is that instead of adding operands specified by the R1
and Rz fields, we take a data value contained in a four-bit field in
the instruction as depicted in Figure 1 and add it to the contents of
the register specified in the R1 field. The results of the operation
are returned to the register specified by the R1 field. This addition
is performed by taking the 4-bit data value shown in Figure 1 as
the DATA and zero filling the twelve most significant bits. This
gives us a 16-bit word ranging in value between zero and fifteen.
Thus, short jumps can be implemented using this technique.

Microinstruction

Operation TO | T1 | T2

T3

Microcycle Time

T4 | TS5 | T6 | T7 | T8 | T9 | T10 | T11 | T12

PC -+ MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
(X2) - MAR
MEM —Q

(X1) = MAR
MEM + Q = Q
Q - MEM

Figure 6. Memory to Memory Instruction Microcode.
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Microinstruction

Microcycle Time

Operation TO (T1 | T2 | T3 | T4 |T5 |T6 | T7 | T8 | T9 | T10 | T11 | T12
PC - MAR; PC + 1= PC X
Fetch Inst to IR X
Decode X
R1 + Data = R1 X

Figure 7. Register Short Inmediate Instruction Microcode.

Register to Indexed Memory

The 16-bit word in the register defined by X2 in the instruction is
added to the address that is the second word of memory. Then,
this address is used to fetch an operand from memory which is
added to the contents of the register pointed to by R1. The results
of this operation are then placed in R1. The instruction format for
this instruction was shown in Figure 1.

The Register to Indexed Memory Instruction is shown is Figure 8
and executed in the following manner. First, the current PC value
is placed in the MAR and PC + 1 is returned to the PC register.
Next, the instruction at this memory location is fetched and placed
in the instruction register. On the third cycle this instruction is
decoded and the contents of the microprogram memory placed in
the pipeline register. On the fourth microinstruction, the PC value
is again placed in the MAR and PC + 1 is returned to the PC
register. On the fifth microinstruction, the value at this location in
memory is fetched and added to the contents of the X2 register

with the result being placed in the MAR. And on the sixth mic-
roinstruction, the operand pointed to by this address is fetched
and added to the contents of R1 with the result being placed in the
register pointed to by the R1 field of the instruction.

Register to Memory Immediate

In the register to memory immediate instruction, the contents of
the memory location pointed to by the register specified in the X2
field is fetched from the memory and the data value which is in the
second word of the instruction is also fetched from memory and
added to it. This result is then added to the contents of the R1
register and the final result replaces the value currently in R1.

The register to memory immediate instruction as shown in Figure
1 is implemented using the microcode shown in Figure 9. Again,
the first three microinstructions are the fetch routine. The fourth
microinstruction is used to take the contents of the register
specified by the X2 field and place it in the memory address

Microinstruction
Operation TO | T1 | T2 | T3

Microcycle Time
T4 | T6 | T6 | T7 | T8 | T9 | T10 | T11 | T12

PC -+-MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
PC = MAR; PC + 1 =+ PC x
MEM + X2 = MAR
MEM + R1 = R1

Figure 8. Register to Indexed Memory Instruction Microcode.

Microinstruction

Microcycle Time

MEM + R1 - R1
PC = MAR; PC + 1 = PC
MEM + R1 - R1

Operation TO | T | T2 | T3 | T4 | T5 | T6 | T7 | T8 | T9 | T10 | T11 | T12
PC =MAR; PC + 1 =+ PC X
Fetch Inst to IR X
Decode X
(X2) = MAR X

Figure 9. Register to Memory Immediate Instruction Microcode.
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register. Next, the operand at this memory location is brought into
the Am2903's and added to the contents of the register specified
by the R1 field with the results returned to that register. The sixth
microinstruction is used to set up the memory address register to
fetch the second word of the instruction. The seventh micro-
instruction brings this data value into the Am2903 ALU via the
data bus and adds this value to the contents of the register
specified by the R1 field. The result of the operation is placed into
the register specified by the R1 field.

Memory to Memory Indexed

The memory to memory indexed instruction is one whereby the
contents of the register specified in the X2 field are added to the
second word of the instruction to form a new address. This
address is then used to fetch an operand which is added to the
operand selected by taking the contents of the register specified
in the R1 field and using that as a memory address to fetch an
operand. The result of this addition is then replaced in the mem-
ory location pointed to by the contents of the register specified in
the X1 field.

The memory to memory indexed instruction is probably the most
complicated of the instruction formats described in the application
note. In all, nine microinstructions are required for its implemen-
tation. Basically, the first three microinstructions are used to fetch
the instruction from memory, place it in the instruction register,
and decode the instruction for initial operation. Again, the basic
fetch routine. Microinstruction number 4 sets up the memory
address register to fetch the second word of the instruction and
microinstruction number 5 is used to bring this value from mem-

ory into the Am2903 ALU where itis added to the X2 register. The
results of the addition are placed into the memory address regis-
ter during this microinstruction. This value is used to fetch a value
from memory which is placed in the Q register using micro-
instruction number 6. In the seventh microinstruction, the con-
tents of the register pointed to by the X1 field are placed in the
memory address register so that microinstruction eight can be
utilized to bring this memory value into the Am2903s where it is
added to the contents of the Q register with the result being
placed into the Q register. Microinstruction number 9 is used to
place this value back into the rhemory location as specified by the
contents of the register pointed to by the X1 field. This memory
address is still contained in the memory address register so that
no updating is required. The total microcode required to imple-
ment this instruction routine is shown in Figure 10.

Register Immediate

The register immediate instruction is a very useful instruction
which allows data to be added to the contents of the register. In
this example, the second word of the instruction is fetched and
added to the contents of the register specified in the R1 field.

Figure 11 depicts the microcode used to implement the register
immediate instruction. Here, the first three microinstructions are
the fetch routine for the instruction. The fourth microinstruction of
this routine sets up the MAR to fetch the second word of the two
word instruction. The contents of this memory location is brought
into the Am2903 ALU and added to the contents of the register
specified by the R1 field. The result of this operation is placed in
the register specified by the R1 field.

Microinstruction
Operation TO | T1 | T2 | T3

Microcycle Time

T4 | T5 | T6 | T7 | T8 | T9 | T10 | T11 | T12

PC =+ MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
PC = MAR; PC + 1 =+ PC X
MEM + X2 - MAR
MEM = Q

(X1) - MAR

MEM + Q = Q

Q - MEM

Figure 10. Memory to Memory Indexed Instruction Microcode.

Microinstruction
Operation TO | T1 | T2 | T3

Microcycle Time

T4 | T5 | T6 | T7 | T8 | T9 | T10| T11 | T12

PC = MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
PC - MAR; PC + 1 = PC X
MEM + R1 — R1

Figure 11. Register Inmediate Instruction Microcode.
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Memory Immediate

The memory immediate instruction is used to add immediate data
contained in the second word of the instruction to a location in
memory. The memory location is contained in the register
specified in the X1 field of the instruction.

The memory immediate instruction is similar to the register im-
mediate instruction except that an indirect addressing scheme is
used. Again, the firstthree microinstructions fetch and decode the
memory immediate instruction. The fourth and fifth microinstruc-
tions are used to fetch the data value which is the second word of
this memory immediate instruction. Microinstruction number 4
sets up the memory address register and microinstruction
number 5 brings the data into the Am2903 Q register. Micro-
instruction number 6 places the contents of the register specified
by the X1 field into the memory address register so that the
contents of this memory location can be brought into the Am2903
during microinstruction number 7. Here, during microinstruction 7
the contents of the Q register are added to this value and returned
to the Q register. At microinstruction 8, the Q register is written
back to the memory location as specified by the contents of the
register pointed to by the X1 field. This value was already in the
memory address register because it was used to fetch the
operand originally at this location. The microcode for this instruc-
tion is detailed in Figure 12.

Improving Program Control Unit Performance

If we examine the microcode as shown for the various instruction
types depicted in Figure 1, we find that all of these microroutines
have several things in common. First, the very first microinstruc-
tion simply sets up the memory address register with the current
value of the program counter. In addition, this microinstruction
increments the current program counter value. The second mi-
croinstruction simply fetches the contents of memory and places
it in the instruction register. The third microinstruction is used to
decode the microinstruction, select the appropriate micromemory
word and set it into the pipeline register. Finally, the fourth micro-
instruction begins actual execution of the desired instruction. In
all of these examples and using the block diagram of Figure 4, we
find that a bottle neck occurs in the ALU because of our need to be
operating on program counter data and operand data intermixed.
We can improve the performance of the program control unit by
making the program counter an external register and using a
multiplexer to select either the program counter or the Am2903
output to load the memory address register. This is depicted in
block diagram form in Figure 13.

The first effect of implementing a program control unit with this
architecture is that one of the instruction types is shortened by
one microcycle. This is the register-to-memory-immediate in-
struction. The new microcode flowcharts for this instruction is

Microinstruction Microcycle Time
Operation TO | T | T2 | T3 | T4 | T5 | T6| T7 | T8 | T9 | T10| T11 | T12
PC - MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
PC -+ MAR; PC + 1 -+ PC X
MEM —+Q X
(X1) - MAR X
MEM + Q = Q X
Q -+ MEM | X
Figure 12. Memory Immediate Instruction Microcode.
DATA
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Figure 13. Memory Addressing Scheme with PC Outside of the ALU.
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shown in Figure 14. In this case, we see that a PC value can be
placed into the memory address register and the PC incremented
while the ALU within the Am2903 is being used to perform either a
pass or an addition. Thus, this architectural change has made
some improvement in the thru-put of our machine.

The most important improvement in thru-put realized by the ar-
chitecture shown in Figure 13 can be seen by evaluating the
timing for sequential instructions. That is, what happens when
several instructions are executed sequentially?

Tokeep the examples simple, let's visualize the microcycle timing
chart for three register-to-register instructions executed sequen-
tially. The most obvious timing chart would simply be to take the
register-to-register microinstruction flows as shown in Figure 3
and concatenate three examples of this timing chart. If we do this,
we will see that the final execution of the values of R1 + R2 return
to R1 utilize the ALU, but the program counter is not in operation.
However, the next microcycle requires placing the program
counter into the memory address register. Thus, the architecture
of Figure 13 allows us to do these two micro-operations during the
same microinstruction. If we assume three register-to-register
instructions in sequence in memory; let's call them instruction A,
B and C; the timing chart of Figure 15 results. What we see in this
diagram is that the execution of instruction A can be overlapped
with the set up the program counter in memory address register
for fetching instruction B. Thus, instead of instruction B starting at
time T4, it may be started attime T3. This can be accomplished by
simply having the execution microinstruction also load the MAR
with the current PC value and increment the PC. From this dis-
cussion, we can see that instead of twelve microcycle times being
required to execute three register-to-register instructions, only
nine microcycle times will be required. We should caution that if
the reader counts the microcycles in Figure 15, he will arrive at 10
microcycle times being required. This leads us to our next point.

If we examine all of the instructions described earlier in this
application note, we will find that in all cases, the execution of the
instruction (the last microcycle) can be overlapped with the first

microinstruction of the fetch routine. Thus, the architectural
change shown in Figure 13 not only allows three of the instruc-
tions to execute faster during their total microcode, but in fact all
microinstructions can be executed at least one microcycle faster
because of the ability to overlap the first microcycle of the fetch
routine with the execution of the instruction. This architectural
change therefore saves one or two microcycles depending on the
instruction.

In Chapter 9 we will show how further overlapping at the machine
instruction level can allow us to execute a register-to-register
instruction during every microcycle, effectively; ratherthan every
three microcycles as shown in Figure 15. At the present time, let
us simply leave the discussion at this point.

Subroutining

An implementation technique that is common to the different
addressing modes is the subroutine (also called stack and link).
The subroutine allows sections of main program to access a
common subsection of the program. The general effect is to allow
less lines of machine code to be written for any given program that
employs subroutines.

Figure 16 shows an example of a subroutine within the program.
The main program executes instructions until it gets to instruction
52 which is a call to subroutine. This instruction puts address 80 in
the program counter while saving address 53 in a separate reg-
ister called Return Register. The program continues on from
address 80 to address 85 where it encounters the return from
subroutine command. The return-from-subroutine command
takes a value out of the return register and puts that into the
program counter. At that point the program counter continues
down in the main body of the program until it reaches address 57.
At this time, another call to subroutine may occur forcing the
program counter back to the value of 80 while putting the value 58
into the return address. The subroutine is executed and at ad-
dress 85 the return command is again encountered. At this point,

Microinstruction Microcycle Time
Operation TO | T | T2 | T3 | T4 | T5|T6| T7 | T8 | T9 | T10 | T11 | T12
PC - MAR; PC + 1 = PC X
Fetch Inst to IR X
Decode X
(X2) = MAR X
MEM + R1 = R1 X
PC -+ MAR; PC + 1= PC X
MEM + R1 = R1 X
Figure 14. Register to Memory Immediate Instruction Improved Microcode.
Microinstruction Microcycle Time
Operation TO| T | T2 | T3 | T4 | T5 | T6 | T7 | T8 | T9 | T10 | T11 | T12
PC - MAR; PC + 1 = PC A B c
Fetch Inst to IR A B c
Decode A B C
R1 + R2 — R1 A B c

Figure 15. Register to Register Instruction with Overlap of Execute and PC Control.
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Figure 16. Subroutine Execution.

the subroutine will return control of the program to address 58 of
the instruction stream and the main program continues to se-
guence through its instructions.

In many systems, one subroutine may very well call another
subroutine which may in turn call yet another subroutine and so
on. To accomplish this the return address linkage must now be
“nested” using a last-in first-out (LIFO) stacking arrangement.
Figure 17 illustrates subroutine nesting. In this example, the main
program contains a subroutine call or jump-to-subroutine com-
mand (JSB) at address 53. Program control is passed to the first
subroutine at address 88, while the return address 54 is placed in
the stack. At address 89 the of the subroutine 1 another JSB
command is encountered passing the program control to Sub-
routine 2 at address 502. The return address value 90 is pushed
onto the top of the stack. This continues in like fashion for calls to
Subroutine 3 and 4 with return address 506 and 723 being placed
on the stack. At address 785 of Subroutine 4, a Return from
Subroutine (RTS) command is decoded causing the return ad-
dress 723 on the top of the stack to be placed in the program
counter and the contents of the stack are “poped” up one place.

At address 725 another RTS command is found, causing the top
of the stack, address 5086, to be placed in the program counter
and the stack is poped. The identical action occurs for the RTS
commands at address 507 and 92 such that control is eventually
returned to the main program and the stack is empty.

The LIFO or subroutine stack in the program control hardware is
shown in Figure 18. When the call from subroutine command is
decoded by the computer control unit, the pipeline register out-
puts cause the stack control to accept the output of the program
counter register and place it at the top of the stack. Next the
subroutine address is brought in from the memory passed
through the multiplexer and placed in the MAR. The subroutine
address is also brought through the multiplexer incrementer,
through the incrementer and placed in the program counter reg-
ister to be used as a possible next source of address. The sub-
routine return address is recovered from the stack when the
pipeline register instructs the stack control logic to place the
return address at the multiplexer. The return address is passed
through the multiplexer and clocked into the MAR. The return
address is also clocked into the PC register via the incrementer
multiplexer and the incrementer, for use as the next sequential
address. Figure 19 shows the jump to subroutine instruction and
Figure 20 shows the microcycles that are used in a typical call to
subroutine command using the program control hardware shown
in Figure 18. At TO the program counter is placed into the MAR
and updated. Time T1 finds the MAR accessing the subroutine
call instruction, with the instruction being placed into the instruc-
tion register. At T2 the opcode is decoded by the CCU, and the
first instruction microcode bits are clocked into the pipeline reg-
ister. Attime T3, the PC is placed in the MAR. At T4 the starting
address of the subroutine is being fetched and placed into the
MAR; the stack pointer is incremented; the current program
counter is placed on the LIFO stack; and the starting address of
the Subroutine plus one is placed into the program counter.

Figure 21 details the microcycle timing for a return-from-sub-
routine execution. At time zero the current program counter is
placed into the MAR, then incremented by one. During time one
the contents of the MAR fetches the return from subroutine com-
mand, which is then clocked into the instruction register atthe end
of the microcycle. Attime 2 the contents of the instruction register
is decoded in the CCU with the control bits being clocked into the
pipeline register. During time 3 the return address on the top of

MAIN
PROGRAM

SUBROUTINE 2

SUBROUTINE 4

SUBROUTINE 1 SUBROUTINE 3 780
88 781
782
783
784
@ 785 RTS
725 RTS
58
STACK STACK STACK STACK STACK
54 90 506 723
54 90 506
54 90
54

MPR-566

Figure 17. Nested Subroutine Example.

9



SP—1-8P

uro || sTack
STACK POINTER
PC
DATA BUS REGISTER
DA Am2903's f
Y
INCREMENTER
T I
L l——ﬂ
l Mux
MLUX i
OE
MAR
ADDRESS
MEMORY
MPR-567
Figure 18. Subroutine Stack Architecture.
OP | | BRANCH ADDRESS
Figure 19. Jump to Subroutine (Branch and Stack) Instruction.
Microinstruction Microcycle Time
Operation TO | T | T2 | T3 | T4 |T5 |76 | T7 | T8 | T9 | T10| Ti1 | Ti12
PC -+ MAR; PC + 1 - PC X
Fetch Inst to IR X
Decode X
PC — MAR; PC + 1 > PC X
MEM — MAR; PC — STACK X
MEM + 1 = PC; SP + 1 = SP
Figure 20. Branch and Stack Instruction Microcode.
Microinstruction Microcycle Time
Operation TO| T1 | T2 | T3 | T4 |T5 |T6 | T7 | T8 | T9 | T10| T11 | T12
PC = MAR; PC + 1 =PC X
Fetch Inst to IR X
Decode X
Stack - MAR; Stack + 1 =+ SP X |
i

Figure 21. Return from Subroutine Instruction Microcode.
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the LIFO stack is placed into the MAR, while that value plus one is
stored into program counter. The stack pointer is then
decremented.

The basic program control hardware thus developed with some
embellishments added are contained within the Am2930 program
control unit as shown in Figure 22. The Am2930 is a 4-bit slice of
the program control unit. It therefore easily allows the address
bus to be virtually independent of the data bus in terms of width.
The Am2930 has a general purpose auxiliary register which has
two sources and two destinations. One source being the D inputs
which flow through the R multiplexer and hence into the auxiliary
register and the other source being the output of the full adder
which is the second input to the R multiplexer. The two outputs of
the auxiliary register go to the A and B multiplexers which in turn
source the A and B inputs to the full adder. The register enable pin
(RE) allows the auxiliary register to be unconditionally loaded
from the D Inputs of the Am2930. The A multiplexer selects as its
sources a logical zero, the output of the auxiliary register, orthe D
inputs. The B multiplexer accepts the outputs of the auxiliary
register, a logical zero, the output of the subroutine stack file, or
the output of the program counter register as its sources.

In the Am2930 design the LIFO stack is 17 words deep, allowing
up to seventeen levels of subroutine. The LIFO stack is controlled
by the stack pointer logic which gives a FULL indication when the

stack is full and an EMPTY indication when the stack has
emptied. The input to the LIFO stack is fed through a stack
multiplexer whose inputs may be D inputs or the output of the
program counter. Thus, depending upon the application, the
stack may be used as either a subroutine stack or a general
purpose LIFO stack which resides on the D bus. The incrementer
and the full adder are controlled by the Ci and Cn carry-in bits
respectively. Figure 23 details the ripple carry connections be-
tween Am2930s in a 16-bit array. The Ci input of the least signifi-
cant slice (LSS) is controlled from the pipeline register.

The Ci signal is internally propagated through the incrementer of
each device using carry look ahead logic. The microprogram
memory, using the Ci input may now cause the Am2930s to
repeatedly access the same main memory instruction if so de-
sired. The full adder has its Cn input tied to ground for the LSS
device of the Am2930 array. The Cn signal is progagated in
parallel through the Am2930s.

For a faster propagation of the Cn signal the interconnection
shown in Figure 24 should be employed. The generate and
propagate pins (G, P) of the Am2902A carry look ahead
generator. The look ahead carries (Cn + x, y, z) are connected to
the Cn inputs of their respective devices. The output of the
Am2930 is three-state and is controlled by the output enable pin

o RE FULL  EMPTY
' !
STACK
l MULTIPLEXER
5 15
R
MULTIPLEXER I
RSEL*
STACK bo b
POINTER p—={ A
] 17X4
Aux. CE REGISTER
REGISTER STACK
R} (8
RCE® RET* {LIFO}
wgr o
PROGRAM
A B COUNTER
MULTIPLEXER MULTIFLEXER REGISTER
RCH
A \/ B
Cn T > Ci+d
FULL ADDER
CEN®
F < <] Ci
§ < e
PC
MULTIPLEXER
Cn+d <
OE 5
CEN® ——r] < |
OEN® K RST* —
OEN* ~——— |NSTRUCTION o
mce =——|  DECODER = R
RSEL® ——f
RCE® —— ——J &c
¥ CF WCC GND MPR-568

Figure 22. Am2930 Block Diagram.

11



DATA '5,
INSTRUCTIONS :
Aa 4 4 4
5 5 5 5
D ] D D
1 | | I
ES Lss
Am2930 Am2930 Am2830 Am2930
FROM
—~— EMPTY Ci Ci+d ci Ci+d ci Ci+4 ¢i — PIPELINE
REG
—— FULL Cn Cn+4 Cn Cn+4 Cn Cn+d Cn —1
Y ¥ ¥ Y =
ADDRESS 'l/ 4 r*’ 4 '{/ 4 'i/ 4
TO
MAR 16
MPR-569
Figure 23. Ripple Expansion Scheme for Am2930’s.
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INSTRUCTIONS
4 (4 A4 4
D 5 D 5 D 5 ] 5
1 I | I
Am2930 Am2230 Am2930 Am2830
FROM
——— EMPTY ci ci+4 ci Ci+d4 ci Cisd ci |=— PIPELINE
REG
—~— FULL Cnf=— —G&F cnf=— —GF Cnf=— —GF cn
Y ¥ Y Y
L
ADDRESS 4 2 4 2 4 2 4
TO
MAR 16
Cn+z G2P2 Cn+y GI1P1 Cn+x  GOPO
Cn
Am2902A L
MPR-570

Figure 24. Parallel Look-Ahead Expansion Scheme for Am2930’s.

(OE). Other features of the Am2930 include an Instruction Enable
pin (IEN). This pin allows the Am2930 array to be taken off of the
microprogram data bus thus allowing the bits that were formerly
committed to the Am2930 to be used in conjunction with other
devices. The Am2930 also includes a condition code input (CC).
The Condition Code input permits the conditional testing of a
single bit. This allows the feasibility of such techniques as condi-
tional branching at the macroprogram level. For more detailed
explanation of the Am2930, its instructions and its applications,
see the Am2930 Data Sheet. Figure 25 shows a typical system
interconnection using the Am2930. The instruction lines, Ci, RE
and the OE control pins are connected directly to the outputs of
the combination microprogram memory and pipeline registers
contained in the Am24775 devices. The condition code inputs are
obtained from the Am2904 status and control device, thus allow-
ing conditional jumps on status. Status from the Am2904 is also

fed into the test mux for use by the Am2910 for its conditional
code input. Likewise the full and empty indications from the
Am2930 are fed into the test MUX for use by the Am2910 to
ascertain the current status of the stack. If the stack is full and the
user wishes to push the data onto the stack then the current data
must be emptied from the stack under microprogram control,
using additional hardware.

Another feature of the Am2930 Program Control Unit as shown in
Figure 22 is the full adder between the program counter and Y
outputs. This allows for the execution of PC relative addressing
types of instructions. While this can be an effective addressing
scheme, it will not be covered in detail in this application note.

While the Am2930 offers advantages in small high performance
systems requiring a small LIFO stack, it is not intended to be the
solution for all program counter requirements.
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Figure 25. System Interconnection Using the Am2930.

Using the Am2901A as a Program Control Unit

Up to this point, the discussion has concerned a general ar-
chitecture which includes 16 general registers in the ALU section
and the LIFO stack is a program control section as shown in
Figure 18. An alternative architecture and that used by most
general purpose machines, is to place the LIFO stack in main
memory. The stack pointer for the main memory LIFO stack can
be contained in the program control unit to be described in this
section. If the program control unitis built using Am2901A’s it now
has the capability of using its internal registers as the program
counter, stack pointer, upper stack bound pointer, lower stack
bound pointer, and internal temporary registers. This of course
provides considerable flexibility in the architecture and also al-
lows for a much greater repertoire of instructions to be executed.
Particularly, several stack instructions can be included in the
instruction set, most of which will use the form of the register-to-
indexed-memory instruction format as shown in Figure 1.

Another advantage of the architecture shown in Figure 25 is
speed. The Am2901A’s slightly surpass the Am2903 in speed.

Thus, a 16-bit Am2901A program control unit architecture can be
implemented and it will perform well within the microcycle times
budgeted for the system.

Looking at Figure 26 which shows the Am2901A used as a
program control unit and the Am2903 used for the general regis-
ter stacks/ALU section, we see a three-state buffer on the Y
outputs of the Am2903 connected to the data bus as well as a
three-state buffer at the input of the Am2903’s from the data bus.
This provides isolation and buffering for the bus as well as allow-
ing appropriate disconnects so that certain microcycles can be
combined to improve the overall performance of the machine. In
addition a transfer register is used between the Am2903's and
Am2901s to allow a microcycle to be terminated if an ALU opera-
tion is taking place within the Am2903's. This provides higher
performance operation for the machine. In addition, a bi-direc-
tional buffer (such as the Am8304B) is used between the
Am2901A Y-outputs and the Am2903 Y-outputs. This gives the
ability to push the program counter contained in the Am2901A on
the stack for interrupt handling. In addition, values coming from
the Am2903 can be placed in the memory address register.
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Figure 26. PCU Architecture Using the Am2901A.

Summary

The thrust of this discussion has been aimed at defining and
implementing hardware to accomplish addressing of main mem-
ory. We have shown that a speed advantage is realized if the
program counter is kept separate from the main general purpose
register stack/ALU hardware. The most general purpose program
control unitis the Am2901A. It offers several advantages in terms
of program control, stack pointer control, and stack pointer
boundary conditions. The Am23930 can be used in program con-
trol units occupying less space and including a built-in stack, but

14

has some speed and performance limitations. Both devices can
be used to implement the basic addressing modes associated
with the instructions described in this application note.

Another purpose of this application note is to set the stage for
Chapter 9 where we will overlap machine instructions such that
register to register instructions can be executed in a single 200ns
microcycle and the memory reference instructions can be exe-
cuted in 600ns (3 microcycles) as the effective execution time.
Also, we will expand on the use of the Am2901A as a Program
Control Unit.
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U INTRODUCTION

o

A digital computer can be viewed as a finite state machine that
moves from state to state via the execution of a program. Inter-
rupt mechanisms provide a well-defined way of altering the flow
of states in response to outside asynchronous events (inter-
rupts). There is a wide variety of ways of handling interrupts
depending upon the system requirements. The choice of a par-
ticular interrupt mechanism can have a large impact on the
through-put and flexibility of a system. Therefore, time should be
spent carefully defining the interrupt mechanism of a new com-
puter design.

POLLING VS. NON-POLLING

One of the simplest ways to handle asynchronous events is the
polling method. With each possible event there is an associated
flag that can be accessed by the program. The processor then
interrogates each flag in order to determine if service is required.
This method trades simple hardware for software. This not only
uses memory space but also uses time for polling the flags when
no service is required. The polling method has low system
through-put, high real time overhead and slow response time.

In non-polling systems, the asynchronous event generates an
interrupt request signal which is passed to the processor. The
processor in turn suspends the execution of the current process
and starts execution of an interrupt service routine. When the
interrupt routine is completed, the processor resumes execution
of the suspended process. This system is called an interrupt
driven system because it executes interrupt service routines that
are initiated by interrupt requests.

Although the non-polling method requires more hardware, it has
many advantages. Because the execution of interrupt service
routines is transparent to the current process, less thought and
time is required of the programmer of the current process. The
response time is faster because no time is spent interrogating the
other non-active interrupts, which in turn increases the system
throughput. There is less real time overhead and less memory
space required because only the service routine exists in memory
and no polling routine is required.

MACHINE VS. MICROPROGRAM LEVEL INTERRUPTS

There are two levels on which interrupts may be handled. The
first and most common is the machine level interrupt. In this
method possible interrupt requests are checked for during the
machine instruction fetch cycle. This guarantees that an inter-
rupt can only happen when a machine instruction is complete
and before a new instruction starts.

The second level of handling interrupts is on the microprogram
level. In the machine level interrupt system, the microprogram
has complete control of when to recognize an interrupt but in the
microprogram level system the microprogram can be interrupted
at any time. This method has a smaller response time for ser-
vicing interrupt requests but requires that restrictions may be
placed on the microprogram and the interrupt mechanism.
These restrictions come from setting aside space on the finite
microprogram stack in the sequencer for possible interrupt re-
quests. Special consideration may also have to be given to loop
counters.

TYPES OF INTERRUPTS

There are basically four types of interrupts based on the re-
lationship of the source of the interrupt to the processor: within
the processor, within the system, between software, and be-
tween processors. A multiprocessor has to be able to handle all
four levels of interrupts. Therefore, the interrupt structure that is
picked will have these design tradeoffs to consider.

A. Intraprocessor interrupts are those asynchronous events
that happen within the processor during the execution of a
machine instruction. This group includes such things as zero
divide, overflow, accessing restricted memory, execution of
a privileged instruction, machine failure, etc.

B. Intrasystem interrupts are interrupts created by system
peripherals such as disks, CRT's and printers that require
service.

C. Executive interrupts are those interrupts caused by the cur-
rent program that is executing. This provides a way for the
current program to make a request of the executive (operat-
ing system) program. These requests might include such
things as starting new tasks, allocating hardware resources
(disks, line printers), communication with other tasks, etc. A
good example would be the supervisor call (SVC) in the IBM
360/370 computers.

D. Interprocessor interrupts include those interrupts between
two intelligent processors. For example, this class of inter-
rupts would be used to initiate data and status transfer be-
tween a local processor and a processor at a remote site.

SEQUENCE OF EVENTS FOR INTERRUPT HANDLING

When an interrupt occurs there is a sequence of six events that
happen. These events, which can be implemented in microcode
or machine code, integrated together with the hardware com-
prise the interrupt mechanism. The sequence of events de-
scribes the steps that occur to provide for a smooth transfer from
the current process environment to an interrupt servicing envi-
ronment and back again. The sequence ensures that the proces-
sor status will be the same immediately after an interrupt is
serviced as immediately before the interrupt occurred. The
events listed in the next few paragraphs may differ in order or
overlap depending upon the machine design and application.

Interrupt Recognition

This step consists of the recognition of an interrupt request by
the processor via an interrupt request line. In this step the pro-
cessor can determine which device made the request. The
method that is used to determine which device to service is
directly related to the interrupt structure of the machine. The
different types of interrupt structures will be discussed in more
detail below.

Save Status

The goal of this step is to make the interrupt sequence trans-
parent to the interrupted process. Therefore, the processor saves
a minimum set of flags and registers that may be changed by the
interrupt service routine, so that after the service routine is
finished they may be restored.

The minimum set of flags and registers would be those which
will be destroyed in the transfer of control from the current pro-
cess to the interrupt service routine. It is then the responsibility
of the service routine to save any other registers which it might
change. The minimum set of flags and registers might include
the Program Counter, Overflow Flag, Sign Flag, Interrupt Mask,
etc. The minimum set also includes any register or flag that
needs to be saved that the interrupt service routine cannot
access.

Interrupt Masking

This step can overlap some of the other steps. For the first few
steps of the sequence all interrupts are masked out so that no
interrupt may occur before the processor status is saved. The
mask is then usually set to accept interrupts of higher priority.



Some machines allow the service routine to selectively enable
or disable interrupts also. There may be different variations to
this step depending upon the application.

Interrupt Acknowledge

At some point the processor must acknowledge the interrupt
being serviced so that the interrupting device knows that it is free
to continue its task. The processor can acknowledge several
different ways. One of the ways is to have a line devoted to
interrupt acknowledge. Another method relies upon the inter-
rupting device recognizing an acknowledge when the cause of
the interrupt is serviced.

Some processor designs also use this signal as a request for the
interrupting device to send an I.D. down the data bus. This as-
pect will be discussed in more detail below.

Interrupt Service Routine

At this point the processor can call the interrupt service routine.
The address of the routine can be obtained several ways de-
pending upon the system architecture. The most trivial is when
there is only one routine which polls each device to find out
which one interrupted. Some designs require that the interrupt-
ing device put an address on the data bus so that the processor
can store it in its program counter and branch to it. Other de-
signs use an |.D. number derived from the priority of the interrupt
and put it through a mapping PROM or look-up table in memory
in order to obtain the address of the service routine.

Restore and Return

After the interrupt service routine has returned via some varia-
tion of an Interrupt Return instruction, the processor should re-

store all the registers and flags that were saved previous to the \J

interrupt routine. If this is done correctly, the processor should
have the same status as before the interrupt was recognized.

INTERRUPT STRUCTURES

There are several interrupt structures that can be implemented. |
As usual there is a trade-off between hardware and software (or
firmware). Listed below are some of the more common struc-
tures used. The particular structures vary in the way that the
processor determines which device made the interrupt request.

Single Request, Multiple Poll

In this structure there is one request line which is shared among
all interrupting devices. When the processor recognizes an inter-
rupt request it polls all the devices to find the interrupting device
(see Figure 1). Priority is introduced via the order in which the
devices are polled. This scheme also allows dynamic realloca-
tion of priority.

Single Request, Daisy Chain Acknowledge

In this structure there is one request line which is shared. When
the processor receives an interrupt it sends out a signal
acknowledging the interrupt. The acknowledge signal is passed
from /O device to I/O device until the interrupting device re-
ceives the signal. At this point the interrupting device identifies
itself by putting an 1.D. number on the data bus (see Figure 2).
This structure requires less software, but has a static priority
associated with each interrupting device. There is also a time
delay associated with daisy chain acknowledge structure be-
cause in each device INTA signal has to pass through several
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Multiple Request

This structure features one line per priority level (see Figure 3).
The multiple line structure gives the fastest response time since
the interrupting device can be identified immediately. It also re-

| sults in simpler interfaces in the peripheral units, in general, a

single interrupt request flip-flop. This structure allows for the
possibility of having a mask bit associated with each priority
level (device). The trade-off of this circuit is a wider bus and a
limit of one peripheral per priority level.

Multiple Request, Daisy Chain Acknowledge

This structure combines the Single Request/Daisy Chain
Acknowledge with the Multiple Request structure (see Figure 4).
For each interrupt request line there is an interrupt acknowledge
line which is connected to a string of devices in a daisy chain
fashion. When the appropriate device receives the interrupt
acknowledge, it puts an I.D. number on the data bus.

The advantage of this structure is that a lot (more than available
interrupt levels) of devices may be handled by breaking them up

into short daisy chains. This gives a shorter access time than a
pure daisy chain with less hardware than an interrupt request
line per device. This advantage is that each device must be
intelligent to pass on the acknowledge signal which requires
more hardware in each device.

PRIORITY SCHEMES

When handling asynchronous requests one must assume that
sometimes two or more requests can happen simultaneously. In
order to handle this situation, there must be some sort of priority
scheme implemented to pick which request is serviced first.

The two most common priority schemes are the static and the
rotating structures. In the static structure, all the interrupt levels
are ordered from the lowest priority to the highest priority. This
can be fixed in software or hardware and is usually permanent.

In the rotating structure the possible interrupt requests are ar-
ranged in a circle. There is a pointer which points to the lowest
priority interrupt. The priority of each interrupt increases as one
fravels around the circle, with the highest priority interrupt being
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DEVICE DEVICE DEVICE
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Figure 3. Multiple Request.
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adjacent to the lowest priority interrupt. The lowest priority inter-
rupt pointer is changed to point at the interrupt that was just
serviced. This structure is advantageous when all interrupts
have similar priority and service bandwidth requirements.

NESTING

Nesting allows only higher priority interrupts to interrupt a pro-
cessing interrupt service routine. Nesting requires fencing off
equal and lower level interrupts. Fencing requires that the inter-
rupt structure hold the value of the highest priority interrupt being
serviced. This can be implemented with a Status Register that
holds the value as a binary encoded number or in other systems
as an In-Service Register with a different bit associated with
each interrupt.

Whether nesting is performed in microcode or not, all computers
must have machine instructions to enable and disable interrupts
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Figure 5.

and set and clear mask bits. With these instructions, interrupt
handlers can be written to accomplish nesting of interrupts al-
though less efficiently than when done with microcode and
hardware. In low-end computers, the interrupt structure only
prioritizes interrupts leaving nesting to the software interrupt
handlers.

A UNIVERSAL HARDWARE INTERRUPT STRUCTURE

While designing a hardware interrupt structure, the designer
should consider the specific functions that are to be achieved.
This provides for system optimization in not only hardware but
also software. In the following paragraphs is a step by step
development of a general purpose interrupt structure as related
to the design concepts involved.

Multiple Interrupt Request Handling

Since interrupt requests are generated from a number of
sources, the interrupt structures ability to handle interrupt re-
quests from several sources is important.

As implemented in Figure 5, the register configuration allows the
hardware to handle interrupt requests from several sources. The
first column of registers catches the asynchronous interrupt re-
quest. The second column of registers synchronizes the re-
quests with respect to the system. After the interrupt is serviced,
one of the CLR lines can be used to selectively clear the inter-
rupt request.

Interrupt Request Prioritization

Since the processor can service only one interrupt request at a
time, the interrupt structure should have the ability to prioritize
the requests and determine which has the highest priority. As
shown in Figure 6, a priority encoder can be put on the output of
the interrupt storage registers. The priority encoder will identify
the highest interrupt request as a binary encoded number.

Dynamic Interrupt Request Masking

The ability to selectively inhibit or “mask” individual interrupt
requests under program control is desirable. For example at
times it may be important to inhibit all interrupts except Power
Failure. As shown in Figure 7 this is realized by ANDing the
output of a mask register with the output of the interrupt storage
registers. Therefore, the mask register can be used to select
which interrupt requests will pass through to the rest of the
hardware.

Interrupt Request Clearing

Flexibility in the method of clearing the interrupt allows different
modes of interrupt system operation. Of particular value are the
abilities to clear the interrupt currently being serviced or clear all
interrupts.
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This is implemented in Figure 8 by use of the Vector Hold reg-
ister on the output of the Priority Encoder. This register holds the
latest interrupt request that was recognized. Before another
interrupt request is recognized, the output of the Vector Hold
register can be fed through some clear control logic to selec-
tively clear the old interrupt.

Interrupt Request Priority Threshold

The ability to establish a priority threshold is valuable. In this
type of operation, only those interrupt requests which have
higher priority than a specified threshold priority are accepted.
The threshold priority can be defined by microprogram or can be
automatically established by hardware at the interrupt currently
being serviced plus one. This automatic threshold prevents mul-
tiple interrupts from the same source.

This feature is implemented in Figure 8 using an incrementer
and status register which is compared with the current request.
Each time an interrupt is recognized, the status register is up-
dated with one plus the current level.

Interrupt Service Routine “Nesting”

This feature allows an interrupt service routine for a given pri-
ority request to be interrupted in turn by a higher priority interrupt
request. This can be achieved by saving the status register be-
fore each interrupt is serviced and restoring it afterwards.

Microprogrammability and Hardware Modularity

These last two design concepts bring us to the Vectored Priority
Interrupt controller, the Am2914. The Am2914 is a modular inter-
rupt system block which is beneficial in two ways. First,
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hardware modularity provides expansion capability. Additional
modules may be added as the need to service additional re-
quests arises. Secondly, hardware modularity provides a struc- l l
tural regularity which simplifies the system structure and also i =
reduces the number of hardware part numbers. —q| #7 ADVANCE DISABLE
J—— SEND S;GEEL lo—e
. . : . —=0] Ps
The Am2914 is microprogrammable, which permits the con- _..g Pa | nTERRUPT y
struction of a general purpose or “universal’ interrupt structure =9 ﬁ: HES VECTOR \f
which can be microprogrammed to meet a specific application’s L our )L
£ - £ . Vo =
requirement. The universality of the structure allows standardi- —fo ¢
zation of the hardware and amortization of the hardware de- Pl STATUS |
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result is a flexible, low cost interrupt structure as shown in —-— M,; 5y
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In this microinstruction set, the Master Clear microinstruction is T T L
selected as binary zero so that during a power-up sequence, the
microinstruction register in the microprogram control unit of the

central processor can be cleared to all zeros. Thus, on the next
clock cycle, the Am2914 will execute the Master Clear function.

Figure 10. Am2914 Logic Symbol.
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MICROINSTRUCTION
MICROINSTRUCTION CODE
DESCRIPTION Ialal1lg
MASTER CLEAR 0000
CLEAR ALL INTERRUPTS 0001
CLEAR INTERRUPTS FROM
M-BUS 0010
CLEAR INTERRUPTS FROM MASK
REGISTER 0011
CLEAR INTERRUPT, LAST
VECTOR READ 0100
READ VECTOR 0101
READ STATUS REGISTER 0110
READ MASK REGISTER 0111
SET MASK REGISTER 1000
LOAD STATUS REGISTER 1001
BIT CLEAR MASK REGISTER 1010
BIT SET MASK REGISTER 1011
CLEAR MASK REGISTER 1100
DISABLE INTERRUPT REQUEST 1101
LOAD MASK REGISTER 1110
ENABLE INTERRUPT REQUEST 1111

Figure 11. Am2914 Microinstruction Set.

This includes clearing the Interrupt Latches and Register as well
as the Mask Register and Status Register. The LGE flip-flop of
the least significant group is set LOW because the Group Ad-
vance Receive input is tied LOW. All other Group Advance Re-
ceive inputs are tied to Group Advance Send outputs and these
are forced HIGH during this instruction. This clear instruction
also sets the Interrupt Request Enable flip-flop so that a fully
interrupt driven system can be easily initiated from any interrupt.

The Clear All Interrupts microinstruction clears the Interrupt
Latches and Register.

The Clear Interrupts from M-Bus microinstruction clears those
Interrupt Latches and Register bits which have corresponding
M-Bus bits set equal to one.

The Clear Interrupts from Mask Register microinstruction clears
those Interrupt Latches and Register bits which have cor-
responding Mask Register bits set equal to one. The M-Bus is
used by the Am2914 during the execution of this microinstruction
and must be floating.

The Clear Interrupt, Last Vector Read microinstruction clears
the Interrupt Latch and Register bit associated with the last
vector read.

The Read Vector microinstruction is used to read the vector
value of the highest priority request causing the interrupt. The
vector outputs are three-state drivers that are enabled onto the
is instruction. This microinstruction also automatically loads the
value “vector plus one” into the Status Register. In addition, this
instruction sets the Vector Clear Enable flip-flop and loads the
current vector value into the Vector Hold Register so that this
value can be used by the Clear Interrupt, Last Vector Read
microinstruction. This allows the user to read the vector as-
sociated with the interrupt, and at some later time clear the
Interrupt Latch and Register bit associated with the vector read.

During the Read Status Register microinstruction, the Status
Register outputs are enabled onto the Status Bus (Sq¢-Ss). The
Status Bus is a three-bit, bi-directional, three-state bus.

The Read Mask Register microinstruction enables the Mask
Register outputs onto the bi-directional, three-state M-Bus.

The Set Mask Register microinstruction sets all the bits in
the Mask Register to one. This results in all interrupts being
inhibited.

The Load Status Register microinstruction loads S-Bus data into
the Status Register and also loads the LGE flip-flop from the
Group Enable input.

The Bit Clear Mask Register microinstruction may be used to
selectively clear individual Mask Register bits. This micro-
instruction clears those Mask Register bits which have cor-
responding M-Bus bits equal to one. Mask Register bits with
corresponding M-Bus bits equal to zero are not affected.

The Bit Set Mask Register microinstruction sets those Mask
Register bits which have corresponding M-Bus bits equal to one.
Other Mask Register bits are not affected.

The entire Mask Register is cleared by the Clear Mask Register
microinstruction. This enables all interrupts subject to the Inter-
rupt Enable flip-flop and the Status Register.

All Interrupt Requests may be disabled by execution of the Dis-
able Interrupt Request microinstruction. This microinstruction
resets an Interrupt Request Enable flip-flop on the chip.

The Load Mask Register microinstruction loads data from the
three-state, bi-directional M-Bus into the Mask Register.

The Enable Interrupt Request microinstruction sets the Interrupt
Enable flip-flop. Thus, Interrupt Requests are enabled subject to
the contents of the Mask and Status Registers.

Am2914 BLOCK DIAGRAM DESCRIPTION

The Am2914 block diagram is shown in Figure 9. The Micro-
instruction Decode circuitry decodes the Interrupt Microinstruc-
tions and generates required control signals for the chip.

The Interrupt Register holds the Interrupt Inputs and is an
eight-bit, edge-triggered register which is set on the rising edge
of the CP Clock signal if the Interrupt Input is LOW.

The Interrupt latches are set/reset latches. When the Latch
Bypass signal is LOW, the latches are enabled and act as nega-
tive pulse catchers on the inputs to the Interrupt Register. When
the Latch Bypass signal is HIGH, the Interrupt latches are
transparent.

The Mask Register holds the eight mask bits associated with the
eight interrupt levels. The register may be loaded from or read to
the M-Bus. Also, the entire register or individual mask bits may
be set or cleared.

The Interrupt Detect circuitry detects the presence of any un-
masked Interrupt Input. The eight-input Priority Encoder deter-
mines the highest priority, non-masked Interrupt Input and forms
a binary coded interrupt vector. Following a Vector Read, the
three-bit Vector Hold Register holds the binary coded inter-
rupt vector. This stored vector can be used later for clearing
interrupts.

The three-bit Status Register holds the status bits and may be
loaded from or read to the S-Bus. During a Vector Read, the
Incrementer increments the interrupt vector by one, and the re-
sult is clocked into the Status Register. Thus, the Status Reg-
ister points to a level one greater than the vector just read.



The three-bit Comparator compares the Interrupt Vector with the
contents of the Status Register and indicates if the Interrupt
Vector is greater than or equal to the contents of the Status
Register.

The Lowest Group Enabled Flip-Flop is used when a number of
Am2914's are cascaded. In a cascaded system, only one Low-
est Group Enabled Flip-Flop is LOW at a time. It indicates the
eight interrupt group, which contains the lowest priority interrupt
level which will be accepted and is used to form the higher order
status bits.

The Interrupt Request and Group Enable logic contain various
gating to generate the Interrupt Request, Parallel Disable, Rip-
ple Disable, and Group Advance Send signals.

The Status Overflow signal is used to disable all interrupts. It
indicates the highest priority interrupt vector has been read and
the Status Register has overflowed.

The Clear Control logic generates the eight individual clear sig-
nals for the bits in the Interrupt Latches and Register. The Vector
Clear Enable Flip-Flop indicates if the last vector read was from
this chip. When it is set it enables the Clear Control Logic.

The CP clock signal is used to clock the Interrupt Register, Mask
Register, Status Register, Vector Hold Register, and the Lowest
Group Enabled, Vector Clear Enable and Status Overflow Flip-
Flops, all on the clock LOW-to-HIGH transition.

CASCADING THE Am2914

A number of input/output signals are provided for cascading the
Am2914 Vectored Priority Interrupt Encoder. A definition of
these I/O signals and their required connections follows:

Group Signal (GS) — This signal is the output of the Lowest
Group Enabled flip-flop and during a Read Status micro-
instruction is used to generate the high order bits of the Status
word.

Group Enable (GE) — This signal is one of the inputs to the
Lowest Group Enable flip-flop and is used to load the flip-flop
during the Load Status microinstruction.

Group Advance Send (GAS) — During a Read Vector micro-
instruction, this output signal is LOW when the highest priority
vector (vector seven) of the group is being read. In a cascaded
system Group Advance Send must be tied to the Group Ad-
vance Receive input of the next higher group in order to transfer
status information.

Group Advance Receive (G_Aﬁ) — During a Master Clear or
Read Vector microinstruction, this input signal is used with other
internal signals to load the Lowest Group Enabled flip-flop. The
Group Advance Receive input of the lowest priority group must
be tied to ground.

Status Overflow (SV) — This output signal becomes LOW after
the highest priority vector (vector seven) of the group has been
read and indicates the Status Register has overflowed. It stays
LOW until a Master Clear or Load Status microinstruction is
executed. The Status Overflow output of the highest priority
group should be connected to the Interrupt Disable input of the
same group and serves to disable all interrupts until new status
is loaded or the system is master cleared. The Status Overflow
outputs of lower priority groups should be left open (see Fig-
ure 14).

Interrupt Disable (ID) — When LOW, this input signal inhibits the
Interrupt Request output from the chip and also generates a
Ripple Disable output.

Ripple Disable (RD) — This output signal is used only in the
Ripple Cascade Mode (see below). The Ripple Disable output is
LOW when the Interrupt Disable input is LOW, the Lowest
Group Enabled flip-flop is LOW, or an Interrupt Request is gen-
erated in the group. In the ripple cascade mode, the Ripple
Disable output is tied to the Interrupt Disable input of the next
lower priority group (see Figure 13).

Parallel Disable (PD) — This output is used only in the parallel
cascade mode (see below). It is LOW when the Lowest Group
Enabled flip-flop is LOW or an Interrupt Request is generated in
the group. It is not affected by the Interrupt Disable input.

CASCADING CONFIGURATIONS

A single Am2914 chip may be used to prioritize and encode up to
eight interrupt inputs. Figure 12 shows how the above cascade
lines should be connected in such a single chip system.

—

INTERRUPT
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+5.0V STATUS |5 |

OVERFLOW

IR Am2914 Po.y f——

GROUP

ENABLE

GROUP
ADVANCE
RECEIVE

i

Figure 12. Cascade Lines Connection for
Single Chip System.

The Group Advance Receive and Group Enable inputs should
be connected to ground so that the Lowest Group Enabled flip-
flop is forced LOW during a Master Clear or Load Status micro-
instruction. Status Overflow should be connected to Interrupt
Disable in order to disable interrupts when vector seven is read.
The Group Advance Send, Ripple Disable, Group Signal and
Parallel Disable pins should be left open.

The Am2914 may be cascaded in either a Ripple Cascade Mode
or a Parallel Cascade Mode. In the Ripple Cascade Mode, the
Interrupt Disable signal, which disables lower priority interrupts,
is allowed to ripple through lower priority groups. Figures 13, 16,
and 17 show the cascade connections required for a ripple cas-
cade 32 input interrupt system.

In the parallel cascade mode, a parallel lookahead scheme is
employed using the high-speed Am2902 Lookahead Carry
Generator. Figures 14, 15, and 17 show the cascade’connections
required for a parallel cascade 32-input interrupt system. For this
application, the Am2902 is used as a lookahead interrupt disable

o
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Figure 13. Interrupt Disable Connections for
Ripple Cascade Mode.

generator. A Parallel Disable output from any group results in the
disabling of all lower priority groups in parallel. Figure 15 shows
the Am2902 logic diagram and equations.

In Figures 16 and 17 the Am2913 Priority Interrupt Expander is
shown forming the high order bits of the vector and status, re-
spectively. The Am2913 is an eight-line to three-line priority en-
coder with three-state outputs which are enabled by the five
output control signals G1, G2, G3, G4, and G5. In Figure 16, the
Am2913 is connected so that its outputs are enabled during a
Read Vector instruction, and in Figure 17 the Am2913 is con-
nected to microinstruction bits so that its outputs are enabled
during a Read Status Instruction. The Am2913 logic diagram and
truth table are shown in Figure 18.

The Am25LS138 three-line to eight-line Decoder also is shown in
Figure 17. It is used to decode the three high order status bits
during a Load Status instruction. The Am25LS138 logic diagram
and truth table are shown in Figure 19.

Am2914 IN THE Am2900 SYSTEM

The block diagram of Figure 20 shows a typical 16-bit mini-
computer architecture. The Am2914 is the heart of the Interrupt
Control Unit as shown at the bottom of the block diagram. It
receives its microinstructions from the Computer Control Unit.
The mask, Status and Interrupt vector information are passed on
the data bus. The interrupt request line from the Am2914 input
into the next microprogram Address Control unit where it can be
tested to determine if an interrupt request has been made.

Figures 21 and 22 show the detailed hardware design of two
example interrupt control units (ICU's) for an Am2900 Computer
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Figure 14. Interrupt Disable Connections for Parallel Cascade Mode.
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System. Figure 21 shows an eight interrupt level ICU, and Figure
22 shows an ICU which has sixteen levels. In both designs, the
Am2914 Instruction inputs and Instruction Enable input are driven
by the lp.3 field and IE bit, respectively, of the Microinstruction
Register. Note that Am2914 Instruction inputs are enabled only
when the 1E bit is LOW. Therefore, the Io.5 field of the Micro-
instruction Register may be shared with another functional unit
of the computer such as the ALU.

The Latch Bypass input is shown connected to ground so that a
Low-going pulse will be detected at any of the Interrupt Inputs.
The designer has the option of connecting the Latch Bypass input
to a pull up resistor connected to +5 volts. This makes the inputs
low level sensitive. They are clocked in by each system clock. Itis
therefore implied that the processor will have to acknowledge the
interrupt so that the interrupting device will know when to release
the interrupt request line.



(3

o 4

Gy Gy Gs GROUP GROUP
O SIGNAL ADVANCE
GROUP SEND
I
L i ENABLE
A g L ars Biane : Am2914
Am2913 2
i b o 8 GROUP
s ADVANCE
lo fp——— “ RECEIVE
INTR24-31
E, Gy G
f[ ‘ ‘ GROUP GROUP
- O GIGNAL ~ ADVANCE
L of GRouP R
ENABLE
s Amz914
2
s s GROUP
S5 s, ADVANCE
STATUS | g, RECEIVE
oUTPUT
5
Sp
GROUP GROUP
SIGNAL ADVANCE
of GROUP SEND
ENABLE
Am2914
Sz
S GROUP
sy ADVANCE
) RECEIVE
Y3 o
) ¥; o
Am25LS138
GROUP GROUP
— A ¥y fo—— A signaL ADVANCE
GROUP SEND
Yo O 9| enaBLE
Am2914
Sz
I S GROUP
5 ADVANCE
ey ! RECEIVE
INTRO-7 §

Figure 17. Group Signal, Group Enable, Group Advance Send, Group Advance Receive and Status Connections for Both
the Parallel and Ripple Cascade Modes.

Inputs __(_)utpuu

Bl To Ty T2 T3 Ta Ts T Tz |Ag Ay Ay EO
Tp Ty [ T3 Ta s [ Ty E H X %X X X X x X X|L L L H
L H H H H H H H H L L L L
L X X X X X X X L|H H H H
LoXx X X X X X L H|L H H H
L x x x X X L H H H L H H
é} {} % L X X X X L H H H|L L H H
L X X X L H H H H|H H L H
L X X L H H H H H|L H L H
L X L H H H H H H|H L L H
| L L H H H H H H H|L L L H

I == H = HIGH Voltage Level

- L = LOW Valtage Level

‘| X =Don't Care

ForGqy=H,G2=H,G3=L,G4=L,Gg=L

Gl G2 G3 G4 G5 | Ag Ay A

H H L L L Enabled
I L x x X X F4 r4 F4
A‘I A2 x L x X X z z F4
x x H x X Z F4 Z
x x x H x Z Z Z
X X X X H Z Z Z

Z = HIGH Impedance

Figure 18. Am2913 Priority Interrupt Expander Logic Diagram and Truth Table.
11



<
o

G2a | ¥ Inputs Outputs
—] Enable Select
a28 :}’_*‘ Gl G2A G2B|CBA| Yp Y1 Yz Yz Yq4 Ys Yg Y7
L X X XXX H H H H H H H H
}Vz X H ¥ |[XXX| H H H H H H H H
X X H XK X H H H H H H H H
H L L LLL L H H H H H H H
'_DD_Y H L L |LLH| H L H H H H H H
: H L L [LHL| H H L H H H H H
H L L |[LHH| H H H L H H H H
_D"_ H L L |HLL H H H H 1 H H H
Vg
D D H L L |HLH| H H H H H L H H
A
H L L |[HHL{ H H H H H H L H
— H L L HHH H H H H H H H L
[
H=HIGH
——|>o— L = LOW
B
— X =Don't Care
[ D
C—{»——q} \.-7
Figure 19. Am25LS138 3 to 8 Line Decoder Logic Diagram and Truth Table.
INSTRUCTION WORKING
REGISTER s *1 REGISTERS
MPUTER CONTR ARITHMETIC
‘a COMPU COl OL UNIT LOGIC
UNIT
MICROINSTRUCTION REGISTER J
. PROGRAM COUNTER
AND
\. MEMORY ADDRESS
[ REGISTER
L =2
~ o
ﬁ hud
L4
;_ﬂ 2
NEXT
MICROPROGRAM CLOCKS
ADDRESS CONTROL
1 . @ MEMORY
TEST o BANK 1
COMNDITIONS @
w
@
8
CONTROL PANEL INTERRUPT <
oR CONTROL 4 oy
OTHER PROCESSOR UNIT

VoV

INTERRUPT REQUEST

TO INTERFACE CONTROLLERS
Am2905/06/07/15A16A/1TA

Figure 20. A Generalized Computer Architecture.

12




MICROINSTRUCTION REGISTER

[ =]

e

=

FROM DATA BUS
SOURCE CONTROL

INST
ENABLE
INTERRUPT INTERRUPT
REQUEST —/L'-'O INPUTS
INPUTS & PPy
LATCH
r BYPASS
SYSTEM ———=| CLOCK
CLOCK
™
INT
ois

INSTRUCTION
o3

AmIAT4

STATUS
O'FLOW

VECTOR
02

STATUS
o2

MASK
o7

|RFT REQ

GRP
EN

LOGIC
Q
cs
A Am29751 s
o2 MAPPING DB (15
PROM o I
(2
Az
DB &:10

DB 0:7

o—

V,

4700

DATA BUS (DB 0:15]

TO MICROPROGRAM

L1 1

MNEXT ADDRESS
CONTROL

N\

Figure 21. 8 Level Interrupt Control Unit for Am2900 System.

MICROINSTRUCTION REGISTER

[]

o3 |

i FROM DATA BUS
N o SOURCE CONTROL
4 STATUS INT LOGIC
O'FLOW oIS
of NsT EN GAPSIG O !)
3 =]
p—=—| INST 03 VECTOR 02 Aoz Am2ET51
MAPPING 0B 0:15
PAR DIS Ag PROM
2 N
Amzais GRP EN -—o<= Aa
INTERRUPT - e
REQUEST ANT INPUT: RERU ]
INPUTS 9 POPU : < DEEIS
e 7 MASK -7 a 16
DB 0:2 DE0:3
LATCH BYP 3
STATUS 02 3 -
2900 SYSTEM DB 3
CLOEK CLOCK ap  VRPTREQ fO-
GAR  DIS otz fa o
Gy Gz G3 Gy Gg
Vee— Yp¥y
GAS INT “
oIS Am2a13
of nsT EN P o v A
GRPSIG O 1 T
e ST O3 VECTOR 02 Yo
El
Am2814 GRP EN |Or I
INTERAUPT
B DEO-7 =
REIﬁgEﬂ Of INT INPUTS MASK 07
i PoPy Voo ‘
3
LATCH BYP STATUS 0-2 ar00
CLOCK IRPT REQ |0 TO MICAOPROGRAM
MEXT ADDRESS
GAR CONTAROL

|||[

DATABUS (DE 0:15]

Figure 22. 16 Level Interrupt Control Unit for Am2900 System.
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In Figures 21 and 22, the Status and Mask inputs/outputs are
connected to the data bus in a bi-directional configuration so that
Status and Mask Registers may be loaded from or read to the
data bus with appropriate Am2914 instructions. This gives the
designer two possibilities which could be very advantageous.

Number one is the ability to store the Status and Mask information
on a stack in memory. This is very advantageous when doing
nested interrupts. Secondly, it allows the designer to construct
machine instruction that can modify these two registers. This is
very important to the system programmer who is involved in
writing software to manage the interrupts.

For the eight level ICU of Figure 21, the Status Overflow output is
connected to the Interrupt Disable input, and the Group Advance
Receive and Group Enable inputs are connected to ground, as
previously described.

For the 16 interrupt level ICU of Figure 22, the Parallel Disable
output of the higher priority group serves as the high order vector
bit. An Am2913 Priority Interrupt Expander is gated by the
Am2914 instruction lines so that its output is enabled only during a
Read Status instruction, and is used to encode the high order bit
of the status. An inverter suffices to decode the high order bit of
the status bit during a Load Status instruction. As described
previously for a ripple cascade system, the Group Advance Re-
ceive input of the next higher priority group; the Ripple Disable
output is connected to the Interrupt Disable input of the next lower
priority group; the Status Overflow output of the highest priority
group is connected to the Interrupt Disable input of the same
group, and the Group Advance Receive input of the lowest priority
group is connected to ground.

In both designs, two Am29751 32-word by 8-bit PROM's with
three-state outputs are used to map the Am2914 Vector outputs
into a 16-bit address vector. The PROM outputs are connected to
the data bus. When a Read Vector Instruction (Am2914) is exe-
cuted, the address vector is available to be used either as the
address of the next instruction or a location to find the address of
the next instruction to execute.

Figure 23 shows a design where the address vector from the
mapping PROM can be clocked into a register in the Am2903’s.
The registers in the Am2903’s would be split between general
purpose, scratch, stack pointers and Program Counter registers.

The address vector also may be gated directly to the “D"” inputs of
the Am2911 Microprogram Sequencer as shown in Figure 24,
and used as the start PROM address of a microinstruction inter-
rupt service routine. This method would be most useful in a
controller application. This method would trade faster service for
a bigger microprogram that accommodates all the code to service
each individual interrupt.

FIRMWARE EXAMPLE FOR Am2914 INTERRUPT SYSTEM

The software for handling interrupt requests is on two levels.
The first level to come into play is the microprogram level. This is
the level at which the request is recognized and the program
counter is manipulated to start execution of a machine level
interrupt service routine which is the second level. When the
machine level interrupt service routine is finished, some form of
a Return Interrupt instruction is executed. The microcode for the
return instruction manipulates the program counter so that
execution of the current machine program previous to the re-
quest is restored as shown in Figure 25.

This example is concerned with the microprogram level. This

microcode goes along with the hardware shown in Figure 23. In
this example the code is shown in the form of Flow Charts be-

cause the actual microprogram format will vary from machine to
machine.

The important features to notice that have a direct relevance to
the firmware are the Latch Bypass and where the Mask, Status
and Vector busses go. For this example, the Latch Bypass is
LOW making the Interrupt Latches latch up on a negative going
pulse. The Mask and Status busses go to the data bus allowing
the Status and Mask data to be transferred to and from memory.
The Vector bus passes through a mapping PROM to the data
bus where it can be read into the Program Counter contained in
the Am2903's. The PROM contains addresses of service
routines which correspond to the different interrupt levels.

Another relevant fact, important to understanding the firmware is
that the interrupt mechanism is limited to handle interrupts on
the machine level.

As shown in Figure 26a, the first thing that happens in the fetch
routine (written in microcode) is a conditional subroutine call that
will be taken if an interrupt request is present. This happens
before the current machine instruction is fetched and the pro-
gram counter is incremented.

In the Interrupt routine (shown in Figure 26b) a microprogram
subroutine is first called to push the program counter onto the
system stack. This is done so that the program counter can be
restored in order to resume execution of the machine program
after the interrupt service routine is done. The next thing that is
saved on the system stack is the contents of the Am2914 Status
Register. This is done because the status register which contains
the priority level that would be serviced prior to the interrupt, will
be restored after the interrupt is serviced. This maintains a nested
interrupt structure (fence).

After saving the program counter and status register, the vector
is read out of the Am2914 through the mapping PROM to obtain
the address of the machine interrupt service routine. The ad-
dress is then read into the program counter which resides in the
Am2903's. When the Vector is read, the interrupt request priority
plus one is automatically put into the status register by the
Am2914 so that all interrupt requests of lower priority than the
one being serviced are ignored. This is often referred to as
moving the fence up. Since the vector has been read and the
new address is in the program counter, the interrupt request can
be cleared from the interrupt register via the Clear Interrupt/Last
Vector Read instruction. At this point a jump is made to the
Fetch routine which will now fetch the first instruction of the
machine Interrupt Service routine.

The last instruction that the machine level interrupt service exe-
cutes is an Interrupt Return. This will in turn call Return Interrupt
microprogram. The status is first popped off the system stack
and loaded back into the status register. This restores the Inter-
rupt Fence. The program counter is then popped off the system
stack and loaded into the program counter register. This re-
stores the program counter to point to the instruction that was
going to be executed when the interrupt request occurred.

TIME DELAY WHEN USING THE Am2914

An aspect that should be covered when using any part is how it
will fit into the system timing; because the cycle time of the
system will be as long as the longest delay path in the machine.
Shown in Figure 27 is the longest delay path through the
Am2914 for the previous 16-bit computer example. The calcula-
tions were using both typical and worst case values at 25°C and
5.0V.

The longest delay path for the system where the vector from the
mapping PROM feeds into the “D” inputs of the Am2910 is
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INTERRUPT
MAIN SERVICE
ROUTINE ROUTINE
L/ 1000
JSB PUSHPC
50 1001 |
INTERRUPT 1002
REQUEST READ STATUS
OCCURS
1003 ‘
53
1004 JSB PUSH
54 |
1005
55 READ VECTOR
56 l
LOAD PC
Figure 25. Machine Level Instruction Flow During Interrupt
Request. |
CLEAR INTERRUPT,
LAST VECTOR READ
y START l
K-/. FETCH
JMP FETCH
CJMP INTERRUPT

Figure 26b. Call Interrupt Service Routine Microprogram
I Flow Chart.

LOAD MAR —— PC

|
RETI
JSB MEMREAD
| JSB POP
LOAD PC—- PC+1 ]
| LOAD STATUS
LOAD INSTRRG |
] JSB POPPC
b JMP MAP _ I
JMP FETCH
Figure 26a. Flow Chart for a Simplified Microprogram Fetch

p Routine. Figure 26c. Return Interrupt Microprogram Flow Chart.
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Device No. Device Path Typ. Max.
29775 CPto D 15 20
2914 ltoV 40 55

| 2918 ts (Data) 5 5
Cycle n Total-ns 60 80
2918 CP to Q 8.5 13
27519 Ato O 25 40
2910 DtoY 14 22
29775 ts (A) 40 50
Cycle n+1 Total-ns 97.5 125

Figure 28f.

Device No. Device Path Typ. Max.
2914 CP to IRQ 65 82
2922 Dp to Y 13 19
2910 cCtoY 27 44
29775 ts (A) 40 50
Total-ns 145 195

Figure 28g.

Device No. Device Path Typ. Max.
2914 CP to IRQ 65 g2
74574 ts (Data) 3 3
Cycle n Total-ns 68 85
74574 CPtoQ 6 9
2922 Dy to Y 13 19
2910 CCtoY 27 44
29775 ts (A) 40 50
Cycle n+1 Total-ns 86 122

Figure 28h.

shown in Figure 28. This path is much longer because of the two
PROM's that have to be accessed. Therefore, there may be a
trade-off of slightly longer system cycle time for faster service of
interrupts via service routines in microcode.

For some systems the delay time shown in Figure 28b may be
too long. Therefore, the designer can split the delay time into
parts by putting a register between the Am2914 and the mapping
PROM as shown in Figure 28c. When done in two system clock
cycles, the delay time will be as shown in Figure 28f.

Figure 28d shows the delay path from the Interrupt Request
Register through the Condition Code MUX to the Am2910. The
time calculations are shown in Figure 28g. Again, for some sys-
temns, this path may be too long. Therefore, as shown above, this
path may be broken in two, which is shown in Figure 28e. This
will result in two system clock cycles. The delay involved in each
cycle is shown in Figure 28h.

ANOTHER EXAMPLE OF Am2900 SYSTEM
USING THE Am2914

As shown in Figure 29, this example varies in the way that the
interrupt request is recognized by the microprogrammed

23

machine. In this example the interrupt request line for the
Am2914 enables or disables the MAP signal going to the map-
ping PROM. When an interrupt request is present and a Jump
Map instruction is executed, the output of the mapping PROM
remains tri-stated; and the bus connected to the D" inputs of
the Am2910 is HIGH because of the pull-up resistors. Therefore,
the microprogram will start executing at the highest location in
microprogram memory when an interrupt request is present. At
this location a Jump Instruction to the microprogram interrupt
service routine could be placed. The microcode is written so that
the only time a Jump Map instruction is executed is at the end of
the Fetch microprogram routine as shown in Figure 30a.

In the previous example the interrupt request was recognized
before the program counter is incremented after which the Jump
Map instruction is executed. When the Jump Map is executed,
either the instruction is executed or an interrupt request is ser-
viced. Therefore, when the Return Interrupt machine instruction
is executed, the program counter needs to be backed up via
microcode, as shown in Figure 30b, in order to refetch the
machine instruction which was lost. This also dictates that the
program counter have a path to an incrementer/decrementer or
ALU, which in this example is handled by putting the program
counter in the Am2903's.

MICROPROGRAM LEVEL INTERRUPT EXAMPLE

Some high-speed control applications require extremely fast
interrupt response. While it may ordinarily be desirable to com-
plete an entire processing sequence (such as executing a mi-
croprogram for a macroinstruction) prior to testing for the inter-
rupt and allowing it to occur, it is not always possible to achieve
the required interrupt response time desired. If this is the case,
microinstruction level interrupt handling must be employed. The
technique described below has a maximum latency of three mi-
crocycles which can be 450-600ns total. Implementation is
straightforward using the Am2910 Microsequencer, a 40-pin LS|
device that can control 4096 words of microprogram at a 150ns
cycle time, and a few extra MSI and SSI packages. In this appli-
cation, the Am2910 is configured in its standard architecture.
The additional logic does not influence the normal system cycle
time.

If microlevel interrupt handling is to be employed, logic must be
provided to generate a substitute microprogram address corre-
sponding to the location of the interrupt service routine. In the
event of a microlevel interrupt, the sequencer address outputs
are tri-stated and the substitute address is placed on the micro-
program address bus, causing the next microinstruction fetch to
be determined by the interrupt control vector generator. While
this is happening, steps must be taken with the Am2910 to in-
sure that the interrupted routine can be properly restored. To
understand this procedure, it will be necessary to examine the
Am2910 in more detail.

Referring to Figure 31, the microprogram address bus is driven
by the Y outputs of the Am2910 through a tri-state buffer than
can be disabled by means of the OE input. The address is
selected in a multiplexer from a direct input, from a register/
counter, from a push/pop stack, or from a microprogram counter
register. The microprogram counter register is commonly used
as the address source when executing the next microinstruction
in sequence. Whenever an address appears at the multiplexer
outputs, it is incremented and presented to the microprogram
counters inputs. At the rising edge of the clock, this new address
that is current address-plus-1 is loaded into the microprogram
counter and a microprogram access begins at this address.
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START
RETI2

JSB POP

LOAD STATUS

T

JSB POPPC

1

LOAD PC=—PC =1

JMP FETCH

START
FETCH2
LOAD MAR—=—PC

LOAD PC=—PC+1

|

JSB MEMREAD

LOAD INSTRRG

JMP MAP

Figure 30a. Return Interrupt Microprogram

for Second Example.

Figure 30b. Fetch Microprogram for the Second Example.
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Figure 31. Am2910 Block Diagram.
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Note that at this time, whatever was fetched at the previous
address was loaded into the microword register for execution.
Thus, the microprogram sequencer is always looking for the
address of the next microinstruction to be executed (while a
previously fetched microinstruction is residing in the microword
register). Subroutine and microprogram loops may be ac-
complished by using the stack and the register counter. Re-
gardless of what is selected as source of next address, the
selected address will be incremented and presented to the
microprogram counter. So to accomplish a microprogram
branch, one would simply select the D inputs for a branch ad-
dress for one cycle, then the next address source could be
switched back to the program counter on the next cycle which
would then contain the branch address plus 1.

This is a carry input to the incrementer which is normally tied
HIGH. In the case of a microlevel interrupt, the microprogram
sequencer will not determine the address of the next microin-
struction to be executed. Instead the sequencer output will be
tri-stated and a substitute address will be placed on the bus. The
sequencer continues to operate in a normal fashion with its mul-
tiplexer output being incremented and presented to the micro-
program counter register. It must now be noted that the instruc-
tion located at the address then coming out of the multiplexer
outputs will not be executed but rather the next microinstruction
to be executed will be determined by the interrupt vector
generator. It would therefore, be wrong to increment this micro-
program address but rather it must be saved intact in order to
push it onto the stack for access during interrupt return. This is
easily accomplished in the Am2910 by grounding the carry input
to the incrementer simultaneously with three-stating the se-
quencer output. Then the multiplexer output will be stored in the

microprogram counter register and on the next microcycle the \J

Am2910 must be told to push in order to preserve this address
on the stack.

This carry-in input is all important and exists on all Advanced
Micro Devices' microprogram sequencers. Unless the carry-in is
grounded, whatever address was in the multiplexer output when
the sequencer output was tri-stated is incremented and an in-
struction is missed in the interrupted routine. This, of course,
would likely be disastrous. The key to this microinterrupt
technique is that the address of the unexecuted instruction
(when the Am2910 was tri-stated and a substitute address
supplied) is preserved by inhibiting the increment via the carry
input, so the address is passed on intact to the microprogram
counter. If the microinterrupt is to be more than one cycle long,
the microprogram counter must be pushed so as to save the
return address. Otherwise, a “continue” may be used to return
from the interrupt on the very next cycle. In this event the mic-
rointerrupt effectively inserts one instruction in the stream.

Figure 32 is the block diagram of a hardware design that imple-
ments the above concept. The SYNC/CONTROL and INTER-
RUPT CONTROL/VECTOR GENERATOR logic are shown in
detail in Figure 33. Part of the Am2918 and both ‘LS74 Flip-
Flops are used to synchronize the recognition of the asynchron-
ous interrupt request as shown in Figure 34. The interrupt re-
quest arrives at the interrupt input. On the next clock cycle it is
clocked into the Am2918. In the following clock cycle a pulse
that is one system clock cycle long is put out by the flip-flop pair
FF1 and FF2. The pulse is used to disable the carry input of the
Am2910, tri-state the output of the Am2910, and enable the
jump vector onto the input of the PROM. The vector indexes into
a table in microprogram memory that contains "JUMP SUB-
ROUTINE" instructions to different interrupt service routines.

— | INTERRUPT
CONTROL

B — AND
VECTOR

— GEMNERATOR

rest | —— MAPPING
COMNDITIONS | —— PROM
FROM | — TEST
SYSTEM | —— MUX
oR | —
(OUTSIDE) | ——
—
I
- Am2910 >
— SYNC AND N MICROSEQUENCER SYSTEM
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CONTROLS TO SYSTEM (OR OUTSIDE)
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Figure 32. Computer Control Unit Set-up for High-Speed Micro-Level Interrupt Handling. Latency is a Maximum
of Two Microcycles (i.e., about 300 to 500ns).
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Figure 35. Interrupt Sequence Timing.
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Figure 36. Return-From-Interrupt Sequence Timing.
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Figure 35 shows how the interrupt sequence timing fits into the
normal flow of microprogram address in the Am2910. Note how
the stack is used. This demonstrates the need for always re-
serving room on the stack to allow for interrupts. This applies to
any room that the interrupt service routine may require as well
as the return address. This limitation may require that only one
interrupt request be serviced at a time.

Figure 36 shows how the return from the interrupt service
routine fits into the microprogram flow. Notice that a Return
instruction is used to accomplish this.

SUMMARY

In this chapter, Interrupts were discussed beginning with a def-
inition of the Interrupt Mechanism and proceeding to a classifi-
cation of different interrupts and how they are handled. A dis-

29

cussion of the concepts that go into designing the “Universal
Interrupt” hardware was given which culminated with the
Am2914. The chapter ends with several Interrupt Mechanism
applications using the Am2914 and Am2910.

In this chapter it was shown how interrupts can be handled using
parts from the Am2900 family. Because of their hardware mod-
ularity and universal architecture, they may be used in a variety
of applications. Since the Am2900 Family parts are micropro-
grammable, they allow the user's system to grow with time as
system requirements change. Together these attributes make
the Am2900 Family the flexible cost effective family that it is.
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k/l Introduction

The transfer of data between the microcomputer and the
peripheral devices is generally referred to as Input/Output (I/O).
What is desired is a high speed technique of transferring data
between the peripherals and the memory. Generally speaking,

' there is a minimum of three types of I/O. These are, Programmed
I/O, Memory Mapped I/O and Direct Memory Access I/O. All of
these schemes are common in today's currently available
minicomputers. A basic understanding of these I/O technigues is
helpful in fully comprehending DMA. The first two of these types
of I/O can be interrupt driven. Thatis, programmed I/O or memory
mapped /O can be initiated by an interrupt from the peripheral
device.

Programmed |/0

In this type of I/O, all operations are controlled by the CPU
program. In other words, the peripheral device performs the
functions of inputting or outputting data as it is controlled by the
CPU. Normally, the machine will include a set of I/O instructions
which are used to transfer data to or from the peripheral devices
via an Input/Output port. All data for the peripheral devices
passes through these I/O ports to the CPU and the resources of
the CPUmust be utilized in order to effect an I/O transfer. Figure 1
shows the Block Diagram of a programmed I/O system used in a
typical microcomputer. Figure 2 shows an example of that portion
of the program used to output data to the peripheral device.

|

CPU MEMORY

'O PORT

/0 DEVICES

MPR-550

Figure 1. Programmed I/O System.

CPU Program Comments

Load R, M

Load CPU Register R with the Contents of
Memory Address M
OutD, R Transfer the Contents of CPU Register R to

I/O Device D via the I/O port.

Figure 2. Example Output Program — Programmed 1/O.

Programmed I/O is simple to implement and does not require the
utilization of any memory addresses for its realization. In addition,
special instructions are available to the programmer to execute
the peripheral data transfers. Programmed /O is also low cost
relative to other types of I/O; however, it has the following disad-
vantages. Since I/O device operation is asynchronous with re-

spect to CPU operation, the CPU has no way of knowing when a
peripheral device is ready to transfer data and must periodically
poll the device to determine its readiness. This results in an
inefficient |/O transfer. Also, since the CPU must be used to effect
the I/O transfer, the CPU resources are tied up during the time of
transfer and the time of polling and cannot be used for other tasks.
For these reasons, Programmed 1/O is generally limited to use
with low speed devices.

Perhaps, one of the best known programmed /O microcom-
puters in the industry today is the Am90B0A. This device features
two instructions for either inputting data or outputting data to any
one of 256 Input/Output ports.

Memory Mapped |/O

Memory Mapped I/O is a technique whereby the transfer of data
to and from peripheral devices is accomplished by using some of
the normally available memory space. In this technique, memory
addresses are decoded within the peripheral devices and are
thus used to determine when a specific device is being ad-
dressed. Usually, each type of function within the peripheral
device is assigned a memory address and can then be accessed
by the CPU. For example, the peripheral device may contain a
command register, a status register, a data in register and a data
out register. Thus, four memory addresses might be utilized in
performing /O to this peripheral. Figure 1 is also the block dia-
gram for a Memory Mapped I/O scheme.

The chief advantage of Memory Mapped /O is that all of the
memory reference instructions are usually available to perform
the I/O function. Consequently, no special I/O instructions are
required in the machine. The key disadvantage of this technique
is that a block of the memory addressing range must be set aside
for assignment to the peripheral devices. Thus, the overall mem-
ory addressing range of the machine is reduced by the size of this
block. Again, the resources of the CPU are tied up while the /O is
being performed. A well known machine using only Memory
Mapped I/Q is the PDP 11. In it the upper 4k of memory space is
usually used for the |/O devices.

Interrupt Driven I/O

Interrupts are means by which a peripheral device can stop the
normal flow of the CPU instruction execution and force the CPU to
temporarily suspend its current program. Then, the program
“jumps” to a different program which executes an I/O transfer.
Typically, this eliminates the need for polling the peripheral de-
vices to determine if an I/O transfer is ready. Thus, the interrupt
driven scheme provides a more efficient I/O transfer technique.
However, there is an overhead burden associated with interrupts
in that the CPU must store away and later restore all of the
parameters required to resume the interrupted program. This
overhead degrades the CPU performance. Depending on the
overall interrupt structure, the CPU still may have to do some
polling of devices which may be tied to the same interrupt level.

It should be pointed out that both Programmed 1/O and Memory
Mapped can take advantage of the interrupt technique. Thatis, an
interrupt can be used to initiate the peripheral data transfer in
either type of system. The CPU still must control the transfer of
the data between the memory and the peripheral device and the
CPU resources are unavailable for executing other instructions
during this time.

What is DMA?

DMA is a technique for data transfer which provides a direct path
between the I/O device and the memory without CPU interven-
tion. With this path, a peripheral device has “Direct Memory
Access” and can transfer data directly to or from the memory. The



COMMON BUS

MEMORY CPU

DEVICE

o

e]
DEVICE DEVICE

MPR-551

Figure 3. DMA I/O System.

purpose of the DMA is to relieve the CPU of the task of controlling
the I/O transfer, thereby freeing it to perform other tasks during
this time, and to provide a means by which data can be transfer-
red between an /O device and memory at very high speed.
Figure 3 shows the Block Diagram of a system where several /O
devices can perform DMA transfers into memory. Note that the
CPU and peripheral devices share a common bus to the memory
and that the CPU and peripheral devices cannot access memory
during the same cycle. DMA can also be designed to perform
memory-to-memory transfers or I/O-to-1/O transfers.

Several DMA transfer methods exist, such as the CPU halt
method, the memory timeslice method, and the “cycle steal”
method. In the CPU halt method, the CPU is halted and switched
off the bus while a DMA transfer occurs. This is the most
straightforward method. However, it takes arelatively long time to
switch the CPU on and off the bus, and the CPU cannot do
anything during the transfer.

The memory timeslice method works by splitting each memory
cycle into two timeslots; one is reserved for the CPU and the other
for DMA. This method provides the highest CPU execution rate
as well as the highest DMA transfer rate because both the CPU
and DMA are guaranteed access to memory during every mem-
ory cycle. The disadvantage of this method is that high speed,
costly memories must be used.

The “cycle steal” method is a cost/performance compromise
between the low cost of the CPU halt method and the high
performance of the memory timeslice method. Cycle stealing
refers to a DMA device “stealing” a CPU memory cycle in order to
execute a DMA transfer. CPU program execution continues dur-
ing the DMA transfer (the CPU is not halted), resulting in an
overlap of CPU program execution with DMA transfer. If the CPU
and a DMA device require a memory cycle at the same time,
priority is granted to the DMA device and the CPU waits until the
DMA cycle is completed. DMA causes CPU performance degra-
dation only in those applications where the CPU uses the entire
memory bandwidth. In many applications the CPU is slow relative
to memory cycle time and “cycle stealing” provides satisfactory
performance at relatively low cost.

How is DMA Implemented?

In order to relieve the CPU of the |/O transfer control task, circuitry
external to the CPU must be added. This circuitry is called the
DMA Controller and performs the following functions.

Address Line Control — In a DMA system, the memory address
lines are driven by either the CPU or a DMA device, depending on
which is using the memory during a given cycle. The DMA con-
troller must switch the appropriate address onto the memory
address lines.

Data Transfer Control — The DMA Controller must provide the
control signals required to transfer data directly between memory
and an I/O device. As with the address lines, these control signals
must be switched onto and off of the memory control lines appro-
priately.

Address Maintenance — Just as the CPU has the program
counter and one or more other registers for memory address
pointers, the DMA controller must also maintain an address
pointer that indicates where the next word of data will be read or
written in memory. This pointer must be incremented or dec-
remented after each word transfer.

Word Count Maintenance — At the initialization of a DMA
transfer, the CPU specifies to the DMA Controller the total
number of words to be transferred. During the transfer, the DMA
controller must maintain a count of the number of words that have
been transferred and terminate the transfer when the specified
number of words has been reached.

Mode Control — Certain aspects of a DMA transfer, such as
direction of data flow, method of termination, etc., may vary from
one DMA transfer to the next. For this reason, a number of DMA
modes may be required. Mode control logic contained in the DMA
controller, is set by the CPU atthe initialization of a DMA transfer.

A DMA Controller can be placed in each I/O device (Distributed
DMA) or DMA control circuitry for a number of I/O devices can be
placed in a separate unit (Centralized DMA). The former provides
the advantage of incremental cost; DMA control circuitry is added
only as I/O devices are added. The latter provides the advantages
of consolidation.

At DMA initialization, the CPU normally specifies the mode, the
starting memory address and the number of words to be trans-
ferred (word count) to the DMA controller. In some applications, it
is desirable to repeat a DMA transfer over and over again without
disturbing the CPU. This capability is called Repetitive DMA, and
can be implemented by adding two registers to the DMA con-
troller. One register saves the starting address and the other the
starting word count. This allows the DMA Controller to automati-
cally reinitialize itself after the transfer of the data has been
completed, thereby eliminating the need for CPU intervention.

o
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The Am2940 DMA ADDRESS GENERATOR

The design of the Address Line Control, Data Transfer Control
and Mode Control circuitry of a DMA Controller is dependent
upon system architecture and timing; therefore, it varies con-
siderably from system to system. However, the address mainte-
nance and word count maintenance circuitry is independent of
these variables, and is common to almost all DMA Controllers.
The Am2940 DMA Address Generator is designed for use in DMA
Controllers and provides the Address and Word Count mainte-
nance circuitry that is common to most. It combines the advan-
tages of high speed bipolar LS| with the flexibility and general
purpose usefulness of microprogrammed control.

Am2940 GENERAL DESCRIPTION

The Am2940, a 28-pin member of Advanced Micro Devices
Am2900 family of Low-Power Schottky bipolar LS| chips, is a
high-speed, cascadable, eight-bit wide Direct Memory Access
Address Generator slice. Any number of Am2940s can be cas-
caded to form larger addresses.

The primary function of the device is to generate sequential
memory addresses for use in the sequential transfer of data to or
from a memory. It also maintains a data word count and gener-
ates a DONE signal when a programmable terminal count has
been reached. The device is designed for use in peripheral con-
trollers with DMA capability or in any other system which transfers
data to or from sequential locations of a memory.

The Am2940 can be programmed to increment or decrement the
memory address in any of four control modes, and executes eight
different instructions. The initial address and word count are
saved internally by the Am2940 so that they can be restored later
in order to repeat the data transfer operation.

Am2940 ARCHITECTURE

As shown in the Block Diagram of Figure 4, the Am2940 consists

of the following:

® A three-bit Control Register.

® An eight-bit Address Counter with input multiplexer.

® An eight-bit Address Register.

e An eight-bit Word Counter with input multiplexer.

e An eight-bit Word Count Register.

e Transfer complete circuitry.

® An eight-bit wide data multiplexer with three-state output buf-
fers.

e Three-state address output buffers with external output enable
control.

® An instruction decoder.

Control Register

Under instruction control, the Control Register can be loaded or
read from the bidirectional DATA lines Dy-D;_ Control Register
bits 0 and 1 determine the Am2940 Control Mode, and bit 2
determines whether the Address Counter increments or dec-
rements. Figure 5 defines the Control Register format.

Address Counter

The Address Counter, which provides the current memory ad-
dress, is an eight-bit, binary, up/down counter with full look-ahead
carry generation. The Address Carry Input (ACI) and Address
Carry Output (ACO) allow cascading to accommodate larger
addresses. Under instruction control, the Address Counter can
be enabled, disabled, and loaded from the DATA inputs, Dg-D5,
or the Address Register. When enabled and the ACI input is
LOW, the Address Counter increments/decrements on the LOW
to HIGH transition of the CLOCK input, CP. The Address Counter
output can be enabled onto the three-state ADDRESS outputs
Ag-A; under control of the Output Enable input, OE,.

i
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ADDRESS REGISTER

WORD COUNT
REGISTER

‘°—I
MULTIPLEXER

0 * 7

ADDRESS COUNTER

I

ACO
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7 o 7
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0 * 7
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Figure 4. Am2940 DMA Address Generator.
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Control Register
[ | |
Control | Done OQutput Signal |
Mode Control Word ' | |
CR; CRy| Number Mode Type Counter WCI = Low WCI = HIGH
| HIGH when HIGH when
L | L 0 | Word Count Equals Zero Decrement Word Counter = 1 Word Counter = 0
HIGH when HIGH when
L | H 1 | Word Count Compare Increment Word Counter + 1 = Word Counter =
| Word Count Register Word Count Register
[ 2 Address Compare Hold HIGH when Word Counter = Address Counter
| H | 3 | Word Counter Carry Qut Increment Always LOW |
CR, |Address Counter
H = HIGH L Increment
L = LOW H Decrement

Figure 5. Control Register Format Definition.

Address Register

The eight-bit Address Register saves the initial address so that it
can be restored later in order to repeat a transfer operation. When
the LOAD ADDRESS instruction is executed, the Address Reg-
ister and Address Counter are simultaneously loaded from the
DATA inputs, Dg-D.

Word Counter and Word Count Register

The Word Counter and Word Count Register, which maintain and
save a word count, are similar in structure and operation to the
Address Counter and Address Register, with the exception that
the Word Counter increments in Control Modes 1 and 3, decre-
ments in Control Mode 0, and is disabled in Control Mode 2. The
LOAD WORD COUNT instruction simultaneously loads the Word
Counter and Word Count Register.

Transfer Complete Circuitry

The Transfer Complete Circuitry is a combinational logic network
which detects the completion of the data transfer operation in
three Control Modes and generates the DONE output signal. The
DONE signal is an open-collector output, which can be dot-anded
between chips.

Data Multiplexer

The Data Multiplexer is an eight-bit wide, 3-input multiplexer
which allows the Address Counter, Word Counter, and Control
Register to be read at the DATA lines, Dy-D. The Data Multi-
plexer and three-state Data output buffers are instruction con-
trolled.

Address Output Buffers

The three-state Address Output Buffers allow the Address
Counter output to be enabled onto the ADDRESS lines, Ag-A7,
under external control. When the Qutput Enable input, OE,, is
LOW, the Address output buffers are enabled; when OE, is
HIGH, the ADDRESS lines are in the high-impedance state. The
address and Data Output Buffers can sink 24mA output current
over the commercial operating range.

Instruction Decoder

The Instruction Decoder generates required internal control sig-
nals as a function of the INSTRUCTION inputs, ly-I2 and Control
Register bits 0 and 1.

Clock

The CLOCK input, CP, is used to clock the Address Register,
Address Counter, Word Count Register, Word Counter, and
Control Register, all on the LOW to HIGH transition of the CP
signal.

Am2940 CONTROL MODES

Control Mode 0 — Word Count Equals Zero Mode

In this mode, the LOAD WORD COUNT instruction loads the
word count into the Word Count Register and Word Counter.
When the Word Counter is enabled and the Word Counter
Carry-in, WCI, is LOW, the Word Counter decrements on the
LOW to HIGH transition of the CLOCK input, CP. Figure 5
specifies when the DONE signal is generated in this mode.

Control Mode 1 — Word Count Compare Mode.

In this mode the LOAD WORD COUNT instruction loads the word
count into the Word Count Register and clears the Word Counter.
When the Word Counter is enabled and the Word Counter
Carry-in, WCI, is LOW, the Word Counter increments on the LOW
to HIGH transition of the clock input, CP. Figure 5 specifies when
the DONE signal is generated.

Control Mode 2 — Address Compare Mode

In this mode, only an initial and final memory address need be
specified. The initial Memory Address is loaded into the Address
Register and Address Counter and the final memory address is
loaded into the Word Count Register and Word Counter. The
Word Counter is always disabled in this mode and serves as a
holding register for the final memory address. When the Address
Counter is enabled and the ACI input is LOW, the Address
Counter increments or decrements (depending on Control Reg-
ister bit 2) onthe LOW to HIGH transition of the CLOCK input, CP.
The Transfer Complete Circuitry compares the Address Counter
with the Word Counter and generates the DONE signal during the
last word transfer, i.e., when the Address Counter equals the
Word Counter.
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Control Mode 3 — Word Counter Carry Out Mode

For this mode of operation, the user can load the Word Count
Register and Word Counter with the two’s complement of the
number of data words to be transferred. When the Word Counter
is enabled and the WCI input is LOW, the Word Counter incre-
ments on the LOW to HIGH transition of the CLOCK input, CP. A
Word Counter Carry Out signal, WCO, indicates the last data
word is being transferred. The DONE signal is not required in this
mode and, therefore, is always LOW.

Am2940 INSTRUCTIONS

The Am2940 instruction set consists of eight instructions. Six
instructions load and read the Address Counter, Word Counter
and Control Register, one instruction enables the Address and
Word Counters, and one instruction reinitializes the Address and
Word Counters. The function of the REINITIALIZE COUNTERS,
LOAD WORD COUNT, and ENABLE COUNTERS instructions
vary with the Control Mode being utilized. Table 1 defines the
Am2940 Instructions as a function of Instruction inputs lg-1> and
the four Am2940 Control Modes.

The WRITE CONTROL REGISTER instruction writes DATA
input Dg-D; into the Control Register; DATA inputs D3-D; are
“don't care” inputs for this instruction. The READ CONTROL
REGISTER instruction gates the Control Register outputs to
DATA lines, Dg-Ds. DATA lines D3-D; are in the HIGH state
during this instruction.

The Word Counter can be read using the READ WORD
COUNTER instruction, which gates the Word Counter ouputs to
DATA lines Dg-D7. The LOAD WORD COUNT instruction is
Control Mode dependent. In Control Modes 0, 2, and 3, DATA
inputs Dy-D5 are written into both the Word Count Register and
Word Counter. In Control Mode 1, DATA inputs Dy-D5 are written
into the Word Count Register and the Word Counter is cleared.

The READ ADDRESS COUNTER instruction gates the Address
Counter outputs to DATA lines Dg-D7, and the LOAD ADDRESS
instruction writes DATA inputs Dy-D5 into both the Address Reg-
ister and Address Counter.

In Control Modes 0, 1, and 3, the ENABLE COUNTERS instruc-
tion enables both the Address and Word Counters; in Control
Mode 2, the Address Counter is enabled and the Word Counter
holds its contents. When enabled and the carry input is active, the
counters increment on the LOW to HIGH transition of the CLOCK
input, CP. Thus, with this instruction applied, counting can be
controlled by the carry inputs.

The REINITIALIZE COUNTERS instruction also is Control Mode
dependent. In Control Modes 0, 2, and 3, the contents of the
Address Register and Word Count Register are transferred to the
respective Address Counter and Word Counter; in Control Mode
1, the content of the Address Register is transferred to the Ad-
dress Counter and the Word Counter is cleared. The
REINITIALIZE COUNTERS instruction allows a data transfer
operation to be repeated without reloading the address and word
count from the DATA lines.

Am2940 Timing

Various computations must be performed by the designer to
determine how fast the Am2940 can be operated reliably in a
given design. The exercises of this section demonstrate how
these computations are performed.

Worst case A.C. characteristics, over the full temperature and
voltage operating range should be used in these computations.
Since, at the time of this writing, the Am2940 is still being charac-
terized, only typical A.C. characteristics are available. These
typicals are used here merely to demonstrate how the computa-
tions are performed; the designer must use worst-case charac-
teristics. Figure 6 shows the characteristics of a Schottky register
and a memory which are assumed for this exercise.

Figures 7A, B, and C show the typical cycle time calculations for
the 16-bit Am2940 configuration. The typical delay along the
longest path for any of the eight Am2940 instructions determines
the typical cycle time. In each case, delays are computed from the
LOW to HIGH transition of a clock through an entire microcycle to
the next LOW to HIGH transition of a clock. The typical cycle time
for a 16-bit Am2940 configuration is 64ns.

TABLE I. Am2940 INSTRUCTIONS

Octal | Control Word Word Address Address Control Data
I2 l1 10 Code Function | Mnemonic| Mode Reg. Counter Reg. Counter Register D05
WRITE
L L L 0 CONTROL | WRCR | 0,1,2,3 | HOLD | HOLD HOLD HOLD Dg-D,=CR | INPUT
REGISTER |
READ |
L L H 1 CONTROL | RDCR 0.1,2,3 | HOLD HOLD HOLD HOLD HOLD CR—+Dg-Dz
REGISTER | [Mote 1
READ
L H L 2 WORD ROWC 0.1.2,3 | HOLD HOLD HOLD HOLD HOLD WC—D
COUNTER
READ
L H H 3 ADDRESS RDAC 0,1,2, 3 | HOLD HOLD HOLD HOLD HOLD AC—D
COUNTER |
REINITIALIZE 0.2.3 HOLD WCR—WC | HOLD AR—AC HOLD z
H L L 4 REIN
COUNTERS 1 HOLD ZERO—WC | HOLD AR—AC HOLD Z
LOAD
H L H 5 ADDRESS LDAD 0,1.2.3 | HOLD HOLD D-+AR D—AC HOLD INPUT
LOAD 0,23 D—WR D—WC HOLD HOLD HOLD INPUT
H H L 6 WORD LOWC
COUNT 1 D—WR ZERO—WC | HOLD HOLD HOLD INPUT
& EgABLE ENABLE
0,13 HOLD UNT HOLD COUNT HOLD z
H H H 7 ENABLE ENCT
COUNTERS 2 HOLD HOLD HOLD ENABLE HOLD z
COUNT
CR = Control Reg. WCR = Word Count Reg. L = LOW
AR = Address Reg. WC = Word Counter H = HIGH Note 1:
AC = Address Counter D = Data Z = High Impedance Data Bits D3-Dy are high during this instruction.
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Figure 8 shows the address output enable time computations.
Since the Am2940 has an asynchronous address output enable
control, the address output enable time may not be related to the

Min. | Typ. | Max AmM2940 cycle time.

Schottky Register Figure 9 shows the typical cycle time calculation for an 8-bit
Clock to Output Delay 9 15 AmM2940 configuration. The path shown is the longest path and
Input Set-Up Time 5 2 determines an 8-bit typical cycle time of 52ns.

Mermory : The typical cycle time calculation for a 24-bit Am2940 configura-
Address Set-Up Time 20 10 tion is shown in Figure 10. The path shown is the longest path and

determines a 24-bit typical cycle time of 76ns.
Figure 11 is a summary of typical Am2940 cycle times forthe 8, 16
Figure 6. Assumed AC Characteristics. and 24-bit configurations.
a)

CALCULATIONS FOR
READ CONTROL REG,

READ ADDRESS COUNTER,

READ WORD COUNTER

INSTRUCTIONS
| 0 | |
I DATA IN DATA OUT
REG REG REG CLK
Q Q D
! -
I o 1 | v]
wel Jweo wa[— WwCo
ACI ACO
atiinh Am2940 Aco AmM2940 il
CLK 8 y - i . .
CLK ——=
OE A | DONE Y OE |A |DONE
ADDRESS
MEMORY
DEVICE TYPE DEVICE PATH | PATH1 | PATH2 | PATH3 | PATH 4
Schottky Reg. CLK to Q 9 ]
2940 Inst. Set-Up 33
2940 Inst. to Data 21
Schottky Req. D Set-Up 2
2940 CLK to DONE 50
Schottky Reg. D Set-Up 2
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Figure 7. 16-Bit Typical Cycle Time Computations.
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Figure 7. 16-Bit Typical Cycle Time Computations. (Cont.)
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Figure 10. 24-Bit Typical Cycle Time Computation.

Typical
Cycle Time
8-Bit Configuration 52ns
16-Bit Configuration 64ns
24-Bit Configuration 76ns

Figure 11. Summary of Am2940 Cycle Times.

AN EXAMPLE DESIGN

The Am2940 is designed for use in high speed peripheral Con-
trollers using DMA and provides the address and word count
maintenance circuitry that is common to most. As indicated previ-
ously, DMA Control can be placed in each /O Controller (Distri-
buted DMA) or DMA Control for a number of I/O devices can be
centralized in a separate unit.

Figure 12 shows a block diagram of a microprogrammed 1/O
Controller which is designed for use in a Distributed DMA system.
The Am2910 Microprogram Sequencer, Microprogram Memory
| and the Microinstruction Register form the microprogram control
portion of this I/O Controller. The Am2940 maintains the memory
address and word count required for DMA operation. An internal
three-state bus provides the communication path between the
Microinstruction Register, the Am2917 Data Transceivers, the
Am2840, the Am2901A Microprocessor, and the Device Interface

Circuitry. The Address Line Control, Data Transfer Control and
Mode Control functions of this DMA Controller are incorporated
into the I/O Controller Microprogram and the Asynchronous
Interface Control Circuitry. The I/O Controller Microprogram also
controls the Am2940.

The Am2940 interconnections are shown in detail in Figure 13.
Two Am2940s are cascaded to generate a sixteen-bit address.
The Am2940 ADDRESS and DATA output current sink capability
is 24mA over the commercial operating range. This allows the
Am2940s to drive the System Address Bus and Internal Three-
State Bus directly, thereby eliminating the need for separate bus
drivers. Three bits in the Microinstruction Register provide the
Am2940 Instruction Inputs, ly-l,. The microprogram clock is used
to clock the Am2940s and, when the ENABLE COUNTERS in-
struction is applied, address and word counting is controlled by
the CNT bit of the Microinstruction Register.

Asynchronous interface control circuitry generates System Bus
control signals and enables the Am2940 Address onto the Sys-
tem Address Bus at the appropriate time. The open-collector
DONME outputs are dot-anded and used as a test input to the
Am2910 Microprogram Sequencer.

The I/O controller read operation is flowcharted in Figure 14. The
CPU initializes the I/O controller by sending a read command, the
starting memory address, the word count and any other parame-
ters required to perform the operation. The I/O Controller then
obtains a word of data from the I/O device and requests use of the
system bus for a DMA transfer, When the bus is granted, the I/O
Controller requests a memory data transfer. Upon receipt of the
memory acknowledge signal, which indicates the memory trans-
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Figure 13. Am2940 Interconnections.
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Figure 14. Read Control Flowchart.

fer is complete, the I/O Controller tests the word count. If the word
count is not equal to zero, the word counter is decremented, the
address counter is incremented and another data word is trans-
ferred. When the word count reaches zero, the /O Controller
terminates the data transfer and informs the CPU that the transfer
has been completed.

THE Am2942 PROGRAMMABLE TIMER/COUNTER,
DMA ADDRESS GENERATOR.

GENERAL DESCRIPTION

The Am2942, a 22-pin version of the Am2940, can be used as
a high-speed DMA address Generator or Programmable
Timer/Counter. It provides multiplexed Address and Data lines,
for use with a common bus, and additional Instruction Input and
Instruction Enable pins. The Am2942 executes 16 instructions;
eight are the same as the Am2940 instructions, and eight in-
structions facilitate the use of the Am2942 as a Programmable
Timer/Counter. The Instruction Enable input allows the sharing
of the Am2942 instruction field with other devices.
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When used as a Timer/Counter, the Am2942 provides two in-
dependent, programmable, eight-bit, up-down counters in a
22-pin package. The two on-chip counters can be cascaded to
form a single chip, 16-bit counter. Also, any number of chips
can be cascaded — for example three cascaded Am2942s form
a 48-bit timer/counter.

Reinitialization instructions provide the capability to reinitialize
the counters from on-chip registers. Am2942 Programmable
Control Modes, identical to those of the Am2940, offer four dif-
ferent types of programmable control.

Am2942 ARCHITECTURE

As shown in the Block Diagram, the Am2942 consists of the
following:

A three-bit Control Register.

An eight-bit Address Counter with input multiplexer.

An eight-bit Address Register.

An eight-bit Word Counter with input multiplexer.

An eight-bit Word Count Register.

Transfer complete circuitry.

An eight-bit wide data multiplexer with three-state output
buffers.

® An instruction decoder.
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Figure 15. Am2942 Block Diagram.

Control Register

Under instruction control, the Control Register can be loaded or
read from the bidirectional DATA lines, Dy-D;. Control Register
bits 0 and 1 determine the Am2942 Control Mode, and bit 2
determines whether the Address Counter increments or dec-
rements. Figure 16 defines the Control Register format.

Address Counter

The Address Counter, which provides the current memory ad-
dress, is an eight-bit, binary, up/down counter with full look-ahead
carry generation. The Address Carry input (ACI) and Address
Carry Output (ACO) allow cascading to accommodate larger

addresses. Under instruction control, the Address Counter can
be enabled, disabled, and loaded from the DATA inputs, Dg-D5,
or the Address Register. When enabled and the ACI input is
LOW, the Address Counter increments/decrements on the LOW
to HIGH transition of the CLOCK input, CP.

Address Register

The eight-bit Address Register saves the initial address so that it
can be restored later in order to repeat a transfer operation. When
the LOAD ADDRESS instruction is executed, the Address Reg-
ister and Address Counter are simultaneously loaded from the
DATA inputs, Dg-Dy.

Control Register
Control Done Qutput Signal
Mode Control Word
CR,; |CRy | Number Mode Type Counter WCI = LOW WCI = HIGH
| | HIGH when HIGH when
L | L ] | ‘Word Count Equals Zero Decrement Word Countar = 1 Word Counter = 0
HIGH when HIGH when
L H 1 | Word Count Compare Incrament Word Counter + 1 = Word Counter =
| ‘Word Count Register Word Count Register
| H 2 | Address Compare Decrement HIGH when Word Counter = Address Counter
: H | H 3 Word Counter Carry Out Increment Always LOW
CR; |Address Counter
H = HIGH L Increment
L= LOW H Decrement

Figure 16. Control Register Format Definition.
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Word Counter And Word Count Register

The Word Counter and Word Count Register, which maintain and
save a word count, are similar in structure and operation to the
Address Counter and Address Register, with the exception that
the Word Counter increments in Control Modes 1 and 3 and
decrements in Control Modes 0 and 2. The LOAD WORD
COUNT instruction simultaneously loads the Word Counter and
Word Count Register.

Transfer Complete Circuitry

The Transfer Complete Circuitry is a combinational logic network
which detects the completion of the data transfer operation in
three Control Modes and generates the DONE output signal. The
DONE signal is an open-collector output, which can be dot-anded
between chips.

Data Multiplexer

The Data Multiplexer is an eight-bit wide, three-input multiplexer
which allows the Address Counter, Word Counter and Control
Register to be read at DATA lines Dy-D;. The Data Multiplexer
output, Yy-Y7, is enabled onto DATA lines Dy-D5 if, and only if, the
Output Enable input, OEp, is LOW. (Refer to Figure 17.)

[—
| %o _DoDy
L DATA MULTIPLEXER QUTPUT, Y,-Y5
H

HIGH Z

Figure 17. Data Bus Output Enable Function.

Instruction Decoder

The Instruction Decoder generates required internal control sig-
nals as a function of the INSTRUCTION inputs, Iy-l3 Control
Register bits 0 and 1, and the INSTRUCTION ENABLE input, Ig.

Clock

The clock input, CP, is used to clock the Address Register,
Address Counter, Word Count Register, Word Counter, and
Control Register, all on the LOW to HIGH transition of the CP
signal.

Am2942 CONTROL MODES

Control Mode 0 — Word Count Equals Zero Mode

In this mode, the LOAD WORD COUNT instruction loads the
word count into the Word Count Register and Word Counter.
When the Word Counter is enabled and the Word Counter
Carry-in, WCI, is LOW, the Word Counter decrements on the
LOW to HIGH transition of the CLOCK input, CP. Figure 16
specifies when the DONE signal is generated in this mode.

Control Mode 1 — Word Count Compare Mode

In this mode the LOAD WORD COUNT instruction loads the word
count into the Word Count Register and clears the Word Counter.
When the Word Counter is enabled and the Word Counter
Carry-in, WCI, is LOW, the Word Counter increments on the LOW
to HIGH transition of the clock input, CP. Figure 16 specifies
when the DONE signal is generated.

Control Mode 2 — Address Compare Mode

In this mode, only an initial and final memory address need to be
specified. The initial Memory Address is loaded into the Address
Register and Address Counter and the final memory address is
loaded into the Word Count Register and Word Counter. The
Word Counter serves as a holding register for the final memory
address. When the Address Counter is enabled and the ACl input
is LOW, the Address Counter increments or decrements (de-
pending on Control Register bit 2) on the LOW to HIGH transition
of the CLOCK input, CP. The Transfer Complete Circuitry com-
pares the Address Counter with the Word Counter and generates
the DONE signal during the last word transfer, i.e., when the
Address Counter equals the Word Counter.

Control Mode 3 — Word Counter Carry Out Mode

For this mode of operation, the user can load the Word Count
Register and Word Counter with the two's complement of the
number of data words to be transferred. When the Word Counter
is enabled and the WCI input is LOW, the Word Counter incre-
ments on the LOW to HIGH transition of the CLOCK input, CP. A
Word Counter Carry Out signal, WCO, indicates the last data
word is being transferred. The DONE signal is not required in this
mode and, therefore, is always LOW.

Am2942 INSTRUCTIONS

The Am2942 instruction set consists of sixteen instructions.
Eight are DMA instructions and are the same as the Am2940
instructions. The remaining eight instructions are designed to
facilitate the use of the Am2942 as a Programmable Timer/
Counter. Figures 18 and 19 define the Am2942 Instructions.

Instructions 0-7 are DMA instructions. The WRITE CONTROL
REGISTER instruction writes DATA input Dg-D, into the Control
Register; DATA inputs D3-D; are “don't care” inputs for this
instruction. The READ CONTROL REGISTER instruction gates
the Control Register to Data Multiplexer outputs Yy-Y,. Outputs
Y=-Y5 are HIGH during this instruction.

The Word Counter can be read using the READ WORD
COUNTER instruction, which gates the Word Counter to Data
Multiplexer outputs, Yg-Y;. The LOAD WORD COUNT instruc-
tion is Control Mode dependent. In Control Modes 0, 2 and 3,
DATA inputs Dy-D7 are written into both the Word Count Register
and Word Counter. In Control Mode 1, DATA inputs Dy-D; are
written into the Word Count Register and the Word Counter is
cleared.

The READ ADDRESS COUNTER instruction gates the Address
Counter to Data Multiplexer outputs, Yq-Y7, and the LOAD AD-
DRESS instruction writes DATA inputs Dy-Dy into both the Ad-
dress Register and Address Counter.

In Control Modes 0, 1, and 3, the ENABLE COUNTERS instruc-
tion enables both the Address and Word Counters; in Control
Mode 2, the Address Counter is enabled and the Word Counter
holds its contents. When enabled and the carry input is active, the
counters increment on the LOW to HIGH transition of the CLOCK
input, CP. Thus, with this instruction applied, counting can be
controlled by the carry inputs.

The REINITIALIZE COUNTERS instruction also is Control Mode
dependent. In Control Modes 0, 2, and 3, the contents of the
Address Register and Word Count Register are transferred to the
respective Address Counter and Word Counter; in Control Mode
1, the content of the Address Register is transferred to the Ad-
dress Counter and the Word Counter is cleared. The
REINITIALIZE COUNTERS instruction allows a data transfer
operation to be repeated without reloading the address and word
count from the DATA lines.
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o HEX |

e | 13 1, 1, 1, | CODE

0 o 0 0 0 0 WRITE CONTROL REGISTER

0 o o0 0 1 1 READ CONTROL REGISTER =

0 o 0 1 0 2 READ WORD COUNTER o

0 o 0 1 1 3 READ ADDRESS COUNTER 3o

o | o 1 o o 4 REINITIALIZE COUNTERS 6%
o0 0 1 o 5 LOAD ADDRESS 5
| 0 0o 1 10 6 LOAD WORD COUNT z
i 0 o 1 1 1 7 ENABLE COUNTERS @

1 0 e e 0-7 INSTRUCTION DISABLE
' 0 120200 0 0 E0 8 WRITE CONTROL REGISTER, T/C
Lo 10 0 1 9 REINITIALIZE ADDRESS COUNTER 3
Lo 10 1 0o A READ WORD COUNTER, T/C @&

0 1 0 1 1 B READ ADDRESS COUNTER, T/C o3
| o TR FER TR c REINITIALIZE ADDRESS & WORD COUNTERS &8
| o 1 40 T D i LOAD ADDRESS, T/C g s

0 1 1 1504 40 E | LOAD WORD COUNT, T/C =
‘ 0 1 1 1 1 F | REINITIALIZE WORD COUNTER | 3
! 1 1 X X x a8-F | INSTRUCTION DISABLE, T/C J'
0=LOW 1=HIGH X = DONTCARE
Notes: 1. When I3 is tied LOW, the Am2942 acts as a DMA circuit: When |3 is tied HIGH, the Am2942 acts

as a Timer/Counter circuit.
2. Am2942 instructions 0 through 7 are the same as Am2940 instructions.

Figure 18. Am2942 Instructions

When Ig is HIGH, Instruction inputs, ly-l, are disabled. If I is
LOW, the function performed is identical to that of the
ENABLE COUNTERS instruction. Thus, counting can be con-
trolled by the carry inputs with the ENABLE COUNTERS instruc-
tion applied or with Instruction Inputs ly-I, disabled.

Instructions 8-F facilitate the use of the Am2942 as a Pro-
grammable Timer/Counter. They differ from instructions 0-7 in
that they provide independent control of the Address Counter,
Word Counter and Control Register.

The WRITE CONTROL REGISTER, T/C instruction writes DATA
input Dy-Ds into the Control Register. DATA inputs D3-D; are
“don’t care” inputs for this instruction. The Address and Word
Counters are enabled, and the Control Register contents appear
at the Data Multiplexer output.

The REINITIALIZE ADDRESS COUNTER instruction allows the
independent reinitialization of the Address Counter. The Word
Counter is enabled and the contents of the Address Counter
appear at the Data Multiplexer output.

The Word Counter can be read, using the READ WORD
COUNTER, T/C instruction. Both counters are enabled when this
instruction is executed.

When the READ ADDRESS COUNTER, T/C instruction is exe-
cuted, both counters are enabled and the address counter con-
tents appear at the Data Multiplexer output.

The REINITIALIZE ADDRESS and WORD COUNTERS instruc-
tion provides the capability to reinitialize both counters at the

same time. The Address Counter contents appear at the Data
Multiplexer output.
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DATA inputs Dy-D5 are loaded into both the Address Register
and Counter when the LOAD ADDRESS, T/C instruction is exe-
cuted. The Word Counter is enabled and its contents appear at
the Data Multiplexer output.

The LOAD WORD COUNT, T/C instruction is identical to the
LOAD WORD COUNT instruction with the exception that Ad-
dress Counter is enabled.

The Word Counter can be independently reinitialized using the
REINITIALIZE WORD COUNTER instruction. The Address
Counter is enabled and the Word Counter contents appear at the
Data Multiplexer output.

When the Ig input is HIGH, Instruction inputs, lg-lo, are disabled.
The function performed when |5 is HIGH is identical to that per-
formed when |5 is LOW, with the exception that the Word Counter
contents appear at the Data Multiplexer output.

EXAMPLE DESIGNS

Figure 20 shows an Am2942 used as two independent, pro-
grammable eight-bit timer/counters. In this example, an
Am2910 Microprogram Sequencer provides an address to
Am29775 512 x 8 Registered PROMs. The on-chip PROM out-
put register is used as the Microinstruction Register.

The Am2942 Instruction input, 13 is tied HIGH to_select the eight
Timer/Counter instructions. The Ig, lp-l;, and OEp inputs are
provided by the microinstruction, and the Dy-D; data lines are
connected to a common Data Bus. GATE WC and GATE AC are
separate enable controls for the respective Word Counter and
Address Counter. The DONE, ACO and WCO output signals
indicate that a pre-programmed time or count has been reached.

<
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Data
| lalalylg Control Word Word Adr. Adr. Control | Multiplexer
I | (Hex) Function Mnemonic | Mode Reg. Counter Reg. Counter Reg. Output
WRITE CONTROL FORCED
L 0 WRCR 01,23 HOLD HOLD HOLD HOLD Dg. R
REGISTER 027 C HIGH
READ CONTROL CONTROL
L 1 RDCR 1,2 Hi
REGISTER c 0,1,23 oLD HOLD HOLD HOLD HOLD ity
READ WORD WORD
L
2 COUNTER RDWC 0,1,23 HOLD HOLD HOLD HOLD HOLD GoviTeR
READ ADDRESS ADR.
L 3 RDAC 0,1,23 HOLD HOLD HOLD HOLD HOLD
COUNTER COUNTER
. 4 REINITIALIZE BN 0,23 HOLD WR—+ WC HOLD AR =+ AC HOLD ADR. CNTR.
COUNTERS 1 HOLD ZERO - WC HOLD AR -+ AC HOLD ADR. CNTR.
LOAD WORD
L 5 LDAD 0,1,2 3 HOLD HOLD D —~+AR D -+ A HOLD
ADDRESS o - ¢ © COUNTER
. . LOAD WORD e 0,23 D -+WR D=+ WC HOLD HOLD HOLD FORCED HIGH
COUNT 1 D—+WR | ZERO—=WC HOLD HOLD HOLD FORCED HIGH
. . ENABLE s 0,1,3 HOLD ENABLE HOLD ENABLE HOLD ADR. CNTR.
COUNTERS 2 HOLD HOLD HOLD ENABLE HOLD ADR. CNTR.
H 0.7 INSTRUCTION 0,1, 3 HOLD ENABLE HOLD ENABLE HOLD ADR. CNTR.
DISABLE 2 HOLD HOLD HOLD ENABLE HOLD ADR. CNTR.
WRITE CONTROL CONTROL
L WCRT 1 HOLD NABL! HOLD ENABLE D R
8 REGISTER, T/C ¢ 0.1.2.3 © ENABLE N 02~ C REG.
REINITIALIZE ADR.
L 9 ACRECOUNTER REAC 01,23 HOLD ENABLE HOLD AR = AC HOLD ot T
READ WORD WORD
L A COUNTER: To RWCT 0,1,2,3 HOLD ENABLE HOLD ENABLE HOLD COUNTER
READ ADDRESS ADR.
RACT 1 HOLD ENABLE HOLD ENABLE HOLD
L B COUNTER, T/C 4 9. 1023 9 © COUNTER
REINITIALIZE 0,23 HOLD WR = WC HOLD AR~ AC HOLD ADR. CNTR.
L c ADDRESS AND RAWC
WORD COUNTERS 1 HOLD ZERD - WC HOLD AR = AC HOLD ADR. CNTR.
e — e
L D ADDRESS, T/C LDAT 0,1,23 HOLD ENABLE D~ AR D —+AC HOLD COUTER
. LOAD WORD e 0,23 O -+ WR D —+WC HOLD ENABLE HOLD FORCED HIGH
L
COUNT, T/IC 1 D -+ WR ZERO -+ WC HOLD ENABLE HOLD FORCED HIGH
REINITIALIZE 0,23 HOLD WR —+ WC HOLD ENABLE HOLD ‘WD, CNTR.
L F REWC
WORD COUNTER 1 HOLD ZERO —WC HOLD ENABLE HOLD WD. CNTR.
INSTRUCTION 0,1,3 HOLD ENABLE HOLD ENABLE HOLD WD. CNTR.
H 8-F -
DISABLE, T/C 2 HOLD HOLD HOLD ENABLE HOLD WD. CNTR.

WR = WORD REGISTER
WC = WORD COUNTER
AR = ADDRESS REGISTER

AC = ADDRESS COUNTER
CR = CONTROL REGISTER

D = DATA

Figure 19. Am2942 Function Table.
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Figure 21 shows an Am2942 used as a single 16-bit, pro- Figure 22 shows two Am2942s cascaded to form a 32-bit pro-
grammable timer/counter. In this example, the Word Counter grammable timer/counter. The two Word Counters form the low
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Figure 21. 16-Bit Programmable Counter/Timer Using a Single Am2942.
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In Figure 23, two Am2942s are shown cascaded to form dual
| 16-bit counters/timers. GATE WC and GATE AC are separate
enable controls for the respective Word Counter and Address
Counter. Using the 16-bit Data Bus, each 16-bit counter can be

loaded or read in parallel.

Figure 24 shows two Am2942s used as DMA address Generators
on a common DATA/ADDRESS bus. The common bus allows the
use of the Am2942 multiplexed data and address pins, Dy-D5. The
Am2842 is in a 22 pin package whereas the Am2940, which has

Figure 22. 32-Bit Programmable Counter/Timer Using Two Am2942s.

separate address and data pins, requires a 28 pin package.

OTHER Orbny
TEST
— Am2ann
INPUTS REG Mux ce MICROPROGRAM SEQUENCER .
YY1
AmZITTS
REGISTERED PROMS
MICROINSTRUCTION REG cP -~ * CLOCK
OTHER i L %
3 DATA BUS (16) |
+5¥ 3 +5V
(B-15) | 10-7}
i lorlz ] GEp DpDy gp 3 Il 1y OEg bl
WCO Am2842 wei WCO Am2g4z WEi b GATE wWC
ACO Agl At AC |— GATE AC
ACO OOHE Al co DONE CI GA’
wE MPR-559
Figure 23. Dual 16-Bit Programmable Counters/Timers.

17



MICROINSTRUCTION REG.
= —
M| gl
T

|

TEST

INPUT +5V [ i

ACO T
I lglz DONE

Ol

)

mE Am2942 Dy-D;
— cLock [Ty — ‘é’
4 ACI wei @
w
L1 :
1 o
| cadine o
ACO WwCo l g
ol =
I, lgrla DONE <
By
ik Am2942 Dg-D;
CLOCK OE,, [~—*%
ACI wel \/
MICROPROGRAM INTERFACE |=——— INTERFACE
CLOCK CONTROL CONTROL
CIRCUITRY SIGNALS

MPR-560

Figure 24. Am2942s Used as DMA Address Generator on Common Bus.

In this example the Am2942 Address Counter, Word Counter
and Control Register are loaded and read directly from the
CPU via the DATA/ADDRESS bus. Since the bus carries ad-
dresses as well as data, the Dy-D7 pins can be used also to
enable the address onto the bus.

Four bits in the Microinstruction Register provide the Am2942
Instruction Inputs, lo-l, and the Instruction Enable input Ig. The
l input is tied LOW, selecting the eight DMA instructions. The
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microprogram clock is used to clock the Am2942s, and when
the ENABLE COUNTERS instruction is applied or the instruc-
tion is disabled (Ig = HIGH), address and word counting is

controlled by the CNT bit of the Microinstruction Register.

Interface control circuitry generates bus control signals and en-
ables the Am2942 address onto the bus at the appropriate. The
open-collector DONE outputs are dot-anded and used as a test
input to the microprogram sequencer.
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