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cates where these values are to come from and how they are to be added
together to form the effective address.

Implied addressing instructions, such as DEY and INX, need no oper-
ands. The register that is the source of the data is named in the in-
struction mnemonic and is specified to the processor by the opcode.
Accumulator addressing, in which data to be referenced is in the accu-
mulator, is specified to the assembler by the operand A. Immediate
addressing, used to access data which is constant throughout the execu-
tion of a program, causes the assembler to store the data right into the
instruction stream. Relative addressing provides the means for condi-
tional branch instructions to require only two bytes, one byte less than
jump instructions take. The one-byte operand following the branch
instruction is an offset from the current contents of the program
counter. Stack addressing encompasses all instructions, such as push or
pull instructions, which use the stack pointer register to access memory.
And absolute addressing allows data in memory to be accessed by
means of its address.

Like the 6800 processor, the 6502 treats the zero page of memory spe-
cially. A page of memory is an address range $100 bytes (256 decimal)
long: the high bytes of the addresses in a given page are all the same,
while the low bytes run from $00 through $FF. The zero page is the first
page of memory, from $0000 through $00FF (the high byte of each
address in the zero page is zero). Zero page addressing, a short form of
absolute addressing, allows zero page operands to be referenced by just
one byte, the low-order byte, resulting both in fewer code bytes and in
fewer clock cycles.

While most other processors provide for some form of indexing, the
6502 provides some of the broadest indexing possibilities. Indexed effec-
tive addresses are formed from the addition of a specified base address
and an index, as shown in Figure 2.4. Because the 6502's index registers
(X and Y) can hold only eight bits, they are seldom used to hold index
bases; rather, they are almost always used to hold the indexes them-
selves. The 6502's four simplest indexing modes add the contents of the
X or Y register to an absolute or zero page base.

Indirection (Figure 2.5) is less commonly found in microprocessor
repertoires, particularly among those microprocessors of the same
design generation as the 6502. It lets the operand specify an address at
which another address, the indirect address, can be found. It is at this
second address that data will be referenced. The 6502 not only provides
indirection for its jump instruction, allowing jumps to be vectored and
revectored, but it also combines indirection with indexing to give it real
power in accessing data. It's as though the storage cells for the indirect
addresses are additional 6502 registers, massively extending the 6502's
register set and possibilities. In one addressing mode, indexing is per-
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Indexing: Base plus Index

For example: Base=%$2000
Index Register X=$% 03

Effective Address=%$2003

Base=%$2000

00 [ oo0o000joo 000000

Figure 2.4. Indexing: Base Plus Index.

formed before indirection; in another, after. The first provides indexing
into an array of indirect addresses and the second provides indexing into
an array which is located by the indirect address.

The full set of 65x addressing modes are explained in detail in Chap-
ters 7 and 11 and are reviewed in the Reference Section.

Instructions

The 6502 has 56 operation mnemonics, as listed in Table 2.4, which
combine with its many addressing modes to make 151 instructions
available to 6502 programmers.
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Indirection: Operand Locates Indirect Address
For example: Zero Page Operand =$20

Data at $20.21 (Indirect Address)= $3458
Effective Address = $3458

Zero Page
Operand =$20

Memory

$001F
$0020

$0021

$0022

$0023

$3456
$3457
$3458 $3458
$3459
$345A

Figure 2.5. Indirection: Operand Locates Indirect Address.

Arithmetic instructions are available, including comparisons, incre-
ment, and decrement. But missing are addition or subtraction instruc-
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Table 2.4. 6502 Instructions.

Instruction
Mnemonic Description
ADC Add memory and carry to accumulator
AND And accumulator with memory
ASL Shift memory or accumulator left one bit
BCC Branch if carry clear
BCS Branch if carry set
BEQ Branch if equal
BIT Test memory bits against accumulator
BMI Branch if negative
BNE Branch if not equal
BPL Branch if plus
BRK Software break (interrupt)
BvC Branch if overflow clear
BVS Branch if overflow set
CLC Clear carry flag
CLD Clear decimal mode flag
CLI Clear interrupt-disable flag
CLvV Clear overflow flag
CMP Compare accumulator with memory
CPX Compare index register X with memory
CPY Compare index register Y with memory
DEC Decrement
DEX Decrement index register X
DEY Decrement index register Y
EOR Exclusive-OR accumulator with memory
INC Increment
INX Increment index register X
INY Increment index register Y
JMP Jump
JSR Jump to subroutine
LDA Load accumulator from memory
LDX Load index register X from memory
LDY Load index register Y from memory
LSR Logical shift memory or accumulator right
NOP No operation
ORA OR accumulator with memory
PHA Push accumulator onto stack
PHP Push status flags onto stack
PLA Pull accumulator from stack
PLP Pull status flags from stack

ROL Rotate memory or accumulator left one bit
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Table 2.4. 6502 Instructions (Cont.).

Instruction

Mnemonic Description
ROR Rotate memory or accumulator right one bit
RTI Return from interrupt
RTS Return from subroutine
SBC Subtract memory with borrow from accumulator
SEC Set carry flag
SED Set decimal mode flag
SEI Set interrupt-disable flag
STA Store accumulator to memory
STX Store index register X to memory
STY Store index register Y to memory
TAX Transfer accumulator to index register X
TAY Transfer accumulator to index register Y
TSX Transfer stack pointer to index register X
TXA Transfer index register X to accumulator
TXS Transfer index register X to stack pointer
TYA Transfer index register Y to accumulator

tions which do not involve the carry; as a result, you must clear the
carry before beginning an add and set it before beginning a subtraction.

Logic instructions available include shifts and rotates, as well as an
instruction for bit comparing.

Branch instructions are entirely flag-based, not arithmetic-operation
based, so there are no single branch-on-greater-than, branch-on-less-
than-or-equal, or signed arithmetic branches. There is also no uncondi-
tional branch and no branch-to-subroutine. The unconditional branch
can be imitated by first executing one of the 6502's many clear- or set-
flag instructions, then executing a branch-on-that-flag's-condition
instruction.

All three of the main user registers can be loaded from and stored to
memory, but only the accumulator (not the index registers) can be
pushed onto and pulled from the stack (although the flags can also be
pushed and pulled). On the other hand, single instructions let the accu-
mulator value be transferred to either index register or loaded from
either index register. One more transfer instruction is provided for set-
ting the value of the stack pointer to the value in the X index register.

The 6502 System Design

There are a number of other features of the 6502's design which make
it unigue and make systems designed with it stand apart from systems
designed with other microprocessors.




40

Programming the 65816
Pipelining

The 65x microprocessors have the capability of doing two things at
once: the 6502 can be carrying on an internal activity (like an arithmetic
or logical operation) even as it's getting the next instruction byte from
the instruction stream or accessing data in memory.

A processor is driven by a clock signal which synchronizes events
within the processor with memory accesses. A cycle is a basic unit of
time within which a single step of an operation can be performed. The
speed with which an instruction can be executed is expressed in the
number of cycles required to complete it. The actual speed of execution
is a function both of the number of cycles required for completion and
the number of timing signals provided by the clock every second. Typi-
cal clock values for 65x processors start at one million cycles per second
and go up from there.

As a result of the 6502's capability of performing two different but
overlapping phases of a task within a single cycle, which is called
pipelining, the 65x processors are much faster than non-pipelined proc-
€ssors.

Take the addition of a constant to the 6502's eight-bit accumulator as
an example. This requires five distinct steps:

Step 1: Fetch the instruction opcode ADC.

Step 2: Interpret the opcode to be ADC of a constant.
Step 3: Fetch the operand, the constant to be added.
Step 4: Add the constant to the accumulator contents.
Step 5: Store the result back to the accumulator.

Pipelining allows the 6502 to execute steps two and threein asingle
cycle: after getting an opcode, it increments the programcounter, puts
the new program address onto the address bus, and gets the next pro-
gram byte, while simultaneously interpreting the opcode. The com-
pletion of steps four and five overlaps the next instruction's step one,
eliminating the need for two additional cycles.

So the 6502's pipelining reduces the operation of adding a constant
from five cycles to two!

The clock speed of a microprocessor has often been incorrectly pre-
sumed to be the sole determinant of its speed. What is most significant,
however, is the memory cycle time. The 68000, for example, which
typically operates at 6 to 12 megahertz (MHz, or millions of cycles per
second) requires four clock periods to read or write data to and from
memory. The 65x processors require only one clock period. Because the
6502 requires fewer machine cycles to perform the same functions, a
one-megahertz 6502 has a throughput unmatched by the 8080 and Z80
processors until their clock rates are up to about four MHz.
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The true measure of the relative speeds of various microprocessors
can only be made by comparing how long each takes, in its own
machine code, to complete the same operation.

Memory Order of Multiple-Byte Values

Multiple-byte values could be stored in memory in one of two ways:
low-order byte first, followed by successively higher order bytes; or
high-order byte first, followed by successively lower order bytes. The
6502, like the Intel and Zilog chips (the 8080, 280, 8086, and so on), but
unlike the Motorola chips (the 6800, 6809, 68000, and so on), puts the
low-order byte first, into the lower memory address.

This seemingly unnatural order of the placement of multiple-byte val-
ues in memory can be disconcerting at first. The sixteen-bit value stored
in memory as a $30 followed by $FE is not $30FE but rather $FE30.
Multiple-byte values are written high-order first, to read from left to
right; this is the opposite of how the bytes are placed in memory. This
memory order, however, contributes to the success and speed of
pipelining. Consider, as an example, the loading of the accumulator
using absolute indexed addressing (two lines for a cycle indicate simulta-
neous operations due to pipelining):

Cycle 1. Fetch the instruction opcode, LDA.

Cycle 2: Fetch an operand byte, the low byte of an array base.
Interpret the opcode to be LDA absolute indexed.

Cycle 3: Fetch the second operand byte, the high array base byte.
Add the contents of the index register to the low byte.

Cycle 4: Add the carry from the low address add to the high byte.

Cycle 5: Fetch the byte at the new effective memory address.

(Note: The 6502 also does a fetch during Cycle 4, before it checks to
see if there was any carry; if there is no carry into the high byte of the
address, as is often true, then the address fetched from was correct and
there is no cycle five; the operation is a four-cycle operation in this case.
Absolute indexed writes, however, always require five cycles.)

The low-high memory order means that the first operand byte, which
the 6502 fetches before it even knows that the opcode is LDA and the
addressing mode is absolute indexed, is the low byte of the address base,
the byte which must be added to the index register value first; it can do
that add while getting the high byte.

Consider how high-low memory order would weaken the benefits of
pipelining and slow the process down:

Cycle 1. Fetch the instruction opcode, LDA.
Cycle 2: Fetch an operand byte, the high byte of an array base.
Interpret the opcode to be LDA absolute indexed.
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Cycle 3: Fetch the second operand byte, the low array base byte.
Store the high byte temporarily.

Cycle 4. Add the contents of the index register to the low byte.

Cycle 5: Add the carry from the low address add to the high byte.

Cycle 6: Fetch the byte at the new effective memory address.

Memory-Mapped Input/Output

The 65x family (like Motorola's but unlike Zilog's and Intel's)
accomplishes input and output not with special opcodes, but by assign-
ing each input/output device a memory location, and by reading from
or writing to that location. As a result, there's virtually no limit to the
number of 1/0 devices which may be connected to a 65x system. The
disadvantage of this method is that memory in a system is reduced by
the number of locations which are set aside for 1/0 functions.

Interrupts

Interrupts tell the processor to stop what it is doing and to take care
of some more pressing matter instead, before returning to where it left
off in regular program code. An interrupt is much like a doorbell: hav-
ing one means you don't have to keep going to the door every few min-
utes to see if someone is there; you can wait for it to ring instead.

An external device like a keyboard, for example, might cause an
interrupt to present input. Or a clock might generate interrupts to toggle
the processor back and forth between two or more routines, letting it do
several tasks "at once." A special kind of interrupt is reset (the panic
button), which is generally used out of frustration to force the processor
into reinitialization. Reset generally does not return to the interrupted
code after it has been served, however.

The 6502 has three interrupt vectors—memory addresses that hold
the locations of routines which are automatically executed upon recog-
nition of an interrupt by the processor. The first of these is used for
reset.

The second vector is used both by maskable interrupts—those which
you can force the processor to ignore, either temporarily or perma-
nently, by setting the i interrupt bit in the status register—and by soft-
ware interrupts—which are caused by the execution of the break
instruction (BRK). If any hardware can cause a maskable interrupt, the
interrupt service routine pointed to by this vector must determine the
source of the interrupt. It must poll a status flag on each possible hard-
ware source as well as check the stacked status register's b flag, which is
set and pushed when a break instruction is executed. When it finds the
source of the interrupt, it must then branch to a routine which will
respond to the interrupt in a way appropriate to the source (getting a
character from a communications port, for example).
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The third vector is used by nonmaskable interrupts, those which
interrupt regardless of the i bit in the status register. The non-maskable
interrupt is usually reserved for a single high-priority or time-critical
interrupt, such as refresh of a CRT screen or to warn of impending
power failure.

The 6502 was designed to service interrupts as fast as possible.
Because interrupts cannot be served until the current instruction is com-
pleted (so no data is lost), the worst case is the longest instruction time
and the 6502's instructions each take very few cycles to execute. As a
result, the 6502 and its successors have the lowest interrupt latency—the
time between interrupt occurrence and interrupt-handling response—of
any eight-bit or sixteen-bit processors.

NMOS Process

The 6502 is fabricated using the NMOS (pronounced "EN moss") pro-
cess (for N-channel Metal-Oxide Semiconductor). Still one of the most
common of the technologies used in large-scale and very-large-scale
integrated circuits, NMOS was, at the time the 6502 was designed and
for many years after, the most cost-efficient of the MOS technologies
and the easiest process for implementation of relatively high-speed
parts. This made NMOS popular among designers of microcomputers
and other devices in which hardware cost was an important design
factor.

Most of the current generation of 8-, 16-, and 32-bit processors were
originally implemented in NMOS. Some, like the 6502, are still only
available in NMOS process versions. Others, like all of the recently
designed members of the 65x family (the 65C02, 65802, and 65816) were
produced exclusively using the CMOS process.

Bugs and Quirks

The 6502 has a number of features which the less enthusiastic might
be inclined to call bugs or quirks.

The one most clearly a bug involves using indirect addressing with the
jump instruction, when its operand ends in $FF. To use an example,

IMP  ($20FF>

should cause the program counter to get, as its new low byte, the con-
tents of $20FF, and as its new high byte, the contents of $2100. How-
ever, while the 6502 increments the low byte of the indirect address
from $FF to 00, it fails to add the carry into the high byte, and as a
result gets the program counter's new high byte from $2000 rather than
$2100.
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You can also run into trouble trying to execute an unused opcode, of
which the 6502 has many. The results are unpredictable, but can include
causing the processor to "hang."

Finally, the decimal mode is not as easy to use as it might be. The
negative, overflow, and zero flags in the status register are not valid in
decimal mode and the setting of the decimal flag, which toggles the
processor between binary and decimal math, is unknown after the proc-
essor has received a hardware "reset".



Architecture of the
65C02

The 65C02 microprocessor is an enhanced version of the 6502, imple-
mented using a silicon-gate CMOS process. The 65C02 was designed
primarily as a CMOS replacement for the 6502. As a result, the signifi-
cant differences between the two products are few. While the 65C02
adds 27 new opcodes and two new addressing modes (in addition to
implementing the original 151 opcodes of the 6502), its register set,
memory model, and types of operations remain the same.

The 65C02 is used in the Apple //c and, since early 1985, in the Apple
//e, and it has been provided as an enhancement kit for earlier //¢'s.

Remember that even as the 65C02 is a superset of the 6502, the 65802
and 65816, described in the next chapter, are supersets of the 65C02. All
of the enhancements found in the 65C02 are additionally significant in
that they are intermediate to the full 65816 architecture. The next chap-
ter will continue to borrow from the material covered in the previous
ones, and generally what is covered in the earlier of these three architec-
ture chapters is not repeated in the subsequent ones, since it is true for
all 65x processors.

45
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The 65C02 Architecture

Addressing Modes

Both the 65C02 and the 6502 are eight-bit processors, with a 64K
address space and exactly the same register set.

The 65C02 features some small but highly desirable improvements in
the use of the status register flags: it gives valid negative, overflow, and
zero flags while in decimal mode, unlike the 6502; and it resets the deci-
mal flag to zero after reset and interrupt.

The 65C02 has slightly different cycle counts on a number of opera-
tions from the 6502, some shorter and a few longer. The longer cycle
counts are generally necessary to correct or improve operations from
the 6502.

The 65C02 introduces the two new addressing modes shown in Table
3.1, as well as supporting all the 6502 addressing modes. All of them
will be explained in detail in Chapters 7 and 11, and will be reviewed in
the Reference Section.

Table 3.1. The 65C02's New Addressing Modes.

Addressing Mode Syntax Example
Opcode Operand
Zero Page Indirect LDA ($55)
Absolute Indexed Indirect JMP ($2000, X)

Zero page indirect provides an indirect addressing mode for accessing
data which requires no indexing (the 6502's absolute indirect mode is
available only to the jump instruction). 6502 programmers commonly
simulate indirection by loading an index register with zero (losing its
contents and taking extra steps), then using the preindexed or post-
indexed addressing modes to indirectly reference the data.

On the other hand, combining indexing and indirection proved so
powerful for accessing data on the 6502 that programmers wanted to see
this combination made available for tables of jump vectors. Absolute
indexed indirect, available for the jump instruction only, provides this
multi-directional branching capability, which can be very useful for case
or switch statements common to many languages.

Instructions

While the 65C02 provides 27 new opcodes, there are only eight new
operations. The 27 opcodes result from providing four different address-
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ing modes for one of the new mnemonics and two for two others, and
also from expanding the addressing modes for twelve 6502 instructions.
The most significant expansion of a 6502 instruction by combining it
with a 6502 addressing mode it did not previously use is probably the
addition of accumulator addressing for the increment and decrement
instructions.

The new 65C02 operations, shown in Table 3.2, answer many pro-
grammer's prayers: an unconditional branch instruction, instructions to
push and pull the index registers, and instructions to zero out memory
cells. These may be small enhancements, but they make programming
the 65C02 easier, more straightforward, and clearer to document. Two
more operations allow the 65C02 to set or clear any or all of the bits in a
memory cell with a single instruction.

Table 3.2. New 65C02 Instructions.

Instruction
Mnemonic Description
BRA Branch always (unconditional)
PHX Push index register X onto stack
PHY Push index register Y onto stack
PLX Pull index register X from stack
PLY Pull index register Y from stack
STZ Store zero to memory
TRB Test and reset memory bits against accumulator
TSB Test and set memory bits against accumulator

CMOS Process

Unlike the 6502, which is fabricated in NMOS, the 65C02 isa CMOS
(pronounced "SEE moss") part. CMOS stands for Complementary
Metal-Oxide Semiconductor.

The most exciting feature of CMOS is its low power consumption,
which has made portable, battery-operated computers possible. Its low
power needs also result in lower heat generation, which means parts can
be placed closer together and heat-dissipating air space minimized in
CMOS-based computer designs.

CMOS technology is not a new process. It's been around for about as
long as other MOS technologies. But higher manufacturing costs during
the early days of the technology made CMOS impractical for the highly
competitive microcomputer market until the mid 1980s, so process
development efforts were concentrated on NMOS and not applied to
CMOS until 1980 or 1981.
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CMOS technology has reached a new threshold in that most of its
negative qualities, such as the difficulty with which smaller geometries
are achieved relative to the NMOS process, have been overcome. Price
has become competitive with the more established NMOS as well.

The 65C02 fixes all of the known bugs and quirks in the 6502. The
result of executing unused opcodes is now predictable—they do nothing
(that is, they act like no-operation instructions). An interesting footnote
is that, depending on the unimplemented instruction that is executed,
the number of cycles consumed by the no-operation is variable between
one and eight cycles. Also, the number of bytes the program counter is
incremented by is variable. It is strongly recommended that this feature
not be exploited, as its use will produce code incompatible with the
next-generation 65802 and 65816.

The jump indirect instruction has been fixed to work correctly when
its operand crosses a page boundary (although at the cost of an execu-
tion cycle). The negative, overflow, and zero flags have been imple-
mented to work in decimal mode (also at the cost of an execution cycle).
The decimal mode is now reset to binary after a hardware reset or an
interrupt.

Finally, a fix which is generally transparent to the programmer, but
which eliminates a possible cause of interference with memory-mapped
1/0 devices on the 6502, is the elimination of an invalid address read
while generating an indexed effective address when a page boundary is
crossed.

The quirk unique to the 65C02 results from trying to eliminate the
quirks of the 6502. The timing improvements of a number of instruc-
tions and the bug fixes from the 6502 make the 65C02 an improvement
over the 6502, but not quite fully compatible on a cycle-by-cycle basis.
This is only a consideration during the execution of time-critical code,
such as software timing loops. As a practical example, this has affected
very little software being ported from the Apple //e to the lie.



Sixteen-Bit
Architecture: The
65816 and the 65802

While the 65C02 was designed more as a CMOS replacement for the
6502 than an enhancement of it, the 65802 and 65816 were created to
move the earlier designs into the world of sixteen-bit processing. And
although the eight-bit 6502 had been a speed demon when first released,
its competition changed over the years as processing sixteen bits at a
time became common, and as the memory new processors could address
started at a megabyte.

The 65816 and the 65802 were designed to bring the 65x family into
line with the current generation of advanced processors. First produced
in prototypes in the second half of 1984, they were released simulta-
neously early in 1985. The 65816 is a full-featured realization of the 65x
concept as a sixteen-bit machine. The 65802 is its little brother, with the
65816's sixteen-bit processing packaged with the 6502's pinout for com-
patibility with existing hardware.

The two processors are quite similar. They are, in fact, two different
versions of the same basic design. In the early stages of the chip fabrica-
tion process they are identical and only assume their distinct "personali-
ties" during the final (metalization) phase of manufacture.

The two processors provide a wealth of enhancements: another nine
addressing modes, 78 new opcodes, a "hidden" second accumulator in
eight-bit mode, and a zero page which, renamed the direct page, can be
relocated to any contiguous set of $100 bytes anywhere within the first
64K of memory (which in the case of the 65802 is anywhere in its
address space). The most dramatic of all the enhancements common to
both 65802 and 65816, though, is the expansion of the primary user
registers—the accumulator, index registers, and stack pointer—to
sixteen-bit word size. The accumulator and index registers can be tog-
gled to sixteen bits from eight, and back to eight when needed. The
stack, pointed to by an expanded-to-sixteen-bit stack register, can be
relocated from page one to anywhere in a 64K range.

The primary distinction between the two processors is the range of
addressable memory: the 65816 can address up to sixteen megabytes;
the 65802 is constrained by its 6502 pinout to 64K.
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A secondary distinction between the two processors is that the
65816's new pinout also provides several significant new signals for the
hardware designer. While outside the primary scope of this book, these
new signals are mentioned in part in this chapter and described in some
detail in Appendix C.

It is important to remember that the 65802 is in fact a 65816 that has
been coerced to live in the environment designed originally for the 6502
and 65C02. Outside of the memory and signal distinctions just listed,
the 65816 and the 65802 are identical. Both have a native mode, in
which their registers can be used for either eight- or sixteen-bit opera-
tions. Both have a 6502 emulation mode, in which the 6502's register set
and instruction timings emulate the eight-bit 6502 (not the 65C02)
exactly (except they correct a few 6502 bugs). All existing 6502 software
can be run by the new processor—as can virtually all 65C02 software—
even as most of the native mode's enhancements (other than sixteen-bit
registers) are programmable in emulation mode, too.

To access sixteen megabytes, the signals assigned to the various pins
of the 65816's 40-pin package are different from the 6502, the 65C02 and
the 65802, so it cannot be installed in existing 65x computers as a
replacement upgrade. The 65802, on the other hand, has a pinout that is
identical to that of the 6502 and 65C02 and can indeed be used as a
replacement upgrade.

This makes the 65802 a unique, pin-compatible, software-compatible
sixteen-bit upgrade chip. You can pull a 6502 out of its socket in any
existing 6502 system, and replace it with a 65802 because it powers-on
in the 6502 emulation mode. It will run existing applications exactly the
same as the 6502 did. Yet new software can be written, and 6502 pro-
grams rewritten, to take advantage of the 65802's sixteen-bit capabili-
ties, resulting in programs which take up much less code space and
which run faster. Unfortunately, even with a 65802 installed, an older
system will remain unable to address memory beyond the original 64K
limits of the 6502. This is the price of hardware compatibility.

The information presented in this chapter builds directly on the in-
formation in the previous two chapters; it should be considered as a
continuous treatment of a single theme. Even in native mode with
sixteen-bit registers, the 65802 and 65816 processors utilize many of the
6502 and 65CO02 instructions, registers, and addressing modes in a man-
ner which differs little from their use on the earlier processors. If you
are already familiar with the 6502 or the 65C02, you will discover that
the 65802 and 65816 logically expand on these earlier designs.

Power-On Status: 6502 Emulation Mode

When the 65816 and 65802 are powered on, they initialize themselves
into 6502 emulation mode in which, with the exception of fixing several
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6502 bugs, they exactly emulate the 6502. The stack is confined to page
one, just like the 6502 stack pointer. The registers are configured to
eight bits, to model the 6502's registers. Every 6502 instruction is imple-
mented identically. The timing of each instruction is exactly the same as
on the original NMOS 6502. The direct page of the 65802 and 65816,
which as you will learn can be relocated using the sixteen-bit direct page
register, is initialized to page zero, making direct page addressing
exactly equivalent to 6502 zero page addressing. The program and data
bank registers, which as you will learn provide efficient access in the
65816 to any one or two 64K banks of memory at a time, are initialized
to the zero bank.

Unlike the NMOS 6502, which has undefined results when unimple-
mented opcodes are executed, and the 65C02, which treats unimple-
mented opcodes as variously-timed and -sized no-operations, the 65802
instruction set implements every one of the 256 possible one-byte
opcodes. These additional instructions are available in emulation mode
as well as in native mode.

Among the newly implemented opcodes are ones that allow the proc-
essors to be switched to their native mode—sixteen-bit operation. While
there is more to say about 6502 emulation mode, it will be easier to
understand in the context of native mode.

The Full-Featured 65x Processor:
The 65816 in Native Mode

The 65816 in its native mode (as opposed to its 6502 emulation mode)
has it all: sixteen-bit registers, 24-bit addressing, and all the rest. The
65802's native mode is a subset of this, as are the emulation modes of
both processors.

Figure 4.1 shows the programming model for the 65816 in native
mode. While the accumulator is shown as a sixteen-bit register, it may
be set to be either a single sixteen-bit accumulator (A or C) or two
eight-bit accumulators, one accessible (A) and the other hidden but
exchangeable (B). While the index registers are shown as sixteen-bit reg-
isters, they may be set, as a pair, to be either sixteen-bit registers or
eight-bit registers—their high bytes are zeroed when they are set to eight
bits. The obvious advantage of switching from a processor with eight-
bit registers to one with sixteen-bit registers is the ability to write pro-
grams which are from 25 to 50 percent shorter, and which run 25 to 50
percent faster due to the ease with which sixteen-bit data is manip-
ulated.

The feature that most clearly distinguishes the current generation of
advanced microcomputer systems, however, is the ability to address
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65816 Native Mode Programming Model

(16-bit accumulator & index register modes: m=0 & x=0)

23 15 7

1

i3

Accumulator (B) (A or C) Accumulator (A)

Data Bank Register (DBR)

X Index Register (X)

Y Index Register (Y)

0O 0 0 0O OO 0 O Direct Page Register (D)
0 0 0 0 0 O O O Stack Pointer (S)
Program Bank Register (PBR) Program Counter (PC)

Processor Status Register (P)
7 0

e — Emulation 0=Native Mode

«Carry 1=Carry
-Zero 1=Result Zero

IRQ Disable 1=Disabled

DecimalMbddecimal, 0=Binary
Index Register Select 1=8-bit, 0= 16-bit
mMemory/Accumulator Select 1=8-bit, 0=16-bit

10verflow 1=0verflow

NedatNegative
Figure 4.1. 65816 Native Mode Programming Model.

lots of memory. It is this increased memory addressability which has
ushered in the new era of microcomputer applications possibilities, such
as large spreadsheets, integrated software, multi-user systems, and
more. In this regard, the 65816 stands on or above par with any of the
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other high-performance microprocessors, such as the 68000, the 8086,
or their successors.

There are two new eight-bit registers called bank registers. One,
called the data bank register, is shown placed above the index registers
and the other, called the program bank register, is appended to the pro-
gram counter. The 65816 uses the two bank registers to provide 24-bit
addressing.

A bank of memory is much like a page; just as a page is a range of
memory that can be defined by eight bits (256 bytes), a bank is a range
of memory that can be defined by sixteen bits (64K bytes). For proces-
sors like the 6502, which have only sixteen-bit addressing, a 64K bank is
not a relevant concept, since the only bank is the one being currently
addressed. The 65816, on the other hand, partitions its memory range
into 64K banks so that sixteen-bit registers and addressing modes can be
used to address the entire range of memory.

Bank zero, for example, is that 64K range for which, when addressed
using 24 bits, the highest byte (also called the bank byte) is zero. Simi-
larly, a highest byte of nine in a 24-bit address would address a location
somewhere in bank nine. This highest byte is called the bank byte so
that the term high byte can still be used to refer to the byte that deter-
mines the page address. In other words, "high byte" is used on the 65816
as it is on the 6502, 65C02 and 65802, where addresses are only sixteen
bits.

Another new register shown in Figure 4.1 is the direct page register.
Much like the 6800's special zero page became the 6809's direct page, the
6502's and 65C02's zero page has been transformed into the 65802's and
65816's direct page. This direct page is, as Figure 4.1 shows, limited to
bank zero, shown in the programming model by the implied zero as its
bank byte. The direct page register can be set to any 256-byte page
starting on any byte boundary within bank zero. All of the 6502 instruc-
tions that use zero page addressing use an expanded form called direct
page addressing on the 65816 and 65802; however, when the direct page
register value is zero, the two modes are operationally identical.

Figure 4.1 also shows that the stack pointer has been unbound from
page one to float anywhere in bank zero by making it a sixteen-bit reg-
ister.

While Figure 4.1 doesn't show the interrupt vectors, they too are
located in bank zero, and they point to interrupt handling routines
which also must be located in bank zero.

Finally, the status register is different from the 6502's and 65C02's
(compare Figure 4.1 with Figure 2.1 in Chapter 2). The first obvious dif-
ference is the single bit labelled e for emulation hanging off the top of
the carry flag. Accessible only through the carry flag, its contents deter-
mine whether the processor is in native or 6502 emulation mode. Here it
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holds a zero to indicate the processor is in native mode. The second dif-
ference is the m and x flags replace the 6502's break and unused flags: m
indicates the size of the accumulator (eight or sixteen bits) as well as the
size of memory accesses; x indicates the size of the two index registers
(eight or sixteen bits). Changing the contents of either of these two new
flags toggles the size of the corresponding registers. The b flag is no
longer necessary to distinguish the BRK software interrupt from hard-
ware interrupts because native mode provides a new interrupt vector for
software interrupts, separate from the hardware interrupt vector.

Native mode also provides one timing improvement over the 6502:
one cycle is saved during a cross-page branch.

The Program Bank Register

The 65816's sixteen-bit program counter is concatenated to its eight-
bit program counter bank register (PBR, or K when used in instruction
mnemonics) to extend its instruction-addressing capability to 24 bits.
When the 65816 gets an instruction from memory, it gets it from the
location pointed to by the concatenation of the two registers. In many
ways, the net effect is a 24-bit program counter; for example, when an
interrupt occurs, all 24 bits (program counter plus program counter
bank) are pushed onto the stack. Likewise, when a return-from-inter-
rupt occurs, 24 bits (both registers) are pulled from the stack.

All previous instructions that jumped to sixteen-bit absolute addresses
still work by staying within the same bank. Relative branches stay in
the same bank; that is, you can't branch across bank boundaries. And
program segments cannot cross bank boundaries; if the program
counter increments past $FFFF, it rolls over to $0000 without increment-
ing the program counter bank.

New instructions and addressing modes were added to let you trans-
fer control between banks: jump absolute long (jump to a specified 24-
bit address), jump indirect long (the operand is an absolute address in
bank zero pointing to a 24-bit address to which control is transferred),
jump to subroutine long (to a specified 24-bit address, with the current
program counter and program bank register pushed onto the stack
first), and a corresponding return from subroutine long, which re-loads
the bank register as well as the program counter. (The addressing modes
are among those listed in Table 4.3, the instructions in Table 4.4.)

These instructions that specify a complete 24-bit address to go to,
along with native mode's software interrupt and return from interrupt
instructions, are the only ones that modify the value in the program
bank register. The program bank can be pushed onto the stack so it can
be pulled into another register and be examined or tested. But there is
no instruction for pulling the program bank register from the stack,
since that would change the bank the next instruction would come
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from—certain to be catastrophic. To avoid such "strange" branches
across banks, the program counter bank register can only be changed
when the program counter is changed at the same time.

The Data Bank Register

The data bank register (DBR or, when used as part of a mnemonic, B)
defines the default bank to be used for reading or writing data whenever
one of the addressing modes that specifies (only) a sixteen-bit address is
used, such as the absolute, indirect, or indexed instructions found on the
6502. Such sixteen-bit effective addresses as used with the 6502 are con-
catenated with the value in the data bank register to form a 24-bit
address, much as the program counter is concatenated with the program
bank register. An important difference is that, unlike the program
counter bank register, the data bank register can be temporarily incre-
mented by instructions which use indexed addressing; in other words,
bank boundaries do not confine indexing, which crosses them into the
next bank.

As already mentioned, direct page and stack-based values are always
accessed in bank zero, since the implied bank used with the direct page
and stack is zero. But indirect addresses pulled out of the direct page or
off the stack (when used with addressing modes that do not further
specify the bank value) point to locations in the current data bank.

The existence of the data bank register on the 65816 provides a con-
venient way to access a large range of data memory without having to
resort to 24-bit address operands for every operation.

The Direct Page Register

The direct page register (D) points to the beginning of direct page
memory, which replaces zero page memory as the special page used for
short-operand addressing. All of the 6502 instructions that use zero page
addressing use an expanded form called direct page addressing on the
65816 and 65802. If the direct page register is set to zero, then direct
page memory is the zero page, and direct page addressing is operation-
ally identical to zero page addressing.

One effect of having a direct page register is that you can set up and
alternate between multiple direct page areas, giving each subroutine or
task its own private direct page of memory, which can prove both use-
ful and efficient.

The Stack Pointer

The native mode stack pointer holds a sixteen-bit address value. This
means it can be set to point to any location in bank zero. It also means
the stack is no longer limited in length to just $100 bytes, nor limited to
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page one ($100 to $1FF). Page one therefore loses its character as a "spe-
cial* memory area and may be treated like any other page while running
the 65802 or 65816 in the native mode.

The Accumulator and the Index Registers

The key difference between the 65816/65802 and the earlier proces-
sors in the series is that the 65816's three primary user registers—the
accumulator and the X and Y index registers—can be toggled between
eight and sixteen bits. You can select which size (eight or sixteen bits)
you wish to use by executing special control instructions that modify the
new m and x flags.

This enhances the basic processing power of the chip tremendously. A
simple subtraction of sixteen-bit numbers, for example, illustrates the
difference. The eight-bit 6502 must be programmed to load the low byte
of the first sixteen-bit number, subtract the low byte of the second num-
ber, then save the result, load the first number's high byte, subtract the
second number's, and finally, save the high result. The sixteen-bit proc-
essors, on the other hand, can load one sixteen-bit value, subtract the
other, then save the sixteen-bit result. Three steps replace six.

With its ability to change register size, the 65816 functions equally
well with eight bits or sixteen. From the programmer's point of view, it
is a dual word-size machine. The machine word size—the basic unit of
data the machine processes in a given instruction cycle—may be either
byte or double byte, that is, eight or sixteen bits.

In the terminology used in describing other sixteen-bit processors, the
term word is used specifically to refer to sixteen-bit data, and byte to
refer to eight-bit data. But other sixteen-bit processors generally have
different mechanisms for selecting byte or double byte data to operate
upon. The terminology appropriate to the 65802 and 65816 is to refer to
sixteen-bit data as double byte, rather than word, since their word size
alternates between eight bits and sixteen, and since they can operate in
either byte mode or double byte mode with equal effectiveness. They
are hybrid processors.

The width of the accumulator and the width of the index registers are
independently controlled by setting and resetting the two special flag
bits within the status register, the index register select (x) and memory/
accumulator select (m) flags. When both are set, the eight-bit register
architecture of the 6502 is in force. While very similar to the emulation
mode, this eight-bit native mode is subtly different in important ways: a
BRK vector is available in the native mode; interrupt processing is dif-
ferent between emulation and native mode in general; and of course
sixteen-bit processing can be called up with a single instruction. Yet the
65802 and 65816 will execute a good deal of existing 6502 programs
without modification in this mode.
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When either or both the index register select or memory select flags
are cleared, the word size of the corresponding register(s) is expanded
from eight bits to sixteen.

The four possible modes of operation are shown in Table 4.1.

Table 4.1. The Four Possible Native Mode Register
Combinations.

eight-bit accumulator (m bit is set)
eight-bit index registers (x bit is set)
eight-bit accumulator (m bit is set)
sixteen-bit index registers (x bit is clear)
sixteen-bit accumulator (m bit is clear)
eight-bit index registers (x bit is set)
sixteen-bit accumulator (m bit is clear)
sixteen-bit index registers (x bit is clear)

When the opcode for a given instruction is fetched from memory dur-
ing program execution, the processor may respond differently based
upon the settings of the two register select flags. Their settings may be
thought of as extensions to the opcode. For example, consider the fol-
lowing instruction:

object
code instruction
BDOOBO LDA $B000,X

which loads the accumulator with data from the effective address
formed by the sum of $B000 and the contents of the X register. The X
register contents can be either eight bits or sixteen, depending upon the
value of the index select flag. Furthermore, the accumulator will be
loaded from the effective address with either eight or sixteen bits of
data, depending upon the value of the memory/accumulator select flag.

The instruction and addressing mode used in the example are found
also on the 6502 and 65C02; the opcode byte ($BD) is identical on all
four processors. The 65816's new mode flags greatly expand the scope of
the 6502's instructions. For programmers already familiar with the 6502,
the understanding of this basic principle—how one opcode can have up
to four different effects based on the flag settings—is the single most
important principle to grasp in moving to a quick mastery of the 65802
or 65816.
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Switching Registers Between Eight and Sixteen
Bits

The two register select flags are set or cleared by two new instructions
provided for modifying the status register: one of the instructions, SEP,
(set P) can be used to set any bit or bits in the P status register; the
other, REP, (reset P) can be used to reset any bit or bits in the status
register.

Figure 4.2 shows the results of changing the index registers and accu-
mulator between eight and sixteen bits. When a sixteen-bit index regis-
ter is switched to eight bits, the high byte is lost irretrievably and
replaced by a zero. On the other hand, when an eight-bit index register
is switched to sixteen bits, its unsigned value is retained by concatenat-
ing it to a zero high byte; that is, the eight-bit unsigned index already in
the register is extended to sixteen bits.

Unlike the index operations, switching the accumulator's size in either
direction is reversible. The accumulator is treated differently due to its
function, not as an index register, but as the register of arithmetic and
logic. In this role, it is often called upon to operate on eight-bit values
with sixteen-bit ones and vice versa.

When the sixteen-bit A accumulator is switched to eight bits, the low
byte becomes the new eight-bit A accumulator while the high byte
becomes the eight-bit "hidden" B accumulator. B may be seen as an
annex to the A accumulator, accessible only through a new instruction
which exchanges the values in the two accumulators (making B useful
for temporarily storing off the eight-bit value in A). Conversely, when
the accumulator is switched from eight bits to sixteen, the new sixteen-
bit A accumulator has, as its low byte, the previous eight-bit A accumu-
lator and, as its high byte, the previous hidden B accumulator.

Certain instructions that transfer the accumulator to or from other
sixteen-bit registers refer to the sixteen-bit accumulator as C to empha-
size that all sixteen accumulator bits will be referenced regardless of
whether the accumulator is set to eight- or sixteen-bit mode. Again, this
is illustrated in Figure 4.2.

The Status Register

Because the emulation bit is a "phantom” bit, it cannot be directly
tested, set, or cleared. The flag that it "phantoms" or overlays is the
carry bit; there is a special instruction, XCE, that exchanges the contents
of the two flags. This is the "trapdoor” through which the emulation
mode is entered and exited.

Two status register bits were required for the two-flag eight-or-
sixteen-bit scheme. While the 6502's status register has only one unused
status register bit available, its break flag is used only for interrupt pro-
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Results of Switching Register Sizes
(L=bits in low byte; H= bits in high byte)

Index Registers; 16 Bits to 8

HHHH HHHH | LLLL LLLL 0000 0000 LLLL LLLL
|

Index Registers: 8 Bits to 16

0000 0000 LLLL LLLL 0000 0000 LLLL LLLL

Accumulator: 16 Bits to 8

HHHH HHHH | LLLL LLLL LLLL LLLL

(also C) (also C)

Accumulator: 8 Bits to 16

- >

HHHH HHHH LLLL LLLL HHHH HHHH LLLL LLLL

[
|
m=1 _

m=0

— ) — T -~
(also C) (also C)

Figure 4.2. Results of Switching Register Sizes.

cessing, not during regular program execution, to flag whether an inter-
rupt comes from a break instruction or from a hardware interrupt. By
giving the break instruction its own interrupt vector in native mode, the

65816's designers made a second bit available for the m and x register
select flags.

6502/65C02 Addressing Modes on the 65816

All of the 6502 and 65C02 addressing modes are available to the
65816765802, but native mode's sixteen-bit features mean you need to
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The bank byte of the label SOURCE is 02 while the bank byte of the
label DEST is 01. As always, the assembler does the work of converting
the more human-friendly assembly code to the correct object code for-
mat for the processor.

If the source and destination banks are not specified, some assemblers
will provide a user-specified default bank value.

The assembler will translate the opcode to object code, then supply its
bank value for both of the operand bytes:

440000 MVP

If either bank is different from the default value, both must be speci-
fied.



The Simple
Addressing Modes

The term addressing mode refers to the method by which the proces-
sor determines where it is to get the data needed to perform a given
operation. The data used by a 65x processor may come either from
memory or from one or another of the processor's registers. Data for
certain operations may optionally come from either location, some from
only one or the other. For those operations which take one of their
operands from memory, there may be several ways of specifying a given
memory location. The method best suited in a particular instance is a
function of the overall implementation of a chosen problem-solving
algorithm. Indeed, there are so many addressing modes available on the
65x processors that there is not necessarily a single "correct" addressing
mode in each situation.

This chapter deals with those addressing modes which may be
described as the "simple" addressing modes. You have already seen
some of these used in the examples of the previous chapter; the simple
addressing modes are listed in Table 7.1. Each of these addressing modes
is straightforward. Those addressing modes that require more than a
simple combination of values from several memory locations or regis-
ters are described as "complex modes" in Chapter 11.

107
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Table 7.1. List of Simple Addressing Modes.

Available on all 65x processors: Example Syntax
immediate LDA #$12
absolute LDA $1234
direct page (zero page) LDA $12
accumulator ASL A
implied TAY

stack PHA

Available on the 65C02, 65802 and 65816 only:

direct page (zero page) indirect IDA ($12)

Available on the 65802 and 65816 only:

absolute long LDA $123456
direct page indirect long LDA [$12]
block move MVN SOURCE,DEST

In addition to solving a given problem, the processor must spend a
great deal of its time simply calculating effective addresses. The simple
addressing modes require little or no effective address computation, and
therefore tend to be the fastest executing. However, the problem-solving
and memory efficiencies of the complex addressing modes, which will
be described in subsequent chapters, can make up for their effective
address calculation overhead. In each case, the nature of the problem at
hand determines the best addressing mode to use.

Immediate data is data found embedded in the instruction stream of a
program itself, immediately following the opcode which uses the data.
Because it is part of the program itself, it is always a constant value,
known at assembly time and specified when you create the program.
Typically, small amounts of constant data are handled most efficiently
by using the immediate addressing mode to load either the accumulator
or an index register with a specific value. Note that the immediate
addressing mode is not available with any of the store instructions
(STA, STX, or STY), since it makes no sense to store a value to the
operand location within the code stream.
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To specify the immediate addressing mode to a 65x assembler, prefix
the operand with a # (pound or sharp) sign. The constant operand may
be either data or an address.

For example,

A912 LDA #$12

loads the hexadecimal value $12 into the accumulator.

The 6502 and 65C02, their registers limited to only eight bits, permit
only an eight-bit operand to follow the load register immediate opcodes.
When the constant in an assembly source line is a sixteen-bit value,
greater-than and less-than signs are used to specify whether the high- or
low-order byte of the double-byte value are to be used. A less-than indi-
cates that the low byte is to be used, and thus:

A234 LDX #<$1234

causes the assembler to generate the LDX opcode followed by a one-
byte operand, the low byte of the source operand, which is $34. It's
equivalent to:

A234 LDX #$34

The use of a greater-than sign would cause the value $12 to be loaded.
If neither the less-than nor greater-than operator is specified, most
assemblers will default to the low byte when confronted with a double-
byte value.

When assembling 65816 source code, the problem becomes trickier.
The 6502 and 65C02 neither have nor need an instruction to set up the
eight-bit mode because they are always in it. But the 65816's accumula-
tor may be toggled to deal with either eight- or sixteen-bit quantities, as
can its index registers, by setting or resetting the m (memory/accumula-
tor select) or x (index select) flag bits of the status register. Setting the m
bit puts the accumulator in eight-bit mode; resetting it puts it in sixteen-
bit mode. Setting the x bit puts the index registers in eight-bit mode;
resetting it puts them in sixteen-bit mode.

The m and x flags may be set and reset many times throughout a
65816 program. But while assembly code is assembled from beginning
to end, it rarely executes in that fashion. More commonly, it follows a
circuitous route of execution filled with branches, jumps, and subrou-
tine calls. Except for right after the m or x flag has been explicitly set or
reset, the assembler has no way of knowing the correct value of either:
your program may branch somewhere, and reenter with either flag hav-
ing either value, quite possibly an incorrect one.

While the programmer must always be aware of the proper values of
these two flags, for most instructions the assembler doesn't need to
know their status in order to generate code. Most instructions generated
are the same in both eight- or sixteen-bit mode. Assembling a load accu-
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Instruction: 1 opcode offset

Direct Register

. ! offset
direct address
. I X Reg
i 00 address
then
00 ! (address)
L DBR |
OBSrand i
Address: | effective address

10. Direct Indexed With X—d,x

The second byte of the instruction is added to the sum of the Direct
Register and the X Index Register to form the 16-bit effective
address The operand is always in Bank 0

Instruction:[ opcode | offset

Direct Register

* | offset |

direct address

* i
poRe 1w

11. Direct Indexed With Y—d,y
The second byte of the instruction is added to the sum of the Direct
Register and the Y Index Register to form the 16-bit effective
address The operand is always in Bank 0

Instruction: | opcode |

X Reg

effective address

offset ]
| Direct Register |

* | offset |

direct address |

y Reg |

Rﬁgl[ggsd , 00 || effective address ||

12. Absolute Indexed With X—a,x
The second and third bytes of the instruction are added to the
X Index Register to form the low-order 16 bits of the effective ad-
dress The Data Bank Register contains the high-order 8 bits of the
effective address

[ opcode ] addrl [ addrh j

| DBR | addrh addrl !

.l ! XReg |

Rﬁgrand i i
ress. 1 effective address i

13. Absolute Long Indexed With X—al,x
The second, third and fourth bytes of the instruction form a 24-bit
base address. The effective address is the sum of this 24-bit address
and the X Index Register

14.

17

18
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Instruction: j  opcode| addrl | addrh | baddr |
! baddr | addrh | addrl
¢ j X Reg |
Operand i i
Address: | effective address

Absolute Indexed With Y—a,y
The second and third bytes of the instruction are added to the
Y Index Register to form the low-order 16 bits of the effective ad-
dress The Data Bank Register contains the high-order 8 bits of the
effective address

[ opcode ] addrl | addrh |
DBR addrh addrl
* I iy Reg |
Operand i i
Address: | effective address |

. Program Counter Relative—r

This address mode, referred to as Relative Addressing, is used only
with the Branch instructions. If the condition being tested is met.
the second byte of the instruction is added to the Program Counter,
which has been updated to point to the opcode of the nextinstruc-
tion. The offset is a signed 8-bit quantity in the range from -128 to
127. The Program Bank Register is not affected

. Program Counter Relative Long—rt

This address mode, referred to as Relative Long Addressing, is used
only with the Unconditional Branch Long instruction (BRL) and the
Push Effective Relative instruction (PER) The second and third
bytes of the instruction are added to the Program Counter, which
has been updated to point to the opcode of the next instruction. With
the branch instruction, the Program Counter is loaded with the
result With the Push Effective Relative instruction, the result is
stored on the stack. The offsetis asigned 16-bit quantity in the range
from -32768 to 32767. The Program Bank Register is not affected

Absolute Indirect— (a)

The second and third bytes of the instruction form an address to a
pointer in Bank 0 The Program Counteris loaded with the firstand
second bytes atthis pointer. With the Jump Long (JML) instruction,
the Program Bank Register is loaded with the third byte of the
pointer.

Instruction: | opcode | addrl | addrh ~|
Indirect Address | 00 | addrh | addrl |
New PC = (indirect address)

with JML

New PC = (indirect address)
New PBR = (indirect address *2)

Direct Indirect— (d)

The second byte of the instruction is added to the Direct Register to
form apointer to the low-order 16 bits of the effective address. The
Data Bank Register contains the high-order 8 bits of the effective
address

Instruction: | opcode | offset ]

Direct Register

+ | offset |
00 | direct address
00 | (direct address)
* | DBR
Operand |
Address: | effective address
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20.

21.

22.

E W65C816 Data Sheet

Direct Indirect Long—[d]
The second byte of the instruction isadded to the Direct Register to
form a pointer to the 24-bit effective address

Instruction: | opcode | offset |
Direct Register |
3 | offset |
| 00 1 direct address
then
Oﬁgrand ,
Address: | (direct address)

Absolute Indexed Indirect— (a,x)

The second and third bytes of the instruction are added to the
X Index Register to form a 16-bit pointer in Bank 0. The contents of
this pointer are loaded in the Program Counter. The Program Bank
Register is not changed

Instruction: | opcode | addrl j addrh |
| addrh | addrl |
! X Reg |
PBR | address
then:
PC = (address)
Stack—s

Stack addressing refers to all instructions that push or pull data
from the stack, such as Push. Pull, Jump to Subroutine, Return from
Subroutine, Interrupts, and Return from Interrupt. The bank ad-
dress is always 0. Interrupt Vectors are always fetched from Bank 0

Stack Relative—d,s

The low-order 16 bits of the effective address is formed from the
sum of the second byte ofthe instruction and the Stack Pointer. The
high-order 8 bits of the effective address is always zero. The relative
offset is an unsigned 8-bit quantity in the range of 0 to 255.

Instruction:j opcode | offset |

Stack Pointer

. I offset |

Rggrand ,
ress: | 00 effective address !

23.
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Stack Relative Indirect Indexed— (d,s),y
The second byte of the instruction is added to the Stack Pointer to
form a pointer to the low-order 16-bit base address in Bank 0 The
Data Bank Register contains the high-order 8 bits of the base ad-
dress The effective address is the sum of the 24-bit base address
and the Y Index Register.

Instruction:| opcode | offset |

Stack Pointer

. | offset |
00 1 S * otisei
i S ¢ offset
. DBR
base address |
| I V Reg |
0 gerand ,
Address: | effective address

Block Source Bank, Destination Bank—xyc

This addressing mode is used by the Block Move instructions. The
second byte of the instruction contains the high-order 8 bits of the
destination address. The Y index Register contains the low-order 16
bits of the destination address. The third byte of the instruction
contains the high-order 8 bits of the source address. The X Index
Register contains the low-order 16 bits of the source address. The
C Accumulator contains one less than the number of bytes to move.
The second byte of the block move instructions is also loaded into
the Data Bank Register.

Instruction: | opcode | dstbnk | srcbnk |
dstbnk - DBR
Rource . ,
ddT_ESS:_ | scrbnk | X Reg
Destination , ,
Address: | DBR | Y Reg

Increment (MVN) or decrement (MVP) X and Y.

Decrement C (if greater than zero), then PC+3 - PC.
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CLI
CLv
CMP
cop
CPX
CPY
DEC
DEX
DEY
EOR
INC
INX
INY
JML
JMP
JSL
JSR
LDA
LDX
LDY
LSR
MVN
MVP
NOP
ORA
PEA

PEI

PER
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Table 2. W65C802 and W 65C816 Instruction Set— Alphabetical Sequence

Add Memory to Accumulator with Carry
AND Memory with Accumulator

Shift One Bit Left, Memory or Accumulator
Branch on Carry Clear (Pc : 0)

Branch on Carry Set (Pc 1)

Branch if Equal (Pz - 1)

Bit Test

Branch if Result Minus (Pn - 1)

Branch if Not Equal (Pz -0)

Branch if Result Plus (Pn 0)

Branch Always

Force Break

Branch Always Long

Branch on Overflow Clear (Pv =0)

Branch on Overflow Set (Pv - 1)

Clear Carry Flag

Clear Decimal Mode

Clear Interrupt Disable Bit

Clear Overflow Flag

Compare Memory and Accumulator
Coprocessor

Compare Memory and Index X

Compare Memory and Index Y
Decrement Memory or Accumulator by One
Decrement Index X by One

Decrement Index Y by One

"Exclusive OR" Memory with Accumulator
Increment Memory or Accumulator by One
Increment Index X by One

Increment Index Y by One

Jump Long

Jump to New Location

Jump Subroutine Long

Jump to New Location Saving Return Address

Load Accumulator with Memory

Load Index X with Memory

Load Index Y with Memory

Shift One Bit Right (Memory or Accumulator)
Block Move Negative

Block Move Positive

No Operation

"OR" Memory with Accumulator

Push Effective Absolute Address on Stack (or Push Immediate

Data on Stack)

Push Effective Indirect Address on Stack (or Push Direct

Data on Stack)

Push Effective Program Counter Relative Address on Stack

For alternate mnemonic*, tee Table 7.

PHA
PHB
PHD
PHK
PHP
PHX
PHY
PLA
PLB
PLD
PLP
PLX
PLY
REP
ROL
ROR
RTI
RTL
RTS
SBC
SEC
SED
SEI
SEP
STA
STP
STX
STY
STz

TAY
TCD

Push Accumulator on Stack

Push Data Bank Register on Stack

Push Direct Register on Stack

Push Program Bank Register on Stack

Push Processor Status on Stack

Push Index X on Stack

Push Index Y on Stack

Pull Accumulator from Stack

Pull Data Bank Register from Stack

Pull Direct Register from Stack

Pull Processor Status from Stack

Pull Index X from Stack

Pull Index Y form Stack

Reset Status Bits

Rotate One Bit Left (Memory or Accumulator)
Rotate One Bit Right (Memory or Accumulator)
Return from Interrupt

Return from Subroutine Long

Return from Subroutine

Subtract Memory from Accumulator with Borrow
Set Carry Flag

Set Decimal Mode

Set Interrupt Disable Status

Set Processor Status Bite

Store Accumulator in Memory

Stop the Clock

Store Index X in Memory

Store Index Y in Memory

Store Zero in Memory

Transfer Accumulator to Index X

Transfer Accumulator to Index Y

Transfer C Accumulator to Direct Register
Transfer C Accumulator to Stack Pointer Register
Transfer Direct Register to C Accumulator
Test and Reset Bit

Test and Set Bit

Transfer Stack Pointer Register to C Accumulator
Transfer Stack Pointer Register to Index X
Transfer Index X to Accumulator

Transfer Index X to Stack Pointer Register
Transfer Index X to Index Y

Transfer Index Y to Accumulator

Transfer Index Y to Index X

Wait for Interrupt

Reserved for Future Use

Exchange B and A Accumulator

Exchange Carry and Emulation Bits

Table 3. Vector Locations

e 1

OOFFFE.F —WQ/BRK Hardware/Software
OOFFFC.D —RESET Hardware
OOFFFA.B - NMI Hardware
OOFFF8.9 -ABORT Hardware
OOFFF6.7 —(Reserved)

OOFFF45 -COP Software

E-0

OOFFEE.F -IRQ Hardware
OOFFEC.D—(Reserved)
OOFFEA.B —NMI Hardware
OOFFE8.9 -ABORT Hardware
OOFFE6.7 -BRK Software
OOFFE4.5 -COP Software

The VP output is low during the two cycles used for vector location access
When an interrupt is executed, D 0 and | - 1in Status Register P
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Addressing Mode

Immediate

Absolute

Absolute Long

Direct Page

Accumulator

Implied Addressing

Direct Indirect
Indexed

Direct Indirect
Indexed Long

Direct Indexed
Indirect
Direct Indexed by X

Direct Indexed by Y

Absolute Indexed by X

Format

#<al
#<EXT
n-d

#.'al
SM"EXT
»Ad

#Aal
#AEXT

«al

EXT
EXT

>d

~a

>al

al

SEXT
d

<d

<a

<al
<EXT
A

(no operand)
(d).y
(<d)y
«a).y
(<al).y
(<EXT).y
[dj.y
|<dj.y
(<aj.y
(<al).y
(<EXT).y
(d.x)
(<d,x)
(<a,x)
(<al.x)
(<EXT.x)
d.x
<d.x
<a.x
cal.x
<EXT.x
dy
<d,y
<a)y
<al.y
<EXT.y
d.x

'd.x

ax

‘a.x
«al.x
'EXT.x
EXT.x

Programming the 65816

Table 9. Address Mode Formats

Addressing Mode

Absolute Indexed by Y

Absolute Long Indexed

by X

Program Counter
Relative and
Program Counter
Relative Long

Absolute Indirect

Direct Indirect

Direct Indirect Long

Absolute Indexed

Stack Addressing

Stack Relative
Indirect Indexed

Block Move

Note The alternate 1(exclamation point) is used in place of the | (vertical bar).

Format

dy

dy

ay

lay

‘aly

'EXT.y

EXT.y
~d.x
>a.x
>al,x

al.x
'EXT.x

d

a

al

EXT

(d)

m

(a)

Oa)

(al)

(EXT)

(d)

(<a)

(<al)

(<EXT)

[d]

I<a]

I<al|

I<EXT]

(d-x)

0d.x)

(a.x)
(‘a.x)

(‘al.x)

(EXT.x)

(EXT.x)

(no operand)

(d,s).y

(<d.s).y

(<a.s).y

(<al.s).y

(<EXT.s).y

d.d

da

d.al

d.EXT

ad

aa

a.al

a,EXT

al.d

al.a

al.al

al.LEXT

EXT.d

EXT,a

EXT.al

EXT.EXT

(the assembler calculates

[ and I
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Table 10. Addressing Mode Summary
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Memory Utilization

Instruction Times In Number ot Program
In Memory Cycles Sequence Bytes
Original Original
Address Mode 8 BitNIMOS wo s 8 Bit NMOS W s
6502 6502
1 Immediate 2 2Q) 2 2(3)
2 Absolute 4(5) 4(35) 3 3
3 Absolute Long - 5@3) — 4
4 Direct 3(5) 3(3.45) 2 2
5 Accumulator 2 2 1 1
6 Implied 2 2 1 1
7 Direct Indirect Indexed (d).y 5> 5(1-3.4) 2 2
8 Direct Indirect Indexed Long [d], y - 6(3«> 2
9 Direct Indexed Indirect (d.x) 6 6'3«> 2 2
10 Direct. X 4(5) 4(34.5) 2
11 Direct. Y 4 4(34) P
12 Absolute. X 4(15) 4H3.S) 3
13 Absolute Long, X - 5(3)
14 Absolute. Y 4D 4(1-3)
15 Relative 2d 2 2(2)
16 Relative Long - 312 3
17 Absolute Indirect (Jump) 5 5
18 Direct Indirect - 5(34,
19 Direct Indirect Long — 6(34)
20 Absolute Indexed Indirect (Jump) - 6
21 Stack 3-7 3T 3
22 Stack Relative 43) 1-3 1-4
23 Stack Relative Indirect Indexed — 713 2
24 Block Move X, Y. C (Source, Destination, Block Length) - 7 2
NOTES  mmmmmmmmmmmeme 1 t
1 Page boundary, add 1lcycle if page boundary is crossed when forming address

2
3
4
5

Branch taken, add 1cycle if branch is taken

M =0or X =0. 16 bit operation, add 1cycle, add 1byte for immediate
Direct register low (DL) not equal zero, add 1cycle
Read-Modify-Write, add 2 cycles for M =1, add 3 cycles for M =0
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Caveats and Application Information

Stack Addressing

When in the Native mode, the Stack may use memory locations 000000
to OOFFFFF. The effective address of Stack. Stack Relative, and Stack
Relative Indirect Indexed addressing modes will always be within this
range In the Emulation mode, the Stack address range is 000100 to
0001FF The following opcodes and addressing modes will increment or
decrement beyond this range when accessing two or three bytes

JSL. JSR(a.x), PEA. PEL. PER. PHD. PLD. RTL d.s. (d.s)y

Direct Addressing

The Direct Addressing modes are often used to access memory registers
and pointers The effective address generated by Direct. Direct.X and
Direct.Y addressing modes will always be in the Native mode range
000000 to OOFFFF When in the Emulation mode, the direct addressing
range is 000000 to 0000FF, except for [Direct] and [Directj.Y addressing
modes and the PEI instruction which will increment from 0000FE or
OOQOFF into the Stack area

When in the Emulation mode and DH is not equal to zero, the direct
addressing range isOODHO0toOODHFF. except for [Direct] and [Directj.Y
addressing modes and the PEI instruction which will increment from
OODHFE or OODHFF into the next higher page

When m the Emulation mode and DL in not equal to zero, the direct
addressing range is 000000 to OOFFFF

Absolute Indexed Addressing (W65C816 Only)

The Absolute Indexed addressing modes are used to address data out-
side the direct addressing range The W65C02 and W65C802 addressing
range is 0000 to FFFF. Indexing from page FFXX may result in a OOYY
data fetch when using the W65C02 or W65C802 In contrast, indexing
from page ZZFFXX may result in ZZ*1 .O0YY when using the W65C816.

Future Microprocessors (i.e., W65C832)
Future WDC microprocessors will support all current W65C816 operat-
ing modes for both index and offset address generation.

ABORT Input (W65C816 Only)

ABORT should be held low for a period not to exceed one cycle. Also, if

ABORT is held low during the Abort Interrupt sequence, the Abort Inter-

rupt wiM_be_aborted. It is not recommended to abort the Abort Interrupt.

The ABORT internal latch is cleared during the second cycle of the Abort

Interrupt Asserting the ABORT input after the following instruction

cycles will cause registers to be modified

Read-Modlfy-erte: Processor status modified if ABORT is asserted

after a modify cycle
I Processor status will be modified if ABORT is asserted after

cycle 3.

||¥Q, NM|, KB—O—RT BRK, COP: When ABORT is asserted after cycle 2,
PBR and DBR will become 00 (Emulation mode) or PBR will become
00 (Native mode).

The Abort Interrupt has been designed for virtual memory systems. For

this reason, asynchronous ABORT'S may cause undesirable results due
to the above conditions

VDA and VPA Valid Memory Address Output Signals (W65C816
Only)

When VDA or VPA are high and during all write cycles, the Address Bus
isalways valid. VDA and VPA should be used to qualify all memory cycles.
Note that when VDA and VPA are both low. invalid addresses may be
generated The Page and Bank addresses could also be invalid This will
be due to low byte addition only. The cycle when only low byte addition
occursisan optional cycle forinstructions which read memory when the
Index Register consists of 8 bits This optional cycle becomes a standard
cycle for the Store instruction, all instructions using the 16-bit Index
Register mode, and the Read-Modify-Write instruction when using 8- or
16-bit Index Register modes

Apple 11, lie, lie and 11+Disk Systems (W65C816 Only)

VDA and VPA should not be used to qualify addresses during disk opera-
tion on Apple systems. Consult your Apple representative for hardware/
software configurations

Programming the 65816

DB/BA Operation when RDY is Pulled Low (W65C816 Only)
When RDY is low. the Data Bus is held in the data transfer state (i.e., 02
high) The Bank address external transparent latch should be latched
when the 02 clock or RDY is low

M/X Output (W65C816 Only)

The M/X output reflects the value of the M and X bits of the processor
Status Register The REP. SEP and PLP instructions may change the
state of the M and X bits. Note that the M/X output is invalid during the
instruction cycle following REP, SEP and PLP instruction execution.
This cycle is used as the opcode fetch cycle of the next instruction.

All Opcodes Function in All Modes of Operation
It should be noted that all opcodes function in all modes of operation.
However, some instructions and addressing modes are intended for
W65C816 24-bit addressing and are therefore less useful for the W65C802.
The following is a list of instructions and addressing modes which are
primarily intended for W65C816 use:

JSL. RTL; [d]; [d].y. JMP al; JML. al; al.x

The following instructions may be used with the W65C802 even though
a Bank Address is not multiplexed on the Data Bus:

PHK; PHB; PLB
The following instructions have “limited" use in the Emulation mode:

+ The REP and SEP instructions cannot modify the M and X bits when in
the Emulation mode. In this mode the M and X bits will always be high
(logic 1).

When in the Emulation mode, the MVP and MVN instructions use the
X and Y Index Registers for the memory address. Also, the MVP and
MVN instructions can only move data within the memory range 0000
(Source Bank) to 00FF (Destination Bank) for the W65C816. and 0000
to O0FF for the W65C802

indirect Jumps

The JMP (a) and JML (a) instructions use the direct Bank for indirect
addressing, while JMP (a.x) and JSR (a.x) use the Program Bank forin-
direct address tables

Switching Modes

When switching from the Native mode to the Emulation mode, the X and
M bits of the Status Register are set high (logic 1), the high byte of the
Stack is set to 01. and the high bytes of the X and Y Index Registers are
set to 00. To save previous values, these bytes must always be stored
before changing modes. Note that the low byte of the S. Xand Y Registers
and the low and high byte of the Accumulator (A and B) are not affected
by a mode change.

How Hardware Interrupts, BRK, and COP Instructions Affect
the Program Bank and the Data Bank Registers

When in the Native mode, the Program Bank register (PBR) is cleared to
00 when a hardware interrupt. BRK or COP is executed In the Native
mode, previous PBR contents is automatically saved on Stack.

In the Emulation mode, the PBR and DBR registers are cleared to 00 when
ahardware interrupt. BRK or COP is executed. In this case, previous con-
tents of the PBR are not automatically saved.

Note thata Return from Interrupt (RTI) should always be executed from
the same "mode" which originally generated the interrupt.

Binary Mode
The Binary mode is set whenever a hardware or software interrupt is
executed The D flag within the Status Register is cleared to zero

WAL Instruction

The WAL instruction pulls RDY low and places the processor in the WAI
“"low power* mode NMI. IRQorRESET will terminate the WAI condition
and transfer control to the interrupt handler routine. Note thatan ABORT
input will abort the WAI instruction, but will not restart the processor
When the Status Register | flag is set (IRQ disabled), the IRQ interrupt
will cause the next instruction (following the WAI instruction) to be
executed without going to the IRQ interrupt handler This method re-
sults in the highest speed response to an IRQ input. When an interrupt
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isreceived after an ABORT which occurs during the WAl instruction, the
processor will return to the WAI instruction Other than RES (highest
priority). ABORT is the next highest priority, followed by NMI or IRQ
interrupts

STP Instruction

The STP instruction disables the 02 clock to all circuitry When disabled,
the 02 clock is held in the high state In this case, the Data Bus will remain
in the data transfer state and the Bank address will not be multiplexed
onto the Data Bus Upon executing the STP instruction, the RES signal is
the only input which can restart the processor The processor is restarted
by enabling the 02 clock, which occurs on the falling edge of the RES
input Note that the external oscillator must be stable and operating prop-
erly before RES goes high

COP Signatures

Signatures 00-7F may be user defined, while signatures 80-FF are re-
served forinstructions on future microprocessors (i.e.. W65C832). Con-
tact WDC for software emulation of future microprocessor hardware
functions

WDM Opcode Use

The WDM opcode will be used on future microprocessors Forexample,
the new W65C832 uses this opcode to provide 32-bit floating-point and
other 32-bit math and data operations Note that the W65C832 will be a
plug-to-plug replacement for the W65C816. and can be used where high-
speed. 32-bit math processing is required The W65C832 will be available
in the near future

RDY Pulled During Write

The NMOS 6502 does not stop during a write operation In contrast, both
the W65C02 and the W65C816 do stop during write operations The
W65C802 stops during a write when in the Native mode, but does not
stop when in the Emulation mode
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MVN and MVP Affects on the Data Bank Register
The MVN and MVP instructions changethe Data Bank Register to the
value of thesecond byte of the instruction(destination bank address)

Interrupt Priorities
The following interrupt priorities will be in effect should more than one
interrupt occur at the same time

RES Highest Priority
ABORT

NMI

IRQ Lowest Priority

Transfers from 8-Bit to 16-Bit, or 16-Bit to 8-Bit Registers

All transfers from one register to another will resultin a full 16-bit output
from the source register The destination register size will determine the
number of bits actually stored in the destination register and the values
stored in the processor Status Register The following are always 16-bit
transfers, regardless of the accumulator size

TCS. TSC. TCD. TDC

Stack Transfers

When in the Emulation mode, a 01 is forced into SH In this case, the B
Accumulator will not be loaded mtoSH during a TCS instruction When
in the Native mode, the B Accumulator is transferred to SH Note that in
both the Emulation and Native modes, the full 16 bits of the Stack Regis-
ter are transferred to the A. B and C Accumulators, regardless of the
state of the M bit in the Status Register
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Packaging Information

Ceramic Package Plastic & Cerdip Package

t*

ci 1 LU
2 » 1> 5.
<Ls ™M
4 7 T>
e U 24
<e ! 2 s
19 2 5.
< 2 2 rja—L
f
t R ]
if t
ANN
W 65C816 P -2
Description 1
WC—Custom
W—Standard . . .
Broduct déntification Number
Package
P —Plastic E—Leadless Chip Carrier
C—Ceramic X—Dice
D—Cerdi{p .
Temperature/Processing
Blank—0°C to 70°C
|— 40°C to #85°C
BI7 55°C to *125°C
erformance De5|gna1or
Designators selected for speed and power
specifications
-2 2MHz -6 6 MHz
-4 4MHz -8 8 MHz
Sales Offices:
Technical or sales assistance may be requested from
The Western Design Center. *nc
2166 East Brown Road
Mesa. Arizona 85203
602/962-4545
TLX 6835057
WARNING: Represented in your area by:

MOS CIRCUITS ARE SUBJECT TO DAMAGE FROM STATIC DISCHARGE
Internal stabc discharge Circuits are provided lo minimize part damagi* due to environmental
static electrical <Marge build ups Industry esiabMsMed recommendations lor Handling MOS

Circuits include

1 Ship and Store product m conductive shipping tubes or in conductive foam plastic Never

Ship or Store product in non conductive plastic containers or non i onducbve plastic loam
material

Handle MOS parts only at conductive work stations

Ground all assembly and repair tools

w N

WDC reserves the right to make changes at any time and without notice

information contained herein is provided gratuitously and without liability, to any user Reasonable efforts have been made to verify the accuracy of the information but no
guarantee whatsoever is given as to the accuracy or as to its applicability to particular uses In every instance it must be the responsibility of the user to determine the suitabil-
ity of the products for each application WDC products are not authorized for use as critical components in life support devices or systems Nothing contained herein shall be
construed as a recommendation to use any product in violation of existing patents or other rights of third parties The sale of any WDC product is subiect to all WDC Terms
and Conditions of Sale and Sales Policies copies of which are available upon request

« The Western Design Center Inc 1985

The Western Design Center, Inc 2166 E. Brown Rd./Mesa, AZ 85203 602/962-4545/TLX 6835057

Revised November 1985 Published m U S A November 1983



The ASCII
Character Set

Low Bit Set: High Bit Set:

Decimal Hex Decimal Hex Character Names

0 00 128 80 Control-@ NUL, null

1 01 129 81 Control-A

2 02 130 82 Control-B

3 03 131 83 Control-C Break

4 04 132 84 Control-D

5 05 133 85 Control-E

6 06 134 86 Control-F

7 07 135 87 Control-G BEL, bell

8 08 136 88 Control-H BS, backspace

9 09 137 89 Control-I HT, horizontal tab
10 OA 138 8A  Control-J LF, line feed

11 OB 139 8B Control-K VT, vertical tab

12 oC 140 8C Control-L FF, form feed, Page
13 oD 141 8D  Control-M CR, carriage return
14 CE 142 8E Control-N

15 CF 143 8F Control-O

16 10 144 90 Control-P

17 11 145 91 Control-Q XON, resume

18 12 146 92 Control-R

19 13 147 93 Control-S XOFF, screen pause
20 14 148 94 Control-T

21 15 149 95 Control-U

22 16 150 96 Control-V

23 17 151 97 Control-W

24 18 152 98 Control-X CAN, cancel line
25 19 153 99 Control-Y

26 1A 154 9A Control-Z End of file

27 1B 155 9B Control-! ESC, escape
28 1C 156 9C Control-\
29 1D 157 9D  Control-]
30 IE 158 9E Control-A

Continued.
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Low Bit Set: High Bit Set:

Decimal Hex Decimal Hex Character Names
31 IF 159 9F Control-__
32 20 160 AO Space
33 21 161 Al ! Exclamation point
3 2 162 A2 Quote
35 23 163 A3 # Pound sign
36 24 164 A4 $ Dollar sign
37 25 165 A5 % Percent sign
38 26 166 A6 & Ampersand
39 27 167 A7 Apostrophe
40 28 168 A8 ( Left parenthesis
41 29 169 A9 ) Right parenthesis
42 2A 170 AA Asterisk
43 2B 171 AB + Plus sign
44 2C 172 AC . Comma
45 2D 173 AD - Minus sign, dash
46 2E 174 AE Period
47 2F 175 AF \ Backslash
48 30 176 BO O
49 31 177 BI 1
50 32 178 B2 2
51 33 179 B3 3
52 34 180 B4 4
53 35 181 B5 5
54 36 182 B6 6
55 37 183 B7 7
56 38 184 B8 8
57 39 185 B9 9
58 3A 186 BA Colon
59 3B 187 BB - Semicolon
60 3C 188 BC < Less than
61 3D 189 BD = Equal
62 3E 190 BE > Greater than
63 3F 191 BF 7 Question mark
64 40 192 CoO @ At sign
65 41 193 Cl A
66 42 194 Cc2 B
67 43 195 C3 C
68 44 196 C4 D
69 45 197 C5 E
70 46 198 cCé6 F
71 47 199 Cc7 G



Low Bit Set:
Decimal Hex
72 48
73 49
74 4A
75 4B
76 4C
77 4D
78 4E
79 4F
80 50
81 51
82 52
83 53
84 54
85 55
86 56
87 57
88 58
89 59
90 5A
91 5B
92 5C
93 5D
94 5E
95 5F
96 60
97 61
98 62
99 63
100 64
101 65
102 66
103 67
104 68
105 69
106 6A
107 6B
108 6C
109 6D
110 6E
111 6F

F The ASCII Character Set

High Bit Set:

Decimal Hex
200 C8
201 C9
202 CA
203 CB
204 cc
205 CD
206 CE
207 CF
208 DO
209 DI
210 D2
211 D3
212 D4
213 D5
214 D6
215 D7
216 D8
217 D9
218 DA
219 DB
220 DC
221 DD
222 DE
223 DF
224 EO
225 El
226 E2
227 E3
228 E4
229 E5
230 E6
231 E7
232 E8
233 E9
234 EA
235 EB
236 EC
237 ED
238 EE
239 EF

Character

s NKXsSs<<CH®OIO TOZZIMXAT —I

—

- oQ —HD® o O T o >

© > 3Pk X

Names

Left bracket
Backslash

597

Right bracket

Caret
Underscore
Accent grave

Continued.
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Low Bit Set: High Bit Set:

Decimal Hex Decimal Hex Character Names
112 70 240 FO P
113 71 241 Fl q
114 72 242 F2 r
115 73 243 F3 s
116 74 244 F4 t
117 75 245 F5 u
118 76 246 F6 v
119 77 247 F7 w
120 78 248 F8 X
121 79 249 F9 y
122 7A 250 FA z
123 7B 251 FB { Left brace
124 7C 252 FC 1 Vertical line
125 7D 253 FD 3 Right brace
126 7E 254 FE ~ Tilde

127 TF 255 FF DEL delete, rubout



Index

see |

#,109, 367

$, 8, 78

%, 78, 181

<, 109, 201-203

>, 109, 132, 134, 143, 201-203
|, 117, 122, 201-202

A register, see Accumulator
Abort signal, 64, 65, 261, 522, 548
Accumulator, 15, 26-27, 56, 91
16-bit, 51
A, 58, 96, 102
in emulation mode, 69
B, 58, 95-97, 100, 102
in emulation mode, 69
C, 58, 100, 102, 103-104
in emulation mode, 69

Accumulator/Memory select flag, 56, 67,

71, 109, 112
Addition, 30, 151-165, 423
Address 5
lines, 545
notation, 81
space, 6502, 27
Addresses, direct page, 81, 116
Addressing Modes, 26
6502, 34
6502 addressing modes on the 65816,
59
65C02, 46
65C02 on the 65816, 59
65816/65802, 61
absolute, 34, 35, 61, 108, 111-114
absolute indexed, 29, 46
absolute indexed indirect, 197,
210-212
with JSR, 230-231

absolute indexed with X, 34, 120-123,

187
absolute indexed with Y, 34, 197,
120-123
absolute indirect, 34, 141, 142
absolute indirect long, 61, 62
absolute long, 61, 62, 108, 130-135
absolute long indexed with X, 61, 62,
134-135, 197
accumulator, 34, 35, 108, 126-127

Index

599

block move, 61, 62, 108, 137

complex, 197-223

direct page, 34, 108, 114-117, 197

direct page indexed indirect with X,
34, 197, 206-210

direct page indexed with X, 34, 197,
123-126

direct page indexed with Y, 34, 197,
123-126

direct page indexed, 29

direct page indirect indexed with Y,
34, 197, 203-206

direct page indirect long indexed
with Y, 61, 62, 197, 212-214

direct page indirect long, 61, 62, 108,
135-137

direct page indirect, 46, 108, 128-130

for accumulator operations, 28

immediate, 34, 35, 61, 108-111

implications of, 109-111

implied, 34, 35, 108, 127

indexed, 61, 122

indexed indirect, 29

indirect indexed, 29

postindexed, see Addressing Modes,
direct page indirect indexed with
Y

postindexed long, see Addressing
Modes, direct page indirect long
indexed with Y

preindexed, see Addressing Modes,
direct page indexed indirect with
X

program counter relative long, 61, 62

program counter relative, 34, 35

simple, 107-138

stack, 34, 35, 108, 127

stack relative indirect indexed with Y,
61, 62, 197, 216-217

stack relative, 61, 62, 197, 213-215

syntax summary, 108, 197

zero page, see Addressing Modes,
direct page

Addressing

direct page, 55, 198
long, 130-138
used with the 65802, 132

And, 9-10, 181-183, 187, 189, 193
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Apple Il, 45, 48,71, 75, 78, 278, 301, 302,
319, 333, 552
40-column screen, 205
keyboard, 149
screen memory, 183-184
Architecture,
6502, 25-44
65C02, 45-48
65816/65802, 49-72
Arithmetic instructions, 156
Arithmetic, 155-178
multiple precision, 15, 30, 163-166
signed, 170-174
unsigned, 161-166
Array, 117
ASCII, 3, 8
chart, 595-598
Assembler
addressing mode assumptions,
overriding, 200-203
macro, 17
special syntax, immediate addressing,
109
Assembler, ORCA/M, 78, 366
Assembler directives, 18
ANOP, 81
DS, 80
GEQU, 79
LONGA, 110-111, 112
LONGI, 110-111, 112
ORG, 79
Assembler syntax, 117, 132, 134, 366
Assemblers, 16
Assembly language, 16
Asserted, 179

b, see Break flag
B register, sec Data bank register
Back space, 8
Bank, memory, 6, 53, 114
Bank address lines, 547
Bank byte, 53, 132
Bank change, as result of indexing,
119-120
Bank-independent, 132
Bank registers, 65
see also Data bank register or Program
bank register
Bank zero, 55, 141, 143
interrupt vectors, 251

use for direct page, 199
BASIC, 15

BBR, R65C02 instruction, 561, 562
BBS, R65C02 instruction, 561, 563
Benchmarks, 293-298
Binary Coded Decimal (BCD) numbers,
3, 14, 31, 176, 284, 442
Binary
arithmetic, 15
digit, 4
division, 273
number systems, 3
Bit, 4
inversion, 185
manipulation, 187-189, 193
numbering, 6, 179
testing, 431, 513-514
Bit-field, 179
Bit-manipulation instructions, 180
Bit-reset, 513
Bit-set, 514
Bitwise, 9, 181
Block move, 69, 103, 466-467, 468-469
see also Addressing Modes, block
move
see also Instructions, MVN
see also Instructions, MVP
Boolean logic, see Logical operations
Borrow, 30-31, 165
Branch
conditional, 20, 29, 1143-1151
branch always, synthesis, 148
branch to subroutine, synthesis, 232,
234-235
instructions, 20, 139, 140, 143-153
limitations, 150-151
timing of, 144
unconditional, 47, 151-153
Break flag, 29, 30, 42, 58, 67, 71,
253-254, 436
BRK, used in debugging, 300, 332
BRK vector, 253

Bugs
6502, 43
65C02, 48

65816/65802, 72
Bus enable signal, 549
Byte, 5, 56
Byteworks, 78



¢, see Carry flag
C accumulator, 374
C programming language, 285, 287
Carriage return, 8
Carry, 30
Carry bit, 15
Carry flag, 29, 144, 147-148, 174, 189,
428, 429, 441, 497, 499
as source of error, 362
effect of comparison on, 167
in decimal mode, 176
use in arithmetic, 162-166
Chip packaging, 543
Clearing memory, 507
Clock signal, 40
CMOS, 43, 45, 47
Comments, in source code, 17, 370
Compare instructions, 156
Comparison, 166-170, 445, 449, 450
signed, 174-175
Compatibility, 65816 with 6502, 67
Compilers, 16, 285
Complement, 11
Constant data, 108
Context-saving, 277
Control codes, 8
COP vector, 253
Co-processor, 447
Cycle count,
branch instructions, 144
reduced on some 65816 instructions, 165

d, see Decimal flag
D register, see Direct page register
Data bank register, 53, 55, 114, 130, 477,
484
Data Bus Enable signal, 545
Data lines, 545
DBR, see Data bank register
DEBUG16, 299-359
Debuggers, 299
Debugging, 369
checklist, 362-370
Decimal adjustment, 176-177
Decimal flag, 31, 176, 262, 442, 500
as source of error, 362
effect of interrupt, 251
Decimal mode, 31, 176-177, 284
Decimal numbers, 13

Index 601

Decrement, 28, 156-161, 451, 452, 453
Differences between processors and
modes, 68
Direct page, 49, 124, 374
addresses, 81, 116
addressing, 55, 198
addressing modes, see Addressing
modes, direct page
as pointer to stack, 281
direct page offset, 116
errors in using, 365
relocating, 198-200
set to page boundary, 199-200
VS. zero page, 60
Direct page register, 53, 55, 116, 124,
478, 485
Disassembly, 299
Division, 183, 272-277
binary, 273
by powers of two, 191, 193
not built in, 155
on 6502, 273
on 65C02, 275
on 65802 and 65816, 275-277
Documentation, 369
of subroutines, 236
Double byte, 5, 56

e, see Emulation flag
Effective address, 26
Eight-bit registers, 364
Emulation flag, 58, 69, 148, 480, 486
Emulation mode, 50, 61, 64, 67, 148,
364, 374
switching to native mode from, 525
Emulation signal, 549
Eratosthenes sieve program, 293-298
Error messages, 18
Exchanges, 102-103
Exclusive or, 9-11, 185-187, 454
Execution
selection between paths, 19
straight-line, 18
External events, synchronization, 522

False, 179

Flags, status, 29-31, 53-54, 56-57,
58-59

Flow of control, 139-153



602 Programming the 65816

Group [ instructions, 122, 567, 568-569
Group II instructions, 567, 569-570

Hardware signals, see Signals
Hexadecimal, 7

notation, 321

number systems, 3
High-order

bit, 171

byte, 53, 131

value, 4

i, see Interrupt Flag
Increment, 28, 156-161, 456, 457, 458
instructions, 156
sixteen-bits, 158
Index register mode select flag, 56, 71,
77, 109, 112
Index registers, 27-28, 51
Index signal, 549
Indexed addressing, 61, 122
Indexing, 35, 36, 117-119, 156
across banks, 119-120, 126
past end of direct page 124-126,
209-210
step value, 156
Indirect address, 118, 128, 130
Indirection, 35, 37
Input/Output, 42, 250
Instruction groups, 567-571
Instruction sets, 421-525
Instructions
ADC, 156, 161, 163-165, 172, 176,
423-424
AND, 180, 426
ASL, 180, 189, 427
BCC, 147-148, 167-168, 428
BCS, 147-148, 167-168, 429
BEQ, 140, 146-147, 166, 430
BGE, 168, 429
BIT, 180, 187-188, 431, 439, 440
BLT, 168, 428
BMI, 149, 171, 432
BNE, 146-147, 433
BPL, 149, 171, 434
BRA, 140, 151-153, 435
BRK, 64, 139, 249, 255, 436-437
BRL, 140, 153, 438
BVC, 150, 439
BVS, 150, 440

CLC, 249, 262, 423, 441
use in addition, 163

CLD, 249, 262, 442

CLI, 249, 262-263, 443

CLV, 249, 263, 439, 440, 444

CMP, 156, 167-170, 174, 176, 445-446

COP, 64, 65,139, 249, 255, 261, 447-448

CPX, 156, 170, 449

CPY, 156, 170, 450

DEC, 156-161, 451

DEX, 156-161, 452

DEY, 156-161, 453

EOR, 180, 454-455

INC, 156-161, 456

INX, 156-161, 457

INY, 156-161, 458

JML, 139, 143, 459

JMP, 139, 140-143, 459

JSL, 140, 226, 231-232, 460

JSR, 140, 225-248, 461

LDA, 84, 462

LDX, 84, 463

LDY, 84, 464

LSR, 180, 189, 465

MVN, 104-105, 466-467, 85

MVP, 105-106, 468-469, 85

NOP, 249, 263-264, 470

ORA, 180, 471

PEA, 84, 94, 218-219, 473

PEI, 84, 94, 218, 220, 474

PER, o4, 84, 94, 218, 221-223, 232,
234-235, 475

PHA, 84, 91, 476

PHB, 84, 91, 93, 477

PHD, 84, 94, 478

PHK, 84, 93, 479

PHP, 84, 480

PHX, 84, 91, 481

PHY, 84, 91, 482

PLA, 84, 91

PLB, 84, 91, 94, 484

PLD, 84, 94, 198, 485

PLP, 84, 91, 486

PLX, 84, 91, 487

PLY, 84, 91, 488

REP, 58, 75, 77, 86, 112, 249, 262, 489

ROL, 180, 189, 490

ROR, 180, 189, 491

RTI, 139, 249, 251, 254-255, 259, 262,
492-493



RTL, 139, 140, 226, 231-233, 254-255,
494-495
RTS, 77, 140, 225-248, 254-255, 496
SBC, 156, 161, 166-167, 172, 174, 176,
497-498

SEC, 166-167, 249, 262, 497, 499

SED, 176, 249, 262, 500

SEI, 249, 262-263, 501

SEP, 58, 75, 77, 86, 112, 249, 262, 502

STA, 84, 108, 503

STP, 249, 260-261, 504

STX, 84, 108, 505

STY, 84, 108, 506

STZ, 85, 103, 507

SWA, 524

TAD, 510

TAS, 511

TAX, 84, 95, 508

TAY, 84, 95, 509

TCD, 84, 99, 198, 510

TCS, 84, 100, 511

TDA, 512

TDC, 84, 99, 512

TRB, 180, 188-189, 513

TSA, 515

TSB, 180, 188-189, 514

TSC, 85, 100, 515, 516

TSX, 84, 95, 516

TXA, 84, 95, 517

TXS, 84, 95, 518

TXY, 85, 101, 519

TYA, 84, 95, 520

TYX, 85, 101, 521

WAI, 249, 260, 522

WDM, 249, 264, 523

XBA, 85, 95, 102, 524

XCE, 58, 85, 102, 441, 525
Instructions

6502, 38-39, 65C02, 47

65816/65802, 63

arithmetic, 156

bit manipulation, 180

data movement, 84

flow of control, 140

interrupts, 249

logic, 180

R65C02, 561-565

subroutines, 226

system control, 249

unimplemented, 44, 48, 72, 264
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Intel, 41, 42, 88, 91
Interpreters, 16
Interrupt, 30, 32, 42, 58, 64, 65,
249-253, 300, 363
hardware, 250, 253, 443
instructions, 139
latency, 43, 260, 522
maskable, 42
nonmaskable, 43, 251
processing, 251, 256-259
response time, 259-260
service routine, 42
software, 42, 251, 253, 436-437, 447
vector locations, 42, 64, 69, 251, 253
Interrupt flag, 31, 262-263, 436, 443, 501
effect of interrupt, 251
flag, effect upon IRQ, 251
1/0, memory-mapped, 42
IRQ signal, 31, 64, 250, 253, 436, 443,
501, 522, 546
IRQ vector, 253
Iteration, 20

Jump, 20, 139
indexed indirect, 210-212
indirect, using RTS, 228, 230
indirect long, 54
indirect vs. indexed indirect, bank
assumptions, 212
long, 54
subroutine, 21, 93
Jump instructions, 140-143
Jump long instructions, 139

K register, see Program bank register
Kilobyte, 6

Labels, 17, 79, 112

Line feed, 8

Linked list, 147

Logic, 9

Logic instructions, 180-181
Logical false, 9

Logical operations, 179-189
Logical true, 9

Loop control, 160
Looping, 20, 139, 146
Low-order, 4

m, see Accumulator/memory select flag
Machine language, 15
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Macro instructions, 17
Mask, 77, 181
Maskable interrupt, 42
Masking bit fields, 180
Megahertz, 40, 545
Memory, 26
addressable, 65802, 49
addressable, 65816, 49
bank, 6, 53, 114
high-low order, 41
low-high order, 41
order of multi-byte values, 41
page, 35, 53, 114
stack, 90
Memory Lock signal, 544-545
Memory-mapped 1/O, 42
Memory models, 286
Memory signal, 549
Mensch, William D., Jr., 64
Mixing
eight- and sixteen-bit registers, 364
emulation and native code, 364
6502 and 65816 code, 277
Mnemonic, 16
Mode
8-bit, 112
16-bit, 112
differences, 68
flags, 98
select, 31
Modular programming, 368-369
Modulus, 183, 193
Motorola, 41, 42, 88, 91
Move block, see Block move
Multiple precision arithmetic, 15, 30,
163-166
Multiplication, 183, 268-272
by powers of two, 191-193
by ten, 192
not built in, 155
on 6502, 269
on 65C02, 269, 270
on 65802 and 65816, 269, 271
signed, 185-187
MVN/MVP, errors in using, 365-366

n, see Negative flag

Native mode, 50, 51, 61, 64, 67, 148, 364
differences on 65802 and 65816, 374
register size combinations, 57
switching to emulation, 525

Negated, 179

Negation, subroutine, 235-237

Negative flag, 29, 144, 157-161,

171, 187, 188, 431, 432, 434

effect of comparison on, 167

Nibble, 321

NMI signal, 64, 251, 522, 546

NMI vector, 253

NMOS, 43

Nonmaskable interrupt, 43, 251

Number systems, 3

Object code, 17
Off, 179
On, 179
Opcode, 16
Opcode, reserved, 523
Opcodes, unimplemented, 51
Operand, 16
Operand symbols, 375
Operation code, see Opcode
Operations,

6502, 36

65C02, 46
Or, 9-10, 183-185, 188
ORCA/M assembler, 78, 366
Overflow,

arithmetic, 30

two's complement, 30

Overflow flag, 29, 144, 150, 172-175,
187, 188, 263, 431, 439, 440, 444

decimal mode, 176
Overflow signal, 150

P register, see Status register
Packaging, chip, 543
Page, memory, 35, 53, 114
Page wraparound, 60
Page zero, see Zero page
Parameter passing, 237-248, 283
Pascal, 15, 287
PBR, see Program bank register
PC, see Program counter
Phase one signal, 545
Phase two signal, 545
Phase zero signal, 545
Pinout, 544
6502, 49, 544
65802, 49, 544
Pipelining, 40, 41



Pointers, in C, 285
Polling, 256
Position independence, 151-153
Positional notation, 4, 7
Power consumption, 64, 260-261, 504,
522
Processor status register, see Status
register
Processor type, 284-285
Processors,
16-bit, 49
differences, 68
Program bank register, 53-54, 114, 139,
479
Program counter, 19, 27, 33
Program counter relative, 144
Program loop, 159-161
Programming, structured, 225
Programming model,
6502, 27, 375
65C02, 375
65802 native mode, 66, 376
65816 emulation mode, 70, 378
65816 native mode, 52, 377
Pull, 31, 91
Push, 31, 89, 92
Push effective address instructions, 94,
216, 218-222

R65C02, 561-565

RDY signal, 260, 522, 545

Read-modify-write instructions, 126,
157

Read/Write signal, 545

Recursion, 228, 247, 287

Reentrancy, 228, 230, 247, 259

Register-oriented machines, 26

Register size, switching, 58

Register transfers, 94

Registers, 15, 26

Relocatable code, 151-153, 222-223, 232,
234-235, 435, 475

Relocatable module, 17

Remainder, 193

Reset signal, 4, 42, 64, 161, 179, 253,
262, 504, 522, 546

Reset vector, 253

Return, 21, 32

long, 54
Return address, 460, 461

Index

RMB, R65C02 instruction, 561, 564
Rockwell, see R65C02
Rotates and shifts, 30, 61, 180, 189-195,
427, 465
in multiplication, 269

S register, see Stack pointer
Selection between paths, 139, 144
Sequential execution, 139
Set, 4, 179
Set Overflow signal, 263, 439, 440, 444,
546
Shifts and rotates, see Rotates and shifts
Sieve of Eratosthenes, 293-298
Sign extension, 174, 187-188
Sign flag, 171, 179, 284
Signals,
abort, 64, 65, 261, 522, 548
bus enable, 549
clock, 40
data Bus Enable, 545
emulation, 549
index, 549
IRQ, 31, 64, 250, 253, 436, 443, 501,
522, 546
memory, 549
memory lock, 544-545
NMI, 64, 251, 522, 546
overflow, 150
phase one, 545
phase two, 545
phase zero, 545
RDY, 260, 522, 545
read/write, 545
reset, 4, 42, 64, 161, 179, 253, 262, 504,
522, 546
set overflow, 263, 439, 440, 444, 546
valid data address, 548
valid program address, 548
vector pull, 256-257, 548
Signed arithmetic, 170-174
Signed comparisons, 174-175
as source of error, 363
Signed numbers, 12, 171
Significance, 4
Single-stepping, 300
Sixteen-bit registers, 364
Small C programming language, 285
SMB, R65C02 instruction, 561, 565
Sorting routine, 168-170

605
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Source program, 17, 18
Stack, 6502, 31, 277
Stack memory, 90
Stack pointer, 27, 31, 49, 55, 89, 100,
511, 518
6502, 31, 277
errors in initialization, 367
relocating, 281
overflow, 365
Status flags, routine to display, 193-195
Status register, 27, 29, 58, 480, 486, 489,
502
control instructions, 249, 262-264
emulation mode, 69
flags, 144
native mode, 53-54, 58-59
Step-and-trace, 299
Structured programming, 368-369
Subroutine, 140, 225-248, 460, 461, 494,
496
branch-to, synthesis, 232, 234-235
Subroutines, 20, 32
documentation, 236
libraries, 21, 235
parameter-passing, 237-248
when to use, 235-237
Subtraction, 30, 161, 165-167, 497
Support chips, 551-559
Switching between native and
emulation modes, 71, 76, 283
Switching register size, 58
Switching to emulation mode, 283
Symbolic labels, see Labels
Synchronization with external events,
522

Test and set instruction, 188-189
Timing, 51

65816 instruction execution

improvements, 165

branch instructions, 144
Top-down programming, 368-369
Transfers, 94
True, 179
Truth table, 10

and, 10, 425

complement, 12

exclusive or, 11, 454

or, 11, 471

Two's complement, 12
notation, 171
number, 148-149
overflow, 30

Unary operations, 126
Unsigned arithmetic, 161-166

v, see Overflow flag

Valid data address signal, 548
Valid program address signal, 548
Vector pull signal, 256-257, 548

Western Design Center, 78, 366
Word size, 5, 49, 56

X, see Index register mode select flag
X register, 27-28, 56, 91, 103-104

Y register, 27-28, 56, 91, 103-104

z, sec Zero flag
Z80 processor, 40, 41
Zero bank, see Bank zero
Zero flag, 29, 144, 146-147, 157-161, 166,
187, 188, 430, 433
effect of comparison on, 167
Zero page, 15, 35, 277
no longer special on 65816/65802,
200-202
vs. direct page, 60
Zeroing memory, 507
Zilog, 41, 42

65x support chips, 551-559
6502
address space, 27
architecture, 25-44
bugs, 43
difference from emulation mode, 374
division routine, 273-275
existing 6502 applications running on
65816, 277-284, 308, 319
instructions, 38-39
Jump bug, 363
multiplication routine, 269, 270
operations, 36
pinout, 49, 544
programming model, 27-28, 375
signals, 545
stack, 31, 277



6502 emulation mode on 65816/65802,
see Emulation mode

65C02
architecture, 45-48
bugs, 48

difference from emulation mode, 374
division routine, 275
instructions, 47
multiplication routine, 269
operations, 46
pinout, 544, 546
programming model, 375
Rockwell version, 561-565
signals, 546
6521 PIA IC, 551, 556-558
6522 Versatile Interface Adapter,
257-259
6551 ACIA IC, 551, 552-556
65802/65816,
16-bit accumulator, 51
16-bit index registers, 51
architecture, 49-72
bugs, 72
compatibility with 6502, 67
division routine, 275-277
instructions, 63

Index
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multiplication routine, 269, 271
native mode, see Native mode
65802
addressable memory, 49
pinout, 49
programming model, native mode,
66, 376
signals, 547
65816
addressable memory, 49
compiler-generated code, 285-291
programming model
emulation mode, 70, 378
native mode, 52, 377
signals, 547

68xx processors, 88, 91, 363
6800 processor, 35, 41, 53
6809 processor, 41, 53
68000 processor, 40, 41

80xx processors, 88, 91, 363
MOV instruction, 88

8080 processor, 40, 41

8086 processor, 41
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