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This chapter describes the internal architecture, addressing modes, instruction set, and I/O
techniques associated with the 80186, 80286, and 80386 microprocessors. Interfacing capabili-
ties to typical memory and I/O chips are also included. Finally, virtual memory concepts
associated with the 80286 and 80386 are covered.

Intel 80186 and 80286

This section covers the two enhanced versions of the 8086 microprocessor: Intel 80186 and
80286. The Intel 80186 includes the Intel 8086 and six separate functional units in a single chip,
while the 80286 has integrated memory protection and management into the basic 8086
architecture.

Intel 80186

The Intel 80186 family is fabricated using HMOS technology and contains two microproces-
sors: Intel 80186 and 80188. The only difference between them is that the 80186 has a 16-bit
data bus, while the 80188 includes an 8-bit data bus. The 80186 is packaged in a 68-pin leadless
package. The 80186 can be operated at three different clock speeds: 8 MHz, 10 MHz, 12.5
MHz, and other frequencies. The 80C186 and 80C188 are the Low-Power (HCMOS) versions
of the 80186 and 80188 respectively. The 80C186 and the 80186 can be operated at the same
frequencies while the 80C188, like the 80188 can be operated at 8- or 10-MHz. The 80186 can
directly address one megabyte of memory. It contains the 8086 microprocessor and several
additional functional units. The major on-chip circuits include a clock generator, two inde-
pendent DMA channels, a programmable interrupt controller, three programmable 16-bit
timers, and a chip select unit.

The 80186 provides double the performance of the standard 8086. The 80186 includes 10
new instructions beyond the 8086. The 80186 is completely object code compatible with the
8086. It contains all the 8086 registers and generates the 20-bit physical address from a 16-bit
segment register and a 16-bit offset in the same way as the 8086. The 80186 does not have the
8086’s MN/MX pin. The 80186 has enough pins to generate the minimum mode-type pins.
S0-S3 status signals can be connected to external bus controller chips such as 8288 for
generating the maximum mode type signals. Like the 8086, the 80186 fetches the first instruc-
tion from physical address FFFFOH upon hardware reset.
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FIGURE 4.1 80186 functional block diagram.

Figure 4.1 shows the 80186 functional block diagram. The DMA unit provides two DMA
request input signals, DRQO and DRQ1. One of these input signals can be used by external
devices such as disk controller to request a data transfer between the memory and disk via
direct memory access technique. Each 80186 DMA channel contains two 20-bit registers and
a 16-bit counter. One of the 20-bit registers holds the destination address of the DMA transfers
while the 16-bit counter stores the number of words or bytes to be transferred. DMA transfers
can take place between memory and I/O or from memory to memory or from I/O to 1/QO. The
DMA channels may be prograntmed such that one channel has priority over the other. DMA
transfers will take place whénever the ST/STOP bit in the control register is set to one.

The 80186 contains three independent 16-bit timers/counters namely counter 0, 1, and 2.
Counters 0 and 1 can be programmed to count external events. The inputs and outputs of
these two counters arc available on the 80186 pins. The third timer, counter 2, is not connected
to any external pins. This timer only counts the 80186 clock cycles. Counter 2 is decremented
every four 80186 clocks. One can connect the output of counter 2 to a DMA unit or to an
interrupt input or to the input of counter 1 and/or 0 by setting or clearing the appropriate bits
in a control word. Counter 2 can, therefore, be used to interrupt the 80186 after a programmed
amount of time or to provide a pulse to the DMA unit after a_specific amount of time,

The priorities of the four interrupt pins, INTO, INT1, INT2/ INTAO and INT3/ INTA1 are
programmable. If these four interrupt inputs are programmed in their internal mode, then the
activation of one of them by an external signal will cause the 80186 to push the return address
on the stack and vector directly to the interrupt address vector for that interrupt. The INT2/
INTAOQ and INT3/INTA1 pins have dual functions. They can be programmed as interrupt
inputs or as interrupt acknowledge output signals (INTAO for INTO and INTA1 for INT1).
These interrupt pins can be used to connect the 80186 to an external priority interrupt
controller such as the 8259A. For example, suppose that the interrupt request line from an
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external 8259A is connected to the 80186 INTI input pin and the 80186 INT3/ INTA1 pin is
connected to the 8259A interrupt acknowledge input pin. When the 8259A receives an
interrupt request, it activates the 80186 INT1 pin. In response, the 80186 sends the interrupt
acknowledge signal via its INT3/ INTA1 pin. The 8259A then places the desired interrupt type
code on the 80186 data bus. The 80186 obtains the CS and IP values based on the type code
and branches to the service routine. :

The 80186 interrupt controller allows the 80186 to reccive interrupts from internal or
external sources. Internal interrupt sources (timers and DMA channels) can be disabled by
their own control registers or by mask bits within the interrupt controller. The 80186 is
provided with five dedicated pins for external interrupts. These pins are NMI, INTO, INTI,
INT2/ INTAO, and INT3/ INTA1. NMI is the only nonmaskable interrupt.

In the master mode, the interrupt controller provides three modes of operation. These are
fully nested mode, cascade mode, and special fully nested mode. In the fully nested mode, all
four maskable interrupt pins are used as direct interrupt requests. The interrupt vectors are
obtained by the 80186 internally.

Upon acceptance of an interrupt (hardware, INT instructions, or instruction exceptions
such as divide by 0), the 80186 pushes CS, IP, and the status word onto the stack just like the
8086. Also, similar to the 8086, an interrupt pointer table with 256 entrics provides interrupt
address vectors (IP and CS) for cach interrupt type. This type identifies the appropriate table
entry. Nonmaskable interrupts use an internally supplied type, while the types for maskable
interrupts are provided by the user via external hardware. The types for INT instructions and
instruction exceptions are gencrated internally by the 80186.

The 80186 includes an on-chip clock gencrator/crystal oscillator circuit. Like the 8085, a
crystal connected at the 80186 X1 X2 pins is divided by 2 internally. The built-in chip sclect
unit is an address decoder. This unit can be programmed to generate six memory chip selects
(LCS, UCS, and MCS0 — 3 pins) and seven 1/O or peripheral chip selects ( PCS0-4, PCS5/
Al, and PCS6/A2 pins). This unit can be programmed to generate an active low chip select
when a memory or_port address in a particular range is sent out. For example, the 80186
outputs low on the LCS (lower chip sclect) pin when it accesses an address between 00000H
and a higher address (in the range of 1K to 256K) programmable by the user via a control
word. On the other hand, the 80186 outputs low on the UCS (upper chip select) pin when it
accesses an address between a user programmable lower address (by placing some bits in a
control word via an instruction) and upper fixed address FFFFFH. The four middle chip select
pins ( MCS0-3) are activated low by the 80186 when it accesses an address in the mid range.
Both the starting address and the size of the four blocks can be specified via the control word.
The specificd size of blocks can be from 2K to 128K. The memory arcas assigned to different
chip selects must not overlap; otherwise, two chip sclects will be asserted and bus contention
will occur. The built-in decoder allows the 80186 to select large memory blocks. For peripheral
chip._selects, a base address can be programmed via a control word. The 80186 sends low on
the PCS0 when it accesses a port address located in a block from this base address toup to 128
bytes. The 80186 sends low on the other chip selects PCS1-6 when one of six contiguous 128-
byte blocks above the block for PCS0 is sclected. Like the 8086, memory for the 80186 is set
up as odd ( BHE = 0) and even (A0 = 0) memory banks.

The 80186 provides eight addressing modes. These include register, immediate, direct,
register indirect (SI, DI, BX, or BP), based (BX or BP), indexed (SI or DI), based indexed, and
based indexed with displacement modes.

Typical data types provided by the 80186 include signed integer, ordinal (unsigned binary
number), pointer, string, ASCII, unpacked/packed BCD, and floating point. The 80186 in-
struction sct is divided into seven types. These are data transfer, arithmetic, shift/rotate, string,
control transfer, high level instructions (for example, the BOUND instruction detects values
outside prescribed range), and processor control. As mentioned before, the 80186 includes 10
new instructions beyond the 8086. These 10 additional instructions are listed below:
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Data Transfer

PUSHA — Push all registers onto stack

POPA — Pop all registers from stack

PUSH immediate — Push immediate numbers onto stack
Arithmetic

IMUL destination register, source, immediate data means immediate data*source = des-
tination register.

Logical
SHIFT/ROTATE destination, immediate data or CL shifts/rotates register or memory con-
tents by the number of times specified in immediate data or by the contents of CL.

String Instructions

INSB or INSW — Input string byte or string word

OUTSB or OUTSW — Output string byte or string word
High Level Instructions

ENTER — Format stack for procedure entry

LEAVE — Restore stack for procedure exit

BOUND — Detect values outside predefined range

Let us explain some of these instructions.

* IMUL destination register, source, immediate data. This is a signed multiplication. This

instruction multiplies signed 8- or 16-bit immediate #ata with 8- or 16-bit data in a

specified source register or memory location and places the result in a general-purpose

destination register. As an example, IMUL DX, CX, -3 multiplies the contents of CX by

-3 and places the lower 16-bit result in DX. Note that the immediate 8-bit data of -3

are sign extended to 16-bit prior to multiplication. A 32-bit result is obtained but only

the lower 16-bit is saved by this instruction.

ROL/ROR/SAL/SAR destination, immediate data or CL. Sh:ft count can be spcc;ﬁed by

immediate data (one) or in CL up to a maximum of 32,,.

*+ INSB DX or INSW DX respectively inputs a byte or a word from a port addressed by
DX to a memory location in ES pointed to by DI. If DF = 0, DI will automatically be
incremented (by 1 for byte and 2 for word) after exccution of this instruction. On the
other hand, if DF = 1, DI is automatically decremented (by 1 for byte and 2 for word)
after execution of this instruction. The instructions INSB for byte and INSW for word
are used. A typical example of inputting 50 bytes of I/O data via a port into a memory
location is given below (assume ES is alrcady initialized):

STD ;s Set DF to 1.

LEA DI, ADDR ; Initialize DI.

MOV DX, OEl1l24H ; Load port address.

MOV CX, 50 ; Initialize count.

REP INSB DX ; Input port until CX = 0.
STOP JMP STOP ; Halt.

* OUTSB DX or OUTSW DX respectively provides outputting to a port addressed by DX
from a source string in DS with offset in SI. _

The ENTER instruction is used at the beginning of an assembly language subroutine
which is to be called by a high level language program such as Pascal. The main purpose
of ENTER is to reserve space on the stack for variables used in the subroutine.
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The ENTER instruction has two immediate operands:

ENTER imml6, imm8

The first operand imm16 specifies the total memory area allocated to the local variables, which
is 16 bits wide (0 to 64K bytes). The second operand imm8, on the other hand, is 8 bits wide
and specifies the number of nested subroutines.

For the main subroutine, imm8 = 0. Note that nested subroutines mean a subroutine calling
another subroutine. For example, if there are three subroutines SUB1, SUB2, and SUB3 such
that the main program M calls SUB1, SUBI calls SUB2 and SUB2 calls SUB3, then imm8 =0
for SUBI, 1 for SUB2, and 2 for SUB3. ENTER can be used to allocate temporary stack space
for local variables for each subroutine.

In the second operand, if imm8 = 0, the ENTER instruction pushes the frame printer BP
onto the stack. ENTER then subtracts the first operand imm16 from the stack pointer and sets
the frame pointer, BP, to the current stack pointer value:

The LEAVE instruction is used at the end of each subroutine (usually before the RET
instruction). The LEAVE does not have any operand. The LEAVE instruction should be used
with the ENTER instruction. The ENTER allocates space in stack for variables used in the
subroutine, while the LEAVE instruction deallocates this space and ensures that SP and BP
have the original values that they had prior to execution of the ENTER. The RET instruction
then returns to the appropriate address in the main program.

As an example of application of ENTER and LEAVE instructions, suppose thata subroutine
requires 16 bytes of stack for local variables. The instructions ENTER 16, 0 at the subroutine’s
entry point and a LEAVE before the RET instruction will accomplish this. The 16 local bytes
may be accessed.

When the 80186 accesses an array, the BOUND instruction can be used to ensure that data
outside the array are not accessed. When the BOUND is exccuted, the 80186 compares the
content of a general-purpose register (initialized by the user with the offset of the array element
currently being accessed) with the lower and upper bounds of the array (loaded by the user
prior to BOUND). The format for BOUND is BOUND regl6, memory32. The first operand
is the register containing the array index and the second operand is a memory location
containing the array bounds. If the index value violates the array bounds, an exception
(maskable interrupt 5) takes place. A service routine can be executed by the user to indicate
that the array element being accessed is out of bounds. As an example, consider BOUND §I,
ADDR. The lower bound of the array is contained in address ADDR and the upper bound is
in address ADDR + 2. Both bounds are 16 bits wide. For a valid access content of SI must be
greater than or equal to the content of the memory location with offset ADDR and less than
or equal to the contents of the memory location with offset ADDR + 2; otherwise interrupt 5
occurs. The BOUND instruction is normally placed just before the array itself, making the
array addressable via a constant from the start of the array.

The BOUND instruction is normally placed following the computation of an offset value to
ensure that the limits of the array boundaries arc not violated. This permits checking whether
or not the offset of an array being accessed is within the boundaries when the based addressing
mode is used to access an element in the array. For example, the instruction segment shown
below will allow accessing of an array with base address in BX and array length of 50, bytes:

MOV DS:ADDR, 1000;
MOV DS:ADDR+2, 1049;
BOUND BX, ADDR;

MOV cL, [BX];

In the above, it is assumed that the offsct of the lowest array element is 1000. With an array
length of 50, the offset of the highest array clement is 1049. It is assumed that BX contains the
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offset of the array element currently being worked on. The BOUND instruction checks
whether the contents of BX is between 1000 and 1049. If it is, the MOV instruction accesses
the desired array clement into CL; otherwise type 5 interrupt is generated.

The 80186/80188 is uscd in embedded control. In these applications, the microcomputer
performs a dedicated control function. Embedded control applications are divided into two
types. These are event control and data control.

In embedded control applications involving event control, the microprocessor initiates a
timed sequence of events. An example of such an application is the industrial process control.

In embedded control applications involving data control, the microprocessor transfers
volumes of data to be processed from secondary memory such as disk to main memory.

. The 80186/80188 is, therefore, highly integrated to satisfy the requirements of data control
applications. The 80186/80188 is also provided with added features such as string I/O instruc-
tions and DMA channels to better handle fast movement of data.

4.1.2 Intel 80286

“The Intel 80286 is a high-performance 16-bit microprocessor with on-chip memory protec-
tion capabilities primarily designed for multiuser/multitasking systems. The IBM PC/AT and
its clones capable of multitasking operations use the 80286 as their CPU. The 80286 can
address 16 megabytes (24) of physical memory and 1 gigabyte (2%%) of virtual memory per task.
The 80286 can be operated at several different clock speeds. These are 8 MHz (80286-4), 10
MHz (80286-6), 12.5 MHz, 16.67 MHz, and 20 MHz (80286).

The 80286 has two modes of operations. These are real address mode and protectcd virtual
address mode (PVAM). In the real address mode, the 80286 is object code compatible with the
Intel 8086/8088/80186/80188. In protected virtual address mode, the 80286 is source code
compatible with the iAPX 86/88 family and may require some software modification to use
virtual address features of the 80286. Note that the protected virtual address mode is not used
by PCDOS.

The 80286 includes special instructions to support operating systems. For example. one
instruction can end a current task execution, save its state, switch to a new task, load its state,
and begin executing the new task.

The 80286’s performance is up to six times faster than the standard 5-MHz 8086. The 80286
is housed in a 68-pin leadless flat package. Figure 4.2 shows a functional diagram of the 80286.
It contains four separate processing units. These are the Bus Unit (BU), the Instruction Unit
(IU), the Address Unit (AU), and the Execution Unit (EU). The BU provides all memory and
1/0 read and write operations. The BU also performs data transfer between the 80286 and
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FIGURE 4.2 80286 internal block diagram.
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coprocessors such as the 80287, The prefetcher in the BU prefetches instructions of up to 6
bytes and places them in a queue.

The Instruction Unit (IU) translates or decodes up to 3 prefetched instructions and places
them in a queue for execution by the execution unit.

The Execution Unit (EU) executes instructions from the IU sequentially. The EU contains
a 16-bit ALU, an 8086 flag register, general-purpose registers, pointer registers, index registers,
and one 16-bit additional register called the machine status word (MSW) register. The lower
four bits of the MSW are used. One bit places the 80286 into PVAM mode while the other three
bits control the processor extension (coprocessor) interface. The LMSW and SMSW instruc-
tions can load and store MSW in real address mode.

The Address Unit (AU) calculates a 20-bit physical address based on the 16-bit contents of
a segment register and a 16-bit offset just like the 8086. In this mode, the 80286 addresses one
megabyte of physical memory. The 80286 has 24 address pins. However, in the real address
mode, pins A23-A20 arc ignored and A19-A0 pins are used. In the protected virtual address
mode (PVAM), the AU operates as a memory management unit (MMU) and utilizes all 24
address lines to provide 16 megabytes of physical memory. The BU outputs memory or I/O0
addresses to devices connected to the 80286 after receiving them from the AU.

The 80286 does not have on-chip clock generator circuitry. Therefore, an external 82284
chip is required. The 80286 has a single CLK pin for a single-phase clock input. The 80286
divides its input clock by 2 internally and then provides the processor clock. The 82284 also
provides the 80286 RESET and READY signals. i

The 80286 external memory is configured as odd ( BHE = 0) and even (AQ = 0) memory
banks just like the 8086. The 80286 operates in a mode similar to the 8086 maximum mode.
Some of the 80286 pins such as M/10, S0, SI, HOLD, HLDA, READY, and LOCK have
identical functions as the 8086. Two external interrupt pins (NMI and INTR) are provided.
The nonmaskable interrupt NMI is serviced in the same way as the 8086. The INTR and COD/
INTA are used together to provide an interrupc-type code on the data bus via external
hardware. Note that the 80286 INTA is multiplexed with another function called the COD
(code). This pin distinguishes instruction fetch cycles from memory data read cycles. Also, it
distinguishes interrupt acknowledge cycles from I/0O cycles. M/10 = HIGH and COD/ INTA
= HIGH define instruction fetch cycle. On the other hand, M/10 = LOW and COD/ INTA
= LOW specify interrupt acknowledge cycle.

A new pin called the CAP is provided on the chip. The 80286 MOS substrate must be applied
with a negative voltage for maximum speed. The negative voltage is obtained from the +5V.
An external capacitor must be connected to the CAP pin for filtering this bias voltage.

Four pins are provided to interface the 80286 with a coprocessor. These are PEREQ,
PEACK , BUSY, and ERROR. The PEREQ (Processor Extension Request) input pin can be
activated by the coprocessor to tell the 80286 to_perform data transfer to or from memory for
it. When the 80286 is ready, it activates the PEACK (Processor Extension Acknowledge)
signal to inform the coprocessor of the start of the transfer. The 80286 BUSY signal input,
when activated LOW by the coprocessor, stops 80286 program execution on WAIT and some
ESC instructions until BUSY_is HIGH. If a coprocessor finds some error during processing,
it will activate the 80286 ERROR input pin. This will generate an interrupt. A service routine
for this interrupt can be written to provide an indication to inform the user of the crror.

Upon hardware reset, the 80286 operates in real (physical) address mode and starts execut-
ing programs at physical address FFFFOH like the 8086. In this mode, 20-bit physical addresses
are generated by adding a 16-bit offsct to the shifted (4 times to the left) segment register just
like the 8086. Note that after hardware resct, the 80286 scts A23-A20 to all ones, CS = FOO0H,
DS = 0000H, ES = 0000H, and SS = 0000H.

The 80286 on-chip MMU is disabled in the real address mode. In this mode, the 80286 acts
functionally as a high-performance 8086. This mode averages 2 '/, times the performance of
an 8086 running at the same clock frequency. All instructions of the 8086, 80186, plus a few
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more such as LMSW (Load Machine Status Word) and SMSW (Store Machine Status Word)
are available with the 80286 in the real address mode. In this mode, the 80286 supports only
the 8086 data types and can directly execute 8086 machine code programs with minor
modifications. When interfaced with an 80287 floating point coprocessor, the 80286 supports
8087 floating point data types also. Upon hardware reset, the 80286 operates in real address
mode unless the user sets a bit in the Machine States Word (MSW) register by using the LMSW
instruction to change the 80286 mode to Protected Virtual Address Mode (PVAM). Note that
before changing to PVAM, descriptor tables must be in memory. The 80286, in real address
mode, can run 8086 or 8088 software. Now, to change the 80286 mode from real address to
PVAM, the user should read the contents of MSW, set just the Protection Enable (PE) bit to
1 without changing the other bits, and then load the new data into the MSW. The following
instruction sequence will accomplish this:

SMSW CX ; Store MSW into a general register such as CX
OR CX, 1 ; Set only the PE bit (bit 0 in MSW)
LMSW CX ; Load the new wvalue back to MSW.

After the above instruction sequence is executed, the 80286 operates in PVAM with memory
management capabilitics. In the PVAM, the 80286 is compatible with the 8086/8088 at the
source code level but not at the machine code level. This means that most 8086/8088 programs
must be recompiled or reassembled. Note that the real address mode is normally used to
initialize peripheral devices, transfer the main portion of the operating system from disk to
main memory, initialize some registers, enable interrupts and place the 80286 into PVAM.

When the 80286 is in the protected mode, the on-chip MMU is enabled which expects
several address-mapping tables to exist in memory. The 80286, in this mode, will automatically
access these tables for translating the logical addresses used by the user to physical addresses.
Once the 80286 is in PVAM, the only way to get back to the real mode is via hardware reset.
This is intentionally done so that a malicious programmer cannot switch the mode from
PVAM to real mode and thus the protection feature in PVAM is maintained.

The 80286 supports the following data types:

+ 8-bit or 16-bit signed binary numbers (integers)
* Unsigned 8- or 16-bit numbers (ordinal)
+ A 32-bit pointer comprised of a 16-bit segment selector and 16-bit offset
* A contiguous sequence of bytes or words (strings)
+ ASCII
_+ Packed and unpacked BCD
+ Floating point

The 80286 provides 8 addressing modes. These include register, immediate, direct, register
indirect, based, indexed, based index, and based indexed with displacement modes. The new
80286 instructions are for supporting the PVYAM of the 80286 via an operating system.

These instructions are listed in the following and are used by the operating system:

CTST  Clear task switch flag to zero located in the MSW register

LGDT  Load global descriptor table register from memory

SGDT  Store global descriptor table register into memory

LIDT Load interrupt descriptor table register from memory

LLDT  Load selector and associated descriptor into LDTR (local descriptor table register)
SLDT  Store selector from LDTR in specified register or memory

LTR Load task register and descriptor for TSS (task state segment)
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STR Store selector from task register in register or memory
LMSW  Load MSW register from register or memory

SMSW  Store MSW register in register or memory

LAR Load access rights byte of descriptor into register or memory
LSL Load segment limit from descriptor into register or memory
ARPL  Adjust register privilege Level of selector

VERR  Determine if segment addressed by a selector is readable
VERW  Determine if segment pointed to the selector is writable

Next, the 80286 will be considered from an operating systems point of view. In this context,
the memory management capabilities protection and task switching features of the 80286 will
be covered. Using these on-chip hardware features, a multitasking operating system can be
implemented in the 80286-based microcomputer system.

The 80286 memory management features provide the operating system with the following
capabilities: g

« An operating system which can separate tasks from cach other. This avoids an 80286
system failure due to task crrors.

» As tasks begin and end, the operating system can optimize memory usage by moving
them around, a process referred to as dynamic relocation. This is because a program can
be executed in different parts of memory without being reassembled or recompiled.

« Use of virtual memory becomes casy. Note that virtual memory is a method for
exccuting programs larger than the main memory by automatically transferring parts of
the programs between main memory and disk.

- Controlled sharing of information between tasks.
The 80286 protection features allow:

« An operating system to protect itself from malicious users in a multiuser environment

+ Critical subsystems such as disk 1/O from being destroyed by program bugs under
development

The 80286 task switching provides:

- Fast task switching due to 80286's hardware implementatic  for accomplishing this
feature. This permits the 80286 to spend more time on task . cution than switching.
Real-time systems can thus be supported by the 80286 since 1}y may require fast task
switching. Note that an exception in a running task or an interrupt from a peripheral
device requires task switching.

4.1.2.a 80286 Memory Management

The 80286 logical segments may be called virtual segments because all of them may not be
resident in physical memory at the same time. A 80286 logical scgment can be of any length
from 1 byte to 64K bytes. During creation of cach segment, a size or limit value is defined. This
makes it easier for the 80286 to determine if a memory access is within bounds of a scgment.
The segments presently used by a task are stored in physical memory. In PVAM, all 24 address
pins arc used and therefore, the directly addressable (physical) memory is 16 megabytes. While
writing 80286 programs in PVAM, one can refer to the current segment by the assigned names.
For example, if a segment called JOHN is to be used as the current data segment, then the
following instructions should be used to load JOHN into DS:

MOV BX, JOHN
MOV DS, BX.
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When the 80286 exccutes the above instruction segment, it will use JOHN as the current data
segment. If the segment JOHN is not currently resident in Physical memory, the 80286 will
generate an interrupt. A service routine is written to load this segment from disk to physical
memory and then resume cxecution of the main program.

In PVAM, when a program is assembled, a descriptor (8-byte widc) is assigned to each
segment. The descriptor contains information such as segment length in bytes, 24-bit base
address where the segment is located in physical memory and the privilege level.

The descriptors are held in tables in main memory and are read into the 80286 as needed.
There are two main types of descriptor tables. These are the global and the local descriptor
tables. A system can contain only one global descriptor table. The global descriptor table
includes information such as the descriptors for the operating system segments and the
descriptors for segments which are accessed by user tasks. A local descriptor is created in the
system for each task. All tasks share a global descriptor table with the memoary areas specified
by its descriptors. Also, cach task contains its own local descriptor table with the memory areas
specified by its descriptors.

In PVAM, all programs arc written using segments. Each segment is assigned with an 8-byte
descriptor which includes the length, starting address, and access rights for that segment.
Segment descriptors for programs are stored in memory cither in the global descriptor table
or in a-local descriptor table.

The 80286 memory management is based on address translation. That is, the 80286 trans-
lates logical addresses (addresses used in programs) to physical addresses (addressing required
by memory hardware). The 80286 memory pointer includes two 16-bit words: one word for
a segment selector and the other as an offsct into the selected segment. The real and virtual
modes compute physical addresses from these selector and offset values in different ways.

In the real address mode, the 80286 computes the physical address from a 16-bit (selector)
content and a 16-bit offset just like the 8086/80186. It shifts the 16-bit selector four times to
the left and then adds the 16-bit offsct to determine the 20-bit physical address. As mentioned
before, even though the 80286 has 24 address pins (A0-A23), in the real address mode pins AO-
Al9 are used. Also, A20-A23 pins are only used at reset for CS and are zero otherwise.

In the Protected Virtual Address Mode (PVAM or virtual mode for short), the 32-bit
address is called a virtual address. Just like the logical address, the virtual address includes a 16-
bit selector and a 16-bit offsct. The 80286 determines the 24-bit physical address by first
obtaining a 24-bit value froi 1 a table in memory using the segment value (selector) as an index
(rather than shifting the sciiaent value 4 times to left as in the real mode) and then adding the
16-bit offset. Figure 4.3 shows the 80286 virtual address translation scheme.

The 16-bit selector is divided into a 13-bit index, one-bit Table Indicator (TT), and two-bit
Requested Privilege Level (RPL). The 13-bit index is used as a displacement to access the
selected table. Each entry in the table is termed a descriptor. An index can start from a value
of 0 to a higher value. The index value refers to a descriptor in the table. For example, index
value K refers to the descriptor K. Each descriptor is 8 bytes wide and contains the 24-bit base
address required for physical address calculation. This address only occupies three bytes of the
8-byte descriptor. The meaning of the other bytes will be explained later. The single-bit TI tells
the 80286 to select one of two tables: Global Descriptor Table (GDT) and Local Descriptor
Table (LDT). All tasks in the 80286 share a common single table called the GDT, while cach
task has.its own LDT. Thercfore, the 24-bit base addresses required in physical address
calculation for segments to be shared by all tasks are stored in the GDT and the base addresses
for segments dedicated to a particular task arc stored in its LDT. When TI = 0, the GDT is used
as the look-up table, and when T1 = 1, the LDT is used as the look-up table. The 2-bit RPL is
used by the operating system for implementing the 80286’s protection features. RPL is not
used in physical address calculation.

The 24-bit physical address is then generated by the 80286 by adding the 24-bit base address
of the selected descriptor and the 16-bit offset.
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FIGURE 4.3 80286 virtual address translation.

Note that in the above, when TI = 0 (GDT sclector) and Index = 0, a null selector is selected.
The selector does not correspond to the Oth GDT descriptor. Null selectors can be loaded into
a segment register, but use of null selectors in virtual address translation would generate an
80286 exception. :

Figure 4.4 shows the 80286 address translation registers. The segment registers CS, DS, S,
and ES have already been discussed before. The GDT and LDT registers are only used in the
80286 virtual mode address translation. The GDT register stores the 24-bit base address and
the length of the GDT (in bytes) minus one. During system initialization, the GDT is loaded
and is usually kept unchanged after this. The 80286 generates an exception when indexing
beyond the GDT limit is attempted.

The LDT register stores a 16-bit selector for a descriptor in the GDT which defines the location
of the present LDT. The 80286 task switch operation is invoked by executing an inter-segment
JMP or CALL instruction which refers to a task state segment (TSS) or task gate descriptor in the
GDT or LDT. Each task must have a TSS associated with it. The current TSS is identified by a
special register in the 80286 called the Task Register (TR). The TR register makes task switching
automatic and very fast. For example, the 80286 local address space can be modified during task
switching by updating the LDT register. Figure 4.5 shows flowchart for accessing memory.
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FIGURE 4.4 80286 address translation registers.

The 80286 contains a number of special registers called shadow registers which are provided
to speed up memory references. The shadow registers are internal and cannot be accessed by
instructions. Whenever a sclector is moved into a segment register, the associated shadow
register is updated with its descriptor automatically. Therefore, any memory accessed with
respect to the segment register does not require referral to a look-up table, since the descriptor
loaded into the shadow register contains the base address of the sclected segment.

Note that in the virtual mode, the 80286 descriptor table can store a maximum of 23 (13-
bit index) descriptors and each segment can specily a segment of up to 2' bytes. Therefore,
a task can have its own LDT address space of up to 2 x 2% = 2% bytes and can share 2% bytes
(GDT) with all other tasks. Therefore, an address space of 1 gigabyte (2 bytes) can be assigned
to a task.

The following 80286 memory management instructions include loading and storing the
address translation registers and checking the contents of descripiors:

LGDT  Load GDT register
SGDT  Store GDT register
LLDT Load LDT register
SLDT Store LDT register
LAR Load Access Rights
LSL Load Segment Limit

Protection
In PVAM, the 80286 has built-in features for the following protection schemes:

1. Protecting system software such as the operating system from user programs.
2. Protecting one user task from another.
3. Protecting portions of memory from accidental access.

The 80286 protection mechanism is implemented by using the contents of the descriptors. Any
access to memory is validated by checking the information in segment descriptors. The 80286
generates an interrupt if the memory access is invalid.

The 80286 provides protection mechanism for supporting multitasking and virtual memory
features. The 80286 includes certain basic protection features such as segment limit and
scgment usage checking. These basic protections are useful even though multitasking and
virtual memory may not be available in a system. The basic protection mechanism also allows
assignment of privilege levels to virtual memory space in a hierarchical manner.

The 80286 privilege level mechanism uses certain rules to define the hierarchical order. This
allows protection of the operating system independent of the user. The 80286 includes special
descriptor table entries named call gates to permit CALLS to higher privilege code segments
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FIGURE 4.5 Flowchart showing steps for accessing memory.
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Code or Data Segment Descriptor

7 0! -7 0
T
+7 INTEL RESERVED® +6
ACCESS +5[P|DPL|S TYPE[A BASE;3.16 +4
RIGHTS BYTE 4
+3 B"’\S,IEis-o +2
|
+1 LIMIT 5.0 0
1
15 8 7 0
*Must be set to 0 for compatibility with IAPX 386.

Access Rights Byte Definition

Bit ; .
Position Name Function
7 Present (P) P=1 Sepgment is mapped into physical Memory.
P=0  Nomapping to physical memory eexists, base and limil are not used.
6-5 Decriptor Privilege Segment privilege attribute used in privilege test.
Level (DPL)
4 Segment Descrip- 5=1  Code or data (includes slacks) segment descriptor
tor (S) 5=0  System Segment Descriptor or Gate Descriptor
3 Executable (E) E=0  Data segment descriptor type is: I
2 Expansion Direc- ED =0 Expand up segment, offsets must be < limil. Data
tion (ED) ED =1 Expand down segment, offsets must be > limit. —  Segment
1 Writeable (W) W =0 Datasegment may nol be written into. %S:é;
W=1 Data segment may be written inlo. —
3 Executable (E) E=1  Code Segment Descriptor lype is: — i
2 Conforming (C) C=1 Code segment may only be executed when CPL 2 DPL Code
and CPL remains unchanged. ' — Segment
1 Readable (R) R=0  Code segment may not be read. Ls:—g)j
R=1  Code sepment may be read. =]
0 Accessed (A) A=0  Segment has not been accessed.
A=1  Segment selector has been loaded into segment register or used
by selector test instructions.

FIGURE 4.6 Code and data segment descriptor contents.

atspecific valid entry points. In order to protect the operating system, the 80286 does not allow
accessing a higher privilege entry point without its access gate.

The 80286 provides some instructions controlled by its IOPL (Input/Output Privilege
Level) feature to protect shared system resources. The /O instructions are permitted at the
highest privilege level. '

The 80286 on-chip protection features handle basic violations such as trying to access code
segment instead of stack segment by trapping into the operating systems’s appropriate routine.
Thus, the operating system recovers a faulty task by taking whatever actions are necessary. The
80286 protection hardware provides information such as stack status to inform the operating
system of the fault type.

The 80286 on-chip protection hardware provides up to four privilege levels in a hierarchical
manner which can be used to protect system software such as the operating system from
unauthorized access. The 80286 can read specific bits in its segment descriptor to obtain
privilege levels of cach code and data segment. Figurc 4.6 shows the format for a segment
descriptor for a code or data segment.
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The descriptors include four words. Bit 3 of the 3-bit-type field of the access rights byte is
called the Executable (E) bit. E = 1 identifies a code segment descriptor, while E = 0 identifies
the segment as a data segment descriptor. The two-bit DPL (Descriptor Privilege Level)
provides the privilege level of the descriptor. The DPL field specifies a hierarchical privilege
system of four levels 0 thru 3.

Level 0 is the highest level while level 3 is the lowest. Privilege level provides protection
within a task. Operating system routines, interrupt handlers, and other system software can be
included and protected within the virtual address space of each task using the four levels of
privileges. Each task in the system has a separate stack for cach of its privilege levels. Typical
examples of privilege levels are summarized as follows:

« A single privilege level can be assigned to all the code of 7 dedicated 80286. In this case,
all load/store and 1/O instructions are available. The 80286 can be initialized by sctting
the PE bit in MSW to one and then loading the GDTR with appropriate values to
address a valid global descriptor table.

Privilege levels can be assigned to user and supervisor mode types of applications. In this
case, all system software can be defined as level 0 (highest level) and all other programs
at some lower privilege level.

.

For large applications, the system software can be divided into critical and noncritical.
All critical software can be defined as a kernel with the highest privilege level (level 0),
the noncritical portion of the system software is defined with levels 1 and 2, while all
user application programs arc defined with the lowest level (level 3).

Upon enabling the protected mode bit, the 80286 basic protection features are available
irrespective of a single 80286-type application or user/supervisor configuration or a large
application. The descriptor’s limit ficld (the maximum offset from the basc) and the access
rights byte provides the 80286’ basic protection features.

Segment limit checking ensures that all memory accesses are physically available in the
segment. For all read and write operations with memory, the 80286 in the protected mode
automatically checks the offset of an effective address with the descriptor limit (predefined).
This limit checking feature ensures that a software fault in a segment does not interfere with
any other segments in the system.

The descriptor access rights byte complements the limit checking. It differentiates code
segments from data segments. The access right byte along with limit checking ensures proper
usage of the segments. At least three types of segments can be defined using the access byte.
Data segments can be defined as read/write or read-only. Code segments can be designated as
exceute-only and can be defined as conforming segments. A code segment in a particular
privilege level can be accessed by using 80286 CALL or JMP instruction without a privilege
level transition. A segment of equal or lower privilege level than another segment (defined as
conforming via the access byte) can access that segment.

The hicrarchical protection levels have four logical rules. These are summarized below:

+ The Current Privilege Level (CPL) at any instant of time represents the level of the code
segment presently being executed. This is provided by the privilege level in the access
rights byte of the descriptor. The 80286 gives the value of CPL in its code register.

- Since every privilege level has its own stack, a stack segment rule is implemented in the
80286 to ensure using the proper stack. According to this rule, the stack segment (stack
addressed by the stack segment register) and the current code segment must have the
identical privilege level.

+ As far as the data segments are concerned, the DPL (Descriptor Privilege Level) of an
accessed data segment must be lower than or equal to the CPL. This rule allows
protection of privileged data segments from unprivileged codes.
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* The 80286 is provided with a rule which pertains to accessing data segments. The 80286
can access data segments of equal or lower privilege with respect to the CPL. For
example, if CPL is 1, the 80286 codes in current code segment can access data segments
with privilege levels of 1, 2, or 3, but not 0.
The 80286 allows CALLing a subroutine in a code segment with higher privilege level
by using call gates, and returns to code with lower privilege code segments. This is called
the flow control rule and it protects higher privilege code scgments. For example, if the
CPL is 2, all code segments with levels 2 and 3 can be accessed by the 80286; code
segments of levels 0 or 1 cannot be accessed directly. However, lower or equal privilege
level accesses can be done directly. Also, higher privilege level accesses can be controlled
by special descriptor table entries known as call gates. A call gate is 8 bytes wide and is
stored like a descriptor in a descriptor table.

The main difference between a descriptor and a call gate is that a descriptor’s contents refer
to a segment in memory. On the other hand, a gate refers to another descriptor.

A descriptor includes a 24-bit-physical base address, while a gate contains a 32-bit virtual
address. When the eflective address of an intersegment CALL references a call gate, the 80286
redirects control to the destination address defined within the gate. The 32-bit virtual address
(sclector and offset) of the gate can be used by the 80286 to access a higher privilege code
segment,

The 80286 controls the use of 1/O instructions. The user may choose the level at which these
I/0 instructions can be used. This level is called the 10PL (Input Output Privilege Level).

IOPL is a two-bit flag whose value varies from 0 to 3. In a uscr/supervisor configuration in
which al] supervisor code is at level 0 (highest) and all user code is at lower levels, the IOPL
should be 0. This zero value of IOPL allows the supervisor code to carry out 1/0 operations
but ensures that the user code cannot exccute these I/O instructions.

Protection of a task from unauthorized access by another is provided by the 80286 both in
virtual and physical memory spaces. The 80286 provides a multitasking feature via its virtual
memory capabilities. As mentioned before, the virtual memory space consists of two spaces:
global and local. The local space is unique to the present task being exccuted. This uniqueness
of the local spaces provides intertask protection in the virtual memory space. The 80286's limit
checking feature in the physical memory space avoids illegal accesses of segments beyond the
defined segment limits and thus provides protection.

The 80286 is especially designed to exccute several different tasks simultancously (appears
to be simultancous). This is called multitasking. If the present task needs to wait for some
external data, the 80286 can be programmed to switch to another task until such data arc
available. This mechanism of switching from one task to another is called task switching, The
80286 automatically performs all the necessary steps in order to properly switch from one task
to another. When a task switching takes place, the 80286 stores the state of the present task
(typically most of the 80286 registers), loads the state of the new task, and starts executing the
new task. If execution of the outgoing task is desired after completion of the incoming one, the
80286 can automatically go back to the right place where the task switch took place.

Task switching may occur due to hardware or software reasons. For example, task switching
may take place due to 80286 cxternal interrupt requests (hardware reason) or due to the
operating system’s desire to time-share the 80286 among multiple user tasks (software reason).
The task to be exccuted due to interrupts is termed interrupt-scheduled, while the task to be
exccuted due to time-sharing by the operating system is called software-scheduled,

As soon as an interrupt-scheduled or a software-scheduled task is ready to be run by the
80286, it becomes the currently active (incoming) task. All inactive tasks (outgoing) have code
and data segments saved in memory or disk by the 80286. Each outgoing task has a Task State
Segment (TSS) associated with it. The TSS holds the task register state of an inactive task.
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The TSS includes a special access right byte in its descriptor in the GDT in order that the
80286 can identify it as code or data segments. TSSs are referenced by 16-bit selectors (each
task has a unique selector) that identify a TSS descriptor in the GD'T. The 80286 stores the TSS
sclector of the presently active task in its Task State Segment register (TR). The first 44 bytes
of a TSS store the complete state of a task. Information such as sclectors and 80286 registers
is saved.

The 80286 provides protection for portions of memory from accidental access in the
following ways. When a segment sclector is to be loaded into a segment register, the 80286
automatically verifies whether the descriptor table indexed by the sclector contains a valid
descriptor for that sclector. An interrupt is automatically generated by the 80286 if a valid
descriptor is not present. However, if the descriptor is valid, the shadow registers are loaded
with the base, limit, and access rights byte of the descriptor. The 80286 then verifies whether
the segment for that descriptor is resident in physical memory. An interrupt is generated by
the 80286 if it is not present (as indicated by the P-bit of the access rights byte of the
descriptor). An interrupt service routine can be written to move the desired segment into
physical memory and return execution to the main program. The 80286 also verifies whether
the segment descriptor is of the right type to be loaded into the appropriate segment register.
For example, the descriptor for a read-only data segment cannot be moved into a stack
segment register since the stack is a read/write memory. After a segment selector and descrip-
tor arc loaded into a segment register, checks are made each time an address in the actual
segment is accessed. For example, an attempt to writc to a read-only data segment will gencrate
an error. Also, the limit value in the segment descriptor is used to ensurc that an address
generated by program instructions is within the limit specified for the segment.

Example 4.1

Discuss the 80286’s performance impact on memory management while executing the follow-
ing program:

MOV DS, Segmentselector ; Load data selector

MOV BX, Displ ; Load offset

MOV CX, Count : ; Load loop count
BEGIN MOV DX, data ; Move 1l6-bit data to

DX

CMP DX, WORDPTR[BX] ; Find match

JZ DONE ; If match

JMP BEGIN ; found, stop

; else compare

DONE HLT '
Solution

The 80286 memory management capabilities are only utilized when loading the selector
value (first instruction in the above program). By loading the selector value into DS, the 80286
chooses a descriptor from a descriptor table and then automatically determines the physical
address of that segment using the descriptor. Thus, by executing the first instruction MOV DS,
segmentselector, the 80286 automatically determines the segment’s physical address (trans-
parent to the user).

After determining the segment’s physical address, the 80286 executes all other instructions
that follow. The 80286 reads data from the data segment every time it goes through the BEGIN
loop. The 80286 does not refer to the descriptor table because of its on-chip cache.
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Like any other memory management system, the 80286 will have some overhead for
performing the virtual address to the physical address translation. This is transparent to the
user’s application programs and is automatically carried out by the 80286. The memory
management overhead (virtual to physical address translation) is minimized due to on-chip
cache. One of the main characteristics of on-chip MMU is that after the descriptor is read into
the on-chip cache memory, no overhead occurs. Therefore, the overhead is kept at a mini-
mum, thus providing good performance.

80286 Exceptions

In the real address mode, the 80286 exception mechanism is similar to the 8086 except a few
more exceptions such as the ‘invalid opcode exception’ is included in the 80286. External
interrupts such as the maskable (INTR) and nonmaskable (NMI) interrupts in the 80286 are
serviced in the real address mode by using interrupt vector table with 256 vectors similar to
the 8086.

In the protected mode, the 80286 detects exceptions essential to its protection model, and
its support for multitasking and virtual memory. Some examples of the non-real mode
exceptions include “exception for code, data, or extra segment not present’ and ‘Privilege
violation’. The protected mode pointers are actually gates, since gates in protected mode serve
as a redirection mechanism. The interrupt table can contain task gates, interrupt gates, and
trap gates. The interrupt table, in protected mode, is known as the IDT (Interrupt Descriptor
Table). A special register called the IDTR (Interrupt Descriptor Table register) is used by the
80286 to locate the interrupt table both in real and protected modes. The IDTR is typically
initialized by the system programmer once, to.point at the desired area of physical memory.

INTEL 80386

In 1985, Intel introduced its first 32-bit microprocessor, the 80386DX. It initially ran at a clock
frequency of 16 MHz and contained 275,000 transistors. In 1988, Intel introduced the 803865X
which was a 16-bit external data bus version of the 80386DX (32-bit data bus). The 80386DX
is a full 32-bit microprocessor and is available in 16-, 20-, 25- and 33-Mhz speed versions. It
can directly address a maximum of 4 gigabytes of memory.

The 803865X, on the other hand, can operate at 16- and 20-Mhz. The 80386SL is similar to
the 803865X with 16-bit data bus and can operate at 20- and 25-Mhz. The 803865X and
80386SL can dircctly address up to 16 megabytes and 32 megabytes of memory respectively.
Compaq was the first major OEM (Original Equipment Manufacturer) to use the 80386DX in
1986 in its PC. The 80386SL, on the other hand, is used in notebook computers with built-in
power management oplions.

The 80386DX will be covered in detail in this section. The 80386 family of microprocessors
will be referred to as the 80386 in the following.

The 80386 is a logical extension of the Intel 80286.

The 80386 provides multitasking support, memory management, pipelined architecture,
address translation caches, and a high-speed bus interface in a single chip.

The 80386 is software compatible at the object code level with the Intel 8086, 80186, and
80286. The 80386 includes separate 32-bit internal and external data paths along with cight
general-purpose 32-bit registers. The processor can handle 8-, 16-, and 32-bit data types. It has
scparate 32-bit data and generates a 32-bit physical address. The chip has 132 pins and is
housed in a Pin Grid Array (PGA) package. The 80386 is designed using high-speed CHMOS
I1I technology.

The 80386 is highly pipelined and can perform instruction fetching, decoding, exccution,
and memory management functions in parallel. The on-chip memory management and
protection hardware translates logical addresses to physical addresses and provides the protec-
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FIGURE 4.7 80386 functional units.

tion rules required in a multitasking environment. The 80386 includes special hardware for
task switching. A single instruction or an interrupt is required for the 80386 to perform
complete task switching. A 16-MHz 80386 can save the state of oné task (all registers), load the
state of another task (all registers, segment, and paging registers if needed), and resume
cxecution in less than 16 microseconds. The 80386 contains a total of 129 instructions.

The 80386 protection mechanism, paging, and the instructions to support them are not
present in the 8086. Also, the semantics of all instructions that affect segment registers (PUSH,
POP, MOV, LES, LDS) and thosc affecting program flow (CALL, INTO, INT, IRET, JMP,
RET) are quite different than the 8086 on the 80386 in protected mode.

The main differences between the 80286 and the 80386 are the 32-bit addresses and data
types and paging and memory management. To provide these features and other applications,
several new instructions are added in the 80386 instruction set beyond those of the 80286.

The internal architecture of the 80386 includes six functional units (Figure 4.7) that operate
in parallel. The parallel operation is known as pipelined processing. Fetching, decoding,
cxecution, memory management, and bus access for several instructions are performed simul-
tancously. The six functional units of the 80386 arc

+ Bus interface unit
+ Code prefetch unit
*+ Decode unit

+ Execution unit

+ Segmentation unit
+ Paging unit

The bus interface unit connects the 80386 with memory and 1/0. Based on internal requests
for fetching instructions and transferring data from the code prefetch unit, the 80386 generates
the address, data, and control signals for the current bus cycles.

The code prefetch unit prefetches instructions when the bus interface unit is not executing
bus cycles. It then stores them in a 16-byte instruction queue for decoding by the instruction
decode unit.

The instruction decode unit translates instructions from the prefetch queue into micro-
codes. The decoded instructions are then stored in an instruction queue (FIFO) for processing
by the exccution unit.
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The execution unit processes the instructions from the instruction queue. It contains a
control unit, a data unit, and a protection test unit.

The control unit contains microcode and parallel hardware for fast multiply, divide, and
effective address calculation.

The data unit includes a 32-bit ALU, 8 general-purpose registers, and a 64-bit barrel shifter -
for performing multiple bit shifts in one clock. The data unit carries out data operations
requested by the control unit. The protection test unit checks for segmentation violations
under the control of the microcode.

The segmentation unit translates logical addresses into linear addresses at the request of the
execution unit. .

The translated linear address is sent to the paging unit. Upon enabling of the paging
mechanism, the 80386 translates these lincar addresses into physical addresses. If paging is not
enabled, the physical address is identical to the linear addresses and no translation is necessary.

Figure 4.8 shows a typical 80386 system block diagram.

The 80287 or 80387 numeric coprocessor can be interfaced to the 80386 to extend the 80386
instruction st to include instructions such as floating point operations. Thesc instructions are
cxecuted in parallel by the 80287 or 80387 with the 80386 and thus off-load the 80386 of these
functions.

The 82384 clock generator provides system clock and reset signals. The 82384 generates
both the 80386 clock (CLK2) and a half-frequency clock (CLK) to drive the 80286-compatible
devices that may be included in the system. It also generates the 80386 RESET signal. The
internal frequency of the 80386 is 1/2 the frequency of CLK2.

The 8259A interrupt controller provides interrupt control and management functions.
Interrupts from as many as cight external sources are ac. pted by one 8259A and up to 64
interrupt requests can be handled by connecting several 8259 chips. The 8259A manages
priorities between several interrupts, then interrupts the 80386 and sends a code to the 80386
to identify the source of the interrupt.

The 82258 Advanced DMA (ADMA) controller performs DMA transfers between the main
memory and the I/O device such as a hard disk or floppy disk without involving the 80386. It
provides four channels and all signals necessary to perform DMA transfers.

The 80386 has three processing modes: protected mode, real-address mode, and virtual

- 8086 mode.

Protected mode is the normal 32-bit application of the 80386. All instructions and features
of the 80386 arc available in this mode.

Real-address mode (also known as the “real mode”) is the mode of operation of the
processor upon hardware RESET. This mode appears to programmers as a fast 8086 with a few
new instructions. ‘This mode is utilized by most applications for initialization purposes only.

Virtual 8086 mode (also called V86 mode) is a mode in which the 80386 can go back and
forth repeatedly between V86 mode and protected mode at a fast speed. The 80386, when
entering into the V86 mode, can execute an 8086 program. The processor can then leave V86
mode and enter protected mode to execute an 80386 program.

As mentioned before, the 80386 enters real address mode upon hardware reset. In this
mode, the Protection Enable (PE) bit in a ¢ontrol register called the Control Register 0 (CRO)
is cleared to zero. Setting the PE bit in CRO places the 80386 in protected mode. When in
protected mode, setting the VM (Virtual Machine) bit in the flag register (called the EFLAGS
register) will place the 80386 in V86 mode. Details of these modes are discussed later.

Basic 80386 Programming Model
The 80386 basic programming model includes the following aspects:

a) Memory organization and segmentation
b) Data types
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FIGURE 4.8 80386 system block diagram.

c) Registers
d) Addressing modes

I/O is not included as part of the basic programming model. This is because systems
designers may select to use I/O instructions for application programs or may select to reserve
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them for the operating system. Therefore, 80386 1/O capabilities will be covered during the
discussion of systems programming.

Memory Organization and Segmentation

The 4-gigabyte physical memory of the 80386 is structured as 8-bit bytes. Each byte can be
uniquely accessed by a 32-bit address.

The programmer can write assembly language programs without a knowledge of physical
address space.

The memory organization model available to applications programmers is determined by
the system software designers. The memory organization model available to the programmer
for cach task can vary between the following possibilities:

= A “flat” address space includes a single array of up to 4 gigabytes. Even though the
physical address space can be up to 4 gigabytes, in reality it is much smaller. The 80386
maps the 4-gigabyte flat space into the physical address space automatically by using an
address translation scheme transparent to the applications programmers.

* A segmented address space includes up to 16,383 lincar address spaces of up to 4
gigabytes cach. In a segmented model, the address space is called the logical address
space and can be up to 2% bytes (64 tetrabytes). The processor maps this address space
onto the physical address space (up to 4 gigabytes) by an address translation technique.

To applications programmers, the logical address space appears as up to 16,383 one-
dimensional subspaces, cach with a specified length. Each of these lincar subspaces is called a
segment. A segment is a unit of contiguous address space with sizes varying from one byte up
to a maximum of 4 gigabytes.

A pointer in the logical address space consists of a 16-bit segment sclector identifying a
segment and a 32-bit offset addressing a byte within a segment.

Data Types

Data types can be byte (8-bit), word (16-bit with low byte address n and high byte by address
n + 1), and double word (32-bit with byte 0 addressed by address n and byte 3 by address n
+ 3). All three data types can start at any byte address. Therefore, the words are not required
to be aligned at even-numbered addresses and double words need not be aligned at addresses
cvenly divisible by 4. However, for maximum speed performance, data structures (including
stacks) should be designed in such a way that, whenever possible, word operands are aligned
at even addresses and double-word operands are aligned at addresses evenly divisible by: 4.

Depending on the instruction referring to the operand, the following additional data types
arc available: integer (signed 8-, 16-, or 32-bit), ordinal (unsigned 8-, 16-, or 32-bit), near
pointer (a 32-bit logical address which is an offset within a segment), far pointer (a 48-bit
logical address consisting of a 16-bit sclector and a 32-bit offset), string (8-, 16-, or 32-bit data
from 0 bytes to 2* —1 bytes), bit ficld (a contiguous sequence of bits starting at any bit position
of any byte and may contain up to 32 bits), bit string (a contiguous sequence of bits starting
atany position of any byte and may contain up to 2*2 - 1 bits), and packed/unpacked BCD and
ASCII-type data. When the 80386 is interfaced to a coprocessor such as the 80287 or 80387,
then floating point numbers (signed 32-, 64-, or 80-bit rcal numbers) are supported.

80386 Registers

Figure 4.9 shows 80386 registers. The 80386 has 16 registers classified as general, segment,
status, and instruction.

The cight general registers arc the 32-bit registers EAX, EBX, ECX, EDX, EBP, ESP, ESI, and
EDIL. The low-order word of cach of these eight registers has the 8086/80186/80286 register
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FIGURE 4.9 80386 applications rcpister sct.

names AX (AH or AL), BX (BH or BL), CX (CH or CL), DX (DH or DL), BP, SP, §l, and DL
They arc useful for making the 80386 compatible with the 8086, 80186, and 80286 processors.

The six 16-bit segment registers (CS, $S, DS, ES, TS, and GS) allow systems software
designers to select cither a flat or segmented model of memory organization. The purpose of
CS, SS, DS, and ES is obvious. Two additional data segment registers FS and GS arc included
in the 80386. The four data segment registers (DS, ES, ES, GS) can access four separate data
arcas and allow programs to access different types of data structures. For example, one data
segment register can point to the data structures of the current module, another to the
exported data of a higher level module, another to a dynamically created data structure, and
another to data shared with another task.

The flag register is a 32-bit register named EELAGS. Figure 4.10 shows the meaning of cach
bit in this register. The low-order 16 bits of EFLAGS is named FLAGS and can be treated as
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FIGURE 4.10 EFLAGS rcgister.

a unit. This is useful when executing 8086/80186/80286 code, because this part of EFLAGS is
the same as the FLAGS register of the 80286/80186/80286. The 80386 flags arc grouped into
three types: the status flags, the control flags, and the system flags.

The status flags include CF, PF, AF, ZF, SF, and OF as in the 8086/80186/80286. The control
flag DF is used by strings as in the 8086/80186/80286. The system flags control 1/O, maskable
interrupts, debugging, task switching, and enabling of virtual 8086 execution in a protected,
multitasking environment. The purpose of IF and TF is identical to the 8086/80186/80286. Let
us explain the other flags:

* IOPL (I/O Privilege Level) — This is a 2-bit field and supports the 80386 protection

feature. The IOPL ficld defines the privilege level needed to execute 1/O instructions. If

the present privilege level is less than or equal to IOPL (privilege level is specified by

numbers), the 80386 can execute I/O instructions; otherwise it takes a protection

exception.

NT (Nested Task) — The NT bit controls the IRET operation. If NT = 0, a usual return

from interrupt is taken by the 80386 by popping EFLAGS, CS, and EIP from the stack.

If NT = 1, the 80386 returns from an interrupt via task switching.

RF (Resume Flag) — If RF = 1, the 80386 ignores debug faults and does not take another

exception so that an instruction can be restarted after a normal debug exception. If RF

= 0, the 80386 takes another debug exception to service debug faults,

* VM (Virtual 8086 Mode) — When VM bit is set to one, the 80386 executes 8086
programs. When VM bit is zero, the 80386 operates in the protected mode.

The RF, NT, DF, and TF can be set or reset by an 80386 program executing at any privilege
level. The VM and IOPL bits can be modified by a program running at only privilege level 0
(the highest privilege level). An 80386 with 1/O privilege level can only modify the IF bit. The
IRET instruction or a task switch can set or reset the RF and VM bits. The other control bits
can also be modified by the POPF instruction.

The instruction pointer register (EIP) contains the offset address relative to the start of the
current code segment of the next sequential instruction to be executed. The EIP is not directly
accessible by the programmer; it is controlled implicitly by control-transfer instructions,

interrupts, and exceptions. The low-order 16 bits of EIP is called IP and is uscful when the
80386 executes 8086/80186/80286 instructions. '
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4.2.1.d 80386 Addressing Modes

The 80386 has 11 addressing modes which are classified into register/immediate and memory
addressing modes. Register/immediate type includes two addressing modes, while the memory
addressing type contains the other nine modes.

1. Register/Immediate Modes — Instructions using these register or immediate modes
operate on either register or immediate operands.

i) Register Mode — The operand is contained in one of the 8, 16, or 32-bit general
registers. An example is DEC ECX which decrements the 32-bit register ECX by one.

ii) Immediate Mode — The operand is included as part of the instruction. An example
is MOV EDX, 5167812FH which moves the 32-bit data 5167812F to EDX register.
Note that the source operand in this case is in immediate mode.

2. Memory Addressing Modes — The other 9 addressing modes specify the effective
memory address of an operand. These modes are used when accessing memory. An
80386 address consists of two parts: a segment basc address and an effective address. The
effective address is computed by adding any combination of the following four compo-
nents: '

«  Displacement: 8- or 32-bit immediate data following the instruction; 16-bit dis-
placements can be used by inserting an address prefix before the instruction.

«  Base: The contents of any general-purpose register can be used as base. Compilers
normally use these base registers to point to the beginning of the local variable area.

+ Index: The contents of any general-purpose register except ESP can be used as an
index register. The elements of an array or a string of characters can be accessed via
the index register.
Scale: The index register’s contents can be multiplied (scaled) by a factor of1,2,4,
or 8. Scaled index mode is efficient for accessing arrays or structures.

The nine memory addressing modes are a combination of the above four clements. Of these
nine modes, cight of them arc executed with the same number of clock cycles, since the
Effective Address calculation is pipelined with the exccution of other instructions; the mode
containing base, index, and displacement components requires additional clocks.

As shown in Figure 4.11, the Effective Address (EA) of an operand is computed according
to the following formula:

EA = Base reg + (Index Reg * Scaling) + Displacement

. Direct Mode — The operand’s effective address is included as part of the instruction as
an 8-, 16-, or 32-bit displacement, An example is DEC WORDPTR [4000H].

2. Register Indirect Mode — A base or index register contains the operand’s cffective
address. An example is MOV EBX, [ECX].

3. Based Mode — The contents of a base register are added to a displacement to obtain the
operand’s effective address. An example is MOV [EDX + 16], EBX.

4. Index Mode — The contents of an index register are added to a displacement to obtain
the operand’s effective address. An example is ADD START [EDI], EBX.

5. Scaled Index Mode — The contents of an index register are multiplied by a scaling factor
(1,2, 4, or 8) which is added to a displacement to obtain the operand’s effective address.
An example is MOV START [EBX * 8], ECX.

6. Based Index Mode — The contents of a base register are added to the contents of an index
register to obtain the operand’s effective address. An example is MOV ECX, [ESI] [EAX].

7. Based Scaled Index Mode — The contents of an index register are multiplied by a scaling
factor (1,2, 4, or 8) and the result is added to the contents of a base register to determine
the operand’s effective address. An example is MOV [ECX * 4] [EDX], EAX.
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FIGURE 4.11  Addressing mode calculations.

8. Based Index Mode with Displacement — The operand’s effective address is obtained by
adding the contents of a base register and an index register with a displacement. An
example is MOV [EBX] (EBP + 0F24782AH], ECX.

9. Based Scaled Index Mode with Displacement — The contents of an index register are
multiplied by a scaling factor, and the result is added to the contents of a base register
and a displacement to obtain the operand’s effective address. An example is MOV
[ESI*8] [EBP + 60H], ECX.

The 80386 can exccute 8086/80186/80286 16-bit instructions in real and protected modes.
This is provided in order to make the 80386 software compatible with the 80286, 80186, and
the 8086. The 80386 uses the D bit in the segment descriptor register (8 bytes wide) to
determine whether the instruction size is 16 or 32 bits wide. If D = 0, the 80386 uses all operand
lengths and effective addresses as 16 bits long. On the other hand, if D = 1, then the default
length for operands and addresses is 32 bits. Note that in the protected mode, the operating
system can set or reset the D bit using proper instructions. In real mode, the default size for
operands and addresscs is 16 bits. Note that real address mode does not use descriptors.

Irrespective of the D-bit definition, the 80386 can execute either 16- or 32-bit instructions
via the use of two override prefixes such as operand size prefix and address length prefix. These
prefixes override the D bit on an individual instruction basis. These prefixes are automatically
included by Intel assemblers. For example, if D = 1 and the 80386 wants to execute INC
WORD PTR [BX] to increment a 16-bit memory location, the assembler automatically adds
the operand length prefix to specify only a 16-bit value.

The 80386 uses either 8- or 32-bit displacements and any register as base or index register
while executing a 32-bit code. However, the 80386 uses cither 8- or 16-bit displacements with
the base and index registers conforming to the 80286 while executing 16-bit code. The base and
index registers utilized by the 80386 for 16- and 32-bit addresses are given in the following;
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16-bit addressing  32-bit addressing

Base Register BX, BP Any 32-bit general-purpose register

Index Register  SI, DI Any 32-bit general-purpose register except ESP
Scale Factor None 1,2,4,8

Displacement 0, 8, 16 bits 0, 8, 32 bits

4.2.2 80386 Instruction Set

The 80386 cxtends the 8086/80186/80286 instruction set in two ways: 32-bit forms of all 16-
bit instructions are included to support the 32-bit data types and 32-bit addressing modes are
provided for all memory reference instructions. The 32-bit extension of the 8086/80186/80286
instruction set is accomplished by the 80386 via the default bit (D) in the code segment
descriptor and by having 2 prefixes to the instruction set.

The 80386 instruction sct is divided into nine types:

Data transfer
Arithmetic

String

Logical

Bit manipulation
Program Control
High-level language
Protection Model
Processor control

These instructions'are listed in Table 4.1.

TABLE 4.1 80386 Instructions

Data Transfer Instructions

General purpose

Address object

MOV Move operand
PUSH Push operand onto stack
POP Pop operand off stack
PUSHA Push all registers on stack
POPA Pop all registers off stack
XCHG Exchange operand, register
XLAT Translate
Conversion
MOVZX Move Bytc or Word, Dword, with zero extension
MOVSX Move Byte or Word, Dword, sign extended
CBw Convert Byte to Word, or Word to Dword
CDW Convert Word to Dword
CDWE Convert Word to Dword extended
cDQ Convert Dword to Qword
Input/output
IN Input operand from 1/O space
ouT Qutput operand to I/O space

LEA Load cffective address

LDS Load pointer into D segment register

LES Load pointer into E segment register

LFS Load pointer into F segment register

LGS Load pointer into G segment register

LSS Load pointer into S (stack) segment register

Flag manipulation

LAHF

Load AH register from flags
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TABLE 4.1 80386 Instructions (continued)

Data Transfer Instructions

SAHF Store AH register in flags
PUSHF Push flags onto stack
POPF Pop flags off stack
PUSHFD Push Eflags onto stack
POPFD Pop Eflags off stack
ClLC Clear carry flag
CLD Clear direction flag
CMC Complement carry flag
STC Set carry flag
STD Set direction flag
Arithmetic Instructions
Addition
ADD Add operand
ADC Add with carry
INC Increment operand by |
AAA ASCII adjust for addition
DAA Decimal adjust for addition
Subtraction
SUB Subtract operand
SBB Subtract with borrow
DEC Decrement operand by 1
NEG Negate operand
CMP Compare operands
AAS ASCII adjust for subtr: ction
Multiplication
MUL Multiply double/single precision
IMUL Integer multiply
AAM ASCII adjust after multiply
Division
DIV Divide unsigned
IDIV Integer divide
AAD ASCII adjust after division
String Instructions
MOVsS Move Byte or Word, Dword string
INS Input string from 1/O space
OuUTs Output string to I/O space
CMPS Compare Byte or Word, Dword string
SCAS Scan Byte or Word, Dword string
LODsS Load Byte or Word, Dword string
STOS Store Byte or Word, Dword string
REP Repeat i
REPE/REPZ Repeat while equal/zero
RENE/REPNZ Repeat while not equal/not zero
Logical Instructions
Logicals
NOT “NOT” operand
AND “AND" operand
OR “Inclusive OR” operand
XOR “Exclusive OR” operand
TEST “Test” operand
Shifts
SHL/SHR Shift logical left or right
SAL/SAR Shift arithmetic left or right
SHLD/SHRD Double shift left or right
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80386 Instructions (continued)

Rotates
ROL/ROR
RCL/RCR

Rotate left/right
Rotate through carry left/right

Bit Manipulation Instructions

Single bit instructions
BT
BTS
BTR
BTC
BSF
BSR
Bit string instructions
IBTS
XBTS

Bit test

Bit test and set

Bit test and reset

Bit test and complement
Bit scan forward

Bit scan reverse

Insert bit string
Exact bit string

Program Control Instructions

Conditional transfers
SETCC
JA/JNBE
JAE/JNB
JB/JNAE
JBE/JNA
JC
JENZ
JG/INLE
JGE/JNL
JL/INGE
JLE/JNG
JNC
JNE/JNZ
JNO
JNP/JPO
JNS
JO
JIVIPE
I8

Unconditional transfers

Sct byte equal to condition code
Jump if above/not below nor equal
Jump if above or equal/not below
Jump if below/not above nor equal
Jump if below or equal/not above
Jump if carry

Jump if equal/zero

Jump if greater/not less nor equal
Jump if greater or equal/not less
Jump if less/not greater nor equal
Jump if less or equal/not greater
Jump if not carry

Jump if not equal/not zero

Jump if not overflow

Jump if not parity/parity odd
Jump if not sign

Jump if overflow

Jump if parity/parity even

Jump if sign

CALL Call procedure/task

RET Return from procedure/task

IMP Jump
Iteration controls

Loor Loop

LOOPE/LOOPZ  Loop if equal/zero

LOOPNE/ Loop if not equal/not zero

LLOPNZ

JCXZ JUMP if register CX =0
Interrupts

INT Interrupt

INTO Interrupt if overflow

IRET Return from interrupt

CLI Clear interrupt enable

STI Set interrupt enable

High Level Language Instructions

BOUND Check array bounds
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TABLE 4,1

80386 Instructions (continued)

ENTER
LEAVE

Sctup parameter block for entering procedure
Leave procedure

Prolection Modecl

SGDT
SIDT
STR
SLDT
LGDT
LIDT
LTR
LLDT
ARPL
LAR
LSL
VERR/VERW
LMSW
SMSW

Store global descriptor table

Store interrupt descriptor table

Store task register

Store local descriptor table

Load global dederiptor table

Load interrupt descriptor table

Load task rcgister

Load local descriptor table

Adjust requested privilege level

Load access rights

Load segment limit

Verily segment for reading or writing
Load machine status word (lower 16 bits of CRO)
Store machine status word

Processor Control Instructions

HLT
WAIT
ESC
LOCK

Halt

Wait until BUSY # negated
Escape

Lock bus

The 80386 instructions include zero-operand, single-operand, two-operand, and three-
operand instructions. Most zero-operand instructions such as STC occupy only one byte.
Single operand instructions are usually two bytes wide. The two-operand instructions usually
allow the following types of operations:

Register-to-register
Memory-to-register
Immediate-to-register
Memory-to-memory
Register-to-memory
Immediate-to-memory

The operands can be cither 8, 16, or 32 bits wide. In general, operands are 8 or 32 bits long
when the 80386 executes the 32-bit code. On the other hand, operands are 8 or 16 bits wide
when the 80386 exccutes the existing 80286 or 8086 code (16-bit code). Prefixes can be added
to all instructions which override the default length of the operands. That is, 32-bit operands
for 16-bit code or 16-bit operands for 32-bit code can be used.

The 80386 various instructions affecting the status flags are summarized in Table 4.2.

Table 4.3 lists the various conditions referring to the relation between two numbers (signed
and unsigned) for Jcond and SETcond instructions.

All new 80386 instructions along with those which have minor variations from the 80286
are listed in alphabetical order below in Table 4.4.

A detailed description of most of the new 80386 instructions is given in the following,
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Status Flag Functions

Bit Name  Function
0 CF Carry flag — Set on high-order bit carry or borrow; cleared otherwise
2 PF Parity flag — Set if low-order cight bits of result contain an even number of 1 bits; cleared
otherwise
4 AF Adjust flag — Set on carry from or borrow to the low-order four bits of AL; cleared otherwise;
used for decimal arithmetic
6 ZF Zero flag — Set if result is zero; cleared otherwise
7 SE Sign Mlag — Set equal to high-order bit of result (0 is positive, 1 is negative)
11 OF Overflow flag — Set if result is too large a positive number or too small a negative number
(excluding sign-bit) o fit in destination’operand; cleared otherwise
Key to Codes
i Instruction tests flag
M Instruction modifies flag (cither sets or resets depending on operands)
0 Instruction rescts flag
— Instruction’s effect on flag is undefined
Blank Instruction does not affect flag
Instruction ) OF SF ZF AF PF CF
AAS - — — ™ — M
AAD — M M — M —
AAM — M M — M —
DAA — M M ™ M ™
DAS — M M ™ M ™
ADC M M M M M ™
ADD M M M M M M
SBB M M M M M ™
SUB M M M M M M
CMP M M M M M M
CMPS M M M M M M
SCAS M M M M M M
NEG M M M M M M
DEC M M M M M
INC M M M M M
IMUL M — — — — M
MUL M —_ —_ —_ — M
RCL/RCR 1 M ™
RCL/RCR count — ™
ROL/ROR 1 M M
ROL/ROR count — M
SAL/SAR/SHL/SHR 1 M M M — M M
SAL/SAR/SHL/SHR count — M M —_ M M
SHLD/SHRD — M M — M M
BSF/BSR - — M — —_ =
BT/BTS/BTR/BTC — - — - — M
AND 0 M M — M 0
OR 0 M M — M 0
TEST 0 M M — M 0
XOR 0 M M — M 0




218 Microprocessors and Microcomputer-Based System Design, 2nd Edition

TABLE 4.3 Condition Codes
(For Conditional Instructions Jeond, and SETcond)

Mnemonic  Meaning Condition tested
(0] Overflow OF =1

NO No overflow OF=0

B Below .

NAE Neither above nor equal CF=1

NB Not below CR:=:0

AE Above or ¢qual

E Equal ZF=1

Z Zero

NE Not equal ZF=10

NZ Not zero

BE Below or equal (CForZF) =1
NA Not above

NBE Neither below nor equal (CForZF) =0
A Above

S Sign SF=1

NS No sign SE=0

P Parity PF=1

PE Parity cven

NP No parity PF=0

PO Parity odd

L Less (SF @ OF) =1
NGE Neither greater nor equal )
NL Not less (SF @ OF) =0
GE Greater or equal

LE Less or equal ((SF@® OF) or ZF) = 1
NG Not greater

NLE Neither less nor equal ((SF@® OF) or ZF) =0
G Greater

Note: The terms “above” and “below” refer to the relation between
two unsigned values (neither SF nor OF is tested). The terms “greater”
and “less” refer to the relation between two signed values (SF and OF

are tested).

TABLE 4.4 80386 Instructions (New Instructions beyond Those of 8086/80186/80286)

Instruction

Comment

ADC EAX, imm32

ADC reg32/mem32, imm32
ADC reg32/mem32, imm8
ADC reg32/mem32, reg32
ADC reg32, regd2/mem32
ADD EAX, imm32

ADD reg32/mem32, imm32
ADD reg32/mem32, imm8
ADD reg32/mem32, reg32
ADD reg32, reg32/mem32
AND EAX, imm32

AND reg32/mem32, imm32
AND reg32/mem32, imm8
AND reg32/mem32, reg32
AND reg32, reg32/mem32
BOUND reg32, memé64

BSF
- BSR

Add CF with sign-extended immediate byte and 32-bit data in reg32

or mem32

Immediate data byte is sign-extended before addition

Check if reg32 is within bounds specified in mem64; the first 32 bits of
mem64 contain the lower bound and the second 32 bits contain the

upper bound
Bit scan forward
Bit scan reverse
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TABLE 4.4 80386 Instructions (New Instructions beyond Those: of 8086/80186/80286) (continued)

Instruction

Comment

BT

BTC

BTR

BTS

CALL label

cDQ

CMP reg32/mem32, imm32

CMP EAX, imm32

CMP reg32/mem32, imm8
CMP reg32mem32, reg32
CMP reg32, reg32/mem32
CMPSD

CMPS mem32, mem3l
CWDE

DEC reg32/mem32

DIV EAX, reg32/mem32

ENTER imml6, imm8
IDIV EAX, regd2/mem32
IMUL reg32/mem32
IMUL reg32, reg32/mem32

IMUL regl6, regl6/memlé
IMUL regl6, regl6/mem16, imm3

IMUL reg32, reg32/mem32, imm3

IMUL regl6, imm8

IMUL reg32, imm8

IMUL regl6, regl6/meml6,
IMUL reg32, reg32/mem32,
IMUL regl6, imml6

IMUL reg32, imm32

IN EAX, imm8

IN EAX, DX

INC reg32/mem32

INS regd2/mem32, DX or INSD

Bit test

Bit test and complement

Bit test and reset

Bit test and set

There arc several variations of the label such as displ6, disp32, regl6,
reg3d2, meml6, mem32, ptrl6:16, ptr16:32, meml6:16, and
mem16:32; NEAR CALLS use regl6/meml6, reg32/mem32, and
disp16/disp32 and the CALL is in the same segment with CS
unchanged; CALL disp16 or disp32 adds a signed 16- or 32-bit offset
to the address of the next instruction (current EIP) and the result is
stored in EIP; when disp16 is used, the upper 16 bits of EIP are
cleared to zero; CALL regl6/meml6 or reg32/mem32 specifies a
register or memory location from which the offset is obtained; near-
return instruction should be used for these CALL instructions; the far
calls CALL ptrl6:16 or ptrl6:32 uses a four-byte or six-byte operand
as a long pointer to the procedure called; the CALL mem16:16 or
meml6:32 reads the long pointer from the memory location specificd
(indirection); in real-address mode or virtual 86 mode, the long
pointer provides 16 bits for CS and 16 or 32 bits for EIP depending
on operand size; the far-call instruction pushes CS and IP (or EIP)
and rcturn addresses; in protected mode, both long pointers have
different meaning; consult Intel manuals for details

Convert doubleword to quadword

EDX: EAX ¢ sign extend EAX
reg32
or [=imm32=>affects flags
mem32

Compare sign extended 8-bit data with reg32 or mem32

EAX ¢ sign extend AX

Unsigned divide EDX:EAX by reg32 or mem32 (EAX = quotient, EDX
= remainder)

Create a stack frame before entering a procedure

Signed divide; everything else is same as DIV

Signed multiply EDX: EAX ¢ EAX * reg32 or mem32

reg32 ¢ reg32 *reg32 or mem32; upper 32 bits of the product are
discarded

reglé « regl6* regl6/meml6; result is low 16 bits of the product

reglé «— regl6/meml6 * (sign extended imma8); result is low 16 bits of
the product

regd2 ¢ reg32/mem32* (sign extended imm8); result is low 32 bits of
the product

In all IMUL instructions, siz¢ of the result is defined by the size of the
destination (first) operand.

Input 32 bits from immediate port into EAX
Input 32 bits from port DX into EAX
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TABLE 4.4 80386 Instructions (New Instructions beyond Those of 8086/80186/80286) (continued)

Instruction

Comment ,

IRET/IRETD

Jee label

JMP label

LAR reg32, reg32/mem32

LEA reg32, m
LEAVE

LGS/LSS/LDS/LES/LFS

LODS mem32 or LODSD
LOOP disp8

LOOPcond disp8

MOV reg32/mem32, reg32
MOV reg32, reg32/mem32
MOV EAX, mem32

MOV mem32, EAX

MOV reg32, imm32

MOV reg32/mem32, imm32
MOV reg32, CRO/CR2/CR3
MOV CRO/CR2/CR3, reg32
MOV reg32, DRO/DR1/DR2/D3
MOV reg32, DR6/DR7

MOV DRO/DR1/DR2/DR3, reg32
MOV DR6/DR7, reg32

MOV reg32, TR6/TR?7

MOV TR6/TR7, reg32
MOVS mem32, mem32 or MOVSD
MOVSX

MOVZX

MUL EAX, reg32/mem32
NEG reg32/mem32

NOT reg32/mem32

OR d,s

OUT imm§, EAX

OUT DX, reg32/mem32 or OUTSD
POP reg32

POP mem32

POP FS

POP GS

POPAD

POPFD

PUSH reg32

PUSH mem32

PUSH FS

PUSH GS

PUSHAD

PUSHFD

RCL reg32/mem32, 1

In real-address mode, IRET pops IP, CS, and FLAGS, and IRETD
POPS EIP, CS, and EFLAGS; for protection mode, consult Intel
manuals

cc can be any of the 31 conditions, including the flag settings and less,
greater, above, equal, etc;; label can be disp8 as with the 80286; in
80386, however, one can have disp16 and disp32 as label; all these are
signed displacements; the 80386 includes the 80286 JCXZ disp8
instruction; furthermore, the 80386 includes a new instruction called
JECXZ disp8; (Jump if ECX = 0)

The label can be specified in the same way as the CALL Iabcl
instruction; sce CALL label explanation for near-jump and far-jump
explanations

Load access right byte; reg32 « reg32 or mem32 masked by
00FXFFOOH

Calculate the effective address (offset part) m and store it in regd2

LEAVE releases the stack space used by a procedure for its local
variables; LEAVE reverses the action of ENTER instruction; LEAVE
sets ESP 1o EBP and then POPS EBP

Load full pointer; explained later

To be explained later

To be explained later

To be explained later

Move 32 bits from mem32 to EAX

CRs are control registers-

DRs are debug registers

TRs arc test registers

To be explained later

Move with sign extend; to be discussed later
Maove with zero extend; to be discussed later
Unsigned multiply; EDX: EAX < EAX * (reg32 or mem32)
Two's complement. Negate 32 bits in reg32 or mem32
Oncs complement

The definitions for d and s are same as AND
Qutput 32-bit EAX to immediate port number
To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

To be explained later

Rotate reg32 or mem32 thru CF ance to left
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TABLE 4.4 80386 Instructions (New Instructions beyond Those of 8086/80186/80286) (continued)

Instruction Comment

RCL reg32/mem32, CL Rotate reg32 or mem32 thru CF to left CL times

RCL reg32/mem32, imm38

RCR reg32/mem32, 1 .

RCR reg32/mem32, CL

RCR reg32/mem32, imm8

ROL regd2/mem32, |

ROL reg32/mem32, CL

ROL reg32/mem32, imm3 _
ROR reg32/mem32, 1 =
ROR reg32/mem32, CL

ROR reg32/mem32, imm8

SAL/SAR/SHL/SHR d, n d and n have same definitions as RCL/RCR/ROL/ROR
SBB d,s d and s have same definitions as ADD d,s

SCAS mem32 or SCASD To be explained later

SET cc To be explained later

SHLD To be explained later

SHRD To be explained later

STOS mem32 or STOSD To be explained later

SUB d,s d and s have same definitions as ADD

TEST EAX, imm32

TEST reg32/mem32, imm32

TEST reg32/mem32, regd2

XCHG reg32, EAX Exchange 32-bit register contents with EAX
XCHG EAX, regl2

XCHG reg32/mem32, reg32

XCHG reg32, reg32/mem32

XLATB Sct AL to memory byte DS: [EBX + unsigned AL]. DS cannot be
overridden. In XLAT, DS can be overridden,
XOR d,s d and s have same definitions as AND

Note: All MUL operands are same as IMUL operands.

4.2.2.a Sign-Extension Instructions
There are two new instructions beyond those of 80286. Thesc are CWDE and CDQ. CWDE

sign extends the 16-bit contents of AX toa 32-bit doubleword in EAX. CDQ instruction sign
extends a doubleword (32 bits) in EAX to a quadword (64 bits) in EDX: EAX.

4.2.2.b Bit Manipulation Instructions
The following lists the 80386 six-bit manipulation instructions:

BSF Bit scan forward

BSR Bit scan reverse

BT Bit test

BTC Bit test and complement
BTR Bit test and reset

BTS Bit test and set

The above instructions are discussed in the following;

- BSF (Bit Scan Forward)

BSF d , 8
regl6é, reglb
regl6, meml6
reg32, reg32
reg32, mem32
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-

The 16-bit (word) or 32-bit (doubleword) number defined by s is scanned (checked)
from right to left (bit 0 to bit 15 or bit 31 ). The bit number of the first one found is stored
in d. If the whole 16-bit or 32-bit number is zero, the zero flag is set to one; if a one is
found, the zero flag is reset to zero. For example, consider BSF EBX, EDX. If [EDX] =
01241240,, then [EBX] = 00000006, and ZF = 0. This is because the bit number 6 in
EDX (contained in second nibble of EDX) is the first one when EDX is scanned from
the right.

BSR (Bit Scan Reverse)

BSR d , s
regl6é, reglé
regl6, memlé
reg32, reg32
reg32, mem32

BSR scans or checks a 16-bit or 32-bit number specified by s from the most significant
bit (bit 15 or bit 31) to the least significant bit (bit 0). The destination operand d is
loaded with the bit index (bit number) of the first set bit. If the bits in the number are
all zero, the ZF is st to one and operand d is undefined; ZF is reset to zero if a one is
found. '

BT (Bit Test)

BT d, s
regl6, reglé
meml6é, reglé
regl6, imm8
meml6é, imm8
reg32, reg32
mem32, reg32
reg32, imm8
mem32, imm8

BT assigns the bit value of operand d (base) specified by operand s (the bit offset) to the
carry flag. Only the CF is affected. If operand s is an immediate data, only eight bits are
allowed in the instruction. This operand is taken modulo 32, so the range of immediate
bit offset is from 0 to 31. This permits any bit within a register to be selected. If d is a
register, the bit value assigned to CF is defined by the value of the bit number defined
by s taken modulo the register size (16 or 32). If d is a memory bit string, the desired
16-bit or 32-bit can be determined by adding s (bit index) divided by operand size (16
or 32) to the memory address of d. The bit within this 16- or 32-bit word is defined by
d modulo the operand size (16 or 32). If d is a memory operand, the 80386 may access
four bytes in memory starting at Effective address + (4* [bit offset divided by 32]). As
an example, consider BT CX, DX, If [CX] = 081F, [DX] = 0021, then since the
content of DX is 33,,, the bit number one (remainder of 33/16 = 1) of CX (value 1)is
reflected in the CF and therefore CF = 1.

BTC (Bit Test and Complement)

BTC d:., s

d and s have the same definitions as the BT instruction. The bit of d defined by s is
reflected in the CF. After CF is assigned, the same bit of d defined by s is ones
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complemented. The 80386 determines the bit number from s (whether s is immediate
data or register) and d (whether d is register or memory bit string) in the same way as
the BT instruction.

« BTR (Bit Test and Resct)
BTR d , 8

d and s have the same definitions as for the BT instruction. The bit of d defined by
s is reflected in CF. After CF is assigned, the same bit of d defined by s is reset to zero.
Everything else that is applicable to the BT instruction also applies to BTR.

+ BTS (Bit Test and Set)
BTS d ; 8

Same as BTR except the specified bit in d is set to one after the bit value of d defined by
s is reflected into CF. Everything else applicable to the BT instruction also applies to BTS.

4.2.2.c Byte-Set-On Condition Instructions
These instructions sct a byte to one or reset a byte to zero depending on any of the 16
conditions defined by the status flags. The byte may be located in memory or in a one-byte
general register. These instructions are very useful in implementing Boolean expressions in
high level languages such as Pascal. The general structure of this instruction is SETec (set byte
on condition cc) which sets a byte to one if condition cc is true; or clse, reset the byte to zero.
The following is a list of these instructions:

Instruction Condition codes  Description
SETA/SETNBE reg 18/mem8 CF=0and Set byte if above or not below/equal
d ZF =0

SETAE/SETNB/SETNC reg8/mem8  CF=0 Sct if above/equal, sct if not below, or set if not carry

SETB/SETNAE/SETC reg8/mem8 CF=1 Set if below, set if not above/equal, or set if carry

SETBE/SETNA reg8/mem8 CF=1 Set if below/equal or set if not above
orZF =1

SETE/SETZ reg8/mem8 2l =] Set if equal or set if zero

SETG/SETNLE reg8/mem8 ZE=0or Set if greater or set if not less/equal
SF=OF

SETGE/SETNL reg8/mem8§ SI = OF Set if greater/equal or set if not less

SETL/SETNGE reg8/mem§ SF# OF Set if less or set if not greater/equal

SETLE/SETNG reg8/mem8 ZF=1and Set if less/equal or set if not greater
SF = OF

SETNE/SETNZ reg8/mem8 ZF=0 Set if not equal or set if not zero

SETNO reg8/mem3 OF =0 Set if no overflow

SETNP/SETPQ reg8/mem8 PF=0 Set if no parity or set if parity odd

SETNS reg8/mem8 SE=0 Sct if not sign

SETO reg8/mem8 QF =1 Set if overflow

SETP/SETPE reg8/mem8 PF =1 Set if parity or set if parity even

SETS reg8/mems SF=1 Set if sign

As an example, consider SETB BL. If [BL] = 52,; and CF = 1, then after this instruction is
executed [BL] = 01, and CF remains at 1; all other flags (OF, SF, ZF, AF, PF) are undefined.
On the other hand, if CE = 0, then after exccution of SETB BL, BL contains 00,, CF = 0 and
ZF = 1; all other flags arc undefined. Similarly, the other SETcc instructions can be explained.

4.2.2.d Conditional Jumps and Loops

JECXZ disp8 jumps if ECX is zero. disp8 means a relative address range from 128 bytes before
the end of the instruction. JECXZ tests the contents of ECX register for zero and not the flags.
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If [ECX] = 0, then after execution of JECXZ instruction, the program branches with signed 8-
bit relative offset (+127,, to —128,, with 0 being positive) defined by disp8.

JECXZ instruction is useful at the beginning of a conditional loop that terminates with a
conditional loop instruction such as LOOPNE label. The JECXZ prevents entering the loop
with ECX = 0, which would cause the loop to execute up to 2*2 times instead of zero times.

LOQP Instructions

Instruction Description
LOOP disp8 Decrement CX/ECX by one and jump if CX/ECX # 0
LOOPE/LOOPZ disp8 Decrement CX/ECX by one and jump if CX/ECX #0 and ZF = 1

LOOPNE/LOOPNZ disp8 ~ Decrement CX/ECX by one and jump if CX/ECX # 0 and ZF = 0

The 80386 LOOP instructions are similar to those of 8086/80186/80286, except that if the
counter is more than 16 bits, ECX rather than CX register is used as the counter.

4.2.2.¢ Data Transfer

+ Move instructions description

MOVSX d,s Move and sign extend
MOVZX d,s Move and zero extend

The d and s operands are deflined as follows:

MOVSX d,s

or ,

MOVZX regl6, regB8

' regl6, mem8

reg32, regB
reg32, mem8
reg32, reglé
reg32, meml6

MOVSX reads the contents of the effective address or register as a byte or a word from
the source and sign-extends the value to the operand size of the destination (16 or 32
bits) and stores the result in the destination. No flags are affected. MOVZX, on the other
hand, reads the contents of the effective address or register as a byte or a word and zero-
extends the value to the operand size of the destination (16 or 32 bits) and stores the
result in the destination. No flags are affected. For-example, consider MOVSX BX, CL.
IfCL =81 ¢ and.[BX] = 21AF, then after execution of MOVSX BX, CL, register BX will
contain FF81,; and CL contents do not change. Also, consider MOVZX CX, DH. If CX
=F237 s and [DH] = 85,,, then after execution of this MOVZX, CX register will contain
0085 and DH contents do not change.

* PUSHAD and POPAD Instructions — There are two new PUSH and POP instructions
in the 80386 beyond those of 80286. These are PUSHAD and POPAD. PUSHAD saves
all 32-bit general registers (the order is EAX, ECX, EDX, EBX, original ESP, EBP, ESI,
and EDI) onto the 80386 stack. PUSHAD decrements the stack pointer (ESP) by 32,,
to hold the eight 32-bit values. No flags are affected. POPAD reverses a previous
PUSHAD. It pops the cight 32-bit registers (the order is EDI, ESI, EBP, ESP, EBX, EDX,
ECS, and EAX). The ESP value is discarded instead of loading onto ESP. No flags are
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affected. Note that ESP is actually popped but thrown away, so that [ESP], after popping
all the registers, will be incremented by 32 .

Load Pointer Instruction — There are five instructions in this category. These are LDS,
LES, LFS, LGS, and LSS. The first two instructions LDS and LES are available in the
80286, However, the 80286 Joads 32 bits from a specified location (16-bit offset and DS)
into a specified 16-bit register such as BX and the other into DS for LDS or ES for LES.
The 80386, on the other hand, can have four versions of these instructions as follows:

LDS regl6, meml6: meml6
LDS reg32, meml6: mem32
LES regl6, meml6: memlé
LES reg32, meml6: mem32

Note that mem16: mem16 or mem16: mem32 defines a memory operand containing
four pointers composed of two numbers. The number to the left of the colon corre-
sponds to the pointer’s segment selector. The number to the right corresponds to the
offset. These instructions read a full pointer from memory and store it in the selected
segment register: specified register. The instruction loads 16 bits into DS (for LDS) or
into ES (for LES). The other register loaded is 32 bits for 32-bit operand size and 16 bits
for 16-bit operand size. The 16- and 32-bit registers to be loaded are determined by
regl6 or reg32 register specified.

The three new instructions LFS, LGS, and LSS associated with segment registers FS,
GS, and SS can similarly be explained.

Flag Control

There are two new 80386 instructions beyond those of the 80286. Thesc are PUSHED and
POPED. PUSHED decrements the stack pointer by 4 and saves the 80386 EFLAGS register to
the new top of the stack. No flags are affected. POPED, on the other hand, pops the 32-bit
(doubleword) from the stack-top and stores the value in EFLAGS. All flags except VM and RF
are affected.

Logical
There are two new 80386 logical instructions beyond those of 80286. These are SHLD and
SHRD.

Instruction Description

SHLD d,s, count  Shift left double
SHIRD d,s, count  Shift right double

The operands are defined as follows:

d s count
regl6 relo imm§
meml6 regl6 unms§
regl6 reglo CL
nmemlo reglo €L
regd2 regd EL
mem32 regd2 imm3
repd2 regdl CL

mem32 regdl CL




226 Microprocessors and Microcomputer-Based System Design, 2nd Edition

For both SHLD and SHRD, the shift count is defined by the low five bits and, therefore,
shifts up to 0 to 31 can be obtained.

SHLD shifts by the specified shift count the contents of d:s with the result stored back into
d; d is shifted to the left by the shift count with the low-order bits of d being filled from the
high-order bits of s. The bits in s are not altered after shifting. The carry flag becomes the value
of the last bit shifted out of the most significant bit of d.

If the shift count is zero, the instruction works as a NOP. For a specified shift count, the SF,
ZF, and PF flags are set according to the result in d. CF is set to the value of the last bit shifted
out. OF and AF arc undefined.

SHRD, on the other hand, shifts the contents of d:s by the specified shift count to the right
with the result being stored back into d. The bits in d are shifted right by the shift count with
the high-order bits being filled from the low-order bits of s. The bits in s are not altered after
shifting.

If the shift count is zcro, this instruction operates as a NOP. For the specified shift count,
the SF, ZF, and PF flags arc set according to the value of the result. CF is set to the value of the
last bit shifted out, OF and AF are undefined.

As an example, consider SHLD BX, DX, 2. If [BX] = 183F,,, [DX] = 01F1,, then after this
SHLD, [BX] = 60FC,; [DX] = 01Fl,,, CF =0, SF =0, ZF = 0, and PF = 1.

Similarly, the SHRD instruction can be illustrated.

4.2.2.h String

* Compare String — There is a new instruction CMPS mem32, mem32 (or CMPSD)
beyond the compare string instruction available with the 80286. This instruction com-
pares 32-bit words ES:EDI (sccond operand) with DS:ESI and affects the flags. The
direction of subtraction of CMPS is [[ESI]] - [[EDI]]. The left operand ESI is the source
and the right operand EDI is the destination. This is a reverse of the normal Intel
convention in which the left operand is the destination and the right operand is the source.
This is true for byte (CMPSB) or word (CMPSW) compare instructions. The result of
subtraction is not stored; only the flags arc affected. For the first operand (ESI), the DS is
used as segment unless a scgment override byte is present, while the second operand (EDI)
must use ES as the segment register and cannot be overridden, ESI and EDI are incre-
mented by 4 if DF = 0, while they are decremented by 4 if DF = 1. CMPSD can be preceded
by the REPE or REPNE prefix for block comparison. All flags are affected.

+ Load and Move Strings — Therc are two new 80386 instructions beyond those of 80286.
These arc LODS mem32 (or LODSD) and MOVS mem32, mem32 (or MOVSD).
LODSD loads the doubleword (32-bit) from a memory location specified by DS:ESI
into EAX. After the load, ESI is automatically incremented by 4 if DEF = 0, while ESI is
automatically decremented by 4 if DF = 1. No flags are alfected. LODS can be preceded
by REP prefix. LODS is typically used within a loop structure because further processing
of the data moved into EAX is normally required. MOVSD copies the doubleword (32-
bit) at memory location addressed by DS:ESI to the memory location at ES:EDL. DS is
used as the segment register for the source and may be overridden. ES must be used as
the segment register and cannot be overridden. After the move, ESI and EDI arc
incremented by four if DF = 0, while they are decremented by 4 if DF = 1. MOVS can
be preceded by the REP prefix for block movement of ECX doublewords. No flags are
affected.

+ String I/O Instructions — There are two new 80386 string 1/0 instructions beyond
those of the 80286. These are INS mem32, DX (or INSD) and OUTS DX, mem32 (or
OUTSD). INSD inputs 32-bit data from a port addressed by the content of DX into a
memory location specified by ES:EDI. ES cannot be overridden. After data transfer, EDI
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is automatically incremented by 4 if DF = 0, while it is decremented by 4 if DF = 1. INSD
can be preceded by the REP prefix for block input of ECX doublewords. No flags are
affected. OUTSD instruction outputs 32-bit data from a memory location addressed by
DS:ESI to a port addressed by the content of DX. DS can be overridden. After data
transfer, ESI is incremented by 4 if DF = 0 and decremented by 4 if DF = 1. OUTSD can
be preceded by the REP prefix for block output of ECX doublewords.

+ Store and Scan Strings — There is a new 80386 STOS mem32 (or STOSD) instruction.
STOS stores the contents of the EAX register to a doubleword addressed by ES and EDIL
ES cannot be overridden. After storing, EDI is automatically incremented by 4 if DF =
0 and decremented by 4 if DF = 1. No flags are affected. STOS can be preceded by the
REP prefix for a block fill of ECX doublewords. There is a new scan instruction called
the SCAS mem32 (or SCASD) in the 80386. SCASD performs the 32-bit subtraction
[EAX] - [memory addressed by ES and EDI]. The result of subtraction is not stored, and
the flags are affected. SCASD can be preceded by the REPE or REPNE prefix for block
scarch of ECX doublewords. All flags are affected.

Table Look-Up Translation Instruction

There is a modified version of the 80286 XLAT instruction available in the 80386.

XLAT mem8 (or XLATB) replaces the AL register from the table index to the table entry.
AL should be the unsigned index into a table addressed by DS:BX for 16-bit address (available
in 80286 and 80386) and DS:EBX for 32-bit address (available only in 80386). DS can be
overridden. No flags arc affected. '

High-Level Language Instructions

The three instructions ENTER, LEAVE, and BOUND (also available with 80186/80286) in this
category have been enhanced in the 80386.

Before a subroutine is called by a main program, it is required quite often to pass some
parameters to the subroutine by the main program. Normally these parameters are pushed
onto the stack before calling the subroutine and then they are used by the subroutine by
popping them from stack during its exccution. In the 80386, a portion of the stack called the
stack frame is used to store these parameters. Two 80386 instructions, namely, ENTER and
LEAVE, arc included for allocating and deallocating stack frames.

The ENTER imm16, imm8 instruction creates a stack frame. The data imm8 defines the
nesting depth (also called the lexical level) of the subroutine and can be from 0 to 31. The value
0 specifies the first subroutine only. The data imm16 defines the number of stack frame
pointers copied into the new stack frame from the preceding frame.

After the instruction is executed, the 80386 uses EBP as the current frame pointer and ESI
as the current stack pointer. The data imm8 specifies the number of bytes of local variables for
which the stack space is to be allocated.

ENTER can be used for either nested or non-nested subroutines or procedures. For ex-
ample, if the lexical level imma8 is zero, the non-nested form is used. If imm8 is zero, ENTER
pushes the frame pointer EBP onto the stack; ENTER then subtracts the first operand imm16
from the ESP and sets EBP to the current ESP.

For example, a procedure with 28 bytes of local variables would have an ENTER 28, 0
instruction at its entry point and a LEAVE instruction before every RET. The 28 local bytes
would be addressed as offsct from EBP. Note that the LEAVE instruction scts ESP to EBP and
then pops EBP. For the 80186 and 80286, ENTER and LEAVE instructions use BP and SP
instead of EBP and ESP. The 80386 uses BP (low 16 bits of EBP) and SP (low 16 bits of ESP)
for 16-bit operands, and EBP and ESP for 32-bit operands.
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The formal definition of the ENTER instruction is given in the following:

LEVEL denotes the value of the second operand,

Push EBP

Set a temporary value FRAME-PTR: =

If LEVEL > 0 then

ESP

Repeat (LEVEL-1l) times:

EBP: =

EBP-4

imm8:

Push all EBP for the previous subroutines
and then EBP for the present subroutine.

End repeat
Push FRAME-PTR
End if
EBP: = FRAME-PTR
ESP: = ESP - first operand,

immlé

The LEAVE instruction performs the following:

+ (ESP) « (EBP)
+ POP into EBP.

In order to illustrate the Enter and Leave instructions, consider the following:

SUBRA -
ENTER 18,1

SUBRB

> ENTER 64, 2

CALL SUBRB

In the above, subroutine A (SUBRA) calls subroutine B. It is assumed that the nesting depth

for these subroutines are 1 and 2 respectively.
The stack frames created after execution of the ENTER instructions in the two subroutines

are shown below:

EBP when exccuting —————>»
subroutine B

EBP when executing ———————>»
subroutine A

Data for subroutine B (64 byles)

EBP for Subroutine B

EBP for Subroutine A

EBP for Subroutine A

Return address for subroutine A

Data for subroutine A (18 bytes)

EBP for Subroutine A

OLD EBP

OLD STACK TOP

Stack frame
for B.

Stack frame
for A.

As the ENTER instruction in subroutine A is executed, the old EBP from the subroutine that
called SUBRA is pushed onto the stack. EBP is loaded from ESP to point to the location of the
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old EBP. The lexical level for the ENTER for subroutine A is pushed onto the stack. Finally,
in order to allocate 18 bytes, 12H is subtracted from the current ESP.

After entering into the subroutine B, a second ENTER instruction ENTER 64, 2 is executed.
Since the lexical level in this case is 2, the Old EBP (EBP for subroutine A) is first pushed onto
the stack. The EBP for subroutine A previsouly stored on the stack frame is pushed onto the
stack. Finally, the current EBP for subroutine B is pushed onto the stack. This mechanism
provides access to the stack frame for subroutine A from subroutine B. Next, local storage of
64 bytes as specified in the ENTER instruction are allocated for local storage.

The BOUND instruction checks to determine if the contents of a register called the array
index lie within the minimum (lower bound) and maximum (upper bound) limits of an array.

The 80386 provides two forms of the BOUND instruction:

BOUND regl6, mem32
BOUND reg32, mem64

The first form is for 16-bit operands and is also available with the 80186 and 80286. The second
form is for 32-bit operands and is included in the 80386 instruction set. For example, consider
BOUND EDI, ADDR. Suppose [ADDR] = 32-bit lower bound, d; and [ADDR + 4] = 32-bit
upper bound dy,. If, after execution of this instruction, [EDI] < d; and > du, the 80386 traps
to interrupt 5; otherwise the array is accessed.

The BOUND instruction is usually placed following the computation of an index value to
ensurc that the limits of the index value are not violated. This allows checking whether or not
the address of an array being accessed is within the array boundaries when the address register
indirect with index mode is used to access an element in the array. For example, the following
instruction segment will allow accessing an array with base address in ESI, the index value in
EDI, and an array length of 200,, bytes. Assume the 32-bit contents of memory location
52070422,, and 52070426, arc 0 and 199,,, respectively:

BOUND EDI, 52070422H
MOV EAX, [EDI][ESI]

In the above, if the contents of EDI are not within the array boundaries of 0 and 199, the
80386 will trap to interrupts and the MOV instruction will not be executed.

In the following 80386 programming examples, the 80386 is assumed to be rcal mode. The
80386 assembler directives are not included. These directives are similar to those of the 8086.

Example 4.2

Determine the effect of cach one of the following 80386 instructions:

i) cpQ
ii) BTC CX, BX
iii) MOVSX ECX, E7H

Assume [EAX] = FITFTFFFFFH, [ECX] = F1257124H, [EDX] = EEEEEEEEH, [BX] = 0004H,
[CX] = 0FALH, prior to exccution of cach of the above instructions.

i) After CDQ,
[EAX] = FFFF FFFEH
[EDX] = FFFF FFFFH

i) After BTC CX, BX, bit 4 of register CX is reflected in the ZF and
then ones complemented in CX.
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Before

[CX]= 15.14 13 12. 11 1
0 0 0 o0 I 1

4 3 2 1
0 00 0

<
— \O
- )
— N
- N

0 Bit no.
11

o

CF=0

1's complement

After BTC CX, BX,
[CX]= 0 0 0 0 L -f L 10110001z

0 F B 1

16
ey . g . g < g ey
Hence, [CX] = 0FB1H and [BX] = 0004H
ii) MOVSX ECX, E7H copics the 8-bit data E7H into low byte of ECX and then sign-
extends to 32 bits. Therefore, after MOVSX ECX, E7H, [ECX] = FFFFFFE7H.

Example 4.3

Write an 80386 assembly language program to multiply a signed 8-bit number by a signed 32-
bit number in ECX. Store result in EAX. Assume that the segment registers are already
initialized and also that the result fits within 32 bits.

Solution

IMUL ECX, data8 ; Perform signed
multiplication
Store result
in EAX and stop

MOV EAX, ECX
HLT

N me e

Example 4.4

Write an 80386 assembly program to move two columns of 10,000 32-bit numbers from A (i)
to B (i). In other words, move A (1) to B (1), A (2) to B (2), and so on. Initialize DS to 2000H,
ES to 3000H, ESI to 0100H and EDI to 0200H,

Solution

MOV ECX, 10000
MOV BX, 2000H

Initialize counter
Initialize DS

-

~

MOV DS, BX register
MOV BX, 3000H Initialize ES
MOV ES, BX register

MOV ESI, 0100H Initialize ESI

MOV EDI, 0200H Initialize EDI

CLD Clear DF to Autoincrement
REPMOVSD ; MOV A (i) to

B (i) until ECX = 0

LU THEE TR TR R

-

HLT
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Identify the addressing modes and the size of the operation for the following instructions:

1) MOV EAX, [EBX*4]
ii) ADD AH, [EBX+35][ESI]

Solution
i) Source Destination
Scaled Index Register
32-bit
ii) Source Destination
Based Indexed Register
8-bit

Example 4.6

Compute the physical address for the specified operands of the following instructions. Assume

DS = 0300,,, ESI = 00005000, EBX = 00000200, .

i) MOV BH, [SI]
ii) ADD [BX+50H], CX

Solution

i) Physical address for the source = 03000, -+ 5000,, = 08000,
Physical address for the source = 03000,, + 0250,
= 03250,

Example 4.7

Write an 80386 instruction sequence to compute the following:

INTEGER = (INTEGER1® EDX)v (ECX:EDX)

Assume that the contents of locations INTEGER and INTEGER1 are 32-bit wide.

Solution
MOV EAX, EDX o
NOT EDX H EDX ¢ EDX .
XOR EDX, [INTEGER1] H EDX <« (INTEGER1l) @ EDX
AND ECX, EAX H ECX < ECX - EDX
OR ECX, EDX ; ECX < EDX v ECX

MOV [INTEGER], ECX : [INTEGER] < ECX

Example 4.8

Write an 80386 assembly language program to add two 64-bit binary numbers. The numbers
are pointed to by ESI and EDI, respectively. Store result in location pointed to by EDI. Assume

data are already loaded in memory locations.
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Solutions
MOV EAX, [ESI] ; Load first 64-bit
MOV EBX, [ESI+4] number
ADD [EDI], EAX Add with
ADC [EDI+4], EBX second 64-bit number
HLT

e me N

Example 4.9

Write an 80386 assembly language program to check whether the 64-bit number stored in
memory pointed to by ESI is zero. If it is zero, store 0 in AL; otherwise store 1 in AL,

Solution .
MOV EBX, [ESI] ; Move the upper 32-bit into
; EBX
OR EBX, [ESI+4] ; Check whether both halves
} are zZero.
JNZ ZERO
MOV AL, 1 ; The number is not zero
HLT
ZERQG: MOV AL, O ; The number is zero
HLT

Example 4.10

Assume the content of physical memory location 21010, 1s 2F,,, [ADDR] = 2000, and double
word stored at location ADDR+2 is 02340110, Find the contents of EAX register after
execution of the following 80386 instruction sequence:

LDS EAX, [ADDR]
MOV  EBX, 00001000H
XLAT

Solution

LDS instruction in the above loads DS with 2000, and EAX with 02340110,,. MOV loads
EBX with 00001000H ;. The XLAT instruction loads AL with the contents of memory location
addressed by DS + BX + AL which is 20000,, + 1000,, + 10, = 21010,,. Therefore, [EAX] =
0234012F,,.

Example 4.11

Write an 80386 assembly language program to multiply an unsigned 32-bit number in EBX
by an unsigned 16-bit number in CX. Store result in EDX:EAX.

Solution
MOVZX ECX, CX ; Zero Extend CX.
MOV EAX, EBX ; Move to EAX for multiplication
MUL EAX, ECX ; Unsigned multiplication
HLT
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Example 4.12

Write an 80386 assembly language instruction sequence to extract the bit field EAX([31 :24] and
store it in EBX[7:0], so that EBX[31:8] is zero and the original EAX is not affected.

Solution
MOV EBX, EAX
MOV CL, 8
ROL EBX, CL
AND EBX, OOOOOOFFH

Example 4.13

Write 80386 assembly language program to compute the following: X =Y + Z - 1F20, where
X, Y, and Z arc 64-bit variables. The lower 32 bits of Y and Z are stored starting at locations
NUMBER and NUMBER + 8, each followed by the upper 32 bits. Store the lower 32-bit of the
64-bit result in EAX followed by the upper 32 bits in ECX.

Solution

MOV EAX, [NUMBER] ; Load EAX with low 32-bit of ¥

MOV EBX, [NUMBER+4] ; Load EBX with high 32-bit of ¥

ADD [EAX, [NUMBER+8] ; Add low 32 bits

MOV ECX, [NUMBER+12] ; ULoad ECX with high 32-bit of Z

ADC ECX, EBX ; Add high 32 bits and carry

SUB EAX, 1F20H ; Subtract 1F20H from 32-bit of
result

MOV EBX, 0 ; If borrow,

SBB ECX, EBX ; Subtract from high 32-bit of result

HLT

The 80386 assembly language programs can be assembled by using 80386 assemblers on

IBM PC'’s.
A typical program structure is given below:

PAGE 55, 132 ; Set page dimensions
.386
STACK SEGMENT ‘STACK’ STACK
DW 50 DUP(?)
STACK ENDS
PROG SEGMENT PARA ‘CODE’ PUBLIC USEl6
ASSUME CS:PROG, DS:DATA, SS:STACK
BEGIN: MOV BX, ,3000H
MOV DS, BX
(Specify the constants and variables herae)
(Enter program here)

MOV AX, 4CO00H ; RETURN
INT 21H ; to DOS
PROG ENDS

END BEGIN
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In the above, the PAGE directive in the first line specifies the number of lines on a page and
the width of each line for the assembler. The notation .386 in the second line indicates to the
assembler that the program includes the 80386 instructions. The next three lines define the
stack segment with 50 bytes.

The code segment where the actual program starts is defined next. The logical name of the
code segment in the above is PROG. The code segment is public and tells the assembler to use
16-bit registers.

. The 80386 uses a new directive USE16 or USE32. Programs that are developed to run on the
8086/80286 must use the USE16 to specify that all operand and address sizes are 16 bits. This
automatically limits segment size to 64K. With the USE32, programs are assembled with an
operand and address sizes of 32 bits. This allows access to up to 4 gigabytes of memory.

INT 21H with 4C00H in AX returns control to DOS operating system. The 80386 assembly
language programs can be assembled with an assembler such as the PHAR LAP ‘386’ assem-
bler. All examples in this chapter are written without the complete 80386 directives. The main
purpose is to illustrate use of 80386 instructions for writing assembly language programs.

Memory Organization

Memory on the 80386 is structured as 8-bit (byte), 16-bit (word), or 32-bit (doubleword)
quantities, Words are stored in two consecutive bytes with low byte at the lower address and
high byte at the higher address. The byte address of the low byte addresses the word. Doublewotds
are stored in four consecutive bytes in memory with byte 0 at the lowest address and byte 3
at the highest address. The byte address of byte 0 addresses the doubleword.

Memory on the 80386 can also be organized as pages or segments. The entire memory can
be divided into one or more variable length segments which can be shared between pro-
grams or swapped to disks. Memory can also be divided into one or more 4K-byte pages.
Segmentation and paging can also be combined in a system. The 80386 includes three types
of address spaces. These are logical or virtual, linear, and physical. A logical or virtual
address contains a selector (contents of a segment register) and offset (effective address)
obtained by adding the base, index, and displacement components discussed earlier. Since
each task on the 80386 can have a maximum of 16K selectors and offsets can be 4 gigabytes
(2*2 bits), the programmer views a virtual address space of 2% or 64 tetrabytes of logical
address space per task.

The 80386 on-chip segment unit translates the logical address space to 32-bit linear address
space. If the paging unit is disabled, then the 32-bit linear address corresponds to the physical
address. On the other hand, if the paging unit is enabled, the paging unit translates the lincar
address spacc to the physical address space, Note that the physical addresses are generated by
the 80386 on its address pins.

The main difference between real and protected modes is how the 80386 segment unit
translates logical addresses to linear addresses. In real mode, the segment unit shifts the
selector to the left four times and adds the result to the offset to obtain the linear address. In
protected mode, every selector has a linear base address. The lincar base address is stored in
one of two operating system tables (local descriptor table or global descriptor table). The
selector’s linear base address is summed with the offset to obtain the linear address. Figure 4.12
shows the 80386 address translation mechanism.

There are three main types of 80386 segments. These are code, data, and stack segments.
These segments are of variable size and can be from 1 byte to 4 gigabytes (2*2 bits) in length.

Instructions do not explicitly define the segment type. This is done in order to obtain
compact instruction encoding. A default segment register is automatically selected by the
80386 according to Table 4.5.

In general, DS, S8, and CS use the sclectors for data, stack, and code. Segment override
prefixes can be used to override a given segment register as per Table 4.5,
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FIGURE 4.12 Address translation mechanism.

4.2.4 1/O Space

The 80386 supports both standard and memory-mapped I/0. The I/O space contains 64K 8-
bit ports, 32K 16-bit ports, 16K 32-bit ports, or any combination of ports up to 64K bytes. I/
O instructions do not go through the segment or paging units. Therefore, the I/O space refers
to physical memory. The M/IO pin distinguishes between the memory and I/O.

The 80386 includes IN-and OUT instructions to access I/O ports with port address provided
by DL, DX, or EDX registers, All 8- and 16-bit port addresses are zero-extended on the upper
address lines. The IN and OUT instructions drive the 80386 M/IO pin to low.

1/0 port addresses 00F8H through 00FFH are reserved by Intel. The coprocessors in the 1/
O space are at locations 800000F8H through 800000FFH.

4.2.5 80386 Interrupts

Earlier interrupts and exceptions which are of interest to application programmers were
discussed. In this section, details of these interrupts and exceptions are covered. The difference
between interrupts and exceptions is that interrupts are used to handle asynchronous external
events and exceptions handle instruction faults. The 80386 also treats software interrupts such
as INT n as exceptions.

TABLE 4.5 Scgiment Register Selection Rules

Implicd (default)  Segment override

Type of memory reference segment use prefixes possible

Code Fetch Ccs None

Destination of PUSH], PUSHA instructions SS None

Source of POP, POPA instructions SS None

Other data references, with effective address

using base register of:  [EAX] DS CS,SS,ES,FS,GS

[EBX] DS CS,SS,ES,FS,GS
[ECX] DS CS,SS,ES,F5,GS
[EDX] DS CS,SS,ES,FS,GS
[EBX] DS CS,55,E5,FS,GS
[ESI) DS CS,55,ES,F5,GS
|EDI) DS CS,SS,ES,F5,GS
[EBP] SS CS,DS,ES,FS,GS

|ESP] 55 CS$,DS,ES,FS,GS
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The 80386 interrupts and exceptions are similar to those of the 8086.

There are three types of interrupts/exceptions. These are hardware interrupts, exceptions,
and software interrupts.

Hardware interrupts can be of two types. The 80386 provides the NMI pin for the nonmaskable
interrupt. When the NMI pin encounters a LOW to HIGH transition by an external device such
asan A/D converter, the 80386 services the interrupt via the internally supplied instruction INT2.
The INT2 instruction does not need to be provided via external hardware.

The 80386 services a maskable interrupt when its INTR pin is activated HIGH and the IF
bit is set to one. An 8-bit vector can be supplied by the user via external hardware which
identifies the interrupt source.

The IF bit in the EFLAG registers is resct when an interrupt is being serviced. This, in turn,
disables servicing additional interrupts during an interrupt service routine.

When an interrupt occurs, the 80386 completes execution of the current instruction. The
80386 then pushes the EIP, CS, and flags onto the stack. Next, the 80386 obtains an 8-bit vector
via either external hardware (maskable) or internally (nonmaskable) which identifies the
appropriate entry in the interrupt table. The table contains the starting address of the interrupt
service routine. At the end of the interrupt service routine, IRET can be placed to resume the
program at the appropriate place in the main program.

The software interrupt due to execution of INT n has the same effect as the hardware
interrupt. A special case of the software interrupt INT n is the INT3 or breakpoint interrupt.
Like the 8086, the single-step interrupt is enabled by setting the TF bit. The TF bit is set by
altering the stack image and executing a POPF or IRET instruction. The single step uses INT1.
Exceptions are classified as faults, traps, or aborts depending on the way they are reported and
whether or not the instruction causing the exception is restarted. Faults are exceptions that are
detected and serviced before the execution of the faulting instruction. A fault can occur in a
virtual memory system when the 80386 references a page or a segment not present in the main
memory. The operating system can execute a service routine at the fault’s interrupt address
vector to fetch the page or segment from disk. Then the 80386 restarts the instruction traps and
immediately reports the cause of the problem via the execution of the instruction. Typical
examples of traps are user-defined interrupts. Aborts are exceptions which do not allow the
exact location of the instruction causing the exception to be determined. Aborts are used to
report severe errors such as a hardware error or illegal values in system tables.

Therefore, upon completion of the interrupt service routine, the 80386 resumes program
execution at the instruction following the interrupted instruction. On the other hand, the
return address from an exception fault routine will always point to the instruction causing the
exception. Table 4.6 lists the 80386 interrupts along with to where the return address points.

The 80386 can handle up to 256 different interrupts/exceptions. For servicing the interrupts,
a table containing up to 256 interrupt vectors must be defined by the user. These interrupt
vectors are pointers to the interrupt service routine. In real mode, the vectors contain two 16-
bit words: the code segment and a 16-bit offset. In protected mode, the interrupt vectors are 8-
byte quantities, which are stored in an interrupt descriptor table. Of the 256 possible interrupts,
32 are reserved by Intel and the remaining 224 are available to be used by the system designer.

If there are several interrupts/exceptions occurring at the same time, the 80386 handles
them according to the following priorities:

Priorit Interrupt/exception
Y ¥ p!

1. (Highest)  Exception faults

2 TRAP instructions

3 Debug traps for this instruction
4. Debug faults for next instruction
5. NMI

6. (Lowest) INTR
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TABLE 4.6 Interrupt Vector Assignments

Return address

Interrupt Instruction which can points to faulting

Function number cause exception instruction Type

Divide error 0 DIV, IDIV Yes Fault

Debug exception 1 Any instruction Yes Trap*
NMI interrupt 2 INT 2 or NMI No NMI

One-byte interrupt 3 INT No Trap

Interrupt on overflow 4 INTO , No Trap

Array bounds check & 5 BOUND Yes Fault
Invalid OP-code 6 Any illegal instruction Yes Fault

Device not available T ESC, WAIT Yes Fault
Double fault 8 Any instruction that can generate Abort

an exception
Coprocessor segment 9 Coprocessor trics to access data No Trap®
past the end of a segment

Invalid TSS 10 JMP, CALL, IRET, INT Yes Fault

Segment not present 11 Segment register instructions Yes Fault
Stack fault 12 Stack references Yes Fault

General protection fault 13 Any memary reference Yes Fault

Page fault 14 Any memory access or code fetch Yes Fault
Coprocessor error 16 ESC, WAIT Yes Fault

Intel reserved 17—32

Two-byte interrupt 0—255 INTn No Trap

1Some debug exceptions may report both traps on the previous instruction and faults on the next instruction.
*Exception 9 no longer occurs on the 80386 duc to the improved interface between the 80386 and its
COProcessors.

As an example, suppose an instruction causes both a debug exception (interrupt no. 1) and
page fault (interrupt vector 14). According to the built-in priority mechanism, the 80386 will
first service the page fault by executing the exception 14 handler. The exception 14 handler will
be interrupted by the debug exception handler (1). An address in the page fault handler will
be pushed onto the stack and the service routine for the debug handler (1) will be completed.
After this, the exception 14 handler will be executed. This permits the system designer to debug
the exception handler.

In real mode, the 80386 obtains the values of IP and CS similar to the 8086 by using a table
called the interrupt pointer table. In protected mode, this table is called Interrupt descriptor
table. The 80386 real-mode interrupt pointer table is shown on the following page.

80386 Reset and Initialization

When the 80386 is initialized and reset, the 80386 will start executing instructions near the top
of physigal memory, at location FFFFFFFOH. When the first Intersegment Jump or call is
executed, address lines A20-A31 will drop low, and the 80386 will only execute instructions in
the lower one megabyte of physical memory. This allows the system designer to use a ROM
at the top of physical memory to intialize the system and take care of Resets. Driving the RESET
input pin HIGH for at least 78 CLK2 periods resets the 80386.

Upon hardware reset, the 80386 registers contain the values as shown in Table 4.7.
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Physical Memory.

Address
Vector Number 255 cs 003FEH
P 003FCH

L
2 cs 00082H
P 00080H

L]

:
cs DOOTEH
Coprocessor not present { - Sbich
" cs 0001AH

Invalid opcode 6 {

e P 00018H
Bound check 5 { s 00016H
P 00014H
OVERFLOW 4 { cs 00012H
1P 00010H
DREAKPOINT # { cs 0000EH
P 0000BH
NMI 2 { cs | 0000AH
P 0000BH
DEBUG 1 { cs 00006H
P 00004H
DIVIDE BY 0 ERROR 0 { cs __ _|oooozH
P J30000H

Testability

- The 80386 provides capability to perform self-test. The self-test checks all of the control ROM

4.2.8

4.2.9

and the associate nonrandom logic inside the 80386. The self-test feature is performed when
the 80386 RESET pin goes from HIGH to LOW and the BUSY # pin is LOW. The self-test takes
above 30 milliseconds with a 16-MHz clock. After self-test, the 80386 performs reset and
begins program execution. If the self-test is successful, the contents of both EAX and EDX are
zero; otherwise the contents of EAX and EDX are not zero, indicating a faulty chip.

Debugging

In addition to the software breakpoint and single-stepping features, the 80386 also includes six
program-accessible 32-bit registers for specifying up to four distinct breakpoints. Unlike the
INT3 which only allows instruction breakpointing, the 80386 debug registers permit breakpoints
to be set for data accesses. Therefore, a breakpoint can be set up if a variable is accidentally
being overwritten. Thus, the 80386 can stop executing the program whenever the variable’s
contents are being changed.

80386 Pins and Signals

As mentioncd before, the 80386 is a 132-pin ceramic Pin Grid Array (PGA). Pins are arranged
0.1 inch (2.54 mm) center-to-center, in a 14 X 14 matrix, three rows around.

A number of sockets are available for low insertion force or zero insertion force mountings.
Three types of terminals include soldertail, surface mount, or wire wrap. These application
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TABLE 4.7 Register Values after Reset

Flag word(EFLAGS) 00000002H Note 1
Machine status word (CR0) UUUUUUUOH  Note 2
Instruction pointer (IP) 0000FFFOH
Code segment FOOOH Note 3
Data segment 0000H
Stack segment 0000H

- Extra segment (ES) 0000H
Extra segment (FS) 0O00H
Extra segment (GS) 00C0H
All other registers Undcfined

Note: U means undefined,

Nate I; The upper 14 bits of the EFLAGS registers are
zero, VM (Bit 17) and RE (Bit 16) and other defined flag
bits are zcro,

Note 2: All of the defined lields in the CRO are 0 (PG Bit
31, TS Bit 3, EM Bit 2, MP Bit 1, and PE Bit 0) exeept for
ET Bit 4 (processor Extension type). The ET Bit is set
during Resct according to the type of coprocessor in the
system. If the coprocessor is an 80387 then ET will be 1, if
the coprocessor is an 80287 or no coprocessor is present
then ET will be 0. All other bits arc undefined.

Note 3: The code segment Register (CS) will have its base
address set to FFFOD000H and Limit set to OFFFFH. All
undefined bits are reserved and should not be used.

sockets are manufactured by Amp, Inc. of Harrisburg, PA, Advanced Interconnections of
Warwick, R, and Textool Products of Irving, TX.

Figure 4.13 shows the 80386 pinout as viewed from the pin side of the chip. Table 4.8
provides the 80386 pinout functional grouping description.

Figure 4.14 shows functional grouping of the 80386 pins. A brief description of the 80386
pins and signals is provided in the following. The # symbol at the end of the signal name or
the — symbol above a signal name indicates the active or asserted state when it is low. When
the symbol # is absent after the signal name or the symbol — is absent above a signal name,
the signal is asserted when high.

The 80386 has 20 Vcc and 21 GND pins for power distribution. These multiple power and
ground pins reduce noise. Preferably, the circiit board should contain Vec and GND planes.

CLK2 pin provides the basic timing for the 80386. This clock is divided by 2 internally to
provide the internal clock used for instruction exccution. The CLK2 signal is specified at
CMOS-compatible voltage levels and not at TTL levels.

There are two phases (phase one and phase two) of the internal clock. Each CLK2 period
defines a phase of the internal clock. Figure 4.15 shows the relationship. The 80386 is reset by
activating the RESET pin for at least 15 CLK2 periods. The RESET signal is level-sensitive.
When the RESET pin is asserted, the 80386 ignores all input pins and drives all other pins to
idle bus state. The 82384 clock gencrator provides system clock and reset signals.

D0-D31 provides the 32-bit data bus. The 80386 can transfer 16- or 32-bit data via the data
bus.

The address pins A2-A31 along with the byte enable signals BEO# thru BE3# to generate
physical memory or 1/0 port addresses. Using these pins, the 80386 can directly address 4
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FIGURE 4.13 80386 PGA pinout view from pin side.

gigabytes by physical memory (00000000H thru FFFFFFFFH) and 64 kilobytes of 1/O ad-
dresses (00000000H thru 0000FFFFH). The coprocessor addresses range from 800000F8H
thru 800000FFH. Therefore, coprocessor sclect signal is generated by the 80386 when M/10 #

is LOW and A31 is HIGH.
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FIGURE 4.14  Functional signal groups.
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TABLE 4.8 80386 PGA Pinout Functional Grouping

Pin/signal Pin/signal Pin/signal Pin/signal
NS A3l M5 D3l Al Vec A2 Vss
Pl A30 P3 D30 AS Vee A6 Vss
M2 A29 P4 D29 A7 Vee A9 Vss
L3 A28 M6 D28 AlO Vee Bl Vss
NI A27 NS D27 Al4 Vee B5 Vss
Ml A26 P5 D26 C5 Vee Bll Vss
K3 A25 N6 D25 Cl2 Vee Bl4 Vss
L2 A24 P7 D24 D12 Vee Cll Vss
Ll A23 N8 D23 G2 Vee ES Vss
K2 A22 P9 D22 G3 Vee F3 Vss
Kl A2l N9 D21 Gl2 Vee Fl4 Vss
n A20 M9 D20 Gl4 Ve 12 Vss
H3 Al9 PlO D19 L12 Vee 13 Vss
H2 Al8 Pll D18 M3 Vee J12 Vss
Hl Al7 Nio D17 M7 Vee J13 " Vss
Gl Al6 NI11 D16 Ml13 Vee M4 Vss.
Fl Al5 Ml D15 N4 Vee M8 Vss
El Al4 P12 Dl4 N7 Vee MI10 Vss
E2 Al3 Pl D13 P2 Vee N3 Vss
E3 Al2 NI12 D12 P8 Vee P6 Vss
Dl All N13 DIl Pl4 Vss
D2 AlD MI12 Dlo y
D3 A9 NI4 D9 Fl2 CLK2 Ad N.C.
Cl A8 L13 D8 D4 N.C.
G2 A7 Kl2 D7 El4 ADS# B6 N.C.
C3 A6 L14  Dé i Bl2 N.C.
B2 A5 K13 D5 BIO W/R# C6 N.C.
B3 Ad Kl4 D4 All D/C# €7 N.C.
A3 A3 J14 D3 Al2 M/10# El3 N.C.
C4 A2 H14 D2 Cl0 LOCK# F13 N.C.
Al3 BE3# HI13 D1
B13 BE2# HI12 Do D13 NA# C8 PEREQ
Cl3 BE1# Cl4 BS16# B9 BUSY#
El2 BEO# Gl13 READY# A8 ERROR#
" Dl4  HOLD
c9 RESET Ml4 HLDA B7 INTR B8 NMI
Processor Processor
Clock Period Clock Period

CLK2 Period | CLK2 Period | CLK2 Period | CLK2 Period
# #2 #1 #2

ST 2N N NS S

Internal 80386

Processor Clock — [\ / \ 4 N

62 ns MIN ] 80386-16
(16 MHz MAX)

83 ns MIN]& 3186-12
(12.5 MHz MAX) "

FIGURE 4.15 CLK2 signal and internal processor clock. The 82384 generates the 80386 CLK2 which is then
divided by 2 by the 80386 internally.
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The byte enable outputs, BEO# thru BE3# by the 80386, define which bytes of D0-D31 are
utilized in the current data transfer. These definitions are given below:

BEO# is low when data is transferred via D0-D7
BE1# is low when data is transferred via D8-D15
BE2# is low when data is transferred via D16-D23
BE3# is low when data is transferred via D24-D31

The 80386 asserts one or more byte enables depending on the physical size of the operand
being transferred (1, 2, 3, or 4 bytes).

When the 80386 performs a word memory write or word 1/O write cycle via D16-D31 pins,
it duplicates this data on D0-D15.

W/R#, D/C#, M/10#, and LOCK# output pins specify the type of bus cycle being performed
by the 80386. W/R# pin, when HIGH, identifies write cycle and, when LOW, indicates read
cycle. D/C# pin, when HIGH, identifies data cycle and, when LOW, indicates control cycle. M/
JO# differentiates between memory and 1/O cycles. LOCK# distinguishes between locked and
unlocked bus cycles. W/R#, D/C#, and M/IO# pins define the primary bus cycle. This is
because these signals are valid when ADS# (address status output) is asserted. LOCK# output
is valid as soon as the bus cycle begins, but due to address pipelining LOCK# may be valid later
when ADS# is asserted. Table 4.9 defines the bus cycle definitions.

The 80386 bus control signals include ADS# (address status), READY# (transfer acknowl-
edge), NA# (next address request), and BS16# (bus size 16).

The 80386 outputs LOW on the ADS# pin to indicate a valid bus cycle (W/R#, D/C#, M/
10#) and address (BEO#-BE3#, A2-A31) signals.

When READY# input is asserted during a read cycle or an interrupt acknowledge cycle, the
80386 latches the input data on the data pins and ends the cycle. When READY# is low during
a write cycle, the 80386 ends the bus cycle.

The NA# input pin is activated low by external hardware to request address pipelining. A
low on this pin means that the system is ready to receive new values of BEO#-BE3#, A2-A31,
W/R#, D/C#, and M/IO# from the 80386 even if the completion of the present cycle is not
acknowledged on the READY# pin.

BS16# input pin permits the 80386 to interface to 32- and 16-bit data buses. When the
BS16# input pin is asserted low by an external device, the 80386 uses the low-order half (D0-
D15) of the data bus corresponding to BEO# and BE1# for data transfer. If the 80386 asserts
BE2# or BE3# during a bus cycle, then assertion of BS16# by an external device in this cycle

TABLE 4.9 Bus Cycle Definition

M/IO# D/C#  W/R#  Bus cycle type Locked?

Low Low Low INTERRUPT ACKNOWLEDGE Yes
Low Low High Does not occur —

Low High Low 1/0O DATA READ No
Low High High 1/0 DATA WRITE No
High Low Low MEMORY CODE READ No
High Low High HALT: SHUTDOWN:  No

Address=2  Address=0

(BEO# High (BEO# Lo

BE1# High BEI# High

BE2# Low BE2# High

BE3# High BE3# High

A2-A31 Low)  A2-A31 Low) )
High High Low MEMORY DATA READ Some cycles
High High High MEMORY DATA WRITE Some cycles
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will automatically cause the 80386 to transfer the upper byte(s) via only D0-D15. For 32-bit
data operands with BS16# asserted, the 80386 will automatically execute two consecutive 16-
bit bus cycles to accomplish this.

HOLD (input) and HLDA (output) pins are 80386 bus arbitration signals. These signals are
used for DMA transfers. PEREQ, BUSY#, and ERROR# pins are used for interfacing coprocessors
such as 80287 or 80387 to the 80386. A HIGH on PEREQ (coprocessor request) input pin
indicates that a coprocessor is requesting the 80386 to transfer data to or from memory. The
80386 thus transfers data between the coprocessor and memory. This signal is level-sensitive.
A LOW on the BUSY# (coprocessor Busy) input pin means that the coprocessor is still
executing an instruction and is not capable of accepting another instruction. The BUSY# pin
avoids interference with a previous coprocessor instruction.

ERROR# (coprocessor error) input pin, when asserted LOW by the coprocessor, indicates
that the previous coprocessor instruction generated a coprocessor error of a type not masked
by the coprocessor’s control register. This input pin is automatically sampled by the 80386
when a coprocessor instruction is encountered and, if asserted, the 80386 generates exception
7 for executing the error-handling routine.

There are two interrupt pins on the 80386. These are INTR (maskable) and NMI
(nonmaskable) pins. INTR is level-sensitive. When INTR is asserted and if the IF bit in the
EFLAGS is 1, the 80386 (when ready) responds to the INTR by performing two interrupt
acknowledge cycles and at the end of the second cycle latches an 8-bit vector on D0-D7 to
identify the source of interrupt. To ensure INTR recognition, it must be asserted until the first
interrupt acknowledge cycle starts.

NMI is leading-edge sensitive. It must be negated for at least 8 CLK2 periods and then be
asserted for at least 8 CLK2 periods to assure recognition by the 80386. The servicing of NMI
was discussed earlier.

Table 4.10 summarizes the characteristics of all 80386 signals.

TABLE 4.10 80386 Signal Summary

Input synch Output high

Active or asynch impedance

Signal name  Signal function state Input/output  to CLK2 during HDLA?
CLK2 Clock - 1 — —
D0-D31 Data bus High /o S Yes
BEO#-BE3# Byte cnables Low (o} — Yes
A2-A31 Address bus High e} — Yes
WIR# Write-read indications High o] — Yes
D/C# Data-control indication High (o] - Yes
M/1O# Memory-1/0 indication High o] - Yes
LOCK# Bus lock indication Low 0 —_ Yes
ADS# Address status Low o) — Yes
NA# Next address request Low I S —
BS16# Bus size 16 Low 1 S —
READY# Transfer acknowledge Low 1 S —
HOLD Bus hold request High I S —
HLDA Bus hold acknowledge High 0 — No
PEREQ Coprocessor request High I A —_
BUSY# Coprocessor busy Low I A —
ERROR# Coprocessor error Low I A —
INTR Maskable interrupt request High [ A —
NMI Nonmaskable interrupt request ~ High 1 A —
RESET Reset High I A (note) -—

Note: If the phase of the internal processor clock must be synchrénized to external circuitry, RESET falling edge
must meet setup and hold times t,; and t,,.
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4.2.10 80386 Bus Transfer Technique

The 80386 uses one or more bus cycles to perform all data transfers.
The 32-bit address is generated by the 80386 from BEO#-BE3# and A2-A32 as follows:

80386 address signals
80386 address pins and

Physical base address BEO#-BE3# signals

AJl—A2 Al A0 A3l—A2 BE3# BE2# BEl# BEO#
A3l—AZ 0 0 A3l—A2 X X X Low
A3l—A2 0 1 A3l—A2 X X Low  High
A3l—A2 1 0 A3l—A2 X Low High  High
A3l—AZ 1 1 A31—A2 Low High High High

Dynamic bus sizing feature connects the 80386 with 32-bit or 16-bit data buses for memory
or I/O. A single 80386 can be connected to both 16- and 32-bit buses. During each bus cycle,
the 80386 dynamically determines bus width and then transfers data to or from 32- or 16-bit
devices. During cach bus cycle, the 80386 BS16# pin can be asserted for 16-bit ports or negate
BS16# for 32-bit ports by the external device. With BS16# asserted all transfers are performed
via D0-D15 pins. Also, with BS16# asserted, the 80386 automatically performs data transfers
larger than 16 bits or misaligned 16 bits transfers in multiple cycles as needed. Note that 16-
bit memory or I/O devices must be connected on D0-D15 pins.

Asserting BS16# only affects the 80386 when BE2# and/or BE3# are asserted during the
cycle. Assertion of BS16# does not affect the 80386 if data transfer is only performed via DO-
D15. On the other hand, the 80386 is affected by assertion of the BS16# pin, depending in
which byte enable pins are asserted during the current bus cycle. For example, asserting BS16#
during “upper half only” reads causes the 80386 to read data on the D0-D15 pins and ignores
data on the D16-D31. Data that would have been read from D16-D31 (as indicated by BE2#
and BE3#) will instead be read from D0-D15.

A 32-bit-wide memory can be interfaced to the 80386 by utilizing its BS16#, BE0#-BE3#,
and A2-A31 pins. Each 32-bit memory word starts at a byte address that is a multiple of 4.
BS16# is connected to HIGH (negated) for all bus cycles for 32-bit transfers. A2-A31 and
BEO#-BE3# are used for addressing the memory.

For 16-bit memories, each 16-bit memory word starts at an address which is a multiple of
2. The address is decoded to assert BS16# only during bus cycles for 16-bit transfers.

A2-A31 can be used to address 16-bit memory also. Al and two-byte enable signals are also
required.

To obtain Al and two-byte enables for 16-bit transfers, BEO#-BE3# should be decoded as
in Table 4.11. _

Figure 4.16 shows a block diagram interfacing 16- and 32-bit memories to 80386.

Finally, if an operand is not aligned such as a 32-bit doubleword operand beginning at an
address not divisible by 4, then multiple bus cycles are required for data transfer.

4.2.11 80386 Read and Write Cycles

The 80386 performs data transfer during bus cycles (also called read or write cycles).

Two choices of address timing are dynamically selectable. These are nonpipelined and
pipelined. One of these timing choices is selectable on a cycle-by-cycle basis with the Next
Address (NA#) input.

After a bus idle state, the 80386 always uses nonpipelined address timing. However, the NA#
may be asserted by an external device to select pipelined address timing, for the next cycle is.
made available before the present bus cycle is terminated by the 80386 by asserting READY#.
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TABLE 4.11 Generating Al, BHE#, and BLE# for Addressing 16-Bit Devices

80386 signals 1g-bit bus signals
BE3# BE2# BEl# BE0O# Al BHE# BLE# (A0) Comments

H* H* H* H* x x x x — no active bytes

H H H L L H L '

H H L H L L H

H H L L L L L

H L H H H H L

H* L* H* By x x x x — not contiguous bytes
H L L H L L H

H L L L L L L .

L H H H H L H

L* H* H? L* x X % x — not contiguous bytes
L H* g H* x o, X X x — not contiguous bytes
L* H! L* Lt x x X x — not contiguous bytes
L L H H H L L

oy L* H* L* x X % x — not contiguous bytes
L L L H L L H

E L L L L L | L

Note: BLE# asserted when DO-D7 of 16-bit bus is active; BHE# asserted when D8-D15 of 16-
bit bus is active; A0 low for all even words; A0 high for all odd words.
Key: x = don't care
H = high voltage level
L = low voltage level
* = anonoccurring pattern of Byte Enables; either noneare asserted, or the pattern has
Byte Enables asserted for noncontiguous bytes

nono

I

In general, the 80386 samples NA# input during cach bus cycle to select the desired address
timing for the next bus cycle. ‘
Physical data bus width (16- or 32-bit) is selected by the 80386 by sampling the BS16# (bus
size 16) input pin near the end of the bus cycle. Assertion of BS16# indicates a 16-bit data bus,
while negation of BS16# means a 32-bit data bus.
A read or write cycle is terminated by the 80386 on a low READY# (assertion) from the
external device. Until the READY# is asserted, the 80386 inserts wait states to permit adjustment

, D0-D31
W ” 32-bit

80836 s memory
., A2-A31 and

BEQ # - BE3#

BS16# /

Address
Decoder

D0-D15,,16
/i

7 Fal

A2-A31 % 16-bit
30 L4 =] memory

4 o BHE#,
;[ OB | BLE#, Al

BEO# -
BE3#

FIGURE 4.16 Interfacing 80386 16- and 32-bit memories.
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FIGURE 4.17 Bus cycles with nonpipelined address (zero wait states).

for the speed of any external device when a read cycle is terminated, and the 80386 latches the
information present at its data pins. When a write cycle is acknowledged, the 80386 write data
remain valid throughout phase one of the next bus state, to provide write data hold time.

To illustrate the concept of 80386 bus cycle timing, a mixture of read and write cycles with
nonpipelined address timing is shown in Figure 4.17.

This diagram shows the fastest possible cycles with nonpipelined address timing having two
bus states (T1 and T2) per bus cycle. In phase one T1, the address signals and bus control
signals are valid and the 80386 activates ADS# low to indicate their availability,

During read cycle, the 80386 tristates its data signals to permit driving by the external device
being addressed. During write cycle, the 80386 places data on the data bus starting in phase two
of T1 until phase one of the bus state following cycle acknowledgment.

4.2.12 80386 Modes

The 80386 can be operated in real, protected, or virtual 8086 mode. These modes are described
below.

4.2.12.a 80386 Real Mode

Upon reset or power-up, the 80386 operates in real mode. In real mode, the 80386 can access
all the 8086 registers along with the 80386 32-bit registers. The memory addressing, memory
size, and interrupts of 80386 in this mode are the same as those of the 80286 in real mode.
The 80386 can execute all the instructions in real mode. The main purpose of real mode is
to initialize the 80386 for protected mode operation.
In real mode, the 80386 can directly address up to one megabyte of memory. The address
lines A2-A19, BEO#-BE3# are used by the 80386 in this mode. Paging is not provided in real



Intel 80186/80286/80386 247

15 0
OFFSET
L - 01 raxdl.imit
egment ixed at
Selector 0000 - /_ Real Mode
{ Memory Operand T
64K Selected
Segment

Segment Base

FIGURE 4.18 Recal address mode addressing.

mode. Therefore, linear addresses are identical to physical addresses. The 20-bit physical
address is formed by adding the shifted (four times to the left) segment registers to an offset
as shown in Figure 4.18.

All segments in real mode arc exactly 64K bytes wide. Segments can be overlapped in this
mode. There are two memory areas which are reserved in real mode for system initialization and
interrupt pointer table. Addresses 00000H thru 002FFH are reserved for the interrupt pointer
table, while addresses FFFFFFFOH thru FFFFFFFFH are reserved for system initialization. Many
of the exceptions listed in Table 4.6 are not applicable to real mode. Exceptions 10, 11, 12, and
14 will never occur in this mode. Also, other exceptions have minor variations as follows:

lnlcrfupl

Function number Related instructions Return address location
Interrupt table 8 INT vector is not within table limit Before instruction
Limit too small

Segment overrun exception 13 Word memory reference with offset = Before instruction

FFFFH or an attempt to cxecute an
instruction past the end of a scgment

4,2.12.b Protected Mode

The total 80386 capabilities are available when the 80386 operates in protected mode. This mode
increases the lincar space to four gigabytes (2% bytes) and permits the execution of virtual
memory programs of 64 tetra-bytes (24 bytes). Also, in protected mode, the 80386 can run all
existing 8086 and 80286 programs with on-chip memory management and protection features.
The protected mode includes new instructions to support multitasking operating systems. The
main difference between protected mode and real mode from a programmer’s viewpoint is the
increased memory space and a differing addressing mechanism. Similar to real mode, protected
mode also includes two elements (16-bit selector for determining a segment’s base address and
a 32-bit offset or effective address) to obtain a 32-bit linear address. This 32-bit linear address is
cither used as the 32-bit physical address or, if paging is enabled, the paging mechanism translates
this 32-bit linear address to a 32-bit physical address. Figure 4.19 shows the protected mode
addressing mechanism. The selector is used to specify an index into a table defined by the
operating system. The table includes the 32-bit base address of a given segment. The physical
address is obtained by summing the base address obtained from the table with the offset.

With the paging mechanism enabled, the 80386 provides an additional memory manage-
ment mechanism. The paging feature manages large 80386 segments.

The paging mechanism translates the protected lincar addresses from the segmentation unit
into physical addresses. Figure 4.20 shows this translation scheme.
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FIGURE 4.19 Protected mode addressing.

Let us now discuss 80386 segmentation, protection, and paging features.

Segmentation provides both memory management and protection. All information about
the segments is stored in an 8-byte data structure called a descriptor, All the descriptors are
stored in tables identificd by the 80386 hardware. There are three types of tables holding 80386
descriptors: global descriptor table (GDT), local descriptor table (LDT), and interrupt descrip-
tor table (IDT). These tables are memory arrays of variable lengths. Their sizes can vary from
8 bytes to 64K bytes. Each table can store up to 8192 8-byte descriptors. The upper 13 bits of
a selector are used as an index into the descriptor table. The tables have associated registers
which store a 32-bit linear basé address and a 16-bit limit for each table. Each table has a set
of registers, namely, GDTR (32-bit), LDTR (16-bit), and IDTR (32-bit), associated with it. The
80386 instructions LGDT, LLDT, and LIDT are used to load the base and 16-bit limit of the
global, local, and interrupt descriptor tables into the appropriate registers. The SGDT, SLDT,
and SIDT instructions store the base and limit values.

The GDT contains descriptors which are available to all the tasks in the system. In general,
the GDT contains code and data segments used by the operating system, task state segments,
and descriptors for LDTs in a system.

LDTs store descriptors for a given task. Each task has a separate LDT, while-the GDT
contains descriptors for segments which are commeon to all tasks.

The IDT contains the descriptors which point to the location of up to 256 interrupt service
routines. Every interrupt used by a system must have an entry into the IDT. The IDT entries
are referenced via INT instructions, external interrupt vectors, and exceptions.

Physical Address

48 Bit Pointer idK Bytes
Segment Offset

4K Bytes

15 31 0

80386 '
Paging Physical

Mechanism | Address

4K Bytes

Linear

chm(_‘nt Address » Memory Operand Physica[ Pag(_\;
Descriptor Page 4K Bytes
Access Rights Frame
Cirmit Address S

4K Byles

L-) Base Address

32

4K Bytes

AP A - —

FIGURE 4.20 Paging and segmentation.
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FIGURE 4.21 Four-level hicrarchical protection.

The object to which the selector points is called a descriptor. Descriptors are cight bytes wide
containing attributes about a given scgment. These attributes contain the 32-bit base lincar
address of the segment, segment length, protection level, read/write/execute privileges, the
default operand size (16 or 32 bits), and segment type.

In order to provide operating system compatibility between the 80286 and 80386, the 80386
supports all of the 80286 segment descriptors. The only differences between the 80286 and
80386 formats are that the values of the type fields and the limit and base address fields have
been expanded for the 80386. .

The 80286 system segment descriptors contain a 24-bit base address and 16-bit limit, while
the 80386 system segment descriptors have a 32-bit base address, a 20-bit limit ficld, and a
granularity bit. Note that the segment length is page granular if the granularity bit is one;
otherwise, the segment length is byte granular.

By supporting 80286 scgments the 80386 is able to execute 80286 application programs on
an 80386 operating system. This is possible because the 80386 automatically can differentiate
between the 80286-type and 80386-type descriptors. In particular, if the upper word of a
descriptor is zero, then that descriptor is an 80286-type descriptor.

The only other differences between the 80286 and 80386 descriptors are the interpretation
of the word count field of call gates and the B bit. The word count ficld specifies the number
of 16-bit quantities to copy for 80286 call gates and 32-bit quantities for 80386 call gates. The
B bit controls the size of pushes when using a call gate. If B = 0, then pushes are 16 bits, while
pushes are 32 bits for B = L. ‘

The 80386 provides four protection levels for supporting a multitasking operating system
to isolate and protect user programs from cach other and the operating system. The privilege
level controls the use of privileged instructions, 1/O instructions, and access to segments and
segment descriptors. The 80386 includes the protection as part of its memory management
unit. The 80386 also provides an additional type of protection when paging is enabled.

The four-level hierarchical privilege system is shown in Figure 4.21. It is an extension of the
user/ supervisor privilege mode used by minicomputers. Note that the user/supervisor mode
is supported by the 80386 paging mechanism. The Privilege Levels (PL) are numbered 0 thru
3. Level 0 is the most privileged level. -

The 80386 provides the following rules of privilege to control access to both data .and
procedures between levels of a task:
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FIGURE 4.22 Paging mechanism.

* Data stored in a segment with a privilege level x can be accessed only by code executing
at a privilege level at least as privileged as x.

* A code segment/procedure with privilege level x can only be called by a task executing
at the same or a higher privilege level than x.

The 80386 supports task gates (protected indirect calls) to provide a secure method of
privilege transfers within a task.

The 80386 also supports a rapid task switch operation via hardware, It saves the entire state
of the machine (all of the registers, address space, and a link to the previous task), loads a new
execution state, performs protection checks, and commences execution in the new task in
approximately 17 microscconds.

Paging is another type of memory management for virtual memory multitasking operating
systems. The main difference between paging and segmentation is that paging divides pro-
grams/data into several equal-sized pages, while segmentation divides programs/data into
several variable-sized segments.

There are three elements associated with the 80386 paging mechanism. These are page
directory, page tables, and the page itself (page frame). The paging mechanism does not have
memory fragmentation since all pages have the same size of 4K bytes. Figure 4.22 shows the
80386 paging mechanism. g

There are four 32-bit control registers (CR0-CR3) associated with the paging mechanism,
CR2 is the page fault lincar address register and contains the 32-bit linear address which caused
the last page fault detected.

CR3 is the page directory physical base address register and contains the physical starting
address of the page directory. The lower 12 bits of CR3 are always zero to ensure that the page
directory is always page aligned. CR1 is reserved for future Intel processors. CRO contains 6
defined bits for control and status purposes. The low-order 16 bits of CRO are known as the
machine status word and include special control bits such as the enable bit and the protection
enable bit.

The page directory is 4K bytes long and permits up to 1024 page directory entries. Each page
directory entry contains the address of the next level of tables, page tables, and information
about the page table. The upper 10 bits of the linear address (A22-A31) are used as an index
to select the correct page directory entry.

Each page table is 4K bytes long and holds up to 1024 page table entries. Page table entries
contain the starting address of the page frame and statistical information about the page such
as whether the page can be read or written in supervisor or user mode. Address bits A12-A21



Intel 80186/80286/80386 251

are used as index to select one of the 1024 page table entries. The 20 upper-bit page frame
address is concatenated with the lower 12 bits of the linear address to form the physical
address. Page tables can be shared between tasks and swapped to disks.

The lower 12 bits of the page table entries and page directory entries contain statistical
information about pages and page tables, respectively. As an example, the P (present) bit
indicates whether a page directory or page table entry can be used in address translation. If P
= 1, the entry can be used in address translation, and if P = 0, the entry cannot be used for
translation and all other 31 bits are available for use by the software. These 31 bits can be used
to indicate where on a disk the page is located,

The 80386 provides a set of protection attributes for paging systems. The paging mechanism
provides two levels of protection: user and supervisor. The user level corresponds to level 3 of
the segmentation-based protection and the supervisor level combines all of the other protec-
tion levels (0, 1, 2). Programs executing at level 0, 1, or 2 bypass the page protection, although
segmentation-based protection is still enforced by hardware.

The 80386 takes care of the page address translation process, relieving the burden from an
operating system in a demand-paged system. The operating system is responsible for setting
up the initial page tables and the handling of any page faults. The operating system initializes
the tables by loading CR3 with the address of the page directory and allocates space for the page
directory and the page tables. The operating system also implements a swapping policy and
handles all of the page faults.

4.2.12.c Virtual 8086 Mode

4.3

The virtual 8086 mode permits the execution of 8086 applications while taking full advantage
of the 80386 protection mechanism. In particular, the 80386 permits concurrent execution of
8086 operating systems and applications, an 80386 operating system, and both 80286 and
80386 applications. For example, in a multiuser 80386-based microcomputer, one person can
run an MD-DOS spreadsheet, another person can use MS-DOS, and a third person can run
multiple UNIX utilities and applications.

One of the main differences between 80386 real and protected modes is how the segment
selectors are interpreted. In virtual 8086 mode, the segment registers are used in the same way
as the real mode. The contents of the segment register are shifted 4 times to the left and added
to the offset to obtain the lincar address.

The paging hardware permits the simultanecous execution of several virtual mode tasks and
provides protection.

The paging hardware allows the 20-bit linear address produced by a virtual mode program
to be divided up into 256 pages. Each one of the pages can be located anywhere within the
maximum 4-gigabyte physical address space of the 80386.

The paging hardware also permits sharing of the 8086 operating system code by several 8086
applications. All virtual mode programs execute at privilege level 3. Therefore, virtual mode
programs are subject to all of the protection checks defined in protected mode. This is different
from real mode which executes programs in level 0.

80386 System Design

In this section, the 80386 is interfaced to typical memory and I/O chips. As mentioned in the
last section the 80386 address and data lines arc not multiplexed. There is a total of thirty
address pins (A2-A31) on one chip. A0 and Al are decoded internally to generate four byte
enable outputs, BEO#, BE1#, BE2# and BE3#. In real mode, the 80386 utilizes 20-bit addresses
and A2 through A19 address pins are active and the address pins A20 through A31 are used
in real mode at reset, high for CS-based accesses, low for others, and always low after CS
changes. In the protected mode, on the other hand, all address pins A2 through A31 are active.
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In both modes, A0 and Al are decoded internally. In all modes, the 80386 outputs on the byte
enable pins to activate appropriate portions of the data bus to transfer byte (8-bit), word (16-
bit), and double-word (32-bit) data as follows:

Byte Enable Pins Data Bus
BEO# D0-D7
BEl# D8-DI15
BE2# D16-D23
BE3# D24-D31

The 80386 supports dynamic bus sizing. This feature connects the 80386 with 32-bit or 16-bit
data buses for memory or I/O. The 80386 32-bit data bus can be dynamically switched to a 16-
bit bus by activating the BS16# input from high to low by a memory or I/O device. In this case,
all data transfers arc performed via DO-D15 pins. 32-bit transfers take place as two consecutive
16-bit transfers over data pins DO through D15. On the other hand, the 32-bit memory or I/
O device can activate the BS16# pin HIGH to transfer data over D0-D31 pins.

For reading a byte, the 80386 makes one of BEO#-BE3# active. For a word read (aligned:even
address), the 80386 makes two byte enable outputs (BEO#-BE3#) active. On the other hand,
for a 32-bit aligned read, the 80386 activates all byte enable outputs BEO#-BE3#.

The 80386 duplicates data on some 16-bit write operations in order to enhance performance
of the data bus. This is illustrated in the table below:

Transfer . . Data Pins

Size Al A0 DE3 BE2 BEI E0 D,-D,, D;yD, DyD, DD,
Byte 0 0 1 1 1 0 X
Byte 0 1 | 1 0 1 X

Byte 1 0 1 0 1 1 X ’ DD
Byte 1 1 0 1 1 | * DD

Word 0 0 1 1 0 0 X X
Word 0 1 1 0 0 1 X X

Word 1 0 0 0 1 1 X X DD DD
Dword* 0 0 1 0 0 0 X X X
Dword* 0 1 0 0 0 1 X X X

Dword 0 0 0 0 0 0 X X X X

Note: DD = Data Duplication. Assumes 32-bit bus.
*For 32-bit misaligned transfers for addresses 3,7, ... oraddresses 1, 5, ..., these three-byte transfers
along with one-byte from above are used to complete the 32-bit transfers in two cycles.

In the above table, the 80386 duplicates data for three cases. For example, in case of write cycle
for byte when data is written on Dy-D 4 pins, the same data is duplicated on D;-D, pins. On
the other hand, writing a byte on D;;-D,, pins, the same data is written on Dy-D5 pins. Finally
when 16-bit data is written on D,,-D, pins, the same data is duplicated by the 80386 on D,5-D,

pins.
The 80386 address pins Al and A0 specify the four addresses of a four byte (32-bit) word.

Consider the following:

Dy Dy3 D045 Dg, D7 Do
] I Data Pins

The contents of the memory addresses which include 0, 4, 8, ... with A1AO0 = 00, are
transferred by D,-D,. Similarly, the contents of addresses which include 1, 5, 9, ..., with A1A0
= 01, are transferred over D,;-D,. On the other hand, the contents of memory addresses 2, 6,
10, ... with A1A0 = 10, are transferred over D,,-D,; while contents of addresses 3,7, 11, ... with



4.3.1

Intel 80186/80286/80386 253

A1AO = 11, are transferred over D,,-D,,. Note that ATAO is encoded from BE3-BEO pins. The
following figure depicts this:

BANK 3 BANK 2 BANK 1 BANK O
1 gigabyte 1 gigabyte 1 gigabyte 1 gigabyte
FFFFFEFF FFFFFFFF FFFFFFFE FFFFFFFD FFFFFFFC
H H H H H
FFFFFFFE FFFFFFFB FFFFFFFA FFFFFFFO FFFFFFFG
H R H. . H H
. —)-: H = . — a = . -
. . . . -
00000002H 00000007H 00000006H 00000005H 00000004H
00000001H 00000003H 00000002H 0000000TH 00000000H
00000000H N
80386
Physical Y Y Y
Memory D31-Dy4 D23-Dig D150y D7D
AyrrA, BE3 BE2 BE1 BEO

In cach bank, a byte can be accessed by enabling one of the byte enables, BEO - BE3. For
example, in response to exccution of a byte-MOVE instruction such as MOV (00000006H),
BL, the 80386 outputs low on BE2 and high on BEO, BEl and BE3 and the content of BL
is written to address 00000006H. On the other hand, when the 80386 executes a MOVE
instruction such as MOV (00000004H), AX, the 80386 drives BEO and BEI1 to low. The
contents of 00000004H and 00000005H are transferred from AL and AH via Dy-D; and Dy-Dy5
respectively. For 32-bit transfer, the 80386 exccuting a MOVE instruction from an_aligned
address such as MOV (00000004H), EAX, the 80386 drives all bus enable pins ( BEO- BE3) to
low and written to the contents of four bytes (00000004H through 00000007H) from EAX.
Byte (8-bit), aligned word (16-bit), and aligned double-word(32-bit) are transferred by the
80386 in a single bus cycle.

The 80386 performs misaligned transfers in two bus cycles. For example, the 80386 execut-
ing a misaligned word MOVE instruction such as MOV(00000003H), AX drives BE3 to low
in the first bus cycle and writes the contents of 00000003H from bank 3 into AL in the first bus
cycle. The 80386 then drives BEO to low in the second bus cycle and writes the contents of
00000004H from bank 0 into AH in the second bus cycle. This transfer takes two bus cycles.

A 32-bit misaligned transfer such as MOV (00000002H), EAX, on the other hand, takes two
bus cycles. In the first bus cycle, the 80386 enables BE2 and BE3, and writes the contents of
address 00000002H and 00000003H from banks 2 and 3 respectively into low 16-bits of EAX.
In the second cycle, the 80386 enables BEO and BEI to low and then writes the contents of
address 00000004H and 00000005H into the upper 16 bits of EAX.

80386 Memory Interface

Figure 4.23 shows the basic memory interface block diagram.

The bus control logic provides the control signals for READY#, NA#, address latches, data
buffers, and memory chips. The bus control logic activates READY# to LOW to signal the
completion of the 80386 bus cycle and also outputs low on NA# (Next Address Request) to
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Bus Control Logic Address
(PALs) 3 Decoder Memory

Device
H1
4 ﬂ "1 Address
READYH  NA#H Bus Latch
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> BS16# Address

80386

T

-

Data

FIGURE 4.23 Basic memory interface block dingram..

activate address pipelining. The address decoder generates chip select signals and BS16# signal
based on the address outputs of the 80386. These conventional memory interfacing concepts
can be used to interface the 80386 to ROMs, EPROMs, and static RAMs.

The bus control logic decodes the 80386 status outputs (W/R#, M/10#, and D/C#) and
sends a command signal for the type of bus cycle according to 1able 4.9 as per the following:

1. Memory read command (MRDC#) signal is generated from memory data read (M/
10#=1, D/C#=1, W/R#=0) or memory code read (M/1O#=1, D/C#=0, W/R#=0) cycle.
MRDC commands the selected memory device to output data.

2. 1/0 read cycle (M/10#=0, D/C#=1, W/R#=0) generates the I/O read command (IORC#)
output. IORC# commands the selected 1/O device to output data.

3. Memory write command (MWTC#) is obtained from memory write cycle (M/IO#=1,
D/C#=1, W/R#=1). MWTCH# tells the selected memory device to receive data on the
data bus,

4. 1/O write command (IOWCH#) is obtained from the IO write cycle (M/10#=0, D/C#=1,

=, W/R#=1). IOWC# tells the selected I/O device to receive data on the data bus.

5. INTA# is generated from Interrupt Acknowledge cycle (M/10#=0, D/C#=0, W/R#=0).
INTA# is sent back to the Interrupt controller such as the 80259A. A sccond INTA#
cycle tells a device such as the 8257A to place the interrupt vector on the bus. PALs can
be used to design bus control logic.

Address latches maintain the 80386 address for the duration of the bus cycle and are
required to pipeline address since the address for the next bus cycle appears on the address
lines before the' end of the current bus cycle. Latches such as 74 X 373 can be used. Note that
the 80386 can be run without address pipelining to eliminate the need for address latching but
the system will run inefficiently. ,

Standard 8-bit transceivers (74 X 245) provide isolation and additional drive currents for the
80386 data bus. Transceivers are necessary to prevent the contention on the data bus that
occurs if some devices are slow to remove data from the data bus after a read cycle. Transceiv-
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. ers can be omitted if the data float time of the device is short enough and the load on the 80386
data pins meets device specifications. Figure 4.24 shows memory interface of a typical 80386-
based microcomputer.

Three 74AS8373 octal latches are used to maintain the address for the duration of the bus
cycle. The 74A8373 latch Enable (LE) input is controlled by the 80386 ALE output. The
74A8373 output Enable (OE#) is always active.” . .

Two 74F139 decoders (2 to 4) are used. The top 74F139 decoder has A31 and M/IC as
inputs. When the 80386 executes a memory-oriented instruction, it outputs HIGH on the
M/10 pinand if A31 is one, then the Y2 output of the decoder goes to LOW. The Y2 output
of the decoder is connected to the chip select 1 wait state ( CSIWS) of the PAL 16R8B. The
CSIWS is also latched by the 74AS373 and is used as the chip select for the 27128 EPROMs.
Note that the 80386 resct vector is included in high memory (FFEFFFFOH). Therefore, the
memory maps for EPROMS must include these high memory addresses. Also, when M/I0=1
and A31=0, the upper decoder generates chip select © wait state ( CSOWS). This signal 1s
latched and used as chip select for 651628, 2KX8 static RAMs.

The address pins, byte enable signals ( BE3- BE0), chip select outputs of the decoder and

W /R are latched by the 74AS373 at the falling edge of ALE. Note that 80386 address lines
Al through Al14 are used to address each EPROM.

The PAL 1 and PAL2 devices are used to design the bus control logic. PALI follows the
80386 bus cycles and gencerates the overall bus cycle timing. PAL2 generates most of the control
signals required for memory interface. The PAL equations are given in Intel 80386 hardware
reference manual. These equations can be assembled by a PAL assembler program. The
assembled code to the PAL is then applied by using a standard PROM programmer with a
special PAL enhancement. The write control logic for the SRAMs are implemented by using
74F32 quad OR gates. The memory write command ( MWTC) is applied to one input of each
one of the OR gates. The other input to each one of the OR gates is the appropriate byte enable
(BE3- BEO) signal. For example, when both MWTC and BE3 are low, then WE input of the
left most static RAM is enabled and data can then be written to that RAM.

Four 74AS5245 transceivers are used to provide buffering of the data lines. Then DEN
output generated by PAL2 is used to enable the transceivers and the latched 80386 W /R is
used to control the direction of data transfer.

Two 27128’s arc used to provide 16K x 16 of EPROM. These chips are connected to the 80386
D0-D15 pins. The 27128 requires 14-bit address, AO-A13. MRDC (Memory Read Command)
output generated by PAL2 is used to enable the 27128 OE Chip select signal ( CSIWS) from the
input of PALI is latched and then converted to CS inputs of the 27128’s. CSIWS is also
connected to the 80386 BS16 input to indicate to the 80386 that all read cycles are 16-bit.

The 27128 memory map can be determined as follows:

Memory Map for 27128-1 ODD

A31A30 . ... ... AlS Al4. ... ... Al AO
1 1
don’t cares all zeros
assume 1’s to ones
= FFFF8001H, FFFF8003H, . . . . . . , FFFFFFFFH.

Memory Map for 27128-1 EVEN

FEFEBOOOH, FFEFBO02ZH, = w « « v w v w , FFFFEFFEH
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Four 2K x 8 static RAM chips arc used to provide a total of 8K bytes of RAM storage. Each
RAM has 11-bit address input connected to the 80386 A12-A2 pins. When data is read from
SRAMs, the MRDC signals activate all four RAMs and the 32-bit data from the selected
location is placed on the 80386 D,,-D, pins. The 80386 then reads a byte, word, or double word
from the bus.

During write to SRAMs, the 80386 may not output a 32-bit word. The 80386 in this case
outputs the appropriate data size (byte, word or double word). It also sends appropriate BEQ-
BE3 signals to indicate which portion of the data bus carries the data. MWTC and WE
signals cnsure that data are written into the appropriate SRAM. Note that SRAMs are enabled
by the CSOWS signal. This means that data read and write bus cycle do not require any wait
states.

Let us determine the memory map for RAMs:

BANKO A31A30...AI3 Al2. . .A2A1A0
0 ——— ~——— 00
don't cares  all zcros to ones
assume 1’s
= 7FFFE000H, 7FFFEQ04H, . . . .,
BANK 1 7FFFE001H, 7FFFE005H, . . . . .
" BANK 2 7FFFE002H, 7FFFEO06H, . . . . .
BANK 3 7FFFE003H, 7FFFE007H, . . . . .

When an 80386-based microcomputer system uses a large main memory of several megabytes,
it is usually designed with high capacity, slow-speed dynamic RAMs and EPROMs. Although
access times of DRAMs and EPROM s can be as fast as 60ns and 120ns respectively, the 80386
microcomputer system with these chips is expensive and too slow for running with zero wait
states. The details of the 80386’s interfacing to DRAMs can be found in Intel manuals and is
beyond the scope of this chapter.

An 80386 microprocessor at a speed of 25MHz would require DRAMs at 40ns access time
for zero wait-state. This is why, for large memory, wait states afe introduced in all bus cycles
while accessing memory. These degrade the overall performance of the 80386-based micro-
computer. _

A cache memory subsystem can be implemented in the 80386-based microcomputer to
improve overall system performance while utilizing inexpensive, slow-speed DRAMs in main
memory.

A cache memory subsystem includes a small amount of fast static RAM and a large amount
of DRAM. The cache memory subsystem contains a fast SRAM between the 80386 and the
slower main memory (DRAMs) along with a cache controller. The cache controller such as
Intel 82385 inicludes the logic to implement the cache memory. Cache sizes are either 32K bytes
or 64K bytes. '

One of the two most widely used cache organizations, namely the direct-mapped cache or
two-way set associative cache, is utilized in an 80386 system. Details of the 80386 cache

implementation are provided in the 80386 hardware reference manual.

80386 1/O

The 80386 can use cither a standard 1/O or a memory-mapped 1/O technique.

The address decoding required to generate chip sclects for devices using standard /O is
often simpler than that required for memory-mapped devices. But, memory-mapped [/O
offers more flexibility in protection than standard 1/O does.

The 80386 can operate with 8-, 16-, and 32-bit peripherals.
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FIGURE 4.25 Basic I/O interface block diagram.,

Eight-bit I/O devices can be connected to any of the four 8-bit sections of the data bus.
Figure 4.25 shows 80386 1/0O interface block diagram.
In the figure, the 80386’s 32-bit data bus is multiplexed onto an 8-bit bus.
For efficient operation, 32-bit 1/O devices should be assigned to addresses that are cven
multiples of four. If 1/0 devices arc located on adjacent word boundaries, address decoding
must generate the BS16# signal so that the 80386 performs a 16-bit bus cycle.
The block diagram is very similar to the 80386 memory interface block diagram. The
purpose of various blocks in the figure has already been explained earlier in this section.
For standard I/O, the 80386 includes three types of I/O instructions. These are direct,
indirect, and string I/O instructions which include the following:

Direct
For 8-bit:

For 1l1l6-bit:
For 32-bit:

Indirect
For 8-bit:

For 16-bit:
For 32-bit:

String
For B8-bit:

For 1l1l6-bit:

IN AL, PORT
OUT PORT, AL
IN AX, PORT
OUT PORT, AX
IN EAX, PORT
OUT PORT, EAX

IN AL, DX

OUT DX, AL

IN AX, DX

OUT DX, AX

IN EAX, DX

QUT DX, EAX

INSB, (ES:DI) <« ((DX))
DI « DI £ 1

OUTSB ((DX)) < (ES:SI)
SI ¢« SI *+ 1

INSW, (ES:DI) « ((DX))
(DI) « DI + 2

OUTSW . (ES:SI) & ((DX))
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(SI) « SI * 2

For 32-bit: INSD, (ES:EDI) « ((DX))
EDI ¢« EDI * 4

ouUTSD, ((DX)) ¢ (ES:ESI)
ESI ¢ ESI * 4

The 82C55A Programmable Peripheral Interface (PPI) can be interfaced with the 80386 for
obtaining parallel ports for either standard or memory-mapped I/0. The pin diagram and the
features provided by the 82C55A are same as the 8255 which were described in Chapter 3. The
82C55A will be interfaced to the 80386 for simple I/O operation.

In summary, the 82C55A contains three 8-bit parallel ports namely Port A, Port B, and
Port C. These ports can be configured as input or output ports by writing 1 or 0 respectively
in the corresponding bits in the control register. The control register bits can be defined as

follows:

82C55A Conlrol Register
D, | Dy | Ds|Dy|Dy{D;|Dy|Dg

A A A A A
Must be one to
configure ports Port C

for I/O operation i
O=output %g‘i\,ﬁ:j-bﬂs
00 (mode 0) 0=oulp1;t
for simple /O Port B
Port A 1=input,
T=input O=output
O=oulput
' Port C Must be 0 for
upper 4-bits simple YO
1=input
O=output

For example, outputting 89H to the control register will configure Ports A and B as output

ports and Port C as an input port.
The 82C55A ports and control register are sclected by the two-bit register select inputs (AQ

and Al inputs of the 82C55A) as follows:

Al A0

0 0 Port A

0 1 Port B

1 0 Port C

1 1 Control Register

Figure 4.26 shows 82C55A-80386 interface using standard I/O.
Now let us determine the 1/0 port addresses in the 82C55A-4.
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80386 Signals
A4 A Op o]
A5 B o »{ DO-D7 (LOrLA
» A
A6 c > AD
BE3 % [ 1] > Al PLCLY:IN
M0 ’s (77 » RD
+5V 19" 74r138 F’ WR S 1
or 3
Address Bit dove 0, B2C55A-1
024‘[}3!".-
A2
Al
TORC
fOWC
—A 00 e
B o, »{ D0-D7 PorLA
bEz < e :
dcz > Al it T
q G2ZA > RD P
+5V G 7ar138 i e A
or . ress
Address Bit Decoder =7 B82C55A-2
Dyg-Da3
— A 00 : G
B 0, »| D0.D7 POrLA
3] C_ AL
dczs > Al PLLLY NG
—d GIA > RD ol
+5V Gl yar138 e hia Sy
or . Address
Address Bit Decoder ©7 82C55A.3
Dg-Dy 5
A Op ol
B 0, »! D0-D7 FOA L
p— C » A0
BE0 o
L dG7 > Al Sl LT
—GZA > RG —
. #8V Gl =
or
Address Bit 0 B2C55A-4
Dy-Dy <
FIGURE 4.26  80386-82C55A interface using standard 1/0.
A7 A6 AS Ad A2 Al
X 1 1 1 0 0
T —_——
don't care Port A
assume 1 =FOH

Note that, since BEO is used to select the 82C55A-4, 80386 A, and A, pins will be zeros.

Therefore in the 82C55A-4 the port addresses can be obtained as follows:

A0
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8-bit Address Port Name

FOH Port A
F4H Port B
F8H Port C
FCH . Control Register

The seven other unused outputs of cach address decoder can be used to enable three BZCSSA:.( S
in each category. Similarly, the port addresses for the other 82C55A’s can be obtained ﬁ oy
follows: + [ag

8-bit Address  Port Name

FIH Port A
82C55A-3  FSH Port B ol :
F9H Port C TR
FDH Control Register e ¢ 5
F2H Port A
82C55A-2  F6H Port B
FAH Port C
FEH Control Register
F3H Port A ; 320
82C55A-1 F7H Port B siud
FBH Port C - Tg
FFH Control Register :

Note that IORC and IOWC are the outputs of PAL2 of the 80386 memory interface of Flgm ¥ i
4.24, yia
Using memory-mapped I/Q, a read-mode 80386 can be interfaced to 82C55’s in Figure ¢ > 2
by connecting MRDC and MWTC outputs of PAL2 of Figure 4.24 to RD and WR of e
82C55A respectively. The G2A input line of the 74F138 can be connected through an mzctﬁp 4
to unused 80386 address line such as_A19, G1 can be connected to the 80386 M/IO pw
through an inverter so that when M/10=0 and A19=1, I/O ports are selected. The unused
outputs 0, through 04 of the 74F138 decodes can be connected to other peripherals. Ih
schematic of Figure 4.26 can be changed to memory-mapped 1/0 by connecting each of the:
82C55’s as above. Note that M/I0=1 and A19=0 can be used to select memory chips. -

Example 4.14

Write an 80386 assembly language program to input two 32-bit data via Ports 5274H e
5270H, logically OR them together and then output the 32-bit result to Port 5270H. :

Solution

MOV DX, 5274H
IN EAX, DX
MOV EBX, EAX Save data

MOV DX, 5270H Initialize DX

IN EAX, DX ; Input second 32-bit data

Initialize DX
Input first 32-bit data

-

e me e
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OR EAX, EBX ;3 Or the two data
ouT DX, EAX H Output to Port 5270H
HLT

Example 4.15

Prior execution of the 80386 INSD instruction, assume the following data:

EDI = 00000032H

Contents of address [ES:EDI] = 37124426H
DX = 0020H, DF = 0

Contents of PORT 0020H = EEEF2752H

What are the contents of EDI, [ES:EDI], DX, DF, and PORT 0020H after execution of the
INSD?

Solution

DF=0, EDI=00000036H

Contents of [ES:EDI]=EEEF2752H
DX=0020H

Contents of PORT 0020H=EEEF2752H

Example 4.16

Port A 0 2 Vi
1
. - —v-V2
7 +5V
PortC| O +5V
= LED
80386/82C55A 7
Microcomputer

For the above, write an 80386 assembly language program such thatif V, > V,, input the switch
via bit 0 of 82C55A Port C and if the switch is closed, turn the LED ON.

Solution
MOV AL, S90H ; Configure Port A as input, Port C
; lower
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QUT CNTRL, AL ; 4-bit as input and uppaer 4-bit as
; output
CHK: 1IN AL, PORTA ; Input Porxrt A
AND AL, O02H ; check V1 >V,
CMP AL, 02H ;i check if V > V,
JNZ CHK ;i Loop if V, < V,
IN AL, PORT C ; Input switch
BTC AL, O ; complement bit 0 of Port C
RCR AL,2
ouT PORT C, AL ; output to Port C
HLT .

Example 4.17

Repeat Example 4.16 using interrupt I/O. Assume that the comparator output is connected to
80386 INTR pin. Use INT255.

Solution

The block diagram for servicing interrupt is as follows:

M/IO# INTR
—@ D/CH - f———V2
W/R#

PortC| O +5V

LED

A

80386/82C55A D,-D,
Microcomputer

e (] 7415244

A

te
255
Note that MIO#=0, D/C#=0, and W/R#=0 indicale Interrupt Acknowledge

Assume all segment registers are initialized. Write service routine at IP=3000H and CS=0200H.

Main Program
MOV  SP, VALUE ; Initialize SP
STI ; Enable Interrupts
MOV AL, 90H ; Comnfigure
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OUT CNTRL, AL 7 Port C lower 4-bit as input,
: . ; upper 4-bit as output
AR JMP  WAIT ; wait for interrupt
gaded i HLT

Routine

ORG 30000200H

IN AL, PORT € ; Input switch

BTC AL, O ; complement switch
RCR AL, 2

ouT PORT C, AL ; output to LED

ORG 000003FCH
DD 02003000H ; Initialize IP = 0200H and
; €S8 = 3000H

*, The 80287 performs 16-bit transfers with a 16-bit data bus whllc the 80387 performs 32-bit
transfers with a 32-bit data bus. The 80387 provides additional enhancements to the 80287 and
":ncludes full compatibility with the IEEE Floating-Point Standard draft 10.
..~ The 80387 can utilize seven types of data using any 80386 addressing mode. These 80387
R p{-lhta types are listed in the following:

1. 32-bit Short real

. 64-bit Long recal

3. 80-bit Temporary real
. 16-bit Word Integer

. 32-bit Short Integer

. 64-bit Long Integer

. 80-bit Packed decimal

' 3 :!;ﬂw 32-bit short real (single precision) format contains the 23-bit significand (bits 0-22), 8-
; "::ﬁt bxascd cxponent (bus 23-30) and the 31gn bit (bit 31) Thc 64-bit Long real (doublc

L b'uficand (bits 0-63), lhc 15- blt biased exponent (bits 64-78), and the sign bit (bit 79)
. The 80-bit packed decimal contains 18 decimal digits (bits 0-71) and the sign bit (bit 79).
:\f’&l 72 thru 78 are undeﬁncd

The 80386 samples its ERROR# input during initialization to determine which coprocessor is
. present. The 80287 and 80387 require different interfaces and therefore, slightly different
", protocols.
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For coprocessor cycles, the address pin Ay, is HIGH. I/O addresses 800000F8H and
800000FCH are used for transferring data to and from a coprocessor. The 80386 automatically
generates these addresses for coprocessor instructions. Also, the 80386 provides chip-select
signals for the coprocessor using Ay, =1 and M/IO#=0.

The 80386 utilizes three input signals for controlling data transfers with coprocessors, These
are BUSY#, Coprocessor Request (PEREQ), and ERROR#.

'The BUSY# indicates that the coprocessor is presently executing an instruction and there-
fore cannot accept another instruction. A new instruction, therefore, cannot overrun the
exccution of the current coprocessor instruction.

PEREQ indicates that the coprocessor needs to perform data transfer to or from memory.
Since the coprocessor is never a bus master, all I/O transfers are performed by the 80386.

Ifa coprocessor math instruction results in an crror that is not masked by the coprocessor’s
control register, the ERROR# signal is asserted. The coprocessor data sheets describe these
errors and explain how to mask them by writing programs.

The interfacing characteristics of the 80386 with the 80387 Numeric coprocessor is de-
scribed in the following.

The 80387 runs at an internal clock frequency of up to 16MHz. It is designed to run either
fully synchronously or pseudo synchronously with the 80386. In the pseudo synchronous
mode, the interface logic of the 80387 runs with the 80386 clock signal while internal logic runs
with a different clock signal,

Figure 4.27 shows a typical 80386-80387 interface schematic. The main interfaces arc
described below:

. The 80386 and 80387 BUSY#, ERROR#, and PEREQ signals are directly connected.
The 82384 RESET output is connected to the 80386 RESET and 80387 RESET IN
signals.

The 80387 chip select inputs, NPS1# and NPS2 are respectively connected to the 80386

M/IO# and A31. With M/IO#=0 and A31=1, the 80386 selects the coprocessor.

+ The command input (CMD#) of the 80387 distinguishes data from commands. The
80386 A2 is connected directly to the 80387 CMD#. The 80386 outputs address
800000FCH when reading or writing data while address 800000F8H is used when
writing a command or reading status.

. The 80387 uses READY# and ADS# pins to track bus activity and determine when W/
R#, NPS1#, NPS2 and status Enable (STEN) can be sampled. STEN is an 80387 chip
select and is pulled HIGH. If multiple 80387's are used by one 80386, STEN can be used
to activate onc 80387 at a time.

* Ready out (READYO0#) is an optional signal that can be used to generate the wait states
required by a coprocessor. When the 80386 encounters a coprocessor instruction, it
automatically gencrates onc or more 1/O cycles to addresses 800000F8H and 800000FCL.
The 80386 performs all bus cycles to memory and transfers data to and from the 80387.
All 80387 transfers are 32-bit wide. For 16-bit memorics, the 80386 automatically
performs the necessary conversion before transferring data-with the 80387.

-

Read cycles (transfer from 80387 to the 80386) require at least one wait state while write
cycles to the 80386 require no wait states. This requirement is automatically reflected in the
state of the 80387 READYO0# output which can be used to generate the required wait states.

Upon hardware reset, the 80386 before executing the first instruction, checks its ERROR#
input to determine the type of coprocessor present. If the 80386 samples ERROR# low, it
assumes that an 80387 is present. On the other hand, a high ERROR# input indicates cither
an 80287 is present or no coprocessor is used. .

The coprocessor type can be determined via software by checking the ET bit in the machine
status word. The 80387 is present if ET=1.
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32 MHz Clock Generator
From other Peripherals

IRRR
X1 X2 EFl F/C#
© ADSO#
80387 i
82384 Gg‘e’fa‘jor »{ 387CLK2
" (Optional)
CLK2 » 386CLK2
RES# CLK >
RESET RESET IN
T READY#
> ADS#
Wiail State
< Generator
(Optional) READYO#
and/or Logic
80387
D/Ch
RESET
dl REiD g LOCKH [—>
.__! CLK2 EO#-BE3# |—>»
—»{BS16# \
i aiy
> HELD A30-A3 -—-)- .
TR -AZ CMD.
—> NMI #
Wiki 32 PR STEN
ADS# o > ADSH
D0-D31 DO0-D31
BUSY# [ BUSY#
ERROR#H <€ ERROR#
PEREQ [€ PEREQ
80386 80386 80387 Psudo Synchronous

Hardware Interface

FIGURE 4.27 80386 system with 80387 coprocessor.

If the 80386 finds that an 80387 is present, an 80386 program must be written to execute
the FNINT instruction to reset 80387 ERROR# output before any coprocessor transaction
occurs.

When 80386 finds that cither an 80287 is present or a coprocessor is not used, an 80386
program must be executed to determine the presence of an 80287 in order to set an internal
status. An example of an 80386 instruction sequence to check the presence of an 80287 is given
below:

;Initialization Routine to Detect An 80287 Numeric Processor

FND_287: FNINIT v INITIALIZE NUMERIC
. ;  PROCESSOR
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FSTSW  AX ; RETRIEVE 80287 STATUS WORD
OR AL, AL ; TEST LOW-BYTE 80287
; EXCEPTION FLAGS. IF ALL
; 2ZERO, THEN 80287 PRESENT AND
; PROPERLY INITIALIZED.
; IF NOT ALL ZERO, THEN 80287
Jz GOT_287 ; ABSENT. BRANCH IF
; 80287 PRESENT
SMSW AX ; NO NUMERIC PROCESSOR
OR AX, 04H ; SET EM BIT IN MACHINE
LMSW AX ; STATUS WORD TO ENABLE
; SOFTWARE EMULATION OF 80287
JMP CONTINUE ' .
GOT_287:  SMSW AX ; NUMERIC PROCESSOR PRESENT
OR AX, 02H ; SET MP BIT IN MACHINE
LMSW AX ; STATUS WORD TO PERMIT
; NORMAL 80287 OPERATION
CONTINUE: ; AND OFF WE GO ....

In the above instruction sequence, the 80386 assumes that the 80287 is present. Therefore, it

executes an ENINT instruction. Next, the 80386 reads the 80287 status word. If an 80287 s
present, the lower 8 bits of this word (the exception flags) are all zeros. If an 80287 is not
present, these data-lines are floating. If a pull-up resistor is connected to at least one of these
lines, the absence of the 80287 is confirmed by at least one high bit in the lower eight bits of
the status word. The routine then sets or rescts the Emulate Coprocessor (EM) bit of the CRO
register of the 80386, depending on whether or not the 80287 is present.

Coprocessor Registers

Figure 4.28 shows the 80387 registers.
The 80387 contains three types of registers:

1. Eight 80-bit floating point stack registers

2. One 16-bit status word, one 16-bit control word and one 16-bit tag register

3. Four 32-bit error-pointer registers namely FIP, FCS, FOO, and FOS which storg the
instruction and memory operand causing an exception

The 80386 floating-point instructions consider the eight 80-bit registers as a stack of accumu-
lators. The current stack top is called ST or ST(0). After a LOAD or PUSH, ST(0) becomes
ST(1) and all other ST(i)’s are incremented by one. After a STORE or POP, ST(1) before the
POP becomes the new ST(0), and all ST(i)’s are decremented by one. A 3-bit field name TOP
in the status word defines the register number ST(0) of the current stack top. If TOP=000,, a
push will decrement TOP to 111, and store a new value into ST(7). ST(7) is the present stack
top. On the other hand, if TOP=111,, a POP will read a value from ST(7) and then increment
top to 000, so that ST(0) becomes the new top of stack.

The 16-bit tag register includes eight 2-bit fields—one for cach physical floating point register.
This two-bit field indicates whether the corresponding physical floating-point register (0-7)
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797 78 64,63 Significand 0 Stack Name
Physical 0 ST(6)
Register
Numbers | ST(7)
2 ST(0)
3 ST(1)
4 ST(2)
5 ST(3)
6 ST(4)
7 ST(5)
Sign Biased  Significand
Exponent
31 16,15 0
FIP
FES
FOO
FOS
“ 15 0
Status Word
Control Word
Tag Word

FIGURE 4.28 80387 registers.

rather than ST-relative names contains a valid, zero or special floating-point number(infinity,
NAN) or is empty. The tag fields are used to indicate overflow or underflow of ST(i)’s. A stack
overflow occurs if a PUSH decrements TOP to point to an ST(i) that is not empty. A stack
underflow occurs if an empty ST(i) is popped. Stack underflow or overflow generates an
invalid operation exception.

The control word register can be written by the program to control the 80387 operatlon The
control word contains exception mask bits for situations such as invalid operation, zero divide,
overflow, and underflow. If the 80387 encounters an exception, the mask bit for that exception
is checked to determine if the exception should be sent to a program error handler if the mask
bit=0 or handled by an 80387 error handler if the mask bit=1.

The control word also contains information such as precision control and rounding control.
The two-bit precision control field specifies that the results of arithmetic operations are
rounded to 24-bit (short real), 53 bits (long real), or 64-bits (temporary real) precision before
storing into the destination. All other operations use temporary real precision or a precision
specified in the instruction.

On the other hand, the two bit rounding control field specifies that the results of floating-
point operations are approximated or rounded to nearest toward minus infinity, plus infinity,
or truncate toward zero.

The 80387 updates the bits of the status word register that can be checked by the program
to check for special conditions. Bits 11, 12, and 13 specify the TOP field containing the three
bit address of the physical register stack (0-7) corresponding to ST(0). The other bits in the
status register include information such as indication of exception due to floating-point
operations and floating-point condition code bits. '

The four 32-bit 80387 Error Pointer register (FIP, FCS, FOO, and FOS) hold pointers to the
last 80387 instruction executed along with its data. FCS stores the CS selector while FIP stores
the IP offset. FOS, on the other hand, stores operand selector while FOO contains the operand
offset.
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4.4.3 80387 Instructions

The 80387 floating point instructions can be classified into six groups. These are data transfer,
arithmetic, comparison, transcendental, loading, and control instructions. Some of these
instructions are described in the following:

i)

ii)

Data Transfer Instructions %

-FLD mem or
ST(n)

-FXCH ST(n)

-FST mem or
ST(n)

mem can be short, long or temporary real. This instruction first
decrements stack pointer by one and then loads the specified real
number onto the new stack top.

Example:

Consider FLD mem32. If prior to execution of this FLD, contents of
mem32 = 4.1572 * 10° with TOP = 4 then after FLD, contents of
mem32 = 4.1572 * 10%, ST = 4.1572 * 10° with TOP =3

This instruction exchanges the contents of ST(n) with the stack top.
Example:

Consider EXCH ST(5). If prior to execution of this instruction, ST
= 571252 * 10, ST(5) = —2.78164 * 10% with TOP =5 then after.
this FXCH, ST = —2.78164 * 10%, ST(5) = 5.71252 * 10-%7 with TOP
=35,

The stack top is stored into specified memory or ST(n). FTSP mem
or ST(n) is identical to FST except that the stack is popped after
transfer,

Arithmetic Instructions

-FABS

-FADD
EADD ST(n)

-FDIV

FDIV:

FDIVP ST(n),ST:
FDIV ST(n):
FIDIV src:

This instruction converts the stack top td its absolute value.
Example: :
If prior to execution of FABS, ST = -5.372 * 10 then after FABS,
ST = 5.372% 103
Performs real addition.
« FADD;ST « ST + ST(1)
« FADD ST(n);

ST « ST + ST(n)
Example:
If prior'to execution of FADD,
ST=3.17300 * 104, ST(1) = 2.167 * 10°
then after FADD,
§T=3.38970 * 104, ST(1) = 2.167 * 10°
Performs real division.
ST « ST/ST(1)
ST(n) & ST(n)/ST. Stack is popped.
ST « ST/ST(n) :
ST ¢ ST/src. Integer divide
src may be ST(n) or integer
Example:
If prior execution of FDIV,
ST = 4.240 * 10, ST(1) = 8.480 * 10*
then after FDIV,
ST = 5.000 * 108, ST(1) = 8.480 * 10"
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-FIMUL src
-FMUL:

FMUL:

FMUL src
FMUL ST(n),src

-FSUB
FSUB:
FSUB ST(n):

* _FSQRT

iii)

Integer multiply. ST « ST * src

Performs multiplication of real numbers.

ST « ST(1) * ST N

ST « ST * src; src may be ST(n) or a real number
ST(n) «ST(n)*src; src may be ST(n) or a real number
Example:

If prior to execution of FMUL,

ST = 2.500 * 10-'9, ST(1) = 2.500 * 10+
then after FMUL,

ST = 6.250 * 1073, ST(1) = 2.500 * 107
Performs real subtraction

ST(1) « ST(1) - ST

ST < ST - ST(n)

Example:

If prior execution of FSUB,

ST = 7.140 * 10, ST(1) = 8.217 * 10"
then after FSUB,

ST(1) = 7.503 * 10"

ST « sqrt(ST)

Example

If prior execution of FSQRT,

ST =2.25* 108

then after FSQRT,

ST=15*10°

Comparison Instructions

-FCOM ST(n)

Compares ST(n) numerically with top of stack. The condition codes
C3, C2, and CO (bits 14,10, and 8 in the status word) are set accord-
ing to the following:

C3 € ©o
ST>ST(n) 0 0 O
ST<ST(n) 0 0 1
ST = ST(n) 1 0 0

Transcendental Instructions

-F2XMI:

-FCOS
-FSIN
-FSINCOS
-FYL2X

FYL2XPI

ST 25T 1

The range of the values of ST prior execution of F2XMI is 0.5 to
+0.5. :

This instruction computes the cosine of ST. ST is assumed to contain
real numbers in radians. The result replaces the original ST.

This instruction computes the sine of ST. ST is assumed to contain
real number in radians. The result replaces ST.

ST « COS(ST)

ST(1) « SIN(ST)

ST = ST(1) * LOG,(ST)

The stack is popped and the new stack top is replaced with the result.
ST = ST(1) * LOG,(ST + 1.0)

The stack is popped and the new stack top is replace with the result
of this computation.
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v) Loading Instructions
-FLD n The stack is pushed. The constant value, n is loaded into the new top

of stack (ST) according to the following:
FLDI Load 1.0
FLDL2E  Load Log,e
FLDL2T  Load Log,10
FLDLG2 Load Log,;2
FLDLN2 Load Log2
FLDPI Load m
FLDZ Load 0.0

vi) Control Instructions
-FLDCW meml6 Loads the control word with the contents of mem 16.
Example:
If prior execution of FLDCW mem16,
CW = 2547H, meml6 = 25F2H
then after FLDCW memls6,
CW = 25F2H, meml16 = 25F2H.

Example 4.18 ‘ ,

Write an 80386 assembly language program using 80387 floating point instructions to com-
2 2
pute Y=~X" =Z°.

Solution

FLD Z ; Load Z onto stack top
FMUL ST, ST Compute Z*

FLD X

Load X onto stack
compute X? '
Compute X? - Z?
Y=SQRT (X? - Z3)

FMUL ST, ST
FSUB ST, S8T(1)
FSQRT

HLT

LU TR TR T

Example 4.19

Write an 80386 assembly language program using 80387 floating p,o'mt instructions to com-
pute the volume of a sphere = (4/3) * 7 * r* where r is the radius of the sphere.

Solution.
FLD 5 ; Load r to stack top
FST sST(1) Make a copy of r on stack

FMUL ST, ST
FMUL ST, ST(1)
FMUL NUM

FDIV NUM1

compute x?

compute x?

Compute- 4*r?
Compute (4/3) * x?

R R THE T

~

e

FLDPI Load T
FMUL ST, ST(1l) ; Compute volume
HLT

The above program assumes NUM and NUM], respectively store real numbers 4.0 and 3.0.
Also, memory location r stores the radius.
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QUESTIONS AND PROBLEMS

4.1 Write an 80186 assembly program to multiply a 16-bit signed number in BX by 00F3H.
Assume that the result is 16 bits wide.

4.2 Identify the peripheral functional blocks integrat?:d into the 80186.

4.3 What is the relationship between internal and external clocks of the 801867
4.4 Identify the basic differences between 8086 and 80186.

4.5 Identify the main differences between the 80186 and 80286.

46 How much physical and virtual memory can the 80286 address?

4.7 What is the difference between the 80286 real address mode and PVAM? Explain how
these two modes can be switched back and forth.

4.8  Explain how the 80286 determines wherein memory the global descriptor table and the
present local descriptor table are located.

4.9 Discuss bricfly the 80286 protection mechanism.

4.10 Explain the meaning of 80286 call gates.

4.11 What is the purpose of 80286 CAP, COD/INTA pins?
4.12  Identify the 80286 pins used for interfacing it to a coprocessor.

4.13  Discuss the issues associated with isolating a user program from a supervisor program
and then describe the 80286’s protection features for protection. Assume that no task switch-
ing is involyed. Also, assume that the supervisor program will perform all I/O operations and
be present in the virtual memory space.

4.14  Compare the features of the 80386 with those of the 80286 from the following point of
view: registers, clock rate, number of pins, number of instructions, modes of operation,

memory management, and protection mechanism.

4.15  What are the basic differences between the 80386 real, protected, and virtual 8086
modes?

4.16 Assume the following register contents:

[EBX] = 0000 2000H
[ECX] = 0500 0000H
[EDX] = 5000 5000H

prior to execution of each of the 80386 instructions listed below. Determine the effective
address after execution of cach instruction and identify the addressing modes of both source
and destination:

i) MOV [EBX * 2] [ECX], EDX
ii) MOV [EBX * 4] [ECX + 20H], EDX
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4.17 Determine the effect of each of the following 80386 instructions:

i) MOVZX ECX, BX
assume [ECX] = F1250024H
[BX] = F130H

prior to exccutign ofthe MOVZX instruction.

ii) SHLD CX, BX, 0
if [CX] = O0@25H, [BX] = QF27H
prior to exccution of the SHLD instruction.

4.18 Given the following data prior to the execution of cach of the following instructions,
determine the contents of the specified registers and carry flag after execution:

i) Prior to expcution: [EAX]=0527AF12H
[EBX]=0071FFD1H
CF=1
After execution of BTC EAX, EBX
ii) Priar execution: [BX]=F216H
CF=1
After execution of BTR BX, 20H
iii) Prior to execution: [EDX]=F214721FH
CF=1
After execution of: BTS EDX, 35H

4.19  Write an 80386 assembly language program to divide a signed 64-bit number in
EBX:EAX by a 16-bit signed number in AX. Store the 32-bit quotient and remainder in
memory locations.

4.20 Write an 80386 assembly program to compute Xi?/N where N = 100 and Xi’s are signed
32-bit numbers, Assume that Xi? can be stored as a 32-bit signed number without overflow.

4.21 Write an 80386 assembly program to input 100 32-bit string data via a port addressed
by DX. The program will then store the data in memory locations addressed by (DS] and [ESI].

4.22 Find asingle 80386 MOV instruction with the appropriate addressing mode to replace
the following 80386 instruction sequence:

MOV CL, 3

SAL ESI, CL

MOV EAX, [ESI]

4.23  Write an 80386 assembly language program to compute the following: X = Y + Z —
20EEH where X, Y, and Z arc 64-bit variables. The upper 32 bits of Y and Z arc stored at 3000H
and 3008H each followed by the lower 32 bits. Store the upper 32-bit of the 64-bit result at
location at 4000H followed by the lower 32 bits.

4.24  Assume that the 80386 registers BL, CX, and EDX contain a signed byte, a signed word,
and a signed 32-bit word in two's complement form respectively. Write an 80386 assembly
language program that will generate the signed result of operation BL + CX - EDX — EDX.

4.25 Write an 80386 assembly language program to compute:
ECX=6*BX+EDX/EAX

where all numbers are signed numbers. Discard the remainder of EDX/EAX.
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Write an 80386 assembly language program that checks all 32 bits of EAX from right

to left (bit 0 to bit 31). The program will set the corresponding bit in EBXtbased on the location
of the first one bit found in EAX. If the entire 32 bits of EAX are zero, clear EBX to all zeros.

4.27

Discuss how the following situation will be handled by the 80386: The 80386 cxecuting

an instruction causegboth a gencral protection fault (interrupt 13) and coprocessdr segment
overrun (intetrupt 9).

4,28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

4.36

How does thne 80386 generate the 32-bit physical address from A2-A31 and BE0#-BE3#?
What are the purposes of NA#, D/C#, BS16#, and ERROR# pins?

For 16- and 32-bit transfers, what is the logic level of the BS16# pin?

Discuss briefly the 80386 segmentation unit, paging unit, and protection.

How many bits are required for the address in real and prolcclcd‘ modes?

Discuss the basic differences between the 80286 and 80386 descriptors.

What is the four-level hierarchical protection in protected mode?

Discuss briefly the 80386 virtual mode.

Consider the following pins and signals:

)

WE .
READY|—  —|CE 107-100 }— : v -
NAl— —C5
CLK2}—  —]AD-A10
RESET }—
ADS |— 651628
M/IO —
D/C}—  —]OE 07-00f—
wWRL— —CS
BSI6— —{A13-A10
A31-A2 — 27128
BE3-BEO |— —
803!?63 e [ ek
O e <—>» PORT B
B o Le¢—» PORT C
—RD
—{WR
82C55A

Draw a simplified diagram connecting the above chips to include the following:

-The 651628 to contain addresses
XXXXXXX1H, XXXXXXX5H, XXXXXXX9H . . . ..

-The 27128 to include addresses
XXXXXXXOH, XXXXXXX4H, XXXXXXX8H, . . ...

........
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-The 82C55A to contain port addresses

Port A = X1H
Port B = X5H
Port C = X9H

Assume all don’t cares (X) to be zeros. Use PALs, latches, and other components as required.
Determine memory and [/O maps.

4.37 J'Vx

Port A f= DBO - DB7
cs
o |

Bit 0 of Part C » RD

Bit 1 of Pont C » WR

Bit 7 of Port C = INTR
80386/82C55A ADC 0804
Microcomputer AJD Converter

The ADC 0804 can be started by sending a HIGH to LOW transition at the WR pin. The
conversion is completed when INTR is LOW. The 8-bit data at the DB0-DB7 pins can be read
by the microcomputer by sending a LOW at the RD pin.

Write an 80386 assembly language program to start the 0804 by the microcomputer and

input the converted data via Port A.

4.38 Repeat problem 4.37 by using:
i) NMI
ii) INTR
439  Assume 80386/80387 system. Write an 80386 assembly language program using floating

point instructions to compute the mass of a sphere with radius r and density of Log 2. Mass’
is cqual to density times volume.

4.40 Assume 80386/80387 system. Writc an 80386 assembly language program to compute
the logarithm with a base other than 2; or log base ‘n’ of X (Log,X).
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MOTOROLA MC68000

This chapter describes the details of the Motorola 68000 microprocessor. The basic architec-
ture, addressing modes, instruction set, and interfacing features of the Motorola 68000 are
included.

Introduction

The MC68000 is Motorola’s first 16-bit microprocessor. All 68000 address and data registers
are 32 bits wide and its ALU is 16 bits wide. The 68000 is designed using HMOS technology.
The 68000 requires a single 5V supply. The processor can be operated from a maximum
internal clock frequency of 25 MHz. The 68000 is available in several frequencies. These
include 6 MHz, 8 MHz, 10 MHz, 12.5 MHzg, 16.67 MHz, and 25 MHz. The 68000 does not have
on-chip clock circuitry and, thercfore, requires a crystal oscillator or external clock gencrator/
driver circuit to generate the clock.

The 68000 has several different versions. These include 68008, 68010, and 68012. The 68000
and 68010 are packaged in a 64-pin DIP (Dual In-line Package) with all pins assigned or in a
68-pin quad pack or Pin Grid Array (PGA) with some unused pins. The 68000 is also packaged
in 68-terminal chip carrier. The 68008 is packaged in a 48-pin dual in-line package while the
68012 is packaged in 84-pin grid array. The 68008 provides the basic 68000 capabilities with
inexpensive packaging. It has an 8-bit data bus which facilitates interfacing of this chip to
inexpensive 8-bit peripheral chips.

The 68010 provides hardware-based virtual memory support and efficient looping instruc-
tions. Like the 68000, it has a 16-bit data bus and a 24-bit address bus.

The 68012 includes all the 68010 features with a 31-bit address bus.

The clock frequencies of the 68008, 68010, and 68012 arc the same as the 68000.

The following table summarizes the basic differences among the 68000 family members:

68000 68008 68010 68012
Data size (bits) 16 8 - 16 16
Address bus size (bits) 24 20 24 31
Virtual memory No No Yes Yes
Directly addressable 16 Mbytes 1 Mbyte 16 Mybtes 2 gigabytes memory

In order to implement operating systems and protection features, the 68000 can be operated
in two modes. These are supervisor and user modes. The supervisor mode is also called the
operating system mode. In this mode, the 68000 can execute all instructions. The 68000
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TABLE 5.1 68000 Wser :m‘-.l Supervisor Modes

Supervisor mode User mode
Enter mode by Recognition of a trap, reset, or interrupt Clearing status bit S
System stack pointer Supervisor stack pointer User stack pointer registers AO-A6
Other stack pointers User stack pointer and registers AO-A6
Instructions available All including All except those listed under supervisor
sTop mode
RESET

MOVE to/from SR
ANDI to/from SR
ORI to/from SR
EORI to SR
MOVE USP to (An)
MOVE to USP
RTE
Function code pin FC2 1 0

operates in one of these modes based on the S-bit of the Status register. When the S-bit is one,
the 68000 operates in the supervisor mode. On the other hand, the 68000 operates in the user
mode when § =0,

Table 5.1 lists the basic differences between 68000 user and supervisor modes,

From Table 5.1 it can be seen that the 68000 executing a program in supervisor mode can
enter the user mode by modifying the S-bit of the Status register to zero via an instruction.
Instructions such as MOVE to SR, ORI to SR, EORI t SR can be used to accomplish this. On
the other hand, the 68000 executing a program in user mod= = n enter the supervisor mode
only via recognition of a trap, reset, or interrupt. Note that upon hardware reset, the 68000
operates in the supervisor mode and can execute all instructions. An attempt to execute
privileged instructions (instructions that can only be executed in supervisor mode) in user
mode will automatically generate an internal interrupt (trap) by the 68000.

The logical level in the 68000 Function Code pin (FC2) indicates to the external devices
whether the 68000 is currently operating in user or supervisor mode. The 68000 has three
function code pins (FC2, FC1, and FCO) which indicate to the external devices whether the
68000 is accessing supervisor program/data, user program/data, or performing an interrupt
acknowledge cycle. These three pins are used for memory protection and for enabling an
external chip such as the 7415244 to provide an interrupt address vector.

The 68000 can operate on six different data types. These are bit, 4-bit BCD digit, 8-bit
packed BCD, 8-bit byte, 16-bit word, and 32-bit long word. '

The 68000 provides 56 basic instructions. With 14 addressing modes, 56 instructions, and
6 data types, the 68000 includes more than 1000 op codes. The fastest instruction is MOVE reg,
reg and is executed in 500 ns at 8-MHz clock. The slowest instruction is 32-bit by 16-bit divide,
which is executed in 21.25 ps at 8-MHz clock.

Like the 8-bit Motorola microprocessors such as Motorola 6800 and 6809, the 68000
supports memory-mapped I/O. Thus, the 68000 instruction set does not include any IN or
OUT instructions. This allows the full instruction set to be used by I/O.

The 68000 is a general-purpose register-based microprocessor since any data register can be
used as an accumulator or as a scratch pad register. Even though the 68000 program counter
is 32 bits wide, only the low-order 24 bits are used for PC. With 24 bits as address, the 68000
can directly address 16 megabytes (22) of memory.

68000 Programming Model

The register architecture of the 68000 is shown in Figure 5.1.
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31 16,15 8,7 0
\ ' Dv  Eight
i i : : D data
I : _| B2 registers
: . 0;
— ' . J—
I \ H _1 D4
- : : os
. 5 ; o:
i i D;
31 16,15 0
i I ] A Nine
s : | A agldress/stack
L ! _| A: registers
' - A3
'
=5 ¥ — A4
- ' — As
s s s s mcm . T S . - - As
User Smckpomler Ar USP
- Supervisory ... Stack pointer s A7'SSP
31 23 4]
' Program
: counter
15 8,7 0
System ! User Status
wie : byte register

FIGURE 5.1 MC68000 programming model.

The 68000 chip contains cight 32-bit data registers (D0-D7) and nine 32-bit address
registers (A0-A7, A7’). The 68000 uses A7 or A7” as the user or supervisor stack pointer,
depending on the mode of operation. Data items such as bytes (8 bits), words (16 bits), long
words (32 bits), and BED sumbers (8 bits) arc usually stored in the data registers. On the other
hand, the address of the operand is usually stored in an address register. Since the address sizes
used by 68000 instructions can be cither 16 or 24 bits, the address registers can only be used
as 16- or 32-bit registers. While using the 32-bit address registers as addresses, the 68000
discards the uppermost eight bits (bits 24 thru 31).

The 68000 status register consists of two bytes. These are a user byte and a system byte
(Figure 5.2). The user byte includes the usual condition codes such as C, V, N, 4, and X. The
meaning of C, V, N, and Z flags is obvious. However, the X-bit (extend bit) has a special
meaning. The 68000 does not have any ADDC or SUBC instructioms; rather, it has ADDX or
SUBX instructions. For arithmetic operations, the carty flag C and the.extend flag X are
affected in an identical manner. This means that one canuse ADDX or SUBX to include carries
or borrows while .1dd1n§, or subtracting high-order long words (32 bits) in multiprecision
additions or subtractions.

System byle User byte
A — ~
15 see 13 oo 10 9 i) see 4 3 2 1 0
T eee S A ees lz l: '3 yee X N Z vV C
. i A Zero T
Interrupt mask
Overflow
Supervisor stale Extend
Trace bit Negative Carry

FIGURE 5.2 68000 status register.



280 Microprocessors and Microcomputer-Based System Design, 2nd Edition

The system byte contains a 3-bit interrupt mask (12, I1, 10), a supervisor flag (S), and a trace
flag (T). Interrupt mask is set according to interrupt level recognized. A3-Al pins of the 68000
provide the current interrupt level being serviced. The 68000 interrupt pins IPL2 IPL1 IPLO =
000 indicate nonmaskable interrupt while_IPL2 IPL1 IPLO = 111 means no interrupt. The
other combinations of IPL2, IPL1, and IPLO provide the 68000 maskable interrupt levels.
It should be pointed out that signals on IPL2, IPL1, and IPLO pins are inverted and then
reflected on 12, 11, and 10, respectively. When the S-bit in SR is 1, the 68000 operates in the
supervisor mode. As mentioned before, when S = 0, the 68000 assumes user mode of operation.,
When the TF (trace flag) is set to one, the 68000 generates an internal interrupt (trap) after
execution of cach instruction. A debugging routine can be written at the interrupt address vector
to display registers and/or memory after exccution of each instruction. This provides single-
stepping facility. The 68000 can be placed in the single-step mode by setting the TF bit in SR to
one by executing a logical privileged insmrcxlion such as ORI # $8000, SR in the supervisor mode.

5.3 68000 Addressing Structure

The 68000 supports 8-bit bytes, 16-bit words, and 32-bit long words as shawn in Figure 5.3.
Byte addressing contains both odd and even addresses (0,1,2,3,4,-...); and word and long-
word addressing includes only even addresses in increments of 2 (0, 2, 4,0, .....). As an example
of the addressing structure, consider MOVE.L D0, $102050. If [DO] = $12345678, then after
this MOVE, [$102050] = $12, ($102051) = $34, [$102052]) = $56, and [$102053) = §78.

15 8 7 0

Address = *N Byte 0 Byte 1 N+1

*Nis an
cven number N+2 | Byte2 Byte 3 N+3

(a) 68000 Words Stored as Bytes (4 bytes).

15 0
Address= N Word 0 N+1
N+2 Word 1 N+3
N+4 Word 2 N+5

(b) 68000 Waord Structure (3 Words).

15 0
Address= N Long word 0 (H) N+1
N+2 Long word 0 (L) N+3
N+4 Long word 1 (H) N+5
N+6 Long word 1 (L) N+7

(c) 68000 Long Word Structure (2 long words).

For byle addressing (not shown in this figure), each byle can be uniquely addressed
with bit 0 as the least significant bit and bit 7 as the most significant hit.

FIGURE 5.3 68000 addressing structure.
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TABLE 5.2 68000 Addressing Modes

Mode Generation Assembler syntax '

1. Register direct addressing

Data register direct EA =Dn Dn
Address register dircet FA = An An
2. Address register indirect addressing
Register indirect EA = (An) (An)
Postincrement register indirect EA = (An), An «— An+ N (An)+
Predecrement register indirect Al & An =N, EA = (An) —(An)
Register indirect with oflsct EA = (An) + d16 d(An)
Indexed register indirect with offset  EA = (An) + (Ri) + d8 d(An, Ri}
3. Absolute dala addressing
Absolute short EA = (Next word) XXXX
Absolute long EA = (Next two words} XXXXXXXX
4. P'rogram counter relative addressing
Relative with offsct EA = (PC) + d16 d
Relative with index and offsct EA = (PC) + (Ri) + J3 d{ i)
5. Immediale data addressing
Immediate DATA = Next word(s) #XXXX
Quick immediate Inherent data #xx
6. Lmplicd addressing
Implicd register EA = SR, USP, SP, IPC

Notes: EA = effective address; An = address registen; Dn = data register; Ri = address or data
register used as index registery SR = status register; 1'C = program counter; USP = user stack
pointer; SP = active system stack pointer (uscr or supervisor); U8 = 8-bit offset (displacement);
d16 = 16-bit ofisct (displacement); N = 1 for byte, 2 for words, and 4 for long words; { } =
contents of; and & = replaces

5.4 68000 Addressing Modes

Table 5.2 lists the 14 addressing modes of the 68000. The addressing modes are divided into
six basic groups. These are register direct, address register indirect, absclute, program counter
relative, immediate, and implied.

The 68000 contains three types of instructions: zero-operand, single-operand, and two-
operand. The zero-operand instructions have no operands in the operand field. A typical
example is CLC (Clear carry) instruction. The single-operand instructions contain the effec-
tive address, EA, in the operand ficld. The EAs of these instructions arc calculated by the 68000
using the addressing mode specified for this operand. For two-operand instructions, one ofthe
operands usually contains the EA and the operand is usually a register or memory location,
The EAs in these instructions are calculated by the 68000 based on the addressing modes used
for the EAs. Some two-operand instructions have an EA in both operands. This means that the
operands in these instructions can use two different addressing modes.

As mentioned before, the 68000 address registers do not support byte-sized operands.
Therefore, when an address register is used as a source, cither the low-order word or the
entire long-word operand is used depending on the operation size. On the other hand, when
an address register is used as the destination, the entire register is affected regardless of the
operation size. If the operation'size is a word, and the destination is an address register, then
the 68000 performs the 16-bit operation, places the result in the low 16 bits of the address
register, and then sign-extends the address register to 32 bits. An example is MOVEAW
#$8050,A5. In this case, the source operand is 16-bit im mediate data 8050, which is moved
to the low 16 bits of A5, and the result is then sign-cxtcndcd to 32 bits so that [A5] =
FFFF8050,,. Data registers support data operands of byte, word, and long-word sizc.
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Register Direct Addressing

In this mode, the cight data registers (D0-D7) or seven address registers (A0-A6) contain the
data operand. For cxample, consider ADD $005000, DO, The destination of this instruction is
in data register (dircct mode).

Now, if [005000] = 0002,,, [DO] = 0003,,, then after exccution of ADD $005000, DO the
contents of DO = 0002 + 0003 = 0005. Note that in the above instruction, the $ symbol is used
to represent hexadecimal numbers by Motorola. Also, note that instructions using address
registers are not available for byte operations. In addition, in the 68000, the first operand of
a two-operand instruction is the source and the second operand is the destination. Recall that
in the 8086, the first operand is the destination while the second operand is the source.

Address Register Indirect Addressing

There are five different types of address register indirect mode. In the register indirect mode,
an address register contains the effective address. For example, consider CLR (A1), If [Al] =
$003000, then after execution of CLR (A1), the contents of memory location $003000 will be
cleared to zcro.

The postincrement address register indirect mode increments an address register by 1 for
byte, 2 for word, and 4 for long word after it is used. For example, consider CLR.L (A0) + If
[AO] = 005000, then after execution of CLR.L (A0) +, the contents of locations 005000,
through 0050034 are clearcd to zcro and [AQ] = 005004,4. The postincrement mode is typically
used with memory arrays stored from LOW to HIGH memory locations. For example, in
order to clear 1000,, words starting at memory location 003000, the following instruction
sequence can be used:

MOVE.W #$1000,D0 Load length of data

’,
; into DO

MOVEAR.L#53000,A0 ; Load starting address
; dinto A0

REPEAT CLR.W (AO0)+ ;7 Clear a location

; pointed to by A0 and
; increment AQ by 2

SUBQ#1,D0 ; Decrement DO by 1

BNE REPEAT ; Branch to REPEAT if 2 = 0, else
’

go to next instruction

—

Note that in the above, CLR.W (A0)+ automatically points to the next location by
incrementing AQ by 2 after clearing a memory location.

The predecrement address register indircet mode, on the other hand, decrements an address
register by 1 for byte, 2 for word, and 4 for long word before using a register. For example,
consider CLR.W — (A0). If [A0] = 002004, then during execution of CLR.W — (A0), the
content of A0 is first decremented by 2; that is, [A0] = 002002, and the 16-bit contents of
memory location 002002, are then cleared to zero.

The predecrement mode is used with arrays stored from HIGH to LOW memory locations.
For example, in order to clear 1000, words starting at memory location 4000, and below, the
following instruction sequence can be used:

MOVE.W #$1000,D0 3 Load length of data into DO

MAVEA.L #§4002, A0 ; Load startiuy address plus 2
; into AD
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REPEAT CLR.W - (AQ) ; Decrement A0 by 2 and clear
; the memory location addressed
; by A0 '
SUBQ#1, DO ; Decrement DO by one
BNE REPEAT ; If Z = 0, branch to REPEAT;
- ;  otherwise, go to next
- ; instruction

In the above, CLR.W - (A0) first decrements AQ by 2 and then clears the location. Since the
starting address is 004000, AO must initially be initialized with 004002,,.

It should be pointed out that the predecrement and postincrement modes can be combined
in a single instruction. A typical example is MOVE.W(A5) +, —(A3).

The two other address register modes provide accessing of the tables by allowing offscts and
indexes to be included with an indirect address pointer. The address register indirect with
offset modc determines the effective address by adding a 16-bit signed integer to the contents
of an address register. For example, consider MOVE.W $10 (A5), D3. If [AS) = 00002000,,,
(002010,,] = 0014, then after exccution of MOVE.W $10(A5), D3, register D3 will contain
0014,.. AS is unchanged.

The indexed register indircct with offsct determines the effective address by adding an 8-bit
signed integer and the contents of a register (data or address register) to the contents of an
address (base) register. This mode is usually used when the offset from the base address register
needs to be varied during program exccution. The size of the index register can be a 16-bit or
a 32-bit value.

As an example, consider MOVE.W $10(A4, D3.W), D4. Note that in this instruction A4 is
the basc register and D3.W is the 16-bit index register (sign extended to 32 bits). This register

- can be specified as 32 bits by using D3.L in the instruction, and 10, is the 8-bit offset which

is sign-extended to 32 bits. If [A4] = 00003000,,, [D3] = 0200,,, [003210,,] =0024,,, then the
above MOVE instruction will load 0024, into low 16 bits of register D4. A4 and D3 are
unchanged.

The address register indirect with offset mode can be used to access one dimensional array
such as a table where the offsct (maximum 16 bits) can be the starting address of the table
(fixed number) and the address register can hold the index number in the table to be accessed.
Note that the starting address, plus the index number, provides the address of the clement to
be accessed in the table. For example, consider MOVE.W $3400 (A5), D1. If A5 contains 04,
then this move instruction transfers the contents of 3404 (i.c., the fifth clement, 0 being the
first clement) into low 16 bits of DI1. The indexced register indirect with offsct, on the other
hand, can be used to access two dimensional arrays such as matrices.

Absolute Addressing

In this mode, the cffective address is part of the instruction. The 68000 has two absclute
addressing modes: absolute short addressing in which a 16-bit address is used (the address is
sign-extended to 32 bits before use) and absolute long addressing in which a 24-bit address is
used. For example, consider ADD $2000, D2 as an example of absolute short mode. If [$2000]
= 0012, [D2] = 0010, then after execution of ADD $2000, D2, the address $2000 is sign-
extended to 32 bits, whosc low 24 bits are used as the address. Register D2 will then contain
0022,,. The absolute long addressing is used when the address size is more than 16 bits. For
example, MOVE.W $240000, D5 loads the 16-bit contents of location $240000 into low 16 bits
of D5. The absolute short mode includes an address ADDR in the range 0 £ ADDR < $7FFF
or $FF8000 < ADDR < $FFFFFF. Note that a single instruction may usc both short and long
absolute modes, depending on swhether the source or destination address is less than, equal to,
or greater than the 16-bit address. A typical example is MOVE.W $500002, $1000.
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Program Counter Relative Addressing

The 68000 has two program counter relative addressing modes: relative with offset, and
relative with index and offsct. In relative with offset, the effective address is obtained by adding
the contents of the current PC with a sign-cxtended 16-bit displacement. This mode can be
used when the displacement needs to be fixed during program exccution. Typical branch
instructions such as BEQ, BRA, and BLE use relative mode with offset, This mode can also be
used by some other instructions. For example, consider ADD*+$30, D5 in which the source
operand is relative to the offset mode. Note that typical assemblers use the symbol * to indicate
offset. Now suppose that the current PC contents are 002000, the contents of 002030, are
0005,, and the low 16 bits of D5 contain 0010, after exccution of this ADD instruction, D5
will contain 0015

In relative with index and offsct, the cffective address is obtained by adding the contents of
the current PC, a signed 8-bit displacement (sign-extended to 32 bits), and the contents of an
index register (address or data register). The size of the index register can be 16 or 32 bits wide.
For example, consider ADD.W 34 (PC, D0.W), D2. If [D2] = 00000012, [PC] = 002000,
(D0}, 161t = 0010y, and [002014] = 00024, then after this ADD, [D2],,, j6pis = €014, This
mode is used when the displacement needs to be changed during program execution.

Immediate Data Addressing Mode

There are two immediate modes available with the 68000. These are the immediate and quick
immediate modes. In the immediate mode, the operand data are constant data, which is part
of the instruction. For example, consider ADD #$0005, DO. If [D0] = 0002, then after this
ADD instruction, [D0] = 0002, + 0005, = 0007 . Note that the # symbol is used by Motorola
to indicate the immediate mode.

The quick immediate mode allows onc to increment or decrement a register by a number
from 0 to 7. For example, ADDQ #1, D0 increments the contents of DO by 1. Note that the data
is inherent in the op code with the op code length of one word (16-bit). Data 0 to 7 are
represented by three bits in the op code.

Implied Addressing

The instructions using this implicit mode do not require any operand, and registers such as
PC, SP, or SR arc implicitly referenced in these instructions, For cxample, RTE returns from
an exception routine to the main program by using implicitly the PC and SR.

All 68000 addressing modes of Table 5.2 can further be divided into four functional
categories as follows:

+ Data Addressing Modc. An addressing mode is said to be a data addressing mode if it
references data objects. For example, all 68000 addressing modes, except the address
register direct mode, fall into this category.

"+ Mecmory Addressing Mode. An addressing mede that is capable of accessing a data item
stored in the memory is classified as memory addressing mode. For example, the data
and address register direct addressing modes cannot satisfy this definition.

« Control Addressing Mode. This refers to an addressing mode that ha. the ability to
access a data item stored ir. the memory without the need to specify its size. For example,
all 68000 addressing modes except the following are classified as control addressing
modes:

« Data register direct
+ Address register direct
+ Address register indirect with postincrement
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Addressing Categorics

Addressing Mode  Data Memory  Control  Allerable :

Data register

direct X = = X
Address register

direct - - " X
Address register

indirect X X . X X

Addrcss register

indirect with

postincrement X X - X
Address register

indirect with

predecrement X X - X
Address register

indirect with

displacement X X X X

Address register

indirect with

index X X X X
Absolute short X X X X
Absolute long X X X X
Program counter

with displace-

ment X X X -
Program counter

with index X X X -
Immediate X X - -

FIGURE 5.4 68000 addressing-functional categorics,

« Address register indirect with predecrement
- Immediate

- Alterable Addressing Mode. If the effective address of an addressing mode is written
into, then that mode is called alterable addressing mode. For example, the immediate
and the program counter relative addressing modes will not satisfy this definition.

The addressing modes are classified into the four functional categories as shown in Figure
54. ‘

5.5 68000 INSTRUCTION SET

The 68000 instruction sct contains 56 basic instructions. Table 5.3 lists them in alphabetical
order. Table 5.4 lists those affecting the condition codes. The repertoire is very versatile and
offers an cfficient means to handle high-level language data structures (such as arrays and
linked lists). Note that in order to identify the operand size of an instruction, the following is
placed after a 68000 mnemonic: .B for byte, .W or none for word, .L for long word. For
example:

ADD.B po, D1 ; ([D1]8 ¢« [D0]8 + [D1]8
ADD.W or ADD DO, D1 ; [D1]16 « [DO}16 + [D1]16
ADD.L po, D1 ; [D1]32 ¢ [D0]32 + [D1]32
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TABLE 5.3 68000 Instruction Set

Length
Instruction Size (words) Opcration ;
ABCD - (Ay), —(Ax) B 1 ~{AY]10 + = [Ax]10 + X — [Ax]
ABCD Dy, Dx B 1 [Dy]10 + [Dx]10 + X — Dx
ADD (EA), (EA) B,W,L 1 [EA] + [EA] — EA
ADDA (EA), An W.L 1 [EA] + An = An
ADDI #data, (EA) B,W,L 2forB, W data + [EA] = EA
3forL
ADDQ #data, (EA) BWL 1 data + {EA) = EA
ADDX - (Ay), —(Ax) B, W, L 1 ~[Ay] + —[Ax] + X = [Ax]
ADDX Dy, Dx B, W, L i Dy + Dx + X — Dx
AND (EA), (EA) B, W, L 1 [EA] A [EA] = EA
ANDI #data, (EA) B,wW, L 2for B, W data A [EA] = EA
JforL
ANDI #data8, CCR B 2 data8 A |CCR]-» CCR
ANDI #datal6, SR W 2 datal6 A [SI| = SR ils = 1; clse trap
ASL Dx, Dy B, W, L 1 Co
j[ Dy j ! ]1— 0
number of shifts determined by [Dx|
ASL #data, Dy B.W, L 1 C“]'I T Ty [J<-o
x=! R EE L ¢
xr of thifis determined
by # data
ASL (EA) B,W, L 1 C<-|-[ T TERT T ocn
xws N7 e 7
shai e
ASR Dx, Dy B, W, L 1 o Ty T ]—[" c
LJU o A > x
number of shifis detcrmined
by [Dx)
ASR#data, Dy B, W,L I i[ Dy 1] T c
L.]u fo e A= | > 5
number of shifis determined
by immicdiate dats
ASR (EA) BW. L I il TFAl 1 _[: G
BByt ko
shift once
BCCd B, W lfor b Branch to PC + d if carry = 0; clse next instruction
2 forW "
BCHG Dn, (EA) B, L 1 [bit of {EA], specified by Dn)" — Z
[bit of [EA} specified by Dn)” — bit of [EA]'
BCHG #data, (EA) B, L 2 Same as BCHG Dn, [EA] except bit number is specified by
immediate data
BCLR Dn (EA) B, L 1 {bit of [EA}) — Z
O = bit of [EA] specified by Dn
BCLR #data, (EA) B, L 2 Same as BCLR Dn, [EA] cxcept the bit is specified by
immediate data :
BCS d B W Hor B Branch to PC +4'd if carry = 13 else next instruction
2for W
BEQd BW 1 for B Dranch to PC + d if Z = |; clse next instruction
2 for W
DBGE d B, W | forB Branch to PC + d if greater than or equal; else next

2 for W

instruction
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Length
Instruction Size {words). Operation
BGT d B, W 1for B Branch to PC + d if greater than; clse next instruction
2 for W
BHId b, W 1for B3 Branch to PC + d if higher; clse next instruction
2lorW )
BLEJ bW 1for B Branch to PC + d if less or equal; clse next instruction
2 for WV
BLS d B, W 1 for B Branch to PC + d if low or same; else next instruction
2 for W
BLT d B, W 1 for b Branch to PC + d if less than; clse next instruction
2 lor W )
BMId B, \W 1 for B8 Branch to PC + d if N = 1; clse next instruction
2for W
BNE d B, W 1 for B Branch 1o PC 4 d il Z = 0; else next instruction
2forW
BPL d 1w I for B Branch 10 PC + d if N = 0; clse next instruction
2 for W
BRA d B, W 1for B Branch always to PC + d
2 for W
BSET Dn, (EA) B, L 1 [bitof [EA]|' = 2
1 = bit of [EA] specified by Da
BSET #data, (EA) B, L 2 Same as BSET Dn, [EA] cxcept the bit is specified by
immediate data
BsSkd B, W 1 for I3 PC - —[SP]
2 for W PC+d—-pPC
BTST Dn, (EA) B, L 1 |bit of [EA] specificd by Dn|" — Z
BTST #data, (EA) B, L 2 Same as BTST Dn, [EA) except the bit is spcc:fcd by data
2 for W
BVC d BwW 1 for Ii Branch to PC + d il V = 0; cls¢ next instruction
2lor W
BvS d b, W, 1for By Branch to PC + d if V = 1; else next instruction
2for W
CHK (EA), Dn w 1 1fDn < 0 or Dn > [EA], then trap
CLR (EA) B, W, L | 0— EA
CM1I' (EA), Dn B, W, L 1 Da ~ [EA] — Affect all condition codes except X
CMP (LA), An W, L 1 An ~ [EA] — Affect all condition codes except X
CMPI #data, (EA) B,W, L 2for B, W [EA] - data — Affect all flags except X-bit
JforlL
CMPM (Ay) +, (Ax)+ I, W, L 1 [Ax]+ = [Ay]+ — Allcct all flags cxcept X; update Ax
and Ay
DBCC Dn, d W 2 If condition faise, i.e., C =1, then Dn - | = Dn; if Dn &
=1, then PC+ d = PC; else PC+ 2 = PC
DBCS Do, d W 2 Same as PBCC except condition is C = |
DBEQ Dn, d W 2 Same as DBCC except condition is Z = 1
DBE Da, d W 2 Same as-DBCC cxcept condition is always false
DBGE Dn, d W 2 Same as DBCC cxcept condition is greater or equal
DBGT Gn. d W 2 Same as DBCC cxcept condition is greater than
DBHI Dn, d w 2 Same as DBCC except condition is high ‘
DBLE Dn, d W 2 Same as DBCC except condition is less than or cqual
DILS Dn, d W 2 Same as DBCC except condition is low or same
DBLT Da, d W 2 Same as DBCC except condition is less than
DBMI Dn, d W 2 Same as DBCC except condition is N = |
DUBNE Dn, d W 2 Samec as DBCC except condition Z = 0
DBPL Dn, d W 2 Samie as DBCC except condition N = |
DBT Dn, d W 2 Same as DBCC cxcept is always true
DBVC Dn, d w 2 Same as DBCC cxcept condition is V = 0
DBVS Dn, d w 2 Same as DBCC except condition is V = |
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3forl

Length
Instruction Size (words) Operation
DIVS (EA), Dn w L, Signed division
[Dn}32/(EA}LI6 —
[Dn}0-7 = quoticnt
5 [Dn]8-15 = remainder
DIVU (EA), Dn w i Same as DIVS cxcept division id unsigned
EOR Dn, (EA) B, W,L 1 Dn@® [EA] — EA
LCORI #data, (EA) , W, L IforL data © [EA} — EA
2 for B, W .
EORI #d8, CCR B 2 48 & CCR — CCR
LORI #di6, SR W 2 d16 @ SR = SRS = 1; else trap
EXG Rx, Ry L ] Rx «» Ry
EXT Dn w,L 1 Extend sign bit of Dn from 8-bit to 16-bit or from 16-bit
to 32-bit depending on whether the operand size is B
or' W
JMP (EA) Unsized 1 [EA} = PC
Unconditional jump using address in operand
ISR (EA) Unsized 1 PC ~» -[SP); [EA] = I'C
Jump to subroutine using address in operand
LEA (EA), An L 1 [EA] = An
LINK An, # - Unsized 2 An &= =[SP]; SP = An; SPP —d = SP
LSL Dx, Dy BW,L 1 e
L By o
X Lo e L=4
LSL #data, Dy B, W, L i Same as LSL Dx, Dy cxcept immediate data specify the
. number of shifts from 010 7 .
LSL (EA) B, W, L 1 Same as 1.SL Dx, Dy except left shift is performed only
once
LSR Dx, B,W,L 1 ;
ot o—>[] By I ¢
A _— 4 » X
ISR #data, Dy B, W, L 1 Same as LSR except immediate data specifies the number
of shifts from 0 to 7 .
LSR (EA) B, W, L 1 Same as LSR, Dx, Dy cxcept the right shift is performed
\ once only
MOVE (EA), (EA) BWL oI (EA]ace =2 [EA]scsnsiion
MOVE (EA), CCR w 1 [EA] = CCR
MOVLE CCR, (EA) W 1 CCR —» |EA]
MOVE (EA), SR w 1 If S =1, then [EA] = SR; clse TRAP
MOVE SR, (EA) w 1 IfS = 1, then SR = [EA]; clse TRAP
MOVE An, USP L | IfS = 1, then An — USP; clse TRAP
MOVE USP, An W, L 1 {USP] = An
MOVEM register list, w, L 2 Register list = [EA]
(EA)
MOVEM (CA), W, L 2 [EA] = register list
register list
MOVEP Dx, d (Ay) w, L 2 Dx — d[Ay]
MOVEDP d (Ay), Dx W, L 2 d[Ay| — Dx :
MOVEQ #d8, Dn L } d8 sign extended to 32-bit — Dn
MULS (EA)16, (Dn)I6 W I Signed 16 x 16 multiplication [EA]16 *[Dn]16 — [Dn]32
MULU (EA)I6, (Dn)16 W 3 Unsigned 16 X 16 multiplication [EA]16 *[Dn]16 —
{Dn]32
NICD (EA) B 1 0 - [EAJIO - X = EA
NEG (EA) B,W,L 1 0- [EA} - EA
NEGX (EA) B, W, L 1 0~ [EA]-X = EA
NOP Unsized 1 No opcration
NOT (EA) B,W,L 1 (EA] = EA
OR (LA), (EA) BW,L 1 [EAJVIEA] - EA
ORI #data, (EA) B,W,L 2forB, W data V[EA] = EA
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TABLE 5.3 68000 Instruction Set (continued)

Length
Instruction Size (words) Operation
ORI #d8, CCR B 2 d8VCCR — CCR
ORI #d16, SR \% 2 If S = |, then d16VSR — SR; clse TRAP
PEA (EA) L 1 [EA]16 sign extend to 32 bits — —[SP]
RESET Unsized 1 1f S = 1, then assert RESET line; clse TRAP
ROL Dx, Dy B, W, L 1 c*L[ | By u‘_]
ROL #data, Dy B, W, L 1 Same as ROL Dx, Dy except immediate data specifies
number of times to be rotated from 0 to 7
ROL (EA) B, W, L 1 Same as ROL Dx, Dy except [EA] is rotated once
ROR Dx,Dy B,W,L 1 L[ L
| Dy Tl c
ROR #data, Dy B, W, L 1 Same as ROR Dx, Dy except the number of rotates is
specified by immediate data from 0 to 7
ROR (EA) B,W,L 1 Same as ROR Dx, Dy except [EA] is rotated once
ROXL Dx, Dy B, W, L 1 1
o
c=<L[ ] Dy [ ]«
L% . .
ROXL #data, Dy B,W,L 1 Same as ROXL Dx, Dy except immediate data specifies .
number of rotates from 0 to 7
ROXL (EA) B,W,L 1 Same as ROXL Dx, Dy except [EA] is rotated once
ROXR Dx, Dy B, W, L |
. Dy T Hsc
ROXR #data, Dy B, W, L 1 Same as ROXR Dx, Dy except immediate data specifies
number of rotates from 0 to 7
ROXR (EA) B,W,L 1 Same as ROXR Dx, Dy except [EA] is rotated once
RTE Unsized 1 IfS = 1, then [SP]+ = SR; [SP)+ — PC, else TRAP
RTR Unsized 1 [SP] +— CC; [SP] += PC
RTS Unsized 1 [SP] += PC
SBCD —(Ay), —(Ax) B 1 —(Ax)10 — (Ay)10 = X — (Ax)
SBCD Dy, Dx B 1 [Dx]10 = [Dy]10 = X — Dx
SCC (EA) B 1 If C =0, then 1s — [EA] clse 0s — [EA]
SCS (EA) B 1 Same as SCC except the condition is C = 1
SEQ (EA) B 1 Same as SCC except if Z = 1
SF (EA) B 1 Same as SCC except condition is always false
SGE (EA) B 1 Same as SCC except if greater or equal
SGT (EA) B 1 Same as SCC except if greater than
SHI (EA) B 1 Same as SCC except if high
SLE (EA) B 1 Same as SCC except if less or equal
SLS (EA) B 1 Same as SCC except if low or same
SLT (EA) B 1 Same as SCC except if less than
SMI (EA), B 1 Same as SCC except if N =1
SNE (EA) B 1 Same as SCC except if Z =0
SPL (EA) B 1 Same as SCC except if N =0
ST (EA) B 1 Same as SCC except condition always true
STOP #data Unsized 2 If S = 1, then data = SR and stop; TRAP if cxecuted in
user mode
SUB (EA), (EA) B,W,L 1 |EA] = [EA] = EA
SUBA (EA), An W, L 1 An - [EA] = An
SUBI #data, (EA) B, W, L 2 for BW |EA] - data — EA
3forL
SUBQ #data, (EA) B.W,L 1 [EA] - data — EA
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TABLE 5.3 68000 Instruction Set (continued)

Length

Instruction Size (words) Operation

SUBX - (Ay), — (Ax) B,W,L 1 —[Ax] -- [Ay] - X = [Ax]

SUBX Dy, Dx B, W, L 1 Dx-Dy-X — Dx

SVC (EA) B 1 Same as SCC except if V.= 0

SVS (EA) B 1 Same as SCC except if V = |

SWAP Dn w 1 Dn [31:16] & Dn [15:0]

TAS (EA) B 1 [EA] tested; N and Z are affected accordingly; 1 — bit 7
ol [EA)

TRAP #vector Unsized 1 PC — ~[SSP], SR — —[SSP], (vector) — PC; 16 TRAP
vectors are available

TRAPV Unsized 1 1€V = 1, then TRAP; clse next instruction

TST (EA) B, W, L 1 [EA] = 0 = condition codes affected; no result provided

UNLK An Unsized 1 An =3 SP; [SP]+ — An

All 68000 instructions may be classified into eight groups, as follows:

i) Data movement instructions
ii)  Arithmetic instructions
iii)  Logical instructions
iv)  Shift and rotate instructions
v)  Bit manipulation instructions
vi) Binary-coded decimal instructions

TABLE 5.4 68000 Instructions Affecting the Condition Codes

Instruction X N Z Vv c
ABCD ' + U + u —
ADD, ADDI, ADDQ, ADDX + + + + +
AND, ANDI — + + 0 0
ASL, ASR + + + + +
BCHG, BCLR, BSET, BTST — —_ + — —
CHK - + U U U
CLR — Q0 1 0 0
CMP CMPA, CMPI, CMPM —_ + + + +
DIVS, DIVU — 4 + + 0
EOR, EORI —_ + + 0 0

EXT — + + 0 0
LSL, LSR + + + 0 +
MOVE (EA), (EA) — + + 0 0
MOVE TO CC + + + + +
MOVE TO SR + + - + +
MOVEQ — + + 0 0
MULS, MULU — + + 0 0
NBCD + U + U 4

NEG, NEGX + + + + 4
NOT, OR, ORI — + + 0 0

ROL, ROR — + + 0 +
ROXL, ROXR + + + 0 +

RTE, RTR + + + + +

SBCD § U + U +
SToP + + + + +
SUB, SUBI, SUBQ, SUBX + + + + +
SWAP —_ + 4 0 0
TAS —_ + + 0 0
T5T —_ + + 0 0

Note: +, affected; — , not alfected; U, undefined.
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TABLE 5.5 68000 Data Movement Instructions

Instruction Size Comment

EXG Rx, Ry L Exchange the contents of two registers; Rx or Ry can be any address or
data register; no flags are alfected

LEA (EA), An L The effective address [EA] is calculated using the particular addressing

mode used and then loaded into the address register; [EA] specifies the
actual data to be loaded into An

LINK An, Unsized  The current contents of the specified address register are pushed onto the

#-displacement stack; after the push, the address register is loaded from the updated SP;

finally, the 16-bit sign-extended displacement is added to the SP; a
negative displacement is specified to allocate stack

MOVE (EA), (EA) B, W, L  [EA]s are calculated by the 68000 using the specific addressing mode used;
[EA]s can be register or memory location; therefore, data transfer can
take place between registers, between a register and a memory location,
and between different memory locations; flags are affected; for byte-size
operation, address register direct is not allowed; An is not allowed in the
destination [EA]; the source |EA] can be An for word or long-word
transfers

MOVEM reg list, (EA) W, L Specified registers are transferred to or from consecutive memory locations
or (EA), reg list starting at the location specified by the effective address
MOVEP Dn, d (Ay) W, L Two [W] or four [L) bytes of data are transferred between a data register
or d (Ay), Dn and alternate bytes of memory, starting at the location specified and
MOVEP Dn, d (Ay) incrementing by 2; the high-order byte of data is transferred first, and
ord (Ay), Dn the low-order byte is transferred last, This instruction has the address
register indirect with displacement-only mode
MOVEQ #data, Dn L This instruction moves the 8-bit inherent data into the specified data
register: the data are then sign-extended to 32 bits
PEA (EA) L Computes an effective address and then pushes the 32-bit address onto the
stack
SWAP Dn W Exchanges 16-bit halves of a data register
UNLK An Unsized  An — SP; [SP] +— An

- [EA] in LEA [EA], An can use all addressing modes except Dn, An, [An] +, —[An], and immediate,

+ Destination [EA] in MOVE [EA], [EA] can usc all modes except An, relative, and immediate.
Source [EA] in MOVE [EA], [EA] can use all modes.

+ Destination [EA] in MOVEM reg list, (EA] can use all modes except Dn, An, [An]+, relative, and immediate.
Source {EA] in MOVEM [EA], reg list can usc all modes except Dn, An, —[An], and immediate.

« [EA] in PEA [EA]) can use all modes except Dn, An, [An]+, -[An], and immediate.

vii) Program control instructions
viii) System control instructions

Data Movement Instructions

These instructions allow data transfers from register to register, register to memory, memory
to register, and memory to memory. In addition, there are also special data movement
instructions such as MOVEM (Move multiple registers). Typically, byte, word, or long-word
data can be transferred. Table 5.5 lists the 68000 data movement instructions.

MOVE Instructions

The format for the basic MOVE instruction is MOVE.S (EA), (EA), where S = .L, \W, or .B.
(EA) can be a register or memory location depending on the addressing mode used. Consider
MOVE.B D2, DO which uses a data register direct mode for both the source and destination.
Now if [D2] = 03,,, [D0] = 01,,, then after exccution of this MOVE instruction [D2] = 03
and [D0] = 03,,.

There are several variations of the MOVE instruction. For example, MOVE.W CCR, (EA)
moves the content of the low-order byte of the SR, i.e., CCR, to the low-order byte of the
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destination operand, and the upper byte of SR is considered as zero. The source operand is a
word. Similarly, MOVE.W (EA), CCR moves an 8-bit immediate number or low-order 8-bit
data from a memory location or register into the condition code register; the upper byte is
ignored. The source operand is a word. Data can also be transferred between (EA) and SR or
USP (in the supervisor mode when S = 1) using the following privileged instructions:

MOVE.W (EA), SR
MOVE.W SR, (EA)
MOVE.L USP, An
MOVE.L An, USP

MOVEA.W or.L (EA), An can be used to load an address into an address registc}. Word size
source operands arc sign-extended to 32 bits. Note that (EA) is obtained using an addressing
mode. As an example, MOVEA.W #$8000, A0 moves the 16-bit word 8000, into the low 16
bits of A0 and then sign-extends 8000,4 to the 32-bit number FFFF8000,,.

Note that sign extension means extending bit 15 of 8000, from bit 16 through bit 31. As
mentioned, sign extension is required when an arithmetic operation between two signed
binary numbers of different sizes is performed. (EA) in MOVEA can use all addressing modes.
MOVEM instruction can be used to PUSH or POP multiple registers to or from the stack. For
example, MOVEM.L D0-D7/A0-A6, - (SP) saves the contents of all of the 8 data registers and
7 address registers in the stack. This instruction stores address registers in the order A6-A0
first, followed by data registers in the order D7-D0, regardless of the order in the list. MOVEMLL
(SP)+, D0-D7/A0-AG6 restores the contents of the registers in the order D0-D7,A0-A6 regard-
less of the order in the list. MOVEM instruction can also be used to save a set of registers in
memory. In addition to the above predecrement and postincrement modes for the effective
address, MOVEM instruction allows all the control modes. If the effective address uses one of
the control modes, such as absolute short, then the registers are transferred starting at the
specified address and up through higher addresses. The order of transfer is from DO to D7 and
then from AO to A7. For example, MOVEM.W A4/D1/D3/A0-A2, $8000 transfers the low 16-
bit contents of D1, D3, A0, Al, A2, and A4 to locations $8000, $8002, $8004, $8006, $8008, and
$800A, respectively.

The MOVEQ.L #d8, Dn moves the immediate 8-bit data into the low byte of Dn. The 8-bit
data arc then sign-extended to 32 bits. This is a one-word instruction. For example, MOVEQ.L
#$FF, DO moves $FFFFFFFF into DO.

In order to transfer data between the 68000 data registers and 6800 (8-bit) peripherals, the
MOVEP instruction can be used. This instruction transfers two to four bytes of data between
a data register and alternate byte locations in memory, starting at the location specified in
mncrements of 2. Register indirect with displacement is the only addressing mode used with this
instruction. If the address is even, all the transfers are made on the high-order half of the data
bus. The high-order byte from the register is transferred first and the low-order byte is
transferred last. For example, consider MOVEP.L $0050 (A0), DO. If [A0] = 00003000,
[003050] = 01,4, [003052] = 03,4, [003054] = 02,,, [003056] = 04,,, then after the execution
of the above MOVEP instruction, DO will contain 01030204,

EXG and SWAP Instructions
The EXG.L Rx, Ry instruction exchanges the 32-bit contents of Rx with that of the Ry. The
exchange is between two data registers, two address registers, or between an address and a data
register. The EXG instruction exchanges only 32-bit-long words. The data size (L) does not
have to be specified after the EXG instruction since this instruction has only one data size. No
flags are affected.

The SWAP.W Dn instruction, on the other hand, exchanges the low 16 bits of Dn with the
high 16 bits of Dn. All condition codes are affected.
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Stack
0000 002100
¥
—>(__ 00005100 )/ 5100 002102
A0 00002100 ' —

002104-4 '

USP 00002104
, »(_002100-100 )

FIGURE 5.5 Exccution of the link instruction,

LEA and PEA Instructions

The LEA.L (EA), An moves an effcctive address (EA) into the specified address register. The
(EA) can be calculated based on the addressing mode of the source. For example, LEA
$00456074, Al moves $00456074 to Al. This instruction is equivalent to MOVEA.L #$00456074,
Al. Note that $00436074 is contained in the PC.

LEA instruction is very useful when address calculation is desired during program execu-
tion. (EA) in LEA specifies the actual data to be loaded into An, whereas (EA) in MOVEA
specifies the address of actual data, For example, consider LEA $06 (A2, D5.W), A0. If [A2] =
00003000, [D5] = 00444, then the LEA instruction moves 0000304A,, into AO. On the
other hand, MOVEA $06(A2 D5.W), A0 moves the contents of 0000304A,, into A0. Therc-
fore, it is obvious that if address calculation is required, the instruction LEA is very useful.

The PEA (EA) computes an clfective address and then pushes it onto the stack. This
instruction can be used when the 16-bit address used in absolute short mode is required to be
pushed onto the stack. For example, consider PEA $8000 in the user mode. If [USP] =
$00005004, then $8000 is sign-extended to 32 bits and pushed to stack. The low-order 16 bits
($8000) are pushed at $005002,, and the high-order 16 bits ($FFFF) are pushed at 005000,

LINK and UNLK Instructions

Before calling a subroutine, the main program quite often transfers values of certain param-
cters to the subroutine. It is convenicnt to save these variables onto the stack before caiiing the
subroutine, These variables can then be read from the stack and used by the subroutine for
computations. The 68000 LINK and UNLK instructions arc used for this purpose. In addition,
the 68000 LINK instruction allows one to reserve temporary storage for the local variables of
a subroutine. This storage can be accessed as needed by the subroutine and be released using
UNLK before returning to the main program. The LINK instruction is usually used at the
beginning of a subroutine to allocate stack space for storing local variables and parameters for
nested subroutine calls. The UNLK instruction is usually used at the end of subroutine before
the RETURN instruction to release the local arca and restore the stack pointer contents so that
it points to the return address.

The LINK An, #-displacement causes the current contents of the specified An to be pushed
onto the system (user or supervisor) stack. The updated SP contents are then loaded into An.
Finally, a sign-cxtended 2's complement displacement value is added to the SP. No flags are
affected. For example, consider LINK A0, #-3100. If [AO] = 00005100, [USP] = 00002104,
then after execution of the LINK instruction the situation shown in Figure 5.5 occurs.

This means that after the LINK instruction, [A0] = 00005100, is pushed onto the stack, the
(updated USP] = 002100, is loaded into A0, USP is then loaded with 002000, and, therefore,
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100,4 locations are allocated to subroutine at the beginning of which the above LINK instruc-
tion can be used. Note that A0 cannot be used in the subroutine.

The UNLK instruction at the end of this subroutine before the RETURN instruction releases
the 100, locations and restores the contents of A0 and USP to those prior to using the LINK
instruction. For example, UNLK A0 will load [A0) = 00002100,4 into USP, the two stack words
00005100, into A0, and USP is then incremented by 4 to contain 00002104,,. Therefore, the
contents of A0 and USP prior to using the LINK are restored. In the above example, after
execution of the LINK, addresses 001FFF, and below can be used as the stack. Sixty-four
($100) locations starting at 002000, and above can be reserved for storing the local variables
of the subroutine. These variables can then be accessed with an address register such as A0 as
a base pointer using the address register indirect with displacement mode such as MOVE.W
d(A0), D2 for read and MOVE.W D2, d(A0) for write.

5.5.2 Arithmetic Instructions
These instructions allow:

+ 8-, 16-, or 32-bit additions and subtractions

+ 16-bit by 16-bit multiplication (both signed and unsigned)

+ Compare, clear, and negate instructions

* Extended arithmetic instructions for performing multiprecision arithmetic
* Test (TST) instruction for comparing the operand with zero

* Test and set (TAS) instruction which can be used for synchronization in multiprocessor
system

The 68000 arithmetic instructions are summarized in Table 3.6.

5.5.2.a Addition and Subtraction Instructions

Consider ADD.W $245000, DO. If [245000,,] = 2014, and [D0] = 1004,,, then after
execution of this ADD instruction, the low 16 bits of DO will contain 3018,

+ ADDI instruction can be used to add immediate data to register or memory location.
The immediate data follows the instruction word. For example, consider ADDLW
#$0062, $500000. If [S00000 ] = 1000,4 then after execution of this ADDI instruction,
memory location 500000, will contain 1062, ADDQ, on the other hand, adds a
number from 0 to 7 to the register or memory location in the destination operand. This
instruction occupies 16 bits and the immediate data 0 to 7 is specified by 3 bits in the
instruction word. For example, consider ADDQ.B#4, DO. If [DO0],,,, e = 60,4, then after
excecution of this ADDQ, low byte of register DO will contain 64,

For ADD or SUB, if the destination is Dn, then the source (EA) can use all modes; if the
destination is a memory location (all modes except Dn, An, relative, and immediate),
then the source must be Dn.

* All subtraction instructions subtract source from destination. For example, consider
SUB.W D0, $500000. If [D0] ., wora = 3003, and [500000,,] = 5005,, then after execu-
tion of this SUB instruction, memory location 500000, will contain 2002,

Consider SUBLW# $0004, DO. If [D0],,., wora = 5004, then after execution of this SUBI
instruction, DO will contain 5000, Note that the same result can be obtained by using
a SUBQ.W# $4, D0. However, in this case the data 4 is inherent in the instruction word.

5.5.2.b Multiplication and Division Instructions

The 68000 instruction set includes both signed and unsigned multiplication of integer num-
bers.
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TABLE 5.6 68000 Arithmetic Instructions

Instruction Size Operation

Addition and Subtraction Instructions

ADD (EA), (EA) B, W, L [EA] + [EA] = EA
ADDI #data, (EA) B, W, L [EA] + data = EA
ADDQ #d8, (EA) B, W, L [EA] + d8 — EA
d8 can be an integer from 0 to 7
ADDA (EA), An W, L An 4 [EA] = An
SUB (EA), (EA) B, W, L [En]guie = [EA] = EAy,
SUBI # data, (EA) 15, \W, L [EA] = data — EA
SUBQ #d8, (EA) B, W, L [EA} - d8 — EA
d8 can be an integer from 0 1o 7
SUBA (EA), An W, L An = [EA] = An
Multiplication and Division Instructions
MULS (EA), Dn W [Dn]16 * [EA]16 — [Dn]32 (signed multiplication)
MULU (EA), Dn W [Dn]16 * [EA]16 = [Dn]32 (unsigned multiplication)
DIVS (EA), Dn W [Dn]32/ [EAJ16 — [Dn]32 (signed division, high word of Dn contains
remainder and low word of Dn contains the quotient)
DIVU (EA), Dn W {Dn]32/ [EA]16 — [Dn]32 (unsigned division, remainder is in high word

of Dn and quotient is in low word of Dn

Campare, Clear, and Negate Instructions

CMP (EA), Dn 13, Wil Dn - [EA] — No result; affects flags
CMPA (EA), An w, L An = [EA] = No result; aflects flags
CMPI #data, (EA) B, W, L [EA] - data = No result; affects tlags

CMPM (Ay) +. (Ax) + B, W, L [Ax]+ — |Ay]+ — No result; affects flags; Ax and Ay are incremented
depending on operand size

CLR (EA) B, W, L 00— EA

NEG (EA) B, W, 0-|EA] = EA

Extended Arithmetic Instructions

ADDX Dy, Dx B,W,L  Dx+Dy+X— Dx

ADDX — (Ay), - (Ax) B,W,L —[Ax] 4+ —[Ay] + X — [Ax]

EXT Dn WL If size is W, then sign-extended low byte of Dn to 16 bits; if size is L, then
sign extend low 16 bits of Dn to 32 bits

NEGX (EA) B, W, L 0-[EA] =X > EA

SUBX Dy, Dx B,W,L Dx-Dy-X-—Dx

SUBX - (Ay), - (Ax) B,W, L —[Ax] —=[Ay] =X = [Ax]

Test Instruction

TST (EA) B, W, L  [EA) =0 — fags affected

Test and Sct Instruction

TAS (EA) B If [EA] = 0, then set Z = 15 else Z = 0, N = 1 and then always set bit 7 of
[EA] to 1

Note: If [EA] in the ADD or SUB instruction is an address register, the operand length is WORD or LONG WORD.
[EA] in any instruction is calculated using the addressing mode used, All instructions except ADDA and SUBA affect
condition codes.

+ Source [EA] in the above ADDA and SUBA can use all modes.

« Destination [EA] in ADDI and SUBI can use all modes except An relative, and immediate.

+ Destination [EA] in ADDQ and SUBQ can usc all modes except relative and immediate.
[EA] in all multiplication and division instructions can use all modes except An.
Source [EA] in CMP and CMPA instructions can use all modes.

+ Destination [EA] in CMPI can use all modes except An, relative, and immediate.

+ [EA] in CLR and NEG can use all modes except An, relative, and immediate.

+ [EA] in NEGX can use all modes except An, relative, and immediate.

+ [EA] in TST can use all modes except An, relative, and immediate

+ [EA] in TAS can use all modes except An relative, and immediate.
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* MULS (EA), Dn multiplies two 16-bit signed numbers and provides a 32-bit result. For
example, consider MULS #-2, DO. If [D0] = 0004,,, then after this MULS, D0 will
contain the 32-bit result FFFFFFF8,, which is —8 in decimal. MULU (EA), Dn, on the
other hand, performs unsigned multiplication. Consider MULU (A1), D2. If [Al] =
00002000, [002000] = 0400, and [D2] = 0300, then after this MULU, D2 will
contain 32-bit result 000C0000,,.

Consider DIVS #4, DO. If [D0] = -9,, = FFFFFFF7,, then after this DIVS, register D0
will contain

Do FEEFE FFFE
16-bit 16-bit
remainder quotient
T = 2y

Note that in 68000, after DIVS, the sign of the remainder is always the same as the dividend
unless the remainder is equal to zero. Therefore, in the example above, since the dividend is
negative (~9,,), the remainder is negative (-1,,). Also, division by zero causes an internal
interrupt automatically. A service routine can be written by the user to indicate an error. N =
1 if the quotient is negative, and V = 1 if there is an overflow. The DIVU instruction is the same
as the DIVS instruction except that the division is unsigned. For example, consider DIVU #2,
DO. If [DO] = 11,, = 0000000B,, then after execution of this DIVU, register DO contains:

D 0001 0005
16-bit 16-bit
remainder quotient

As with the DIVS, division by zero using DIVU causes trap. Also, V = 1 if there is an
overflow.

5.5.2.c Compare, Clear, and Negate Instructions

* The COMPARE instructions affect condition codes, but do not provide the subtraction
result. Consider CMPM.W (A1)+, (A2)+. If [A1] = 00400000,,, [A2] = 00500000,
[400000] = 0008,,, [500000] = 2006,,, then after this CMP instruction N = 0, C = 0,
X=0,V=0,Z=0,[Al] = 00400002, and [A2] = 00500002,

+ CLR.L D3 clears all 32 bits of D3 to zcro. .

+ Consider NEG.W (A1). If [A1] = 00500000, [500000,,] = 0007, then after this NEG
instruction, the low 16 bits of location 500000, will contain FFF9,,.

5.5.2.d Extended Arithmetic Instructions
+ ADDX and SUBX instructions can be used in performing multiple precision arithmetic
since there are no ADDC (add with carry) or SUBC (subtract with borrow) instructions.
For example, in order to perform a 64-bit addition, the following two instructions can
be used:

ADD.L D2, D3 ; Add low 32 bits of data and store in D3

ADDX.L D4, D5; Add high 32 bits of data along with any
; carry from the low 32-bit addition and
; store result in D5

Note that in the above D5 D3 contains one 32-bit data and D4 D2 contains the other
32-bit data. The 32-bit result is stored in D5 D3.
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Processor 1 RAM Processor 2

FIGURE 5.6 Two 68000s interfaced via shared RAM.
« Consider EXT.W D5. If [D5] low byte = F8,,, then after the EXT, [D5] = FFF8,.

Test Instruction

« Consider TST.W (A1). If [A1] = 00700000, [700000] = F000,,, then after the TST.W
(A1), the operation F000,,-0000, is performed internally by the 68000, Z is cleared to
zero, and N is set to 1. V and C flags are always cleared to zero.

Test and Set Instruction

A multiprocessor system includes a mechanism to safely access resources such as memory
shared by two or more processors. This mechanism is called mutual exclusion.

Mutual exclusion allows a processor to lock out other processors from accessing a shared
resource. This shared résource is also called a Critical Program Section, since once a processor
starts executing the program scquence in this section, it must complete it before another
processor accesscs it.

A binary flag called semaphore stored in the shared memory is used to indicate whether the
shared memory is free (semaphore = 0) to be accessed or busy (semaphore = 1; the shared
memory being used by another processor). Testing and setting the semaphore is a critical
operation and must be exccuted in an indivisible cycle by a processor so that the other
processors will not access the semaphore simultaneously.

The test and set instruction, along with a hardware lock mechanism, can initialize a
semaphore. The test and set instruction tests and sets a semaphore. The processor, when
executing this instruction, gencrates a signal to provide the lock mechanism during the
execution time of the instruction. This prevents other processors from altering the semaphore
between the processor’s testing and setting the semaphore.

The 68000 provides the TAS instruction to test and sct a semaphore. During exccution of
the TAS, the 68000 generates LOW on the AS (address strobe) pin which can be used to lock
out other processors from accessing the semaphore.

Let us explain the application of the TAS instruction. TAS(EA) is usually used to synchro-
nize two processors in multiprocessor data transfers. For example, consider two 68000-bascd
microcomputers with shared RAM shown in Figure 5.6.

Suppose that it is desired to transfer the low byte of DO from processor 1 to the low byte of
D2 in processor 2. A memory location, namely, TRDATA, can be used to accomplish this.
First, processor 1 can exccute the TAS instruction to test the byte in the shared RAM with
address TEST for zero value. If it is zero, the processor 1 can be programmed to move the low
byte of DO into location TRDATA in the shared RAM. The processor 2 can then execute an
instruction sequence to move the contents of TRDATA from the shared RAM into the low byte
of D2. The following instruction sequence will accomplish this:

Processor | Routine Processor 2 Routine
Proc1  TASTEST £ Proc 2 TAS TEST
BNE Proc | BNE Proc 2
MOVE.B DO, TRDATA MOVLE.B TRDATA, D2

CLR.B TEST CLR.B TEST
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TABLE 5.7 68000 Logical Instructions

Instruction Size Operation

AND (EA), (EA) B, WL |EA] A [EA] = EA )

ANDI #data, (EA) B,W,L [EA] A #data — EA; [EA] cannot be address register
ANDI #data8, CCR B CCR A #data — CCR ’

ANDI #datal6, SR w SR A #data = SR

EOR Dn, (EA) B, W,L  Dn @ [EA] = EA; [EA] cannot be address register
EQRI #data, (EA) B, W, L [EA] @ #data — EA; [EA] cannot be address register
EORI #datal6, SR w Datal6 @ SR = SR if s = I; clse trap

NOT (EA) B, W, L = One’s complement of |[EA] — EA

OR (EA), (EA) B,W,L [EA] v [EA] = EA

ORI #data, (EA) B,W,L  [EA] v #data — EA; [EA] cannot be address register
ORI #data8, CCR B CCR v #data8 — CCR

ORI #datalé, SR w SR v #data = SR

+ Source [EA] in AND and OR can usc all modes except An.

* Destination [EA] in AND or OR or EOR can use all modes except Dn, An, relative, and
immediate. ‘

* Destination [EA] in ANDI, ORI, and EORI can use all modes except An, relative, and
immediate,

« |EA] in NOT can usc all modes except An, relative, and immediate.

Note that in the above, TAS TEST checks the byte addressed by TEST for zero. If [TEST)
=0, then Z is set to one; otherwise Z = 0 and N = 1. After this, bit 7 of [TEST] is set to 1. Note
that a zero value of TEST indicates that the shared RAM is free for use and the Z bit indicates
this after the TAS is executed. In each of the above instruction sequences, data is transferred
using the MOVE instruction, TEST is cleared to zero so that the shared RAM is free for use
by the other processor. Note that bit 7 of memory location TEST is called the semaphore.

In order to avoid testing of the TEST byte simultancously by two processors, the TAS is
executed in a Read-Modify-Write cycle. This means that once the operand is addressed by the
68000 executing the TAS, the system bus is not available to the other 68000 until the TAS is
completed.

Logical Instructions
These instructions include logical OR, EOR, AND, and NOT as shown in Table 5.7.

* Consider AND.W D2, D6. If [D2] = 0005,,, [D6] = 0FF1,,, then after execution of this

AND, the low 16 bits of D6 will contain 0001,

Consider ANDI.B #$80, CCR. If [CCR] = OF, then after this ANDI, register CCR will

contain 00,,.

+ Consider EOR.W D2, D6. If [D2] = 000F,; and [D6] = 000F,, then after execution of
this EOR, register D6 will contain 0000, and D2 will remain unchanged at 000F,,.

* Consider NOT.B DO0. If [D0] = 04, then after execution of this NOT instruction, the

low byte of DO will contain FB,.

Consider ORI #81008, SR. If [SR] = A011,, then after exccution of this ORI, register SR

will contain B019,,. Note that this is a privileged instruction since the high byte of SR

containing the control bits is changed and therefore can only be executed in the

supervisor mode. -

Shift and Rotate Instructions
The 68000 shift and rotate instructions are listed in Table 5.8.
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TABLE 5.8 68000 Shift and Rotate Instructions

[nstruction Size Operation
ASL, Dx, Dy BW, L ¢ <
J Dy |10
Y W=
Shilt [Dy] by the number of times to left specified in Dx; the low 6 bits of Dx
specify the number of shifts from 0 to 63
ASL #data, Dn B, W,L  Same as ASL Dx, Dy except that the number of shilts is specified by immediate
data from 0 to 7
ASL (EA) B, W,L  [EA] is shifted one bit to left; the most significant of [EA] goes to x and ¢, and
zero moves into the least significant bit
ASR Dx, Dy B, W, L » 6
[ Dy I
Arithmetically shift [Dy] to the right by retaining the sign bit; the low 6 bits of
Dx specify the number of shifts from 0 to 63
ASR #data, Dn B, W,L  Samc as above except the number of shifts is from 0 to 7
ASR (EA) B, W, L  Samc as above except [EA] is shifted once to the right
LSL Dx, Dy B, W, L C «
Dy -0
§ % LA :
Low 6 bits of Dx specify the number of shifts from 0 to 63
LSL #data, Dn B, W, L Same as above except the number of shift is specified by immediate data from 0
o7
LSL (EA) B, W, L [EA] is shifted one bit to the left
]
LSR Dx, Dy B, W, 1L >
0> B}} [
> X
Same as LSL Dx, Dy except shift is to the right
LSR #data, Dn B,W,L  Same as LSL #data, Dn, except shift is to the right by immediate data from 0 to
7
LSR (EA) B, W,L  Samec as LSL [EA] except shift is to the right
ROL Dx, Dy B, W, L [t
C< Dy <—-—|
(._
Low 6 bits of Dx specify the number of times [Dy] to be shifted
ROL #data, Dn B,W,L  Same as above cxcept that the immediate data specify that [Dn] to be shifted
from0to7
ROL (EA) B, W,L  |EA] is rotated once to the lelt
ROR Nx, Dy B, W, L m
» by »C
—»
Low 6 bits of Dx specify the number of shifts from 0 to 63
ROR #data, Dn B, W,L  Samecas ROL #data, Dn except the shilt is to the right by immediate data from 0
o7
ROR (EA) B, W, L  [EA] is rotated once to the right
ROXL Dx, Dy B, W, L ’—_|
c< “~— Je—
Dy -
) Low 6 bits of Dx contain the number of rotates from 0 to 63
ROXL #data, Dy B, W,L  Samc as above except immediate data specify number of rotates from 0 to 7
ROXL (EA) B, W, L [EA] is rotated one bit to right
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TABLE 5.8 68000 Shift and Rotate Instructions (continucd)

Instruction Size Opcration

[_ = e

Same as ROXL Dx, Dy except the rotate is to the right
ROXR #data, Dy B,W,L Same as ROXL #data, Dy, except rotate is to the right by immediate data from 0
o7
ROXR (EA) B, W, L Same as ROXL [EA] except rotate is to the right

ROXR Dx, Dy B, W, L

Note: [EA] in ASL, ASR, LSL, LSR, ROL, ROR, ROXL, and ROXR can usc all modes cxcept Dn, An, relative, and
immediate.

* All the instructions in Table 5.8 affect N and Z flags accordmg to the result. V is reset

to zero except for ASL.

Note that in the 68000 therc is no true arithmetic shift left instruction. In true arithmetic

shifts, the sign bit of the number being shifted is retained. In the 68000, the instruction

ASL does not retain the sign bit, whereas the instruction ASR retains the sign bit after

performing the arithmetic shift operation. Consider ASL.W D3, DO. If [D3],,., 161 =

00034, [DO],,., 161is = 87EF 4, then after this ASL instruction [DO),,., 161 = 3FF8,, C =

0, and X = 0. Note that the sign of the contents of DO is changed from 1 to 0, and

therefore the overflow is set. ASL sets the overflow bit to indicate sign change during the

shift. In the example, the sign bit of DO is changed after shifting [DO0] three times. ASR,
on the other hand, retains the sign bit. For example, consider ASR.W #2, D5. If [D5] =
8FE2,, then after this ASR, the low 16 bits of [D5] = E3F8,,, C = 1, and X = 1. Note that
the sign bit is retained. ASL (EA) or ASR (EA) shifts (EA) one bit to the left or right,
respectively. For example, consider ASL.W (A2). If [A2] = 00004000, and [004000] =

F000,,, then after execution of the ASL, [004000] = E000,,, X = 1, and C = 1. On the

other hand, after ASR.W (A2), memory location 004000, will contain 7800,,, C = 0, and

X = 0. Note that only memory-alterable modes arc allowed for (EA). Also, only 16-bit

operands are allowed for (EA) when the destination is memory location.

LSL and ASL instructions are the same in the 68000 except that with the ASL, V is set

to 1 if there is a sign ¢! ange of the number during the shift.

+ Consider LSR.W# 0002, DO. If [D0] = FOOO,,,. then after the LSR, [D0] = 3C00,,, X =

0,and C=0.

* Consider ROL.B# 02, D2. If [D2] = B1,; and C = 1, then after execution of the ROL, the
low byte of [D2] = C7,, and C = 0. On the other hand, with [D2] =Bl and C = 1,
consider ROR.B #02, D2. After execution of this ROR, register D2 will contain ECK, and
C=0.

* Consider ROXL.W D2, D1. If [D2] = 0003,,, [D1] = F201, C = 0, and X = 1, then the
low 16 bits after execution of this ROXL are [D1] = 900F,;, C=1,and X = 1.

5.5.5 Bit Manipulation Instructions
The 68000 has four bit manipulation instructions, and these are listed in Table 5.9,

* In all the above instructions, the 1’s complement of the specified bit is reflected in the
Z flag. The specified bit is then 1’s complemented, cleared to zero, set to one, or
unchanged by BCHG, BCLR, BSET, or BTST, respectively. In all the instructions in
Table 5.10, if (EA) is Dn, then length of Dn is 32 bits; otherwise, the length of the
destination is one byte.
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TABLE 5.9 68000 Bit Manipulation Instructions

Instruction Size  Operation

BCHG Dn, (EA)
BCHG #data, (EA)

} B,L A bit in [EA] specified by Dn or immediate data is tested; the 1's complement of
the bit is reflected in both the Z flag and the specified bit position

BCLR Dn, (EA) B,L A bit in [EA] specified by Dn or immediate data is tested and the 1's complement

BCLR #data, (EA) of the bit is reflected in the Z flag; the specified bit is cleared to zero

BSET Dn, (EA) } B,L A bit in [EA] specified by Dn or immediate data is tested and the 1's complement

BSET #data, (EA) of the bit is reflected in the Z flags the specified bit is then sct to one

BTST Dn, (EA) } B,L A bitin [EA] specificd by Dn or

BTST #data, (EA) immediate data is tested; the 1’s complement of the specified bit is reflected in

the Z flag

« [EA] in the above instructions can use all modes except An, relative, and immediate.
- If [EA] is memory location, then data size is byte; if [EA] is Dn then data size is long word.

« Consider BCHG.B #2, $003000. If [003000] = 05, then after exccution of this BCHG
instruction, Z = 0 and [003000] = 01 .

. Consider BCLR.L # 3, D1. If [D1] = F210E128,;, then after execution of this BCLR,
register D1 will contain F210E120,s and Z = 0.

« Consider BSET.B #0, (A1). If [A1] = 00003000,, [003000] = 00,, then after execution
of this BSET, memory location 003000 will contain 01, and Z = 1.

« Consider BTST.B #2, $002000. If [002000] = 02,,, then after execution of this BTST,
Z =0 and [002000] = 02 .

Binary-Coded Decimal Instructions

The 68000 instruction set contains three BCD instructions, namely, ABCD for adding, SBCD
for subtracting, and NBCD for negating. These instructions operate on packed BCD operands
and always include the extent (X) bit in the operation. The BCD instructions are listed in Table
5.10.

« Consider ABCD D1, D2. If [D1] = 25, [D2] = 15,¢, X = 0, then after execution of the
ABCD instruction, [D2] = 40,,, X =0, and Z = 0.

+ Consider SBCD — (A2), — (A3). If [A2] = 00002004,, [A3] = 00003003,, X = 1, (002003] =
05,,, [003002] = 06,,, then after execution of this SBCD, [003002] = 00,5, X =0, and
Z=1

. Consider NBCD (A1).If [A1] = [00003000,], [003000] =05, X =1, then after execution
of the NBCD, [003000] = FA,,.

5.5.7 Program Control Instructions

These instructions include branches, jumps, and subroutine calls as listed in Table 5.11.

TABLE 5.10 68000 Binary-Coded Decimal Instructions

Instruction Operand size Operation

ABCD Dy, Dx B [Dx]10 + [Dy]10 + X — Dx
ABCD — (Ay), — (Ax) B —[Ax]10 + —[Ay]10 + X = [Ax]
SBCD Dy, Dx B [Dx]10 - [Dy]10 - X = Dx
SBCD — (Ay), ~(Ax) B —[Ax]10 = —[Ay]10 = X = [Ax]
NBCD (EA) B 0-|EAJI0-X — EA

Note: [EA] in NBCD can use all modes except An, relative, and immediate.
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TABLE 5.11 68000 Program Control Instructions

Instruction Size Operation

Bee d BW If condition code cc is true, then PC + d —PC; the PC value is current instruction
location plus 2; d can be 8- or 16-bit signed displacement; if 8-bit displacement is
used, then the instruction size is 16 bits with the 8-bit displacement as the low byte
of the instruction word; if 16-bit displacement is used, then the instruction size is
two words with 8-bit displacement field (low byte) in the instruction word as zero
and the second word following the instruction word as the 16-bit displacement

There are 14 conditions such as BCC (Branch if Carry Clear), BEQ (Branch if result
cqual to zero, i.e., Z = 1), and BNE (Branch if not cqual, i.e., Z = 0)

Note that the PC contents will always be even since the instruction length is either
one word or two words depending on the displacement widths

BRA d B,wW Branch always to 'C + d where PC value is current instruction location plus 2; as
with Bec, d can be signed 8 or 16 bits; this is an unconditional branching
instruction with relative mode; note that the PC contents are even since the
instruction is cither one word or two words

BSR d BwW PC — —[SP]

PC +d — PC

The address of the next instruction following PC is pushed onto the stack; PC is then
loaded with PC + d; as before, d can be 8 or 16 bits: this is a subroutine call
instruction using relative mode

DBce Dn, d W If cc is false, then Dn ~ 1 = Dn, and if Dn = =1, then PC + 2 — PC; If Dn # -1,
then PC + d — PC; if cc is true, PC + 2 = PC
IMP (EA) Unsized  [EA] = PC
This is an unconditional jump instruction which uses control addressing mode
JSR (EA) Unsized  PC — -[5P]
[EA] = PC
. This is a subroutine call instruction which uses voniool addressing mode
RTR Unsized  [SP] + = CCR
|SP}+ = PC
Return and restore condition codes
RTS Unsized  Return from subroutine
[SP] + = PC
Scc (EA) B If cc is true, then the byte specificd by [EA] is set to all ones, otherwise the byte is

¢leared to zero

= [EA] in JMP and JSR can use all modes except Dn, An, (An) +, —(An), and immediate.
* |EA] in Scc can use all modes except An, relative, and immediate.

* Consider Bee d. There are 14 branch conditions. This means that cc in Bee can be
replaced by 14 conditions providing 14 instructions. These are BCC, BCS, BEQ, BGE,
BGT, BHI, BLE, BLS, BLT, BMI, BNE, BPL, BVC, and BVS. It should be mentioned that
some of these instructions are applicable to both signed and unsigned numbers, some
can be used with only signed numbers, and some instructions are applicable to only
unsigned numbers as shown below:

For both signed and
unsigned numbers For signed numbers For unsigned numbers

BCC d (Branch if C=0)  BGE d (Branch if greater or equal) BHI d (Branch if high)
BCS d (Branch ifC = 1) BGT d (Branch if greater than) BLS d (Branch if low or same)
BEQd (Branch ifZ=1)  BLE d (Branch if less than or equal)
BNEd (Branch ifZ=0)  BLT d (branch if less than)
BMI d (Branch if N = 1)
BPL d (Branch if N = 0)
BVC d (Branch if V'=0)
BVS d (Branch if V= 1)
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After signed arithmetic operations such as ADD or SUB the instructions such as BEQ, BNE,
BVS, BVC, BMI, and BPL can be used. On the other hand, after unsigned arithmetic opera-
tions, the instructions such as BCC, BCS, BEQ, and BNE can be used.

If V =0, BPL and BGE have the same meaning. Likewise, if V = 0, BMI and BLT perform
the same function. '

The conditional branch instructions can be used after typical arithmetic instructicns such
as subtraction to branch to a location if cc is true. For example, consider SUB.W L 1, D2, Now
if [D1] and [D2] are unsigned numbers, then

BCC d can be used if [D2] > [D1]
BCS d can be used if [D2] < [D1)
BEQ d can be used if [D2] = [D1]
BNE d can be used if [D2] # [D1]
BHI d can be used if [D2] > [D1]
BLS d can be used if [D2] € [D1]

On the other hand, if [D1] and [D2] are signed numbers, then after SUB.W D1, D2, the
following branch instructions can be used:

BEQ d can be used if [D2] = [D1]
BNE d can be used if [D2] # [D1]
BLT d can be used if ([D2] < [D1]
BLE d can be used if [D2] < [D1]
BGT d can be used if [D2] > [D1]
BGE d can be used if [D2] 2 [D1]

Now, as an example consider BEQ* + $20. If [PC] = 000200,,, then after execution of the
BEQ instruction, program execution starts at 000220, if Z = 1; if Z = 0, program execution
continues at 000200. Note that * is used by some assemblers to indicate displacement.

« The instruction BRA and JMP are unconditional JUMP instructions. The BRA (Branch
Always) instruction uses the relative addressing mode, whereas the JMP uses only
control addressing modes. For example, consider BRA * + $20. If [PC] = 000200, , then
after execution of the BRA, program execution starts at 000220,,.

Now consider JMP (Al). If [Al] = 00000220,,, then after execution of the JMP,
program execution starts at 000220,

* The instructions BSR and JSR are subroutine CALL instructions. BSR uses relative
mode, whereas JSR uses absolute addressing mode. Consider the following program
segment:

Main program Subroutine

— PROC  MOVEM.L D0-D7/A0-A6, -(SP)

JSR PROC
START —
— MOVEM.L (SI")+ , DO-D7/A0-A6
RTS

main body of
the subroutine

In the above, JSR SUB instruction calls the subroutine called PROC. In response to
JSR, the 68000 pushes the current PC contents called START onto the stack and loads the
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starting address PROC of the subroutine into PC. The first MOVEM in the PROC pushes all
registers onto the stack and after the subroutine is executed, the second MOVEM instruction
pops all the registers back. Finally, RTS pops the address START from the stack into PC, and
the program control is returned to the main program. Note that BSR PROC could have been
used instead of JSR PROC in the main program. In that case, the 68000 assembler would have
considered the PROC with BSR as a displacement rather than as an address with the JSR
instruction.

The use of stack to save temporary variables during subroutine execution can be facilitated
by utilizing a stack frame. The stack frame is a set of locations in stack used for saving return
addresses, local variables, and I/O parameters. Local variables such as loop counters used in the
subroutine are used by the subroutine and are not returned to the main program. The stack
frame can be utilized by the subroutine to access a new set of parameters each time the main
program calls it.

In 68000, the stack frame can be created by the main program and the subroutine using the
LINK and UNLK instructions. The subroutine can access the variables on the stack by using
displacements from a base register called a frame pointer. The 68000 LINK instruction can be
used to create a stack frame and define the frame pointer.

As an example of LINK/UNLK, the instruction LINK A5, #-100 creates a stack frame 0f 100,,
with A5 as the frame pointer. The instruction such as MOVE.W d (A5), Dl and MOVEW
D1,d(A5) can then be used to access the stack frame.

A typical instruction sequence illustrating the use of LINK and UNLK is given below:

Main Program

MOVE.L #Const,-(USP) ; Push 32-bit
; constant to be passed
PEA.W ADDR ; Push starting address of
; a table to be passed
JSR START ; Jump to the subroutine
START
Subroutine

LINK A3,#-12

Allocate 12 bytes

-

MOVE.L DATAl,-4(A3),
MOVE.L DATA2,-8(A3),
MOVE.L DATA3,-12(A3)

e me N W e Ne

Push local wvariable 1
Push local variable 2
Push local variable 3

Instructions [ MOVEA.L 8(A3), Ad Obtain ADDR
arbitrarily | MOVE.L (A4), D1 Read data from table
chosen Subtract 5 from local

SUBQ.L #5,-12(A3)

MOVE.L 12(A3), D4

UNLK A3
RTS

variable 3
Read the 32-bit constant

Restore original wvalues
RETURN
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The following illustrates the stack contents at various points:

Decreasing
Addresses
A use |
krame o s .
) = SP | Return
g £~ Return | A3yl Old A3 | ——»| Address
- Return ; v
32-bit Address 32-bit | USP | 32-bit
Fiia ADDR 32-bit ADDR |—>»| ADDR
Y ADDR
Inereasing
Addresses | 32-bit 32-bit 32-bit 32-bit
UsP Const, Const. Const, Const.
—» Valid
Data . i i ;
(51} Stack “’) Stack (C) Srack (d) Stack (I:) Stack
before after alter after after
executing JSR Start LINK UNLK RST
the main
pl.'()gl’:ll‘l'l

In the main program, it is assumed that the 68000 is in user mode and, therefore, USP is
used in the program. It is also assumed that the main program passes to the subroutine a 32-bit
constant, and the starting address ADDR of a table to be accessed by the subroutine. The
subroutine allocates 12 bytes to save three 32-bit local variables by using the LINK instruction.
Several instructions are arbitrarily chosen (to illustrate the concept) to be executed by the
subroutine to read data from the table, decrement the local variable 3 by 5, and read the 32-
bit constant so that they can be used in the instruction sequence that follows (not shown in
the subroutine). The UNLK instruction restores the original conditions and the RTS allows the
program to return to the right place in the program. ’

« DBecc Dn, d tests both the condition codes and the value in a data register. DBcc first
checks if cc (NE, EQ, GT, ctc.) is satisfied. If satisficd, the next instruction is executed.
If cc is not satisfied, the specified data register is decremented by 1. If [Dn] = -1, then
next instruction is exccuted; if Dn # -1, then a branch is taken to PC + d. For example,
consider DBNE D5, * —4 and [D5] = 00003002, [PC] = 002006,,. Now if Z=1, then
[D5] = 00003001, since [D5] # -1, program execution starts at 002002, There is a
false condition in the DBcc instruction, and this instruction is the DBF (some assem-
blers use DBRA for this). In this case, the condition is always falsc. This means that after
execution of this instruction, Dn is decremented by 1 and if [Dn] = -1, then the next
instruction'is exccuted; if [Dn] # =1, then branch to PC + d is taken.

Consider SPL(AS5). If [A5] = 00200020, and N = 0, then after execution of the SPL,
memory location 200020, will contain 11111111,

-

System Control Instructions

The 68000 contains some system control instructions which include privileged instructions
and trap instructions. Note that the privileged instructions can only be cxecuted in the
supervisor mode. The system control instructions arc listed in Table 5.12.

« The RESET instruction, when executed in supervisor mode, outputs a signal on the
RESET pin of the 68000 in order to initialize the external peripheral chips. The 68000 reset
pin is bidircctional. The 68000 can be reset by asserting the reset pin using hardware,
whereas the peripheral chips can be reset using the software RESET instruction.
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TABLE 5.12 68000 System Control Instructions

Instruction Size Operation

Privileged Instructions ‘

RESET Unsized  If supervisory state, then assert reset line; else TRAP

RTE Unsized  If supervisory state, then restore SR and PC; clse TRAP

STOP #data Unsized  If supervisory state, then load immediate data to SR and
then STOP; clse TRAP

ORI to SR

MOVE to/from USP ;

ANDI to SR These privileged instructions were discussed carlier

EORI to SR

MOVE (EA) to/from SR

Trap and Check Instructions -
TRAP # vector Unsized PC — - [SSP)

SR = - [85P)
Vector address = PC
TRAPY Unsized TRAPIfV =1
CHK (EA), Dn w 1f Dn < 0 or Dn > [EA], then TRAP
Condition Code Register
ANDI to CCR
EORI to CCR -
MOVE (EA) to/from CCR Already explained earlier
ORI to CCR

Note: (EA) in CHK can use all modes except An,

* MOVE.L USP, An or MOVE.L An, USP can be used to save, restore, or change the
- contents of USP in supervisor mode, The USP must be loaded in supervisor mode since
MOVE USP is a privileged instruction,

Consider TRAP # n. There are 16 TRAP instructions with n ranging from 0 to 15. The
hexadecimal vector address is calculated using the following equation:

Hexadecimal vector address = 80 + 4*n

The TRAP instruction first pushes the contents of PC and then the SR onto the system
(user or supervisor) stack. The hexadecimal vector address is then loaded into PC. The
TRAP is basically a software interrupt.
One of the 16 trap instructions can be executed in the user mode to execute a supervisor
program located at the specified trap routine. Using the TRAP instruction, control can
be transferred to the supervisor mode from the user mode.
There are other traps which occur due to certain arithmetic errors. For example,
division by zero automatically traps to location 14,,. On the other hand, an overflow
condition, i.e., if V = 1, will trap to address 1C,, if the instruction TRAPV is executed.
* The CHK (EA), Dninstruction compares [Dn] with (EA). If [Dn),,,, ;¢ <0 orif [D],,,,
16vis > (EA), then a trap to location 0018, is generated. Also, N is set to 1 if [Dn],,,, ;i <
" 0and N is reset to zero if [Dnly,, 1611, > (EA). (EA) is treated as a 16-bit 2's complement
integer. Note that program execution continues if [Dn]_,, ;¢ lies between 0 and (EA).

Consider CHK (A5), D2, If [D2),,,, 161 = 0200, [AS] = 00003000,5, (003000,,] = 0100,
then after execution of the CHK, the 68000 will trap since [D2] = 0200 is greater than
(003000] = 0100,,.

The purpose of the CHK instruction is to provide boundary checking by testing if the content
of a data register is in the range from zero to an upper limit. The upper limit used i the

.instruction can be set equal to the length of the array. Then every time the array is accessed, the
CHK instruction can be executed to make sure that the array bounds have not been violated.
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The CHK instruction is usually placed following the computation of an index value to
ensure that the limits of this index value are not violated. This allows checking whether or not
the address of an array being accessed is within the array boundaries when the address register
indirect with index mode is used to access an element in the array. For example, the instruction
sequence shown below will allow accessing of an array with base address in A3 and array length
of 125,, bytes:

CHK #124, D5
MOVE.B 0 (A3, D5.wW), D4

In the above, if low 16 bits of D5 is greater than 124, the 68000 will t.rap to location 0018,,.

In the above, it is assumed that D5 is computed prior to execution of the CHK instruction.
Also, the 68000 assembler requires that a displacement value of 0 be specified as in the
instruction MOVE.B 0(A3, D5.W), D4.

68000 Stacks

The 68000 supports stacks and queues with the address register indirect postincrement and
predecrement addressing modes.

In addition to SPs, all seven address registers AC-A6 can be used as stack pointers by using
appropriate addressing modes.

Subroutine calls, traps, and interrupts automatically use the system stack pointers: USP
when S = 0 and SSP when S= 1. Subroutine calls push PC onto the stack, while RTS pops PC
from the system stack. Traps and interrupt push both PC and SR onto the system, while RTE
pops PC and SR from the system stack.

These stack operations fill data from high memory to low memory. This means that the
system SP is predecremented by 2 (word) or 4 (long word) with push and post incremented
by 2 (for word) or 4 (for long word) after pop. As an example, suppose that a 68000 call’
instruction (JSR or BSR) is executed when PC = $0031 F200; then after execution of the
subroutine call the stack will push the PC as follows:

Low Address
USP"} ‘\
- or — 0031 (H)
SsP-4
usPe-2
or — 200 (L)
Ssp-2
usr
or —>» | VALID DATA
Ssp Y
High Address

Note that the system stack pointer always points to valid data.

Stacks can be created by the user by using address register indirect with postincrement or
predecrement modes. Using one of the seven (A0-A6) address registers, the user may create
stacks which can be filled from cither high memory to low memory or vice versa.
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Stacks from high to low memory are implemented with predecrement mode for push and
postincrement mode for pop. On the other hand, stacks from low to high memory is implemented
with postincrement for push and predecrement for pop. For example, consider the following stack
growing from high to low memory addresses in which A5 is used as the stack pointer:

23 0 STACK
A5 [[200504, 4
2005046 0P
200506, A
200508, =
2005044 o
20050C,4 PR

In order to push 16-bit content 0504, of memory location 305016, the instruction
MOVE.W $305016, —(A5) can be used as follows:

23 0 STACK
A5 [200502,4 .
| 200502, 4 .
200504, ¢ -
200506, p—
2005084 Sy
2005044 BATAD
0500 BOTTOM

The 16-bit data 0504, can be popped from the stack into low 16 bits of DO by using
MOVE.W (A5)+, D0. A5 will contain 200504, after the POP. Note that in this case, the stack
pointer A5 points to valid data.

Next, consider the stack growing from low to high memory addresses in which, say, A6 is
used as the stack pointer:

STACK
305004,4 NSTIE
3050064 .
3N DATA 1
: 3050044 o
23 0 30500C; 4
A6 [30500C;, FREE

Now, in order to PUSH 16-bit contents 2070, of the low 16 bits of D5, the instruction
MOVE.W D5, (A6)+ can be used as follows:
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23

A6 | 30500E,
30500E,

-

STACK
3050044 SOTTOM
305006,4 DATA 0
305008, ¢ BATA |
3050044 S
0 30500C; ¢ 2070
FREE

309

The 16-bit data 2070, can be popped from the stack into 16-bit memory location 417024,
by using MOVE.W=- (A6), $417024.

Note that in this case, the stack pointer A6 points to the free location

Example 5.1

.abovc the valid data.

Determine the effect of cach one of the following 68000 instructions:

CLR DO
MOVE.L D1, DO
CLR.L (AO)+

MOVE -
MOVE 20 (A0), DO
MOVEQ.L #$D7, DO
MOVE 21 (A1,

(a0), DO

A0.L), DO

- Assume the following initial configuration before each instruction is executed. Also, assume

all numbers in hex.

[DO] = 22224444, ([D1l] = 55556666
[(AO0] = 00002224, [Al] = 00003333
[002220] = 8888, [002222] = TTTT
(002224) = 6666, [002226] = 5555
[002238] = ARAA, [00556C] = FFFF
Solution
Instruction Effective address Net effect (HEX)
CLR DO Destination EA = D0 [DO] = 22220000
MOVE.L D1, DO Destination EA = DO [D0) & 55556666
Source EA = D1
CLR.L (AO)+ Destination EA = [A0] [002224] = 0000
[002226] = 0000
|AQ] « 00002228
MOVE -(A0), DO Source EA = [A0] -2 [A0Q) ¢ 00002222

MOVE 20 (A0), D0

" MOVEQ.L#5D7, DO

MOVE 21(A0, Al.L), DO

Destination EA = D0

Source EA = [A0] + 20,, (or 14,;)
= 002238

Destination EA = DO

Source data = D7,

Destination EA = DO

Source EA = [AD] + [A1] + 21,
= 556C

Destination EA = DO

[DO] = 22227777
[DO] = 2222AAAA

[D0) + FFFFFFD7 |

[DO] = 2222FFFF
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Example 5.2

Write a 68000 assembly program segment that implements cach one of the following Pascal
segments, Assume the following information about the variables involved in this problem,

Varlable Comments
X Address of a 16-bit signed integer of array 1 of 10 elements
Y Address of a 16-bit signed.integer of array 2 of 10 elements
. SUM Address of the sum
(a) IfX2Y,then X=X+ 10;
else Y :=Y - 12
(b) Sum:=0;fori:=01t09,do
sum ;= sum + A (i).
Solution
(a) LEA X, AO ; Point A0 to X
LEA Y, Al ; Point Al to Y
MOVE (AO), DO .; MOVE [X] into DO
CMP (Al), DO ; COMPARE [X] WITH [Y]
BGE THRPT
SUBI #12, (Al) ; Execute else part
BRA NEXT
THRPT ADDI#10, (AO) ; Execute then part
NEXT
(b) LEA SUM, Al ; Point to SUM
LEA ¥, AO ; Point A0 to Y [0]
CLR DO ; Clear the sum to zero

MOVEQ.L #9,D1

; Initialize D1 with loop
limit

LOOP ADD (AO) +, DO ; Perform the iterative
DBF D1, LOOP 7 Summation
MOVE DO, (Al) ; Transfer the result

Note that condition F in DBF is always false and thus we exit from the loop only when the
content of the register D1 becomes —1. Therefore, we repeat the addition process for 10 times

as desired.

Example 5.3

Write 68000 assembly program to clear 85,, consecutive bytes.

Solution ) 5
ORG $2000
MOVEA.L#$3000,A0 ; LOAD AO WITH $3000
MOVE #$84, DO ; MOVE 84, INTO DO
LOOP CLR.B(A0) + ; CLEAR [3000,,] AND

POINT TO NEXT ADDRESS
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DBF DO, LOOP ; DECREMENT AND BRANCH
FINISH JMP FINISH i HALT

Note that the 68000 has no HALT instruction in the user mode. The 68000 has the STOP
instruction in supervisor mode. Therefore, the unconditional JUMP to some location such as
FINISH JMP FINISH in the above program must be used. Since DBF is a word instruction and
considers DO's low 16-bit word as the loop count, DO must be initialized by a word MOVE
rather than byte MOVE, even though 84,5 can be accommodated in a byte. Also, one should
be careful about using MOVEQ, since MOVEQ sign extends a byte to a long word.

Example 5.4

Write 68000 assembly program to compute

N
in Yi

where Xi and Yi are signed 16-bit numbers, N = 100, Assume no overflow and that the result
is 32-bit wide,

Solution .

ORG $1000

MOVEQ.L#99,D0 ; MOVE 99, INTO DO

LEA P, A0 ; LOAD ADDRESS P INTO A0

LEA Q, Al ;  LOAD ADDRESS Q INTO Al

CLR.L D1 ; Initialize D1 to zero
LOOP MOVE (AO)+, D2 ; MOVE [X] TO D2

MULS (Al)+, D2 ; D2 « [X] * [Y]

ADD.L D2, D1 ; Dl « X Xi Yi

DBF DO, LOOP ; DECREMENT AND BRANCH
FINISH JMP FINISH i HALT

Example 5.5

Write a 68000 subroutine to compute

Y=§N]‘ xf‘i:

Assume the Xi's are 16-bit signed integers and N = 100. The numbers are stored in
consecutive locations. Assume AO points to the Xi’s and SP is already initialized. Also, assume
no overflow.

Solution
SQRE MOVEM.L D2/D3/A0,-(SP) : Save registers

CLR.L D1 ] Clear sum

MOVEQ.L #99,D2 5 Initialize loop count
LOOP MOVE.W (AOQO)+, D3 i Move Xis into D3

MULS D3,D3 ; Computer Xi?
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ADD.L D3, D1 '
DBF D2, LOOP ; Store sum of Xi? into D1

FDIVU #100, D1 ; Compute 2 Xi?/N
MOVEM.L (SP)+, D2/D3/A0 ; Restore registers
RTS

Example 5.6

Write a 68000 assembly language program to move block of data length 100,, from the source
block starting at location 002000, to the destination block starting at location 003000,

Solution ;
MOVEA.L #52000, A4 ; Load A4 with source address
MOVEA.L #$3000, AS Load A5 with destination

' ; address ‘

Load DO with count =<1 = 99

START MOVE.W (A4)+, (AS5)+ MOVE source data to destination
DBF DO, START Branch if DO # -1 :

END JMP END ; HALT

~e

MOVEQ.L #99, DO

e we e

Example 5.7

Write a 68000 assembly language program to add two words: each contains two ASCII digits. The
first word is stored in two consecutive locations with the low byte pointed to by A0 at offset
0300,,, while the second word is stored in two consecutive locations with the low byte pointed
to by Al at 0700,,. Store the result in hex in memory pointed to by Al.

Solution
' MOVEQ.B #1,D2 ; Initialize loop

MOVEA.L #$0300,A0 ; Initialize A0
MOVEA.L #$0700,A1 ; Initialize Al
MOVEE.W #0,CCR ; Clear X-bit

START MOVE.B (A0)+,DO ; Move data
ANDI.B #$0F,DO ; Mask off upper nibble
ANDI.B #$0F, (Al) ; Mask off upper nibble
ADDX.B DO, (Al)+ ;  Add data
DBF D2, START

END JMP END ;  Halt

Example 5.8

Write 6800 assembly language program to compare a source string of 50,, words pointed to
by A0 with a destination string pointed to by Al. The program should be halted as soon as a
match is found or the end of string is reached.

Solution
MOVEQ.B #49,D0 ; Initialize loop count
BEGIN CMPM (AO)+, (Al)+ ; Compare string
DBEQ DO,BEGIN ; Compare until match or end of
; string

FINISH JMP FINISH ; Halt
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Example 5.9

Write a subroutine in 68000 assembly language which can be called by a main program. The
subroutine will multiply a signed 16-bit number by a signed 8-bit number. The main program
will call this subroutine, store the result in two memory words pointed to by A0 and stop.
Assume Al and A2 contain the signed 8-bit and 16-bit data respectively. Assume that the stack
pointer is already initialized. Assume supervisor mode.

Solution

Main program

MOVE.B (Al),DO ; Move 8-bit data
MOVE.W (A2),D1 ; Move 16-bit data
CALL MULTI ; Call subroutine
MOVE.L D1, (A0) ; Store result

FINISH JMP FINISH ; Halt

Subroutine

MULTI EXT.W DO ; Sign extend DO0.B
MULS.W DO,D1l ; Signed multiply
RTS

Example 5.10

Write 68000 assembly language program to subtract two 64-bit numbers. Assume D3D4 and
D1DO0 contain the two 64-bit numbers. Store the result in D3D4.

Solution
SUB.L DO,D4 ; Subtract
; Low 32-bit
SUBX.L D1,D3 ; Subtract
; High 32-bit
FINISH JMP FINISH ; HALT

Example 5.11

Write 68000 assembly language program that will perform the following operation:
5* X-6*Y +(X/8)— DLL

where X is unsigned 8-bit number stored in lowest byte of D0 and Y is 16-bit signed number
stored in upper 16-bit number in D1 respectively. Discard remainder of X/8.

Solution

Convert X to 16 bits
Save DO

DO.L <« 5 * X

pata in low 16-bit
D1.L <« =6 * Y

Dl1.L < 5 * X - 6. .* Y
D2.W « X/8B

ANDI.W #$00FF,DO
MOV.W DO,D2
MULU.W #5,D0
SWAP.W D1

MULS.W #-6,D1
ADD.L DO,D1
LSR.W #3,D2

e e e Sy Ma Ne e
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ANDI.L #$0000FFFF,D2 ; ' Mask off high 16 bits of D2
ADD.L D2,D1 ; S8Store result in D1.L
FINISH JMP FINISH

Example 5.12

Write 6800 assembly program to convert a number from Fahrenheit degrees in bytes to Celsius
degrees. The source byte is assumed to reside in memory pointed to by A0 and the result to
be stored in DO. Use the equation C = [(F - 32)/9] * 5.

Solution

MOVE.B (A0),DO
EXT.W DO
SUBI.W #32,D0
MULS.W #5,D0
DIVS #9,D0
FINISH JMP FINISH

Get degrees F.
sign extend
subtract 32

DO « (F - 32) * 5
D0 ¢« DO/S

s N e e N

68000 Pins and Signals

The 68000 is housed in one of the following packages:

* 64-pin dual in-line package (DIP)
* 68-Terminal Chip Carrier

*+ 68-pin Quad Pack

* 68-pin Grid Array

Figure 5.7 shows the pin diagrams of the 64-pin DIP package. Pin diagrams for the other three
packages are shown in Appendix B.

The 68000 is provided with several Vec and ground pins. Power is thus distributed in order
to reduce noise problems at high frequencies.

In order to build a prototype to demonstrate that the paper design for the 68000-based
microcomputer is correct, one must use either wire-wrap or solder for the actual construction.
Prototype board must not be used. This is because at high frequencies above 4 MHz, there will
be noise problems due to stray capacitances.

D0-D15 is the 16-bit data bus, Note that Dn indicates a data pin of the 68000 during
hardware discussions while Dn refers to a data register of the 68000 during software discus-
sions. All transfers to and from memory and I/O devices are conducted over the 16-bit bus.
A1-A23 are the 23 address lines. A0 is obtained by encoding UDS (Upper Data Strobe) and
LDS (Lower Data Strobe) lines. The 68000 operates on a single-phase TTL level clock at 4
MHz, 6 MHz, 8 MHz, 10 MHz, 12.5 MHz, 16.67 MHz, or 25 MHz. The 68000 also has a lower-
power HCMOS version called the MC68HCO000 which can run at 8 MHz, 10 MHz, 12.5 MHz,
and 16.67 MHz.

There is no on-chip clock generator/driver circuitry and therefore the clock must be
generated externally. This clock input is utilized internally by the 68000 to generate additional
clock signals for synchronizing the 68000’s internal operation.

Figure 5.8 shows the 68000 CLK waveform and clock timing specifications.

The clock is at TTL compatible voltage. The clock timing specification provides data for
three different clock frequencies: 8 MHz, 10 MHz, and 12.5 MHz.

The 68000 CLK input can be provided by a crystal oscillator or by designing an external
circuit. Figure 5.9 shows a simple oscillator to generate the 68000 CLK input. The clock circuit



5.7.1

Motorola MC68000 315

64-pin dual in-line package

pach ® 6405
ok um b 63 D6
D23 623D7
D1C]4 61308
Docys 603 D9
_AsC6 s9[3D10
uosz s8[DN
Losa 57012
RWI]9 56013
DIACK ] 10 55014
BGCn s4[o1s
BGACK 12 51 [IGND
BR[J13 52[0A23
VecCJ14 s1[aA22
CLk 15 50 [A21
GNDC 16 49 D Vee
HALT 17 48[ A20
RESETC]18 47 [3A19
vMAC 1Y 46[JA18
N f=p 45 3A17
Ty = b3 443A106
3ERR ] 22 43[AIs
({3 p3] 42[0A14
IPLI ] 24 41[3A13
PO )25 40[3A12
fcace 39 AN
[P 38[3A10
rcocqze 37 A9
A9 36[JA8
A2 30 35 [A7
Algu 34046
A4[]32 I3[AS

FIGURE 5.7 68000 pin diagram.

uses two inverters connected in series. Inverter 1 is biased in its transition region by the resistor
R. Inverter 1 inputs the crystal output (sinusoidal) to produce logic pulse train at the output
of inverter 1. Inverter 2 sharpens the wave and drives the crystal. For this circuit to work,
HCMOS logic (74HC00, 74HCO02, or 74HC04) must be used and a coupling capacitor should
be connected across the supply terminals to reduce the ringing effect during high-frequency
switching of the HCMOS devices. Additionally, the output of this oscillator is fed to the clock
input of a D-flip-flop (74LS74) to further reduce the ringing. Hence, a clock signal of 50% duty
cycle at a frequency of 1/2 the crystal frequency is generated.

The 68000 consumes about 1.5 watts of power.

The 68000 signals can be divided into five functional categories. These are

1. Synchronous and asynchronous control lines
2. System control lines

3. Interrupt control lines

4. DMA control lines

5. Status lines

Synchronous and Asynchronous Control Lines

The 68000 bus control is asynchronous. This means that once a bus cycle is initiated, the external
device must send a signal back in order to complete it. The 68000 also contains three synchro-
nous control lines that facilitate interfacing to synchronous peripheral devices such as Motorola’s
inexpensive MC6800 family. Note that synchronous operation means that bus control is syn-
chronized or clocked using a common system clock signal. In 6800 family peripherals, this
common clock is a phase 2 (@2) or an E clock signal depending on the particular chip used.

With synchronous control, all READ and WRITE operations must be synchronized with the
common clock, However, this may create problems when interfacing slow peripheral devices.
This problem does not arise with asynchronous bus control.
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AC Electrical Specifications — Clock Timing

Characteristic Symbol 8 MHz 10 MHz 12.5 MHz Unit
Min Max Min Max Min Max
Frequency of Operation 1 4.0 8.0 40 100 4.0 125 MHz
Cycle Time ey 125 250 100 250 80 250 ns
Clock Pulse Width ‘CL 55 125 45 125 35 125 ns
'CH 55 125 45 125 35 125
Rise and Fall Times 'CR e 10 - 10 - 5 ns
'cl —_ 10 —_ 10 — 9
= b >

te, —> [€— — |

ta

[e—te, —>| [€e—lci—>

\_

Note: Timing measurements are referenced to and from a low voltage of 0.8 volts and a high
voltage of 2.0 volts, unless otherwise noted. The voltage swing through this range should start
outside and pass through the range such that the rise or fall will be linear between 0.8 and 2.0

volts.

FIGURE 5.8 Clock input timing diagram.
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The 68000 utilizes either synchronous or asynchronous bus cycles for data transfer. The
purpose of using the synchronous bus cycles is to interface Motorola’s inexpensive MC6800
peripheries to the 68000. On the other hand, the asynchronous bus protocol of the 68000 too
is used to interface non-6800 type peripherals to the 68000. Once the 68000 starts a bus cycle,
it expects one of three signals to tell it how to terminate the cycle. These signals are VPA
(synchronous operation), DTACK (Asynchronous operation), or BERR (Bus Error; when
no DTACK is received from the periperal device). Synchronous and Asynchronous opera-
tions arc described in the following.

The 68000 has three control lines to transfer data over its bus in a synchronous manner.
These are E (enable),- VPA (valid peripheral address), and VMA (valid memory address).

The E clock corresponds to phase 2 clock of the 6800. The E clock is output at a frequency
that is 1/10th of the 68000 input clock. The VPA is an input which tells the 68000 that a 6800
device is being addressed and therefore data transfer must be synchronized with the E clock.
The VMA is processor’s response to VPA. VPA s asserted when the memory address is
valid. This also tells the external device that the next data transfer over the data bus will be
synchronized with the E clock. VPA can be generated by decoding the address pins and
address strobe ( AS). Note that the 68000 asserts AS low when the address on the address bus
isvalid. VMA is typically used as part of the chip select of the 6800 peripheral. This ensures
that the 6800 peripherals are selected and deselected at the correct time. The 6800 peripheral
interfacing sequence is provided in the following:

1. The 68000 initiates a cycle by starting a normal read or write cycle._

2. The 6800 peripheral defines the 6800 cycle by asserting the 68000 VPA_input. If the
VPA is asserted as soon as possible after the assertion of AS, then VPA will be
recognized as being asserted on the falling edge of $4 (third cycle). If the VPA is not
asserted at the falling edge of 54 (third cycle), the 68000 inserts wait states until VPA
is recognized by the 68000 as asserted. DTACK _should not be asserted while VPA is
asserted. The 6800 peripheral must remove VPA within one clock after AS is negated.

3. The 68000 monitors enable (E) until it is low. The 68000 then synchronizes all read and
write operations with the E clock. VMA output pin is asserted low by the 68000.

4. The 68000 peripheral waits until E is active (HIGH) and then transfers the data.

5. The 68000 waits until E goes low (on_a read cycle the data is latched as E goes low
internally). The 68000 then negates VMA, AS, UDS, and LDS. The 68000 thus
terminates the cycle and starts the next cycle.

Asynchronous operation is not dependent on a common signal. The 68000 utilizes the
asynchronous control lines to transfer data between the 68000 and peripheral devices via
handshaking. Using asynchronous operation, the 68000 can be interfaced to any peripheral
chip regardless of its speed. :

The 68000 provides five lines to control address and data transfers asynchronously. These
are AS (Address Strobe), R/'W (Read/Write), DTACK (Data Acknowledge), UDS (Upper
Data Strobe), and LDS (Lower Data Strobe).
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The 68000 outputs AS to notify the peripheral device when data are to be transferred. AS is
active LOW when the 68000 provides a valid address on the address bus. The R/ W is HIGH for
read and LOW for write. The DTACK is used to tell the 68000 that a transfer is to be performed.

When the 68000 wants to transfer data asynchronously, it first generates the required address
on the address lines in order to select the peripheral device and then activates the AS line.

Since the AS line tells the peripheral chip when to transfer data, the AS line should be part
of the address decoding scheme. After enabling the AS, the 68000 enters the wait state until
it receives the DTACK from the selected peripheral device. On receipt of the DTACK,, the
68000 knows that the peripheral device is ready for data transfer. The 68000 then utilizes the
R/ W, UDS, LDS and data lines to transfer data.

UDS and LDS are defined as follows:

UDS LDS  Data Transfer occurs via Address
1 0 DO0-D7 pins for byte Odd
0 1 D8-D15 pins for byte Even
0 0 D0-D15 pins for word or Long word Even

—UDS and LDS are used to segment the memory into bytes instead of words. When the
UDS is asserted, contents of even addresses are transferred on the high-order 8 lines of the
data bus, D8-D15. The 68000 internally shifts these data to the low byte of the specified
register. When LDS is asserted, contents of odd addresses are transferred on the low-order 8
lines of the data bus, D0-D7. During word and long word transfers, both UDS and LDS are
asserted and information is transferred on all 16 «iata lines, D0-D15. However, an additional
cycle is required for a long word 32-bit transfer. Note that during byte memory transfers, AQ
corresponds to UDS for even addresses (A0 = 0) and to LDS for odd addresses (A0=1). The
circuit in Figure 5.10 shows how even and odd memory chips are interfaced to the 68000.

System Control Lines

The 68000 has three control lines, namely, BERR (Bus Error), HALT, and RESET, that are
used to control system-related functions.

DS ’ |CS
AS 8
i j ) #—3 D0 - D7
D0 - D7
AT - A23
16 Odd
D0 - D15 7 Memory
. 8
Da-ms|| & e
Al - A23
—_33 AT - A23
UDs e
- CS_momay
68000

FIGURE 5.10 Interfacing of the 68000 to even and odd addresses.
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The BERR is an input to the 68000 that is used to inform the processor that there is a
problem with the instruction cycle currently being executed. With asynchronous operation,
this problem may arise if the 68000 does not receive DTACK or VPA from a peripheral
device. An external timer can be used to activate the BERR pin if the external device does not
send DTACK within a certain period of time. On receipt of the BERR, the 68000 does one
of the following:

+ Automatically reruns the instruction cycle which caused the error
» Executes an error service routine

The troubled instruction cycle is rerun by the 68000 if it receives a HALT signal along with
the BERR signal. On receipt of LOW on both HALT and BERR pins, the 68000 completes
the current instruction cycle and then places its buses into_the high_impedance state. On
removal of both HALT and BERR (that is, when both HALT and BERR are HIGH), the
68000 reruns the troubled instruction cycle. The cycle can be rerun repeatedly if both BERR
and HALT are enabled/disabled continually, —

On the other hand, an error service routine is executed only if the BERR is received without

HALT. In this case, the 68000 will branch to a bus error vector address where the user can
write a service routine. If two simultancous bus errors are received due to rerun of the troubled’
instruction cycle via the BERR pin without HALT, the 68000 automatically goes into the
HALT state until it is resct.
__The HALT line can also be used by itself to perform single-stepping or to provide DMA. When
HALT input is activated, the 68000 completes the current instruction and goes into a high
impedance state until HALT is returned to HIGH. By enabling/disabling the HALT line continu-
ally, the single-stepping debugging can be accomplished. However, since most 68000 instructions
consist of more than one instruction cycle, single-stepping using HALT is not normally used.
Rather, the trace bit in the status register is used to single-step the complete instruction.

One canalso use HALT to perform microprocessor-halt DMA. Since the 68000 has separate
DMA control lines, DMA using the HALT line will not normally be used.

The HALT pin can also be used as an output signal. The 68000 will assert the HALT pin
LOW when it goes into a HALT state as a result of a catastrophic failure. The double bus error
(activation of BERR twice) is an example of this type of error. When this occurs, the 68000
places its bus into a high impedance state until it is reset. The HALT line informs the
peripheral devices of the catastrophic failure.

The RESET line of the 68000 is also bidirectional. In order to reset the 68000, both the
RESET and HALT pins must be asserted at the same time. The 68000 executes a reset service
routine automatically for loading the PC with the starting address of the program. The 68000
RESET pin can also be used as an output line. A LOW can be sent to this output line by
executing the RESET instruction in the supervisor mode in order to reset external devices
connected to the 68000. The exccution of the RESET instruction does not affect any data,
address, or status register. Therefore, the RESET instruction can be placed anywhere in the
program whenever the external devices need to be reset.

In order to reset the 68000, both the RESET and HALT pins must be asserted simulta-
neously by an external circuit. Figure 5.11 shows the timing diagram for the 68000 reset
operation.

Upon hardware reset, the 68000 performs the following:

1. The 68000 reads four words from addresses $000000, $000002, $000004, and $000006.
The 68000 loads the supervisor stack pointer high and low words with the contents of
locations $000000 and $000002, respectively. Also, the program counter high and low
words are loaded with the contents of locations $000004 and $000006, respectively.
The 68000 initializes the status register to an interrupt mask level of seven.

3. No other registers are affected by hardware reset.

[ao]
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FIGURE 5.11 68000 resct operation timing diagram.

When a RESET instruction is exccuted, the 68000 drives the RESET pin low for 124 clock
periods. In this case, the processor is trying to reset the rest of the system. Thercfore, there is
no cffect on the internal state of the 68000. All of the 68000 internal registers and the status
register are unaffected by the execution of a reset instruction. All external devices connected
to the RESET line will be reset at the completion of the reset instruction.

Asserting the RESET and HALT lines for 10 clock cycles will cause a processor reset, except
when Ve is initially applied to the 68000. In this case, an external reset must be applied for
at least 100 milliseconds.

The reset circuit (used for 8085) depicted in Figure 5.12a satisfies the 68000 reset require-
ments mentioned above.

+5V

!OKé Zk IN4008

G 1T ey l— % RESET

FIGURE 5.12a 68000 RESET circuit (simple).

L

HALT

Y

The above circuit is similar to the 8085 reset circuit except that the output goes to both
RESET and HALT lines of the 68000. A more accurate RESET circuit is shown in Figure 5.12b.

The Motorola MC1455 in Figure 5.12b is a timer chip that provides accurate time delays or
oscillation. The timer is precisely controlled by external resistors and capacitors. The timer .
may be triggered by an external trigger input (falling waveform) and can reset by external reset
input (falling waveform).

The reset circuit in Figure 5.12b will assert the 68000 RESET pin for at least 10 clock cycles.
The internal block diagram of the MC1455 is shown in Figure 5.12c.

When the input voltage (V) to the trigger comparator (COMPB) falls below 1/3 Ve, the
comparator output (COMPA) triggers the flip-flop so that its output becomes low. This turns
the capacitor discharge transistor OFF and drives the digital output to the HIGH state. This
condition permits the capacitor to charge at an exponential rate set by the RC time constant.
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1 VCC
5K
THRESHOLD
6 +
comp B
CONTROL 5 . R 7§
VOLTAGE DISCHARGE
? 5K FLIP-FLOP
+ 5 5
comp B RESET
TRIGGER 2 -
3
% 5K OuUTPUT
1 GND 4 RESET

FIGURE 5.12¢' MC1455 internal block diagram.

]

A

When the capacitor voltage reaches /, Vcc, the threshold comparator résets the flip-flop. The
action discharges the timing capacitor and returns the digital output to the LOW state. The
output will be HIGH for t = 1.1 R,C seconds, where R, = IM and C = 4.7 pF.

The MC1455 can be connected so that it will trigger itself and the capacitor voltage will
- oscillate between '/; Vec and /; Ve, Once the flip-flop has been triggered by an input signal,
it cannot be retriggered until the present timing period has been completed. A resct pin is
provided to discharge the capacitor, thus interrupting the timing cycle. The reset pin should
be tied to Vcc when not in use. With proper trigger input as in the figure, the MC1455
output will stay HIGH for 1.1 R,C = 5.17 s (1.1 * 10°* 4.7 * 10-%), The 68000 requires the
RESET and HALT lines to be low for at least 10 cycles. If the 68000 clock cycle is 0.125 ps
(8-MHz clock), then the 68000 RESET and HALT pins must be LOW for at least 0.125 s
* 10 = 1.25 ps, Since the MC1455 putput is connected to the 68000 RESET pin through an
inverter, the RESET pin will be held LOW for 5.17 s (greater than 1.25 ps). Hence, the
timing requirement for the 68000 RESET pin is satisfied. The HALT pin is activated by
NANDing the MC1455 true output and the debouncing circuit output. The HALT pin is
LOW when both inputs to NAND gate #3 are HIGH. The MC1455 output is HIGH for 5.17 s
and the output of the debounce circuit is HIGH when the push button is activated. This will
generate a LOW at the HALT pin for 5.17 s (greater than 1.25 ps). The timing requirements
of the 68000 RESET and HALT pins will be satisfied by the reset circuit of Figure 5.12b.

Note that when the reset circuit is not activated, the bottom input of AND gate #2 is HIGH
and the top input of AND gate #1 is LOW (grounded to LOW, see Figure 5.12b). Since a
NAND gate always produces a HIGH output when one of the inputs is LOW, the output of
NAND gate #1 will be HIGH. This will make the top input of NAND gate #2 HIGH and thus
the output of NAND gate #2 will be LOW, which in turn will make the output of NAND gate
#3 HIGH. Therefore, the 68000 will not be reset when the push button is not activated. Upon
activation of the push button, the bottom input of NAND gate #2 is LOW (grounded to LOW);
this will make the output of NAND gate #2 HIGH. Hence, both inputs of NAND gate #3 will
be HIGH providing a LOW at the HALT pin for 5.17 s (greater than 1.25 ps).

nt
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TABLE 5.13 Function Code Lines

FC2 FCl FCO Operation

0 Unassigned

User data

User program
Unassigned
Unassigned
Supervisor data
Supervisor program

C
0
0
1
1
0
0
1
1 Interrupt acknowledge

—_———c oo
— o —0~0C =0

Interrupt Control Lines

IPLO, IPL1, and IPL2 are interrupt control lines. These lines provide for seven interrupt
priority levels (1PL2, IPL1, IPLO = 111 means no interrupt and IPL2, IPL1, IPLO = 000
means nonmaskable interrupt). IPL2, IPL1, IPLO =001 through 110 provides six maskable
interrupts. The 68000 interrupts are discussed later in this chapter.

DMA Control Lines

BI_{ (Bus Request), E (Bus Grant), and BGACK (Bus Grant Acknowledge) lines are used
for DMA purposes. The 68000 DMA will be discussed later in this chapter.

Status Lines

The 68000 has threc output lines called the function code pins (FC2, FC1, and FCO). Table 5.14
shows how these lines tell external devices whether user data, user program, supervisor data,
or supervisor program is being addressed. These lines can be decoded to provide user or
supervisor programs and/or data, and interrupt acknowledge as shown in Table 5.13.

The FC2, FC1, and FCO pins can be used to partition memory into four functional areas:
user data memory, user program memory, supervisor data memory, and supervisor program
memory. Each memory partition can directly access up to 16 megabytes, and thus the 68000
can be used to directly address up to 64 megabytes of memory. This is shown in Figure 5.13.

DO-D15 t—» 16M User Data

To each partition
—»JC5

Al1-A23 —>

16M User Program

68000
»q s 64-Megabyte
FC2 > 0b— ¢ asﬁddress
Gk : : pace
FC1 » ! D—od gm Supervisor
FCO > b |
Decoder 3 cs
(1 0f8) 4 ;i—l_’c
5 16M Supervisor
? DD_—I—N: P_'ngm
£S5

FIGURE 5.13 Partitionin: 68000 address space using FC2, FCI1, and FCO pins.
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Oscillator
v
Memory Control
RAM/ROM logic
Other control
L signals
Data bus
Address bus
MC68000
Asynchronous bus
Synchronous bus
6800 68000
peripherals peripherals

FIGURE 5.14 68000 basic system.

5.8 68000 System Diagram

Figure 5.14 shows a simplified version of the 68000 basic system diagram.

5.9 Timing Diagrams

The 68000 family of processors (68000, 68008, 68010, and 68012) uses a handshaking mecha-

nism to transfer data between the processors and the peripheral devices. This means that all

these processors can transfer data asynchronously to and from peripherals of varying speeds.
Figure 5.15 shows 68000 read and write cycle timing diagrams.

S0 S1 52 §3 S4 S5 S6 S7 SO S1 S2 53 54 55 56 57 S0 S1 S2 $3 S4 w w w w S5 S6 57
CLK

Fco-Fc2 X X X

LYYE jjjq L/

Write ot Slow Read

FIGURE 5.15 Read and write cycle timing diagrams.
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During the read cycle, the 68000 obtains data from a memory location or an I/O port. If the
instruction specifies a word such as MOVE.W$020504, D1 or a long word such as MOVE.L
$030808, DO, the 68000 reads both upper and lower bytes at the same time by asserting UDS
and LDS pins. When the instruction is for a bytc operation the 68000 utilizes an internal bit
to find which byte to read and then outputs the data strobe required for that byte. For byte
operations, when the address is even (A0 = 0), the 68000 asserts UDS and reads data via D8-
D15 pins into low byte of the specified data register. On the other hand, for reading a data byte
from an odd address (A0 = 1), the 68000 outputs LOW on LDS and reads data byte via DO-
D7 pins into low byte of the specified data register. For example, consider MOVE.B $507144,
D5. The 68000 outputs LOW on UDS (since A0 = 0) and high on LDS. The memory chip’s
8 data lines must be connected to the 68000 D8-D15 pins. The 68000 reads the data byte via
D8-D15 pins into the low byte of D5. Note that for reading a data byte from an odd location
by executing an instruction such as MOVE.B $507145, D5, the 8 data lines of the memory chip
must be connected to the 68000 D0-D7 pins. The 68000, in this case, outputs low on LDS (A0
= 0) and high on UDS, then reads the data byte into low byte of D5.

Now, let us discuss the read timing diagram of Figure 5.15. Consider Figure 5.15 for word
read timing. During SO, address and data signals are in the high impedance state. At the start
of S1, the 68000 outputs the address on its address pins (A1-A23). During SO, the 68000
outputs FC2-FCO signals. AS is asserted at the start of 52 to indicate valid address on bus. AS
can be used at this point to latch the signals on the address pins. The 68000 asserts UDS and
LDS pins to indicate a word transfer. The 68000 also outputs high on the R/W pin to indicate
a read operation.

The 68000 now waits for the peripheral device to assert DTACK . Upon placing data on the
data bus, the peripheral device asserts DTACK . The 68000 samples the DTACK signal at the
end of S4. If DTACK is not asserted by the peripheral device, the processor automatically
inserts wait states (W), o o

However, upon assertion of DTACK, the 68000 negates AS, UDS, and LDS signals and
then latches the data from data bus into an internal register at the end of the next cycle. Once
the sclected peripheral device senses that the 68000 has obtained data from the data bus (by
recognizing the negation of AS, UDS, or LDS), the peripheral device must negate DTACK
immediately, so that it does not interfere with the start of the next cycle.

If DTACK is not asserted by a peripheral at the end of state 4 (Figure 5.15), the 68000
inserts wait states. The 68000 outputs valid addresses on the address pins and keeps asserting
AS, UDS, and LDS until the peripheral asserts DTACK. The 68000 always inserts an even
number of wait states if DTACK is not asserted by the peripheral, since all 68000 operations
are performed using two clock states per clock cycle. Note that in Figure 5.15, the 68000 inserts
4 wait states (2 cycles).

Consider Figure 5.15 for 68000 write word timing. The 68000 outputs the address of the
location to be written into the address bus at the start of S1. During S0, the 68000 places the
proper function code values at the FC2, FC1, and FCO pins. If the 68000 used the data bus in
the previous cycle, then it places all data pins in the high impedance state and then outputs
LOW on AS and R/W pins. At the start of $3, the 68000 places data on D0-DI5 pins. The
68000 then asserts UDS and LDS pins at the beginning of 54.

For the memory or /O device, if DTACK is not asserted by memory or 1/O device by the
end of $4, the 68000 automatically inserts wait states into the write cycle.

The 68000 provides a special cycle called the read-modify-write cycle during execution of
only the TAS instruction. This instruction reads a data byte, scts condition codes according to
the byte value, sets bit 7 of the byte, and then writes the byte back into memory. The TAS
instruction can be used in providing data transfer between two 68000 processors using shared
RAM. The data byte mentioned above is held in the shared RAM. The read/modify/write cycle
is indivisible. That is, it cannot be interrupted by any other bus request.
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68000 Memory Interface

One of the advantages of the 68000 is that it can easily be interfaced to memory chips. This is
because the 68000 goes into a wait state if DTACK is not asserted by the memory devices at
the end of S4.

A simplified schematic showing an interface of a 68000 to two 2716s and two 6116s is shown
in Figure 5.16. The 2716 is a 2 Kx8 EPROM and the 6116 is a 2 Kx8 static RAM. For a 4-MHz
clock, cach cycle is 250 ns. The 68000 samples DTACK at the falling edge of the 54 (third clock
cycle) and latches data at the falling edge of S6 (fourth clock cycle). AS is used to assert

DTACK. AS goes to LOW after 500 ns (two clock cycles). The time delay between AS going
LOW and the falling edge of $6 is 500 ns.

Since the access times of the 2716 and 6116 are, respectively, 450 and 120 ns, delay circuits
for DTACK are not required. As an example, the 68000-2716 timing parameters with various
68000 clock frequencies are as follows:

Time before first
Casc 68000 frequency  Clock cycle  DTACK is sampled  Comment

1 6 MHz 166.7 ns 3(166.7) = 500.1 ns  No timing problem
2 8 MHz 125 ns 3(125) = 375 ns No timing problem since the 68000 latches
data afier 500 ns

3 10 MHz 100 ns 3(100) = 300 ns Not enough time for the 2716 to place data on
. A bus; needs delay circuit

4 125 MHz " 80ns 3(80) = 240 ns Same as case 3

5 16.67 MHz 60 ns 3(60) = 180 ns Same as case 3

6 25 MHz 40 ns 3(40) = 120 ns Same ws wote 3

Note that LDS and UDS must be used as chip selects as in the figure. They must not be
connected to AO of the memory chips, since in that case half of the memory in each chip will
be wasted.

Let us determine the memory map of Figure 5.16. Assume the don’t care values of A23-A14
to be zeros.

Memory map for even 2716 (A12 must be zero to select even 2716 and A13 must be zero to
deselect even 6116)

A23 A22 A21 A20 Al9 AI8 Al7 Al6 Al5 Ald4d Al3 A12 A1l ... Al AD
0 0 0 0 0 0 0 0 0 0 0 0 ‘T‘-’—’ 0
can be from all zeros to all ones

The memory map includes the addresses $000000, $000002, $000004, . . . . $000FEE.

Memory map for odd 2716 (A12 must be 0 to select odd 2716 and A13 must be 0 to deselect
odd 6116)

A23 A22 A2l A20 Al19 AlI8 Al7 Al6 Al5 Al4 Al3 Al2 All ... Al AO

0 0 0 0 0 0 0 0 0 0 0 0 e 1
can be from all zeros to all ones

The memory map includes the addresses $000001, $000003, $000005, . . . . $000FFE.

Memory map for even 6116 (A12 must be one to deselect even 2716 and A13 must be one to
select even 6116)
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A23 A22 A21 A20 Al9 Al8 Al7 Al6 Al5 Al4 Al3 Al2 Al .u; A[ A0
0 0 0 0 0 0 0 0 0 0 1 1
can be from all zeros to all ones

The memory map includes the addresses $003000, $003002, . . . , $003FFE.

Memory map for odd 6116 (A12 must be one to deselect odd 2716 and A13 must be one to select
to odd 6116)

A23 A22 A21 A20 Al19 Al18 Al7 Al6 Al5 Al4 Al3 Al2 All ... Al A0
0 0 0 0 0 0" 0 0 0 0 1 1 St 1
can be from all zeros to all ones

The memory map includes the addresses $003001, $003003, . . . , SO03FFF.
In summary, the memory for the schematic in Figure 5.16 is shown in the following:
EVEN 2716 EPROM $000000, $000002, $000004, ,.....
$000FFE : ;
ODD 2716 EPROM $000001, $000003, $000005, ......
$000FFF
EVEN 6116 RAM $003000, $003002, $003004, ......
S003FFE .
ODD 6116 RAM $003001, $003003, $003005, ......
$003FFF

In the following, some examples will be considered to illustrate the use of memory map of
the schematic of Figure 5.6 using the 68000 MOVE instruction.

Consider MOVE.B $000004, D1. Upon execution of this MOVE instruction, the 68000
reads the [$000004] from even 2716 to the low byte of D1. In order to execute the instruction,
the processor places the upper 23 bits of $000004 on its A23-A1 pins, and asserts UDS and AS.
Since A12 = 0, the output of AND gate 2 = 1, the output of AND gate 3 generates a LOW,
making CE and OE of the even 2716 LOW. When the 68000 samples DTACK (asserted by
AS in Figure 5.16), data placed on the 68000 D8-D15 lines by the even 2716 are read by the
processor into low byte of D1. Similarly, a byte read operation from the odd 2716 can be
explained. o .

Consider MOVE.W $000004, D1. The 68000 asserts both UDS and LDS in this case. The
outputs of AND gates 3 and 5 are LOW. Both the even 2716 and the odd 2716 are selected. Data
placed on D0-D7 pins and D8-D15 pins of the 68000 from locations $000004 and $000005 of
the even 2716 and ogdd 2716 are read by the processor, respectively, into bits 8-15 and bits
0-7 of DO. . e

Consider MOVE.B D2, $003001. The 68000 asserts LDS, AS and outputs HIGH on A12
and A13. The output of AND gate 6 is LOW and thus selects odd 6116. Since R/ W = 0, the
odd 6116 writes the low bytc of D2 from 68000 D0-D7 pins into location $003001. Similarly,
other byte operations from the RAMs can be illustrated. o —

Consider MOVE.L D3, $003002. The 68000 asserts AS, and both UDS and LDS. It also
outputs HIGH on A12 and A13. Both RAMs are selected. The high 16 bits of the 32-bit data
placed on DO-D15 pins by the 68000 are written into locations #003002 (byte 0) and $003003
(byte 1), and the low 16 bits of the 32-bit data placed on D0-D15 pins by the 68000 are written
into locations $003004 (byte 2) and $003005 (byte 3), respectively, of the even and odd 6116s.
Similarly, the other long word operations can be illustrated. Note that a long-word write or
read is done by the 68000 with 2 bus cycles.
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68000 Programmed I/O

As mentioned before, the 68000 uses memory-mapped I/0. Programmed I/O can be achieved
in the 68000 using one of the following ways:

1. By interfacing the 68000 asynchronously with its own family of peripheral devices such
as the MC-68230, Parallel Interface/Timer chip.

2. By interfacing the 68000 synchronously with 6800 peripherals such as the MC6821
(note that synchronization means that every READ or WRITE operation is synchro-
nized with the clock).

68000-68230 Interface

The MC68230 parallel interface/timer (PI/T) provides double buffered parallel interfaces and
a timer for 68000 systems. Note that double buffering means that the ports have dual latches.
Double buffering allows simultaneous reading of data from a port by the microprocessor and
placing of data into the same port by an external device via handshaking. Double buffering is
most useful in situations where a peripheral device and the processor are capable of transfer-
ring data at nearly the same speed. If there is a large difference in speed between the micro-
processor and the peripheral, little or no benefit of double buffering is achieved. In these cases,
however, there is no penalty for using double buffering. Double buffering permits the fetch
operation of the data transmitter to be overlapped with the store operation of the data receiver.

The parallel interfaces provided by the 08230 can be 8 or 16 bits wide with unidirectional
or bidirectional modes. In the unidirectional mode, a data direction register configures each
port as an input or output. In the bidirectional mode, the data direction registers are ignored
and the direction is determined by the state of four handshake pins.

The 68230 allows use of interrupts, and also provides a DMA request pin for connection to
a DMA controller chip such as the MC68450. The timer contains a 24-bit-wide counter. This
counter can be clocked by the output of a 5-bit (divide by 32) prescaler or by an external timer
input pin (TIN).

Table 5.14 provides the signal summary and Figure 5.17 shows the 68230 pin diagram. The
68230 is a 48-pin device. . _

The purpose of D0-D7, R/ W, and CS pins is obvious. RS1-RS5 are five register select
input pins for selecting the 23 internal registers.

During read or interrupt acknowledge cycles, DTACK is asserted after data have been
provided on the data bus and during write cycles it is asserted after data have been accepted
at the data bus. A pullup resistor is required to maintain DTACK high between bus cycles.

Upon activation of the RESET input, all ¢ontrol and data direction registers are cleared and
most internal operations are disabled by the assertion of RESET LOW.

The clock pin has the same specifications as the 68000.

PAO-PA7 and PBO-PB7 pins providetwo 8-bit ports that may be concatenated to form a 16-
bit port in certain modes. The ports may be controlled in conjunction with handshake pins
H1-Hd4. A simple example of a handshake operation for input of data is for the I/O device to
indicate to the port that new data are available at the port by activating H1 to HIGH. After
input of data by the 68000, the H2 output of the 68230 is set to HIGH to indicate to the I/O
device that data have been read and it may now provide another data byte to the port.

PCO0-PC7 pins can be used as eight gencral purpose I/O pins or any combination of six
special function pins and two general purpose 1/O pins (PCO, PC1).

Port C can be configured as input or output by the port C data direction register.

The alternate function pins TIN, TOUT, and TIACK are timer 1/O pins. For example, the
PC2 pin can also be used as a timer input TIN. When the 68230 timer is used as an event
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TABLE 5.14 Signal Summary of the MC68230

Microprocessors and Microcomputer-Based System Design, 2nd Edition

Signal name Input/output Active state Edge/level sensitive  Output states

CLK Input Falling and rising

=} edge

Cs Input Low Level

D0-D7 Input/output High =1, Level High, low, high impedance
low =0

DMAREQ Output Low High, low

DTACK Output Low High, low, high impedance

HI(H3)® Input Low or high  Asserted edge

H2(H4)- Input or output Low or high  Asserted edge High, low, high impedance

PAQ-PA7¢ Input/foutput High =1, Level High, low, high impedance
low =0

PBO-PB7,c PC0-PC7 Input or output

: input or output

PIACK Input Low Level

PIRQ QOutput Low Low, high impedance®

RS1-RS5 Input High =1, Level

Ay low=10

RIW Input High read, Level
low write

RESET Input Low Level

TIACK Input Low Level

TIN (external clock)  Input Rising edge

TIN (run/halt) Input High Level

TOUT (square wave)  Output Low High, low

TOUT ( TIRQ) Output Low Low, high impedance*

*Pullup resistors required.
bH1 is level sensitive for output buffer control in modes 2 and 3.
< Note these pins have internal pullup resistors.

counter, the counter value can be decremented upon application of pulses at TIN by external
circuitry. This means that TIN is the timer clock input. TIN can also be configured as the timer
run/halt input. In this case, a HIGH at TIN enables the 68230 internal timer clock. Therefore,
the 68230 timer runs when TIN = 1. On the other hand, a low on TIN disables the 68230
internal clock and stops the timer, TOUT may provide an active low timer interrupt request

FIGURE 5.17

Wt

MCo68230
P1/T

«—>» PAQ-PA7
«—» PBO-PB7

rt—3 H1
r—>» H2
H3
c—>» H4

r—>» PC7/TIACK*
l<—> PC6/PIACK®
<—>» PC5/PIRQ*
—» PC4/DMAREQ*
e—>» PC3/TOUT*
e—>» PC2/TIN®
t—» PC1

[«—>» PCO

* Individual Programmable Dual-Function Pin

Logical pin assignment.
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TABLE 5.15 68230 Register Addressing Assignments

Register select bit Affected by

Register S 4 3 2 4 Accessible  Reset  Read cycle
Port General Control Register (PGCR) 0 0 0 0 0 RW Yes No
Port Service Request Register (PSRR) 0o 0 0 o0 1 RW Yes No
Port A Data Direction Register (PADDR) 0 0 0 1 0 RW Yes No
Port B Data Direction Register (PBDDR) 0 0 0 1 1 RW Yes No
Port C Data Direction Register  (PCDDR) 0o 0 1 0 0 RW Yes No
Port Interrupt Vector Register (PIVR) 0 0 1 0 1 RW Yes No
Port A Control Register (PACR) 0 0 1 1 0 RW Yes No
Port B Control Register (PBCR) 0 0 1 1 1 RW Yes No
Port A Data Register (PADR) 0 1 0 0 0 RW No s
Port B Data Register (PBDR) 0 1 0 0 1 RW No .
Port A Alternate Register (PAAR) 0 1 0 1 0 R No No
Port B Alternate Register (PBAR) 0 1 ¢ 1§ 1 R No No
Port C Data Register (PCDR) 0 1 1 0 0 RW No No
Port Status Register (PSR) 0 1 1 0 1 R Wt Yes No
Timer Control Register (TCR) 1 0 0 0 0 RW Yes No
Timer Interrupt Vector Register  (TIVR) 1 0 0 0 1 RW Yes No
Counter Preload Register High (CPRH) 1 0 0 1 1 RW No No
Counter Preload Register Middle (CPRM) 1 0 1 0 0 RW No No
Counter Preload Register Low (CPRL) 1 0 1 0 1 RW No No
Count Register High (CNTRH) 10 1 1 1 R No No
Count Register Middle (CNTRM) 1 1 0 0 0 R No No
Count Register Low (CNTRL) 1 1 0 0 1 R No No
Timer Status Register (TSR) | 1 0 1 0 R wt Yes - No

Note: R ="read; W = write.
* Mode dependent.
b A write to this register may perform a special status resctting operation.

output or a general purpose squarc output, initially high. TIACK is an active low high-
impedance input used for timer interrupt acknowledge.

Ports A and B have an_independent pair of active low interrupt request ( PIRQ) and
interrupt acknowledge ( PIACK) pins. PIRQ is an output pin and is used by the 68230 when
it implements an interrupt-driven parallel /O configuration, Therefore, PC2-PC7 pins may or
may not be available for general purpose 1/0. The 68230 PIRQ pin can be connected to one
of the 68000 IPL pins and the 68230 PIACK pin can be connectc. ) the NANDed output
of 68000 FC2 FC1 FCO pins. Since FC2 FC1 FCO = 111, indicates .nterrupt_acknowledge,
PIACK is asserted when the 68000 is ready to service the interrupt. The DMAREQ pin
provides an active low direct memory access controller request pulse for three clock cycles,
compatible with MC68450 DMA controller chip.

Tables 5.15 provides the 68230 register addressing assignments.

The 68230 ports can be configured for various modes of operation. For example, consider
ports A and B. Bits 6 and 7 of the port general control register, PGCR (R0) are used for
configuring ports A and B in one of four modes as follows:

PGCR bits
76 ‘
0 0 Mode 0 (unidirectional 8-bit mode)
0 1 Mode 1 (unidirectional 16-bit mode)
1 0 Mode 2 (bidirectional 8-bit mode)
1 1 Mode 3 (bidirectional 16-bit mode)

The other pins of PGCR are defined as follows:
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PGCR
bits H34 Enable
0 Disabled
1 Enabled
bit 4 H12 Enable
0 Disabled
1 Enabled
bit 3
r 0 H4 sensc at high level when negated
and low level when assertéd
1 H4 scnsc at low level when negated
and high level when asserted
bit 2 (H3 sensc), same definition as H4 sensc
bit 1 (H2 scnsc)

and bit 3 (H1 scnse)

The modes 0 and 2 configure ports A and B as unidirectional or bidirectional 8-bit ports.
Modes 1 and 3, on the other hand, combine ports A and B together to form a 16-bit
unidirectional or bidirectional port. Ports configured as unidirectional must further be pro-
grammed as submodes of operation using bits 7 and 6 of PACR (R6) and PBCR (R7) as
follows:

For unidirectional 8-bit mode (mode 0)

Bit 7 of PACR  Bit 6 of PACR

or PBCR or PBCR
Submode
00 -0 0 Pin-definable double-buffered input or single-buffered output
Submode
01 0 1 Pin-definable double-buffered output or nonlatched input
Submode
1X 1 X Bit I/O (pin-definable single-buffered output or nonlatched

input)

Note that in the above X u:cans don’t care. Nonlatched inputs are latched internally but the
bit values are not availabis at the port.

The submodes define the ports as parallel input ports, parallel output modes, or bit-
configurable I/O ports. in addition to these, the submodes further define the ports as latched
input ports, interrupt-driven ports, DMA ports, and with various I/O handshake operations.

Figure 5.18 shows a simplified schematic for the 68000-68230 interface for simple I/O
operation. A23 is chosen to be HIGH to select the 68230 chip so that the port addresses are
different than the 68000 reset vector addresses 000000,4 through 000006,,. The configuration
in the figure will provide even port addresses, since UDS is used for enabling the 68230 CS.

From the figure, addresses are for registers PGCR (R0), PADDR (R2), PBDDR (R3), PACR
(R6), PBCR (R7), PADR (RS8), and PBDR (R9).

Consider PGCR.

A23 A22 A2l A20 .... A6 A5 A4 A3 A2 Al A0

1 0 0 0 s D 0 0 0 0 0 0 = $800000
& % 5 1
RS5 — RS1 uDs

Similarly,
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Crystal
Oscillator
— A16-A22 CLK
rysia » A23
Oscillator CLk 68230
AB-A15 | cs PuT
AS (EVEN)
A7
Ab
_ uDs
~ A5 RS5
Ad ity (undirectional
e Ko g-bitmode)
Al ; Y RS1
+ —_—
DTACK p< q DTACK
D8-D15 <« DO-D7
R/W » R/W
68000  _HALT g
RESET p———>q RESET
Reset
Circuit

FIGURE 5.18 68000-68230 interface.

address for PADDR = $800004
address for PBDDR = $800006
address for PACR = $80000C
address for PBCR° = $80000E
address for PADR = $800010
address for PBDR = $800012

As an example, the following instruction sequence will select mode 00, submode 1X and
configure bits 0-3 of port A as outputs, bits 4-7 as inputs, and port B as an output port:

PGCR EQU $800000
PADDR EQU $800004
PBDDR EQU $800006
PACR EQU $80000C
PBCR EQU $80000E
MOVE.B #3$00, PGCR ; Select mode 0
MOVE.B #$0FF, PACR ; Port A bit I/O submode
MOVE.B #$0FF, PBCR ; Port B bit I/O submode
MOVE.B #50F, PADDR ; Configure Port A bits 0-3 as
; outputs and bits 4-7 as inputs
MOVE.B #S$0FF, PBDDR ; Configure Port B as an output
port.

5.11.2 Motorola 68000-6821 Interface

The Motorola 6821 is a 40-pin peripheral interface adapter (PIA) chip. It is provided with an
8-bit bidirectional data bus (D0-D7), two register select lines (RSO, RS1), read/write line
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TABLE 5.16 6821 Register Definition

Control register

bits 2
RS1 RSO  CRA-2 CRB-2  Register selected

0 0 1 X I/O port A

0 0 0 X Data direction register A
0 1 X X Control register A

1 0 X 1 170 port B

1 0 X 0 Data direction register B
1 1 X X Control register B

Note: X = Don't care.

(R/W), reset line (RESET), an enable line (E), two 8-bit I/O ports (PAQ-PA7) and (PB0-PB7),
and other pins.

There are six 6821 registers. These include two 8-bit ports (ports A and B), two data
direction registers, and two control registers. Selection of these registers is controlled by the
- RSO and RS1 inputs together with bit 2 of the control register, Table 5.16 shows how the
registers are selected.

In Table 5.16 bit 2 in each control register (CRA-2 and CRB-2) determines selection of
cither an I/O port or the corresponding data direction register when the proper register select
signals are applied to RS0 and RS1. A 1 in bit 2 allows access of /O ports, while a 0 selects the
data direction registers.

+ Each I/O port bit can be configured to act as an input or output. This is accomplished by
settinga 1 in the corresponding data direction register hit for those bits which are to be output
and a 0 for those bits which are to be inputs.

A RESET signal sets all PIA registers to 0. This has the effect ol setting PAO-PA7 and PBO-
PB7 as inputs.

There are three built-in signals in the 68000 which provide the interface with the 6821. These
are the Enable (E), Valid Memory Access ( VMA ), and Valid Peripheral Access ( VPA ).

The Enable signal (E) is an output from the 68000. It corresponds to the E signal of the 6821.
This signal is the clock used by the 6821 to synchronize data transfer. The frequency of the E
signal is one tenth of the 68000 clock frequency. Therefore, this allows one to interface the
68000 (which operates much faster than the 6821) with the 6821. The Valid Memory Address
( VMA) signal is output by the 68000 to indicate to the 6800 peripherals that there is a valid
address on the address bus. I

The Valid Peripheral Address ( VPA ) isan input to the 68000. This signal is used to indicate
that the device addressed by the 68000 is a 6800 peripheral. This tells the 68000 to synchronize
data transfer with‘ the Enable signal (E).

Let us now discuss how the 68000 instructions can be used to configure the 6821 ports. As
an example, bit 7 and bits 0-6 of port A can be configured, respectively, as input and outputs
using the following instruction sequence:

BCLR.B #2, CRA ADDRESS DDRA
MOVE.B #$7F, DDRA .; CONFIGURE PORT A
BSET.B #2, CRA ; ADDRESS PORT A

~

Once the ports are configured to the designer’s specification, 6821 can be used to transfer
data from an input device to thd 68000 or from the 68000 to an output device by using the
MOVE.B instruction as follows:

MOVE.B (EA), Dn Transfer B-bit data from an input port to
the specified data ‘register Dn.
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MOVE.B Dn, (EA) Transfer g8-bit data from the specified
data register Dn to an output port.

Figure 5.19 shows a block diagram of how two 6821s are interfaced to the 68000 in order
to generate four 8-bit I/O ports. _

In Figure 5.19, [/O port addresses can be obtained as follows. When A23 is HIGH aid AS
is LOW, the OR gate output will be LOW. This OR gate output is-used to provide \ PA.The
inverted OR gate output, in turn, makes CS1 HIGH on both the chips. Note that A23 is
arbitrarily chosen. A23 is chosen to be HIGH to enable CSl so that the addresses for the ports
and the reset vector are not the same. Assuming the don’t care address lines A22-A3 to be
zeros, the addresses for the 1/O ports, control registers, and the data direction registers for the
even 6821 can be obtained as follows:

Port name Mcemory address
A23 A2 ... A3 A2 Al A0
1/0 port A/DDRA 1 0 0 0 0 0 = 800000,
CRA 1 0 0 0 | 0 =800002,
1/0 port B/DDRB | 0 0 | 0 0 =800004,
CRB ! 0 0 1 1 0 = 800006,

Note that in the above, A0 = 0 for even addressing. Also, from Table 5.16, for accessing DDRA,
bit 2 of CRA with memory address 800002,, must be sct to 1 and then port A can be configured
with appropriate data in 800000, Note that port Aand its data direction register, DDRA, have
the same address, 800000,,. Similarly, port B and DDRB have the same address 800004, Bit
2 in CRA or CRB identifies whether address 800000, or 800004, is an 1/0 port or data
direction register.

Similarly, the addresses for the ports, control registers, and the data direction register for the
odd 6821 (A0 = 1) can be determined as follows: port A/DDRA (800001,,), CRA (800003 ,,),
port B/DDRB (800005,5), and CRB (800007 ).

68000/2716/6116/6821-Based Microcomputer

Figure 5.20a shows the schematic of a 68000-based microcomputer with 4K EPROM, 4K Static
RAM, and four 8-bit I/O ports.

Let us explain the various sections of the hardware schematic. Two 2716-1 and two 6116
chips are required to obtain the 4K EPROM and 4K RAM. The LDS and UDS pins are ORed
with the memory select signal to enable the chip selects for the EPROMs and the RAMs.

Address decoding is accomplished by using a 3 X 8 decoder. The decoder_cnables the
memory or 1/O chips depending on the status of A12-Al4 address lines and AS line of the
68000. AS is used to enable the decoder. 10 selects the EPROMs, 11 selects the RAMs, and 12

selects the 1/O ports.

When addressing memory chips, DTACK input of the 68000 must be asserted for data
acknowledge. The 68000 clock in the hardware schematic is 8 MHz. Therefore, cach clock cycle
is 125 nanoseconds. In Figure 5.20a, AS is used to enable the 3 x 8 decoder. The outputs of
the decoder are gated to assert 68000 DTACK . This means that AS is indirectly used to assert
DTACK . From the 68000 read timing diagram of Figure 5.15, AS goes to LOW after
approximately two cycles (250 ns for 8-MHz clock) from the beginning of the bus cycle. With
no wait states, the 68000 samples DTACK at the falling edge of $4 (375 ns) and, if recognized,
the 68000 latches data at the falling edge of S6 (500 ns). If the DTACK is not recognized at
the falling edge of S4, the 68000 inserts one cycle (125 ns in this case) wait state, samples
DTACK at the end of SW (wait state), and, if recognized, latches data at the end of S6 (625 ns),
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DTACK
+5V 1 WAIT 2 WAIT
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Q1 Q2
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ROM

SELECT
io
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FIGURE 5.20b Delay circuit for DTACK.

and the process continues. Since the access time of 2716-1 is 350 ns, DTACK recognition by
the 68000 at the falling edge of S6 (wait state) (500 ns) and, hence, latching of data at the falling
edge of 58 (625 ns) will satisfy the timing requirement, This means that the decoder output 10
for ROM select (delayed by approximately 250 ns by AS) must drive DTACK Low at the end
of S6. Therefore, 10 must be delayed by 250 ns, i.c., two cycles.

A delay circuit (Figure 5.20b) is designed using a 74LS175-D-Flip-Flop. AS activates the
delay circuit. The input is then shifted right two bits to obtain a two-cycle wait state to allow
sufficient time for data transfer. DTACK assertion and recognition are delayed by two cycles
during data transfer with the EPROMs. A timing diagram for the DTACK delay circuit is
shown in Figure 5.20c.

When the ROM is not selected by the decoder, then clear pin is asserted (output of inverter).
So, Qs forced LOW and Q is high. Therefore, DTACK is not asserted. When the processor
is addressing the ROMs, then the output of the inverter is HIGH so the clear pin is not asserted.

<- -125 ns - >

CLK IBMHZ SO | 51|52 | S3(S4 [S5|56 | S7 | SB | 59 |S10(S11 SIZL
I 1
not ROM is | !
ROM Sel. selected | selected ! !
10 1 1 1
i I 1
T T
o I 1
TR : :
I |
I I 1
T 1
— | |
Q | 1
! T
1 i
T S
— 1 DTACK
Q2 or [ delayedlby
DTACK e gpcies

FIGURE 5.20c Timing diagram for the DTACK declay circuit.



Motorola MC68000 339

The D flip-flop_will accept a high at the input, and Q2 will output high and Q2 will output
low. Now that Q2 is low, it can assert DTACK. QI will provide one wait cycle and Q2 will
provide two wait cycles. Since the 2716-1 EPROM has a 350-ns access time and the micropro-
cessor is operating at 8 MHz (125 ns clogk cycle), two wait cycles are inserted before asserting
DTACK (2*125 = 250 ns). Therefore, Q2 can be connected to the DTACK pin through an
AND function. : '

No wait state is required for RAMs since the access time for the RAMs is only 120 nanoseconds.

Four 8-bit I/O ports are obtained by using two 6821 chips. When the I/O ports are selected,
the VPA pin is asserted instcad of DTACK. This will acknowledge to the 68000 that it is
addressing a 6800-type peripheral. In response, the 68000 will synchronize all data transfer
with the E clock.

The memory and 1/0 maps for the schematic arc shown below:

Memory Mapping
LDS or UDS
A23—AI15  Al4  Al3  Al2  All—Al A0
0—0 0 0 0 0—0 0 ROM (EVEN) = 2K ;
0—0 0 0 0 1—1 0 $000000, $000002, $000004, ...,
$000FFE.
0—o0 0 0 0 0—0 1 ROM (ODD) = 2K
0—0 0 0 0 1—1 1 $000001, $000003, $000005, ... .,
$000FFF !
0—0 0 0 1 0—o0 0 RAM (even) = 2K
0—0 V] 0 il 1—I1 0 $001000, $001002, .. ., $001FFE
0—0 0 0 1 0—0 1 RAM (odd) = 2K
0—0 0 0 1 1—1 1 $001001, $001003, ..., $001FFF
Memary Mapped I/O .
RS1 RSO LDS or UDS
A23—Al5 Al4 Al3  Al2 All—A3 A2 Al A0 Register Sclected
(Address) EVEN
0—0 0 1 0 0—0 0 0 0 Port Aor DDRA =
' $002000
0—0 0 1 0 0—0 0 1 0 CRA = $002002
0—0 0 1 0 0—0 1 0 0 Port B or DDRB =
$002004
0—0 0 1 0 0—0 1 1 0 CRB = $002006
OoDD
0—0 0 1 0 0—0 0 0 1 Port A or DDRA =
$002001
0—0 0 1 0 0—0 0 1 1 CRA = $002003
0—0 0 1 0 0—0 1 0 1 Port B or DDRB =
$002005
- 0—0 0 1 0 0—0 1 1 1 CRB = $002007
&

Note that upon hardware resct, the 68000 loads the supervisor SP high and low words,
respectively, from addresses $000000 and $000002 and the PC high and low words, respec-
tively, from locations $000004 and $000006. The memory map of Figure 5.20a contains these
reset vector addresses in the even and odd 2716s.
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Example 5.13

Assume that in the configuration of Figure 5.18, port A has three inputs and an LED connected
to bits 0-3. Port B has an LED connected to bit 3. Write 68000 assembly program to

1. Turn the port A LED ON and port B LED OFF if port A has an even number of high
switch inputs. :

2. Turn the port A LED OFF and port B LED ON if port A has an odd number of high
switch inputs.

3. Turn both LEDs off if there are no high switch inputs.

Assume EPROM/RAM in the system.

Solution

PGCR  EQU $800000

PADDR EQU $800004 linfs

PBDDR EQU $800006

PACR EQU $80000C

PBCR EQU $80000E

PADR EQU $800010

PBDR EQU 4800012
MOVE.B #5350, PGCR
MOVE.B #$0FF, PACR
MOVE.B #$0FF, PBCR
MOVE.B #$%08, PADDR
MOVE.B #508, ©PBDDR
MOVE.B PADR, D1
ANDI.B #507, D1

Select mode 0

Port A bit I/O0 submode
Port B bit I/O submode
Configure port A
Configure port B

Get port A switches

Mask high five bits

Are all three inputs low

e WME Me e W wE e N N W e

BEQ LOW If so, turn both LEDs off.
CMPI.B #503, D1 Are high switch inputs even
BEQ EVEN If so, turn port A LED ON
and port B LED OFF.
CMPI.B #$'05, D1 ; Are high switch inputs even
BEQ EVEN : ; If so, turn port A LED ON
- and port B LED OFF
CMPI.B #$06, D1 ; Are high switch inputs even
BEQ EVEN ; If so, turn port A LED ON

and port B LED OFF.

CMPI.B #507, D1 Are high switch inputs ODD

LTI T

BEQ ODD If so, turn port A LED OFF
3 and port B LED ON
CMPI.B #504, D1 ; Are high switch inputs even
BEQ ODD ; If so, turn port A LED ON
and port B LED OFF
CMPI.B $01, D1 ; Are high switch inputs ODD
BEQ ODD ; If so, turn port A LED OFF

and port B LED ON
CMPI.B $02, D1 ; Are high switch inputs ODD
BEQ ODD ; If so, turn port A LED OFF
BRA LOW } and port B LED ON
oDD MOVE.B #$00, PADR ; Turn port A LED OFF
MOVE.B #3508, PBDR ; Turn port B LED ON
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JMP FINISH ; Halt
EVEN MOVE.B #3508, PADR ; Turn port A LED ON
MOVE.B #$00, PBDR ; Turn port B LED OFF

JMP FINISH ; Halt
LOW MOVE.B #500, PADR ; Turn port A LED OFF
MOVE.B #$00, PBDR ; Turn port B LED OFF
FINISH JMP FINISH ; Halt

68000 Interrupt I/O

The 68000 scrvices interrupts in the supervisor mode. The 68000 interrupt /O can be divided
into two types: external interrupts and internal interrupts.

External Interrupts

The 68000 provides seven levels of external interrupts, 1 through 7. The external hardware
provides an interrupt level using the pins IPLO, IPL1, IPL2. Like other processors, the 68000
checks for and accepts interrupts only between instructions. It compares the value of inverted
IPLO- IPL2 with the current interrupt mask contained in the bits 10, 9, and 8 of the status
register. —— e

If the value of the inverted IPLO-IPL2 is greater than the value of the current interrupt
mask, then the processor acknowledges the interrupt and initiates interrupt processing. Oth-
erwise, the 68000 continues with the only current interrupt level if pending. Interrupt request
level zero (IPLO- IPL2 all HIGH) indicates that no interrupt service is requested. An inverted
IPL2, IPLI, IPLO of 7 is always acknowledged and has the highest priority. Therefore,
interrupt level 7 is “nonmaskable”. Note that the interrupt level is indicated by the interrupt
input pins (inverted IPL2, IPL1, IPLO).

To ensure that an interrupt will be recognized, the following interrupt rules should be
considered:

1. The incoming interrupt request level must be at a higher priority level than the mask
level set in the interrupt mask bits (except for level 7, which is always recognized).

2. The IPLO-IPL2 pins must be held at the interrupt request level until the 68000
acknowledges the interrupt by initiating an interrupt acknowledge (IACK) bus cycle.

Interrupt level 7 is edge-triggered. On the other hand, the interrupt levels 1 to 6 arc level
sensitive. But as soon as the status register is saved the processor updates its interrupt mask to
the same level.

The 68000 docs not have any EI (Enable Interrupt) or DI (Disable Interrupt) instructions,
Instead, the level indicated by 12 11 10 in the SR disables all interrupts below or equal to this
value and enables all interrupts above this. For example, in the supervisor mode, 12, 11, and
10 can be modified by using instructions such as AND with SR. If 12, I1, and 10 are modificd
to contain 100,, then interrupt levels 1 to 4 are disabled and levels 5 to 7 are enabled. Note that
12 11 10 = 111 disables all interrupts except level 7.

Upon hardware reset, the 68000 operates in supervisor mode and sets 12 11 10 to 111, and
disables the interrupt levels 1 through 6. Note that if 12 11 10 is modified to 110,, the 68000 also
disables levels 1 through 6 and level 7 is, of course, always enabled.

Once the 68000 has decided to acknowledge an interrupt request, it pushes PC and SR onto
the stack, enters supervisor state by setting S-bit to 1, clears TF to inhibit tracing, and updates
the priority mask bits and also the address lines A3-A1 with the interrupt level. The 68000 then
asserts AS to inform the external devices that A3-Al has the interrupt level. The processor sets
FC2 FC1 FCO to 111 to run an IACK cycle for 8-bit vector number acquisition. The 68000
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multiplies the 8-bit vector by 4 to determine the pointer to locations containing the starting
address of the service routine. The 68000 then branches to the service routine., The last
instruction of the service routine should be RTE which pops PC and SR back from the stack.
In order to explain how the 68000 interrupt prioritics work, assume that 12 11 10 in SR has the
value 011,. This means that levels 1,2, and 3 are disabled and levels 4, 5, 6, and 7 are enabled.
Now, if the 68000 is interrupted with level 5, the 68000 pushes PC and SR, updates 12 11 10 in
SR with 101,, and loads PC with the starting address of the service routine.

Now, while in the service routine of level 5, if the 68000 is interrupted by level 6 interrupt,
the 68000 pushes PC and SR onto the stack. The 68000 then completes execution of the level
6 interrupt. The RTE instruction at the end of the level 6 service routine pops old PC and old
SR and returns control to the level 5 interrupt service routine at the right place and continues
with the level 5 service routine.

External logic can respond to the interrupt acknowledge in one of the following ways: by

requesting automatic vectoring or by placin g a vector number on the data bus (nonautovector),
or by indicating that no device is responding (Spurious Interrupt). If the hardware asserts
VPA to terminate the IACK bus cycle, the 68000 directs itself automatically to the proper
interrupt vector corresponding to the current interrupt level. No external hardware is required
for providing interrupt address vector. This is known as autovectoring. The vectors for the
seven autovector levels are given below:

12 11 10
Level 1 <= Interrupt vector $19 for 0 0 1
Level 2 ¢ Interrupt vector $1A for 0 I 0
Level 3 & Interrupt vector $1B for 0 1 1
Level 4 « Interrupt vector $1C for 1 U 0
Level 5 ¢ Interrupt vector $1D for 1 0 |
Level 6 ¢ Interrupt vector $1E for 1 1 0

1 1 1

Level 7 = Interrupt vector $1F for

During autovectoring, the 68000 asserts VMA after assertion of VPA and then completes
a normal 68000 rcad cycle.

In a nonautovector situation, the interrupting device uses external hardware to place a
vector number on data lines D0-D7, and then performsa DTACK handshake to terminate the
IACK bus cycle. The vector numbers allowed are $40 to $FF, but Motorola has not imple-
mented a protection on the first 64 entries so that user-interrupt vectors may overlap at the
discretion of the system designer. The 68000 multipliés this vector by 4 and determines the
pointers to an interrupt address vector. . e

During the IACK cycle, the 68000 always checks the VPA line for LOW, and if VPA is
asserted, the 68000 obtains the interrupt vector address using autovectoring. If VPA is not
asserted, the 68000 checks DTACK for LOW. If DTACK is asserted, the 68000 obtains the
interrupt address vector using nonautovectoring. RN

Another way to terminate an interrupt acknowledge bus cycle is with the BERR (Bus Error)
signal. Even though the interrupt control pins are synchronized to enhance noise immunity,
it is possible that external system interru pt circuitry may initiate an IACK bus cycle as a result
of noise. Since no device is requesting interrupt service, neither DTACK nor VPA will be
asserted to signal the end of the nonexisting IACK bus cycle. When there is no response to an
IACK bus cycle after a specified period of time (monitored by the user by an external timer),
the BERR can be asserted. This indicates to the processor that it has recognized a spurious
interrupt. The 68000 provides 18H as the vector to fetch for the starting address of this
exception handling routine.

The 68000 determines the interrupt address vector for each of the above cases as follows.
After obtaining the 8-bit vector n, the 68000 reads the long word located at memory address
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Vector Address Assignment
Number(s) [“pec | Hex | Space
(4] 0 000 5P Reset Initial SSP
- 4 004 SP Reset Initial PC
2 i 008 SD Bus Error
3 12 00C S0 Address Error
4 16 010 50 illepal Instruction
5 20 014 S0 Zero Divide
6 24 018 S0, CHK Instruction
7 20 01C S0 TRAPV Instruction
8 32 020 50 i Privilege Violation
9 36 024 S0 Trace
10 40 028 | 50D Line 1010 Fmulator
1 44 02c S0 Line 1111 Emulator
12¢ A8 030 S0 (Unassigned, Reserved)
13* 52 034 SO (Unassigned, Reserved)
14° 56 0318 sD {Unassigned, Reserved)
15 60 0ic S0 Uninitialized Interrupt Vector
16-23* 064 04C S0 (Unassigned, Reserved)
925 05F =
24 9% 060 sD Spurious Interrupt
25 100 064 SD Level 1 Interrupt Autovecior
26 104 068 5D Level 2 Interrupt Autovector
27 108 06C S0 Level 3 Interrupt Autovector
28 12 070 sD Level 4 Interrupt Autovecior
29 116 074 50 Level 5 Interrupt Autovector
30 120 | o7a sD Level 6 Interrupt Autovector
31 124 07C sD Level 7 Interrupt Autovector
32-47 128 | o080 SD TRAP Instruction Veclors
191 O8F -
48-63* 192 0Co 5D (Unassipned, Reserved)
255 OFF =
64-255 256 100 sD User Interrupt Vectors
1023 IFF -

*Vector numbers 12, 13, 14, 16 through 23, and 48 through 63 are
reserved for future enhancements by Motorola. No user peripheral
devices should be assigned to these numbers,

FIGURES5.21 68000 exception map. 'SP* mcans supervisor program space; *SD’ means supervisor data space.

4*n. This long word contains the address of the service routine. Therefore, the address is found

using indirect addressing. Note_that the spurious interrupt and bus error interrupt due to

troubled instruction (when no DTACK is received by the 68000) have two different vectors.

Spurious interrupt occurs when the BUS ERROR pin is asserted during interrupt processing,

During IACK cycle, FC2 FC1 FCO = 111. A1-A3 has the interrupt level. The vector number

is provided on the D0-D7 pins by external hardware. Note that during nonautovectoring, if
VPA goes to LOW, the 68000 ignores it.

Internal Interrupts i
The internal interrupt is a software interrupt. This interrupt is generated when the 68000
executes a software interrupt instruction called TRAP or by some undesirable event such as

division by zero or exccution of an illegal instruction.

68000 Exception Map

Figure 5.21 shows an interrupt map of the 68000. Vector addresses $00 through $2C include.
vector addresses for reset, bus error, trace, divide by 0, cte., and addresses $30 through $4C are
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unassigned. The RESET vector requires four words (addresses 0, 2, 4, and 6) and other vectors
require only two words. As an example of how the 68000 determines the interrupt address
vector, consider autovector 1. After VPA is asserted, if IPL2-0 = 110 (level = 001), the
68000 automatically obtains the 8-bit vector 25,, (19,,) and multiplies 19, by 4 to obtain the
24-bit address 000064, The 68000 then loads the 16-bit contents of location 000064, and the
next location 000066, into PC. For example, if the user wants to write the service routine for
autovector 1 at address 271452, then XX27,, and 1452, must, respectively, be stored at
000064,5 and 000066, Note that XX in XX27,4 are two don’t care nibbles (4 bits).

After hardware reset, the 68000 loads the supervisor SP high and low words, respectively, from
addresses 000000, and 000002,, and the PC high and low words, respectively, from 000004,
and 000006,¢. The assembler directive, Define Constant (DC) can be used to load PC and SSP.
For example, the following instruction sequence loads SSP with $004100 and PC with $001000:

ORG  $000000
DC.L  $00004100
DC.L  $00001000

68000 Interrupt Address Vector

Suppose that the user decides to write a service routine starting at address $123456 using
autovector 1. Since the autovector 1 uses addresses $000064 and $000066, the numbers $0012
and $3456 must be stored in locations $000064 and $000066, respectively. The DC.L assembler
directive can be used to load $123456 into location $000064 as follows:

ORG 5000064
DC.L 500123456

An Example of Autovector and Nonautovector Interrupts

As an example to illustrate the concept of autovector and nonautovector interrupts, consider
Figure 5.22. In this figure, I/O device 1 uses nonautovector and I/0 device 2 uses autovector
interrupts. The system is capable of handling interrupts from cight devices, since an 8-to-3
priority encoder such as the 7415148 is used. Suppose that 1/0 device 2 drives the 1/02 LOW
in order to activate line 3 of this encoder. This, in turn, interrupts the processor. When the
68000 decides to acknowledge the interrupt, it drives FC0-FC2 HIGH. The interrupt level is
reflected on Al1-A3 when AS is activated by the 68000. IACK3 and 1/02 signals are used to
generate. VPA. Once the VPA is asserted, the 68000 obtains the interrupt vector address
using autovectoring, '

In case of 1/01, line 5 of the priority encoder is activated to initiate the interrupt. By using
appropriate logic, DTACK is asserted using IACK5 and 1/01. The vector number is placed
on DO-D7 by enabling an octal buffer such as the 7415244 using IACK5. The 68000 inputs
this vector number and multiplies it by 4 to obtain the interrupt address vector,

68000 DMA

Three DMA control lines are provided with the 68000. These are BR (Bus Request), BG (Bus

Grant), and BGACK (Bus Grant Acknowledge).
The BR line is an input to the 68000. The external device activates this line to tell the 68000

to release the system bus.
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FIGURE 5.22 Autovector and nonautovector interrupts.

At least one clock period after recciving the BR, the 68000 will enable its BG output line
to acknowledge the DMA request. However, the 68000 will not relinquish the bus until it has
completed the current instruction cycle. The external device must check AS (Address Strobe)
line to determine the completion of instruction cycle by the 68000. When AS becomes HIGH,
the 68000 will tristate its address and data lines and will give up the bus to the external device.

After taking over the bus, the external device must enable BGACK line. The BGACK line
tells the 68000 and other devices connected to the bus that the bus is being used. The 68000
buses stay in a tristate condition until' BGACK becomes HIGH.

68000 Exception Handling

A 16-bit microcomputer is usually capable of handling unusual or exceptional conditions.
These conditions include situations such as execution’of illegal instruction or division by zero
and all interrupts. In this section, the cxception handling capabilities of the MC68000 are
described. !

The 68000 cxceptions can be divided into three groups, namely, groups 0, 1, and 2. Group
0 has the highest priority and group 2 has the lowest priority. Within the first two groups, there
are additional priority levels. A list of 68000 exceptions along with individual priorities is
shown below:

Group 0  Reset (highest level in this group), Address Error (next level), and Bus Error
(lowest level)

Group 1  Trace (highest level), Interrupt (next level), Illegal op code (next level), and
Privilege Violation (lowest level)

Group2 TRAP, TRAPV, CHK, and ZERO, DIVIDE (no individual priorities assigned in
group 2)

Exceptions from group 0 always override an active exception from group 1 or group 2.
Group 0 exception processing begins at the completion of the current bus cycle (two clock
cycles). Note that the number of cycles required for a READ or WRITE operation is called a



346 Microprocessors and Microcomputer-Based System Design, 2nd Edition

bus cycle. This means that during an instruction fetch if there is a group 0 interrupt, the 68000
will complete the instruction fetch and then service the interrupt.

Group 1 exception processing begins at the completion of the current instruction.

Group 2 exceptions are initiated through execution of an instruction, Therefore, there are
no individual priority levels within group 2. Exception processing occurs when a group 2
interrupt is encountered, provided there are no group 0 or group 1 interrupts.

When an exception occurs, the 68000 saves the contents of the program counter and status
register onto the stack and then executes a new program whose address is provided by the
exception vectors. Once this program is executed, the 68000 returns to the main program
using the stored values of program counter and status register.

Exceptions can be of two types: internal or external.

The internal exceptions are gencrated by situations such as division by zcro, execution of
illegal or unimplemented instructions, and address crror. As mentioned before, mzcmal
interrupts are called traps.

The external exceptions are gencrated by bus error, resct, or interrupts. The basic concepts
associated with interrupts, relating them to the 68000, have already been described. In this
section we will discuss the other exceptions.

In response to an exception condition, the processor executes a user-written program, In some
microcomputers, onc common program is provided for all exceptions. The beginning section of
the program determines the cause of the exception and then branches to the appropriate routine.
The 68000 utilizes a more general approach. Each exception can be handled by a separate program.

As mentioned before, the 68000 has two modes of operation: user mode and supervisor mode,
The operating system runs in supervisor mode and all other programs are executed in user mode.
The supervisor mode is, therefore, privileged. Several privileged instructions such as MOVE to SR
can only be exccuted in supervisor mode. Any attempt to exccute them in user mode causes a trap.

We will now discuss how the 68000 handles exceptions which are caused by external reset,
instructions causing traps, bus and address errors, tracing, execution of privileged instructions
in user mode, and execution of illegal/unimplemented instructions,

The reset exception is gencrated externally. In response to this exception, the 68000 auto-
matically loads the initial starting address into the processor.

The 68000 has a TRAP instruction which always causes an exception. The operand for this
instruction varies from 0 to 15. This mcans that there are 16 TRAP instructions. Each TRAP
instruction is normally used to call subroutines in an operating system, Note that this auto-
maticnlly places the 68000 in supervisor state, TRAPs can also be used for inserting breakpoints
in a program. Two other 68000 instructions causc tmps if a particular condition is true. These
are TRAPV ard CHK. TRAPV gencrates an exception if the overflow flag is set. The TRAPYV
instruction can be inserted after every arithmetic operation in a program for causing a trap
whenever there is the possibility of an overflow. A routine can be written at the vector address
for the TRAPV to indicate to the user that an overflow has occurred. The CHK instruction is
designed to ensure that access to an array in memory is within the tange specified by the user.
If there is a violation of this range, the 68000 generates an exception.

A bus error occurs when the 68000 tries to access an address which does not belong to the
devices connected to the bus. This crror can be detected by asserting the BERR pin on the
68000 chip by an cxternal timer when no DTACK is received from the device after a certain
period of time. In response to this, the 68000 exccutes a user-written routine located at an
address obtained from the exception vectors. An address error, on the other hand, occurs when
the 68000 tries to READ or WRITE a word (16-bit) or long word (32-bit) at an odd address.
The address error has a different exception vector from the bus error.

The trace exception in the 68000 can be generated by setting the trace bit in the status
register, in response to the trace exception after execution of every instruction. The user can
write a routine at the exception vectors for the trace instruction to display registers and
memory. The trace exception provides the 68000 with the single-stepping debugging feature.
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FIGURE 5.23 MC68000 read-modify-write cycle for TAS.

As mientioned before, the 68000 has some privileged instructions which must be executed
in supervisor mode. An attempt to cxecute these instructions causes privilege violations.
Finally, the 68000 causes an exception when it tries to execute an illegal or unimplemented
instruction. It is common practice to usc the illegal instruction $4AFA as a breakpoint.

Multiprocessing with 68000 Using the TAS Instruction and
AS (Address Strobe) Signal

Earlier, the 68000 TAS instruction was discussed. The TAS instruction supports the software
aspects of interfacing two or more 68000s via shared RAM. When TAS is exccuted, an
indivisible read-modify-write cycle is performed. The timing diagram for this specialized cycle
is shown in Figure 5.23. During both the read and the write portions of the cycle, the AS
remains LOW, and the cycle starts as the normal read cycle. i

However, in the normal read, the AS going inactive indicates the end of the rcad. During
execution of the TAS, the AS stays LOW throughout the cycle, and therefore AS can be used
in the design of a bus locking circuit.

Duec to bus locking, only one processor at a lime can perform a TAS operation in a
multiprocessor system. The TAS instruction supports semaphore operations (globzlly shared
resources) by checking a resource for availability and reserving or locking it for use by a single
processor. The TAS instruction can, therefore, be uscd to allocate memory space reservations.

The TAS instruction exccution flow for allocating memory is shown in Figure 5.24a and b.
The shared RAM of Figure 5.24b is divided into M sections. The first byte of each section will
be pointed to by (EA) of TAS (EA) instruction. In the flowcharts, (ea) first points to the frst
byte of section 1. The instruction TAS (ea) is then executed.

The TAS instruction checks the most significant bit (N bit) in (EA). N = 0 indicates that the
section 1 is free; N = 1 means section 1 is busy. f N =0, then section 1 will be allocated for
use. On the other hand, if N = 1, section 1 is busy; a program will be written to subtract one
section length from (EA) to check the next section for availability. Also, (EA) must be checked
with the value TASLOCM. If (EA) < TASLOCM, then no space is available for allocation.
However, if (EA) > TASLOCM, TAS is executed and the availability of that section is deter-
mined.




348 Microprocessors and Microcomputer-Based System Design, 2nd Edition
Set Pointer to
Top ADDR
High
Adsdress
Poi Shared RAM
{ °')"'e' TASLOC 1
o . Execute Use this Section of
ection TAS Memory as Desired
TASLOC 2 No
Section 2
Subtract one Section
. Length from Pointer
L
TASLOCM
Address Section M Pointer < Yes No Space
Last Section Available
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FIGURE 5.24 Memory allocation using TAS.
In a multiprocessor environment, the TAS instruction provides software support for inter-
facing two or more 68000 via shared RAM. The AS signal can be used to provide the bus

locking mechanism.
Examples of 68000 programmed and interrupt I/O are provided below.

Vi
Bit 0
of —=< ’
Port A V2
5V
Port B 0 ¢ ALN -(i

68000/6821
based

microcomputer

Example 5.14

i) In the above figure, the 68000/6821 based microcomputer is required to perform the
following:

If V| > V,, turn the LED ON if the switch is open. Write 68000 assembly language program
to accomplish the above by inputting comparator output via bit 0 of Port A,
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ii) Repeat part i) using autovector level 1 and nonautovector (vector $40). Use port B for
LED and switch as above. Assume supervisor mode.

Write the main program and service routine in 68000 assembly language program rcsi:cctivcly
at addresses $642F14 and $251F20.

Also, initialize supervisor stack pointer at $941760.

Solution

i) BCLR.B #2,CRA
MOVE.B #0,DDRA
BSET.B #2,CRA
BCLR.B #2,CRB
MOVE.B #580,DDRB
BSET.B #2,CRB

START MOVE.B PORTA,DO
ANDI.B #3501,D0

Address DDRA

Configure Poxt A as input
Address Port A

Address DDRB

Configurd Port B

Address Port B

Input Comparator

Check if high

ma e e N s ™

-

~a

BEQ START
MOVE.BE PORTB,D1l ; Input switch
ROXR.B #2,D1 ; Align switch status

MOVE.B D1, PORTB ; Output to LED
FINISH JMP FINISH

ii) Using Autovectoring Level 1

+5V

s Vi

IPL2 | —_J

iPLT | g

iPLo

. V2
FC2 .
ﬂi FCl +5V
fFCo
Port B 0 +5V

VPA _E
68000/6821 £
based 7
microcomputer

Main Program
ORG $642F14
BCLR.B #2,CRB
MOVE.B #$80,DDRB
BSET.B #2,CRB
ANDI.W #$0FBFF,SR

WAIT JMP WAIT

FINISH JMP FINISH

Address DDRB
configure Poxt B
Address Port B
Enable interxupts
wait for interrupts
HALT

N M e e e N
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Service Routine
ORG $251F20

MOVE.B PORTB, DO ; Input switch
ROXR.B #2,D0 ; Align switch
MOVE.B DO, PORTB ; Output to LED
RTE

Reset Vector

ORG 0
DC.L $00941760
DC.L $00642F14

Service Routine Vector

ORG $000064
DC.L $00251F20

Using Nonautovectoring (Vector $40)

+5SV
PorB[ #5V
» B LED
- FC2 2 >0
INTA ( fcl
J -
Vi
»{ D0-D7 —
IPL2
68000/6821 £
4 ’P
8 based W vz
Microcomputer

—d1G I 1K
L———q2G . W a5V
< Vector §40
7415244 <
IO -
Main Program

ORG $642F14
BCLR.B #2,CRB ; Address DDRB )

MOVE.B #$B0,DDRE ; Configure Port B
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-

Address Port B
Enable intexrrupts
Wwait for interrupts
Halt

BSET.B #2,CRB
ANDI.W #$0F8FF,SR
WAIT JMP WAIT
FINISH JMP FINISHE

s N e

Service Routine
ORG $251F20
MOVE.B PORTB,DO
ROXR.B #2,D0
MOVE.B DO,PORTB
RTE

Input switch
Align switch
Output to LED

s e s

Reset Vector
ORG 0
DC.L 300941760
DC.L $00642F14

Service Routine Vector

ORG $000100
DC.L $00251F20

Questions and Problems

5.1 Assume that [D0) = 25774411, What will be the contents of DO after execution of each
of the following instructions:
i) CLR.B DO
iil) CLR DO
iii) CLR.L DO

5.2 Determine the contents of registers and the locations affected by cach of the following
instructions:
i) MOVE.L =-(A2), (A3)+
Assume the following data prior to execution of the MOVE:

[A2] = $300504, [A3] = $510718,

[$300500] = $01, [$3004FF] = $F1,
{$3004FE] = $72, [$3004FD] = $Al,
[$510718] ‘= $53, [$510719] = 320,
[$51071A] = $31, [51071B] = $27

ii) MOVEA.W D1, Ad

Assume the following data prior to exccution of the MOVEA:
[D1] = $37158470

[Ad4] = $F1218234

iif) MOVEA.L A2, A3

Assume the following data prior to execution of the MOVEA:
[A2] = $1234F144

[A3] = $20718714

5.3 Identify the following 68000 instructions as privileged or nonprivileged:
i) MOVE SR, (A2)
ii) MOVE CCR, (A0)
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iii) LEA.L (A2), AS
iv) MOVE.L A2, USP

5.4 What are the contents of register D1 after execution of the following two instructions?-
Assume [D1] = $34788480 prior to the execution of the instructions:

EXT.L D1
MOVEQ.L #$2F, D1

5.5 Find the contents of D1 after execution of the following DIVS instruction:

DIVS (Al), D1

Assume [Al] = $205014, [$205014] = $I'F, [$205015] = $FE, [D1] = $00000005 prior to
execution of the instruction. Identify the quotient and remainder of the result in DY, Com-
ment on the sign of the remainder.

5.6 Write a 68000 assembly program to divide an 8-bit signed number in low byte of D1 by
an 8-bit signed number in low byte of D2. Store quotient and remainder in D1.

5.7 Writea 68000 assembly language program to add two 128-bit numbers. Assume that the
first number is stored in consccutive memory locations starting at $605014. The second
number is stored in consccutive memory locations starting at $708020. Store the result in
memory locations beginning at $708020. Assume that all data storage to follow the conven-
tional manner; that is highest byte to be stored as the lower address.

5.8 Writc a 68000 assembly program to add top-two 32 bits of the stack. Store the 32-bit
result onto the stack. Assume user mode.

5.9 Write a 68000 assembly program to multiply an 8-bit signed number in low byte of D1
by a 16-bit signed numb,:y\in the high word of D5. Store the result in D3.

5.10 Write a 68000 assembly program to add twenty 32-bit numbers stored i in consecutive
memory locations starting at address $502040. Store the 32-bit result onto the stack. Assume
that for each 32-bit number, the lowest address stores the highest bvte of the number.

'5.11  Write 68000 assembly language to find the minimum value of a string of ten signed 16-
bit numbers using indexed addressing,

5.12  Write a 68000 assembly program to compare two strings of twenty ASCII characters.
The first string is stored starting at $003000. The second string is stored starting at $004000.
The ASCII character in location $003000 of string 1 will be compared with the ASCII character
in location $004000 of string 2, [$003001] to be compared with [$004001], and so on. Each
time there is a match, store $EEEE onto the stack; otherwise store $0000.

5.13  Write a 68000 assembly program to divide a 27-bit unsigned number in high 27 bits of
DO by 16,,. Do not usc any divide instruction. Neglect the remainder. Storc quotient in the low
27-bits of DO.

5.14 Writc a subroutinc in 68000 assembly language to compute

100 ’ K

=Z{Xi—Yi)

i=1
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Assume that Xi’s and Yi's are signed 16-bit and stored in consecutive locations starting at
$020054 and $305116, respectively. Assume A0 and At point to Xi’s and Yi’s, respectively, and
SP is already initialized. Also write the main program in 68000 assembly language to perform
all initializations, call the subroutine, and then compute Z/100.

515 Write a subroutine in 68000 assembly language to subtract two unsigned eight-digit
BCD numbers. The BCD number 1 is stored at location starting from $300000 thru $300003,
with the least significant digit at $300003 and the most significant digit at $300000. Similarly,
the BCD number 2 is stored at location starting from $400000 through $400003, with the least
significant digit at $400003 and the most significant digit at $400000. The BCD number 2 is
to be subtracted from BCD number 1. Store result in D1.

5.16 Write a subroutine in 68000 assembly to convert a 3-digit unsigned BCD number to
binary. The most significant digit is stored in memory location starting at $003000, the next
digit is stored at $003001, and so on. Store the binary result in D3.

Use the value of the 3-digit BCD number in V = D2 X 10 + D1 x 10' + DO = (D2 X 10 +
D1) x 10 + DO).

5.17 Write a recursive subroutine (A subroutine calling itself) in 68000 assembly language to find
the factorial of an 8-bit number n by using n! = n(n-1) (n—=2)... 1. Store the result in DO.

5.18 Determine the status of EB_S, uDs, ;\_S, EC2-FCO0, and address lines immediately after
exccution of the following instruction sequence (before the 68000 tristates these lines to fetch

the next instruction):
MOVE #5$2000, SR

MOVE.B D2, $030001

Assume the 68000 is in supervisor mode prior to execution of the above instructions.

5.19 Write a 68000 assembly program to output the contents of memory locations $003000
and $003001 to two seven-segment displays connected to two 8-bit ports A and B of a 68000/
6821 system. Assume that displays are connected to ports A and B the same as shown in the
figure of problem 5-39. Note that only the connections between Port A and one seven-segment
display is shown in the figure.

520 Assume that in the configuration of Figure 5.19, port A and port B each has three
switches and an LED connected to bits 0 through 3. Write 68000 assembly program to
i) Turn the port A LED ON and port B LED OFF if port A has an cven and port B has an
odd number of high switch inputs. . ‘
ii) Turn the port A LED OFF and port B LED ON if port A has an odd and port B has an
even number of high switch inputs.
i) Turn both LEDs ON if both ports A and B have even number of high switch inputs.
iv) Turn both LEDs OFF if both ports A and B have odd number of high switch inputs.

5.21 Interface a 68000 to 2716s, 6116, and a 68230 to provide 4K EPROM, 4K RAM, and
two 8-bit I/O ports. Draw a ncat schematic and determine memory and I/O maps. Assume
16.67 MHz internal clock for the 68000.

5.22 |If the IPL2 IPL1 IPLO pins are interrupted by an external device with the code 001,
when the interrupt mask value 121110 is 3,5, will the interrupt be serviced immediately or

ignored by the 680007
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5.23  Discuss briefly the various 68000 exceptions.

5.24  Write a service routine for reset in 68000 assembly language that will initialize all data
and address registers to zero, supervisor SP to $3F0728, user SP to $1F0524, and then jump
to $001000.

5.25 Assume the following stack and register values before occurrence of an interrupt:

Stack

$F12460
§F12462

[PC] = 8201546
$F12464

[SR] = $2115
$F12466

§5P=8F12468 —>»{ VALID

Ifan external device requests an interrupt by asserting the IPL2 IPL1 IPL0 pins with the
value 000, determine the contents of SSP and SR during interrupt.and after execution of RTE
at the end of the service routine of the interrupt. Draw the memory layouts showing where SSP
points and the stack contents during and after the interrupt. Assume that the stack is not used
by the service routine.

5.26 Suppose that two pumps (P1,P2) and two LEDs (L1,L2) are to be connected to a 68000-
based microcomputer. Each pump has a ‘pump running’ output to indicate the ON/OFF
status. The microcomputer runs the pumps via bits 2 and 3 of 8-bit port A. Two LEDs L1 (for
P1) and L2 (for P2) are connected to bits 0 and 1 of 8-bit port B to indicate whether cach pump
is running. Assume that the pump can be turned ON by HIGH and turned OFF by LOW.

i) Using programmed 1/0, draw a block diagram and write a 68000 assembly program to
accomplish the above. .

ii) Using interrupt 1/0, draw a block diagram. Write the main program and service routine
in 68000 assembly language to accomplish the above. The main program will perform all
initializations and then start the pumps.

5.27 Compare the basic features of the 68000 with thosc of 68008, 68010, and 68012.

5.28 Write a 68000 assembly language program to add a 32-bit number stored in D0 (bits
0 through 15 containing the high-order 16 bits of the number and bits 16 through 31
containing the low-order 16 bits) with another 32-bit number stored in D1 (bits 0 through 15
containing the low-order 16 bits of the number and bits 16 through 31 containing the high-
order 16 bits). Store the result in DO.

5.29 Write a subroutine in 68000 assembly language using the TAS instruction to find,
reserve, and lock a memory segment for the main program. The memory is divided into four
segments (0, 1, 2, 3) of 8 bytes each. The first byte of cach segment includes a flagbyte to be
used by the TAS instruction. In the subroutine, a maximum of four 8-byte memory segments
must be checked for a free segment. Once a free segment is found, the TAS instruction is used
to sct the flagbyte. The starting address of the free segment must be stored in A5, and D5 must
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be cleared to zero to indicate a free segment. If no free block is found, a nonzero value of all
ones must be stored in D5,

5.30  What are the remainder and quotient, and which registers contain them after execution
of the following instruction sequence?

CLR DO
MOVEQeL #-5,D1
MOVE #2,D2
DIVS D2,D1

5.31 Write a 68000 assembly language program to divide $A5721624 by $F271. Store the
remainder and quotient anto the user stack. Assume that the numbers are signed and stored
in the stack as follows:

Low Address
LISP =3 F271 :
A572
1624

High Address

5.32  Write 68000 assembly language program to compute X = Y + Z — $30FE where X, Y,
Z are 64-bit variables. The upper 32 bits of Y and Z are stored respectively in locations $005000
and $005008 followed by the lower 32 bits. Store the upper 32 bits of the 64-bit result at
address $006000 followed by the lower 32 bits.

5.33  Assumec that registers D0, D1, and D2 contain a signed byte, a signed word, and a signed
32-bit number respectively. Write 68000 assembly language program that will compute the
signed 32-bit result: DO.B + D1L.W - D2.L — D2.L.

5.34  Write 68000 assembly language program to compute X =5* Y + (Z/W) where address
$005000, $005002, and $005004 store the 16-bit signed integers Y, Z and W. Store the 32-bit
result in memory starting at address $005006. Discard the remainder of Z/W.

5.35 Write a 68000 assembly language program to add two 48-bit data values in memory as
shown in figure below:

Al—>»  $25 $10 Increasing
memory
$02 507 address
$04 $02 l
$02 $04
$07 SIF
A2—>» $22 $4A

Store the result at the address pointed to by A2. The operation is given by:
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$25 10 02 07 04 02
$02 04 07 1F 22 4A

$27 14 09 26 26 4C

Assume the data pointer and data are already initialized.

5.36 Assume the pins and signals for a 68000, 2716 (odd) and 6821 (even) shown in the
figure below. Connect the chips and draw a neat schematic, Determine the memory and 1/0
maps. Assume a 16.67 MHz internal clock for the 68000.

ASp— —dCE —{CS0
A1-A23 —qOE —CS1
uDs p— —a T2 Do-D7
D3 p— —RW
OTACK p— —{RESET
VPA p— 01-07 —E
DO-:&% — — RS0
e —RS1
. AT b— AD-A10
68000 2716 (ODD) 6621 (EVEN) |

5.37 Assume the memory and I/O maps of Figure 5.20. Interface the following A/D to the
68000/2716-1/6116/6821 based microcomputer:

K SN e
D, - D, |—+—>

I—> «— DATA VALID

8-bit A/D

Write a 6800ﬁ assembly language program to input the A/D converter and turn ON an LED
connécted to bit 5 of Port A of even 6821 if the number read from A/D is ODD; otherwise turn
the LED OFF. Assume that the LED is turned ON by a HIGH and turned OFF by a LOW.

538 Assume a 68000/6821 based system. Write a 68000 assembly program to input 16-bit
* data via Port A and Port B, and then divide this by the 8-bit data in the highest byte (bits 31-
24) of DO. Assume all numbers to be signed.
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539 A 68000/6821 based microcomputer is required to drive a common anode seven-
segment display connected to Port A as follows:

+5V

' Bit0 7406 R ] =
<Bit 1 7406 R 13,
f b
Bit 2 o 206 R 10|,
2 7406 R i

Port A ¢ ——{B“ b AAVAY
b L 7406R 7|,
Bit 5 D' 7A40,\6,\R 2 ile c
Bit6 ] /106 R 1
[ 2o AN — 8
d

Write 68000 assembly language program to display a single hexadecimal digit (0 to F) from
address $003000. Use a look up table.

12V g
To a 68000/2732/
Voltage vm 6116/68230 based
Measurcmenl [ microcomputer
nv D
5.40

In the above figure, if Vm > 12V, turn an LED ON connected at bit 2 of Port A. On the other
hand, if Vm < 11V, turn the LED OFF. Usc registers and memory locations of your choice.
Draw a block diagram showing the microcomputer and the connection of the figure to its
ports. Also, write 68000 assembly language programs to accomplish the above using:

a) Polled I/O

b) Autovector level 7

¢) Non-autovector (vector $45)
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6.1

MOTOROLA MC68020

This chapter first describes in detail the hardware, software, and interfacing features associated
with the MC68020.

Topics include MC68020 architecture, addressing modes, instruction set, I/O, coprocessors,
and system design.

Introduction

The MC 68020 is Motorola’s first 32-bit microprocessor. The MC68020 is designed to exccute
all user object code written for previous members of the MC 68000 family.

The MC68020 is manufactured using HCMOS (combining HMOS and CMOS on the same
device). The MC68020 consumes a maximum of 1.75 watts. It contains 200,000 transistors on
a 3," piece of silicon. The chip is packaged in a square (1.345" x 1.345") pin grid array (PGA)
and contains 169 pins (114 pins used) arranged in a 13 X 13 matrix.

The processor speed of the MC68020 can be 12.5 MHz, 16.67 MHz, 20 MHz, 25 MHz, or
33 MHz. The chip must be operated from a minimum frequency of 8 MHz. Like the MC68000,
it does not have any on-chip clock generation circuitry. The MC68020 contains 18 addressing
modes and 101 instructions. All addressing modes and instructions of the MC68000 arc
included in the MC68020. The MC68020 supports coprocessors such as the MC68881/MC68882

floating-point and MC68851 memory management unit (MMU) coprocessors.
The following features of MC68020 are compared with those of MC68000:

Characteristic 68000 68020

Technology HMOS HCMOS

Size 3 x 1.345" x 1.345" (square sizc)

Number of pins 64, 68 169 (13 x 13 matrix; pins come out at the bottom

Control unit
Clock

ALU
Address bus size
Data bus size

Instruction and data
access

Nanomemory (two-level control memory)

6 MHz, 8 MHz, 10 MHz, 12.5 MHz,
16.67 MHz, 20 MHz, 25 MHz, or 33 MHz
(no minimum requirements)

One 16-bit ALU — —

24 bits with AD encoded from UDS and LDS

Uses DO-D7 for odd addresses and D8-D15-
for even addresses during byte transfers;
for word and long word uses D0-D15

All word and long word accesses must be at
even addresses for both instructions and
data; for byte, instruction must be at even

of the chip; 114 pins currently used)
Nanomemory (two-level control memory)
12.5 MHz, 16.67 MHz, 20 MHz, 25 MHz, or
33 MHz (must be 8 MHz minimum)

Three 32-bit ALUs

32 bits; no encoding of A0 required

8, 16, and 32 bits (byte, word, long word transfers
occur, respectively, via D24-D31 lines, D16-D31
lines, and D0-D31 lines)

Instructions must be accessed at even addresses;
data accesses can be at any address for byte,
word, and long word

359
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Chardcteristic

68000

68020

Instruction and data
access (continued)
Instruction cache

Dircctly addressable
memory
Registers

Addressing modes
Instruction set
Stack pointers
Status register

Coprocessor
interface

FC2, FCO, FCI pins

addresses, and data can be at cither odd or
even addresses
None

16 megabytes

8 32-bit data registers

7 32-bit address registers
2 32-bit SPs

1 32-bit PC (24 bits used)
1 16-bit SR

14

56 instructions

USP, SSP o
T,S 10, 11,12, X, N, Z, V, C

Emulated in software; that is, by writing
subroutines, coprocessor functions such
as floating-point arithmetic can be obtained
FC2, FCO, FC1 = 111 mcans interrupt
acknowledge

128-cntry 16-bit word cache; at the start of an
instruction fetch, the 68020 always outputs Low
on the ECS (external cycle start) pin and accesses
the cache; if the instruction is found in the cache,
the 68020 inhibits outputting LOW on the_AS pin;
otherwise the 68020 sends LOW on the AS pin
and reads the instruction from the main memory

4 gigabytes (4, 294, 964, 296 bytes)

8 32-bit data registers

7 32-bit address registers

3 32-bit 5Ps

1 32-bit PC (all bits used)

1 16-bit SR

1 32-bit VBR (vector base register)

2 3-bit function code registers (SFC and DFC)
1 32-bit CAAR (cache address register)

1 32-bit CACR (cache control register)

18

101 instructions

USP, MSP (master SP), ISP (interrupt SP)
To, T1,S5, M, 10,11, 12, X, N, Z, V, C

T1 TO

0 0 Notracing

0 1 Traceon jumps

1 0 Trace on instruction execution

1 1 Undefined

S M

0 X USP(Xisdon't carc; canbe O or 1)
1“0 ISP -

1 1 MSP

Can directly be interfaced to coprocessor chips.
Coprocessor functions, such as floating-point
arithmetic can be obtained via 68020 instructions

~ FC2, FCO, FC1 = 111 means CPU space cycle and

then by decoding A16-A19, onc can obtain
breakpoints, coprocessor functions, and interrupt
acknowledge

Some of the 68020 characteristics tabulated above will now be explained:

+ The three independent ALUs are provided for data manipulation and address calcula-
tions.

« A 32-bit barrel shift register (occupies 7% of silicon) is included in the 68020 for very
fast shift operations regardless of the shift count.

« The 68020 has three SPs. In the supervisor mode (when § = 1), two SPs can be accessed.
These are MSP (when M = 1) and ISP (when M = 0). The ISP can be used to simplify
and speed up task switching for operating systems.The 68020 uscr SP (USP) is used for
the same purpose as the 68000 USP in the user mode.

» The vector base register (VBR) is used in interrupt vector computation. For example,
in the 68000 the interrupt address vector is obtained by multiplying an 8-bit vector
number by 4. In the 68020, on the other hand, the interrupt address vector is obtained
by using VBR+4*8-bit vector number.
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+ The SFC (source function code) and DFC (destination function code) registers are 3 bits
wide. These registers allow the supervisor to move data between address spaces. In
supervisor mode, 3-bit addresses can be written into SFC or DFC using instructions
such as MOVEC Al, SFC. The MOVES.W(A0), DO can then be used to move a word
from a location within the address space specified by SFC and (A0) to D0. The 68020
outputs [SEC] to the FC2, FCI, and FCO pins. By decoding these pins via external
decoder, the desired source memory location addressed by (A0) can be moved to DO.
Now, if this data in D0 is to be moved to another space, then the following instructions
will accomplish this:

MOVEC A3, DFC
MOVES.W DO, (A5)

Note that there is no MOVES mem, mem instruction. SFC and DFC allow one to move
data from one space to another. Since in the above, MOVES.W DO, (A5) outputs [DFC]
to FC2, FC1, and FCO pins which can be used to enable the chip containing the memory
location addressed by (A5). [D0] is then moved to this location.

The new addressing modes in the 68020 include scaled indexing, 32-bit displace-
ments, and memory indirection. In order to illustrate the concept of scaling, consider
moving the contents of memory location 50, to Al. Using the 68000, the following
instruction sequence will accomplish this:

MOVEA.W #10, A0 ; Lead starting address of a
; table to A0

MOVE.W #10, DO ; Load index wvalue to DO

ASL #2, DO : Scale index

MOVEA.L O0(AO0, DO.W), Al Access data

The scaled indexing can be used with the 68020 to perform the same as follows:

MOVEA.W #10, A0 . Load starting address of
H a table to DO
MOVE.W #10, DO ; Load index value to DO

MOVE.L (0, AO, DO.W*4), Al ; Access data

Note that [D0] in the above is scaled by 4. Scaling 1, 2, 4, or 8 can be obtained.

The new 68020 instructions include bit field instructions to better support compilers
and certain hardware applications such as graphics, 32-bit multiply and divide instruc-
tions, pack and unpack instructions for BCD, and coprocessor instructions. Bit field
instructions can be used to input data from A/D converters and eliminate wasting main
memory space when the A/D converter is not 32-bits,

« FC2, EC1, FCO = 111 means CPU space cycle. The 68020 makes CPU space access for
breakpoints, coprocessor operations, or interrupt acknowledge cycles. The CPU space
classification is generated by the 68020 based upon execution of breakpoint instruc-
tions, coprocessor instructions, or during the interrupt acknowledge cycle. The 68020
then decodes A19-A16 to determine the type of CPU space. For example, FC2, FCI, FCo
=111 and Al19, A18, Al17, Al6 = N010 mean coprocessor instruction.

For performing floating-point operations, the 68000 user must write subroutines using
the 68000 instruction set. The floating-point capability in the 68020 can be obtained by
connecting the Motorola 68831 floating-point coprocessor chip. The 68020°s two
coprocessor chips include the 63881 (floating-point, and 68851 (memory manage-
ment). The MC68020 can have up to cight coprocessor chips. When 1 coprocessor is

.
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connected to the 68020, the coprocessor instructions are added to the 68020 instruction
set automatically, and this is transparent to the user. For example, when the 68881
floating-point coprocessor is added to the 68020, instructions such as FADD (floating-
point ADD) are available to the user. The programmer can then execute the instruction:

FADD FDO, FD1

Note that registers FDO and FD1 are in the 68881. When the 68020 encounters the
FADD instruction, it writes a command in the command register in the 68881, indicat-
ing that the 68881 has to perform this operation. The 68881 then responds to this by
writing in the 68881 response register. Note that all coprocessor registers are memory-
mapped. The 68020 thus can read the response register and obtain the result of the
floating-point ADD from the appropriate location.

Programming Model

Figure 6.1 shows the MC68020 programming model. The user model has sixteen 32-bit
general-purpose registers (D0-D7 and A0-A7), a 32-bit program counter (PC), and a condi-
tion code register (CCR) contained within the supervisor status register (SR). The supervisor
model has two 32-bit supervisor stack pointers (1SP and MSP), a 16-bit status register (SR),

- a 32-bit vector base register (VBR), two 3-bit alternate function code registers (SFC and DFC),

6.3

and two 32-bit cache handling (address and control) registers (CAAR and CACR). General-
purpose registers D0-D7 are used as data registers for operation on all data types. General-
purpose registers A0-A6, user stack pointer (USP) A7, interrupt stack pointer (1SP) A7’, and
master stack pointer (MSP) A7” are address registers that may be used as software stack
pointers or base address registers.

The status register (Figure 6.2) consists of a user byte (condition code register CCR) and a
system byte. The system byte contains control bits to indicate that the processor is in the trace
mode (T1, TO0), supervisor/user state (S), and master/interrupt state (M). The user byte
consists of the following condition codes: carry (C), overflow (V), zero (Z), negative (N), and
extend (X).

The bits in 68020 user byte are set at resct in the same way as the 68000 user byte. The bits
12,11, 10, and S have the same meaning as the 68000. In the 68020, two trace bits (T1, T0) are
included as opposed to one trace bit (T) in the 68000. These two bits allow the 68020 to trace
on both normal instruction execution and jumps. The 68020 M-bit is not included in the
68000 status register.

The vector base register (VBR) is used to locate the exception processing vector table in
memory.

The MC68020 distinguishes address spaces as supervisor/user and program/data. To sup-
port full access privileges in the supervisor mode, the alternate function code registers (SFC
and DFC) allow the supervisor to access any address space by preloading the SFC/DFC
registers appropriately.

The cache registers (CACR and CAAR) allow software manipulation of the instruction
cache. The CACR provides control and status accesses to the instruction cache, while the
CAAR holds the address for those cache control functions that require an address.

Data Types, Organization, and CPU Space Cycle

The MCG68000 family supports data types of bits, byte integers (8 bits), word integers (16 bits),
long word integers (32 bits), and binary coded decimal (BCD) digits. In addition to these, four
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FIGURE 6.1

Supervisor Programming Model

MC68020 programming model.
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Data Registers

Address Registers

User Stack Pointer
Program Counter

Condition Code Register

Interrupt Stack Pointer
Master Stack Pointer
Status Register
Vector Base Register

Alternate Function
Code Register

Cache Control Register

Cache Address Register

new data types are supported by the MC68020: variable-width bit field, packed BCD digits,
quad words (64 bits), and variable-length operands.

Data stored in memory are organized on a byte-addressable basis, where the lower
addresses correspond to higher-order bytes. The MC68020 does not require data to be
aligned on even byte boundaries, but data that are not aligned are transferred less efficiently.
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USER BYTE
SYSTEM BYTE (CONDITION CODE REGISTER)

15 14 13 12 1N 10 9 87() 5 4 3 2 1 :
[T1|T0|5]M|o||2|n][o]o[o|o|x]N|z|v|c]

-_

INTERRUPT EXTEND
PRIORITY MASK NEGATIVE
MASTER/INTERRUPT STATE ZERO
OVERFLOW

SUPERVISOR/USER STATE

CARRY —

—TRACE ENABLE
TO - TRACE ON CHANGE OF FLOW (BRA, JUMP, ETC.)
T1 - TRACE ALL INSTRUCTIONS

FIGURE 6.2 MC68020 status register.

Instruction words must be aligned on even byte boundaries. Figure 6.3 shows how data are
organized in memory.

Table 6.1 shows decoding of the function code pins. The function code pins define the user/
supervisor program and data spaces in the same way as the MC68000, except that FC2 FC1 FCO
= 111 for the MC68020 defines a new cycle called the CPU space cycle. Note that for the
MC68000, FC2, FC1, FCO = 111 provides the interrupt acknowledge cycle. CPU space is not
intended for general instruction execution, but is reserved for processor functions. The CPU
space has been subdivided into 16 types of access. The type of CPU access is indicated by address
bits (A19-A16) in combination with the CPU space function code (FC2 FC1 FC0 = 111).

Table 6.2 defines the four different types of CPU accesses. The definition of regions in the
CPU space makes it possible to acknowledge break points and interrupts and to communicate
with coprocessors and other special devices (such as the MMU) without dictating memory
organization for user- and supervisor-related activity.

The MC68020 has three stack pointers: the user stack pointer (USP) register A7, the
interrupt stack pointer (ISP) register A7’, and the master stack pointer (MSP) register A7”,
During normal operation most codes will be executed in user space and programs will use the
A7 stack for temporary storage and parameter passing between software routines (modules).
The ISP register is only used when an exception occurs, such as an external interrupt when
control is passed to supervisor mode and the relevant exception process is performed. The
MSP holds process-related information for the various tasks and allows for the separation of
task-related and non-task-related exception process stacking.

When the master stack is enabled through bit (M) in the SR, all noniterrupting exceptions,
such as divide by zero, software traps, and privilege violation, are placed in the master stack.

6.4 MC68020 Addressing Modes

Figure 6.4 lists the MC68020’s 18 addressing modes. Table 6.3 compares the addressing modes
of the MC68000 with those of the MC68020.

Since MC68000 addressing modes are covered in detail with examples in Chapter 5, the
MC68020 modes which are not available in the MC68000 are covered in the following discussion.

6.4.1 Address Registef Indirect (ARI) with Index and 8-Bit Displacement
Assembler syntax: (d8, An, Xn., size * SCALE)
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Bit Data
7 0|7 0|7 07 0
[ Byten-1 7 65 4[3]210 Byten + 1 Byte n + 2 |
A
Base Bit
Address Number
Bit
Bit Field Data Number
7 a7 ol7 ol7 0
| Byten -1 Byle n 0T 2 3 w- 1
|<-—--orrse:————j\3 —————— Offset - =2 le — — -widih- - - >
3.2 <110 1 2
5350
Address
Byte Integer Data
Z 0]7 07 0]7 Q0
| Byle n-1 MSB  Byten  LSB Byte n + 1 Byten+2 |
A
Address
Word Integer Data
7 a|7 0|7 0|7 7 0
( Byten -1 Word Integer Byte n + 2 Byten+3 |
A
Address
Long Word Integer Data
7 o7 0|7 0|7 0|7 0|7 0
Byten-1 Long Word Integer Byten + 4
A
Address
Packed Binary-Coded Data
7 0f7 413 0|7 0f7 0
| Byle n - 1 MSD LSD Byte n + 1 Byte n + 2
A
Address
Unpacked Binary-Coded Dala
7 017 413 0|7 413 0]7 0
[ Byten - 1 XX MSD XX LSD Byte n + 2 i
J
Address

FIGURE 6.3 Memory data organization.

EA

(An)

+

Xn can be W or L.

(Xn.size * scale value)

+ d8

365

If index register (An or Dn) is 16 bits, then it is sign-extended to 32 bits and then multiplied
by 1, 2, 4, or 8 prior to being used in EA calculation. d8 is also sign-extended to 32 bits prior
to EA calculation. An example is

MOVE.W (O,

AZ,

D2.

W*2), D1
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TABLE 6.1 Processing State Address Space

Function code

FCZ- FCI FCO  Address space
0 0 0 (Undefined, reserved)*
0 0 1 User data space
0 1 0 User program space
0 1 1 (Undefined, reserved)*
1 0 0 (Undefined, reserved)*
1 0 1 Supervisor data space
1 1 0 Supervisor program space
1 1 1 CPU space

* Address space 3 is reserved for user definition,
while 0 and 4 are reserved for future use by Motorola.

TABLE 6.2 CPU Space Address Access Encodings

Address Bus

CPU Space  Function )
Access Types Code :
i 0 31 123 '19 16 )
T t
Acknggvm:ch 1 l][OOOOOOOO000010000]00000000000|BKPT#|00|
. : o
Access Level
i [ 1||000000000000[000 lloooooeooo] MMU REG |
: 11513 4 0

Conmenr 7 1 1|[0 0000000000 0|0 010 <™J000000 0 O] CIRRegisler |

' i 3 10
Int t
Ackno‘:‘vcl::‘lge|lll|ll‘l111113111111111[lll1llllll11[chcl|l]
L —
CPU Space
Type Field

TABLE 6.3 Addressing Modes, MC68000 Vs. MC68020

Addressing modes available 68000 68020
Data Register Direct Dn Yes Yes
Address Register Direct An Yes Yes
Address Register Indirect (ARI) (An) Yes Yes
ARI with Postincrement (An)+ Yes Yes
ARI with Predecrement -(An) Yes Yes
ARI with Displacement (16-bit displ) (d, An) Yes Yes
ARI with Index (8-bit displ) (d, An, Xn) Yes* Yes
ARI with Index (Base Displ: 0, 16, 32) (bd, An, Xn) No Yes
Memory Indirect (Postindexed) ([bd, An], Xn, od) No Yes
Memory Indirect (Preindexed) ([bd, An, Xn), od) No Yes
PC Indirect with Displ. (16-Bit) (d, PC) Yes Yes
PC Indirect with Index (8-Bit Displ) (d, PC, Xn) Yes* Yes
PC Indirect with Index (Base Displ) (bd, PC, Xn) No Yes
PC Memory Indirect (Postindexed) ([bd, PC], Xn, od) No Yes
PC Memory Indirect (Preindexed) ([bd, PC, Xn], od) No Yes
Absolute Short (xxx).W Yes Yes
Absolute Long (xxx).L Yes Yes
Immediate #<data> Yes Yes

* 68000 has no scaling capability; 68020 can scale Xn by 1, 2, 4 or 8
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Addressing Modes Syntax

Register Direct

Dala Register Direcl Dn

Address Register Direct An
Register Indirect

Address Register Indirect (An)
Address Register Indirect with Post Increment (An)+
Address Register Indirect with Predecrement -(An)
Address Register Indirect with Displacement (d16, An}

Register Indirect with Index
Address Register Indirect with Index (8-Bit Displacement)
Address Register Indirect with Index (Base Displacement)

(d8, An, Xn)
(bd, An, Xn)

Memory Indirect
Memore Indirect Post-Indexed
Memory Indirect Pre-Indexed

(Ibd, An], Xn, od)
(Ibd, An, Xn), od)

Program Counter Indirect with Displacement

(d16, PC)

Program Counter Indirect with Index
PC Indirect with Index (8-Bit Displacement)
PC Indirect with Index (Base Displacement)

(d8, PC, Xn)
(bd, PC, Xn)

Program Counter Memory Indirect
PC Memory Indirect Post-Indexed
PC Memory Indirect Pre-Indexed

(Ibd, PC,], Xn, od)
([bd, PC, Xn), od)

Absolute
Absolute Short xxx. W
Absolute Long Xxx.L
Immediate #(data)
NOTES:

Dn = Data Register, DO-D7
An = Address Register, AQ-A7

d8, d16 = Atwos-complement, or sign-extended displacement; added as part of the
effective address calculation; size is 8 (d8) or 16 (d16) bits; when omitted,

assemblers use a value of zero.

Xn = Address or data register used as an index register; form is Xn.SIZE*SCALE,
where SIZE is .W or .L (indicates index register size) and SCALE is 1, 2, 4, or
8 (index register is multiplied by SCALE); use of SIZE and/or SCALE is op-

tional.

bd = A twos-complement base displacement; when present, size can be 16 or 32

bits.

od = Outer displacement, added as part of effective address calculation after any

memory indirection; use is optional with a size of 16 or 32 bits.

PC
(data)
()

(1

Program Counter

Immediate value of 8, 16, or 32 bits.
Effective Address.

Use as indirect address to long word address.

FIGURE 6.4 MC68020 addressing modes.
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Suppose that [A2] = $5000 0000, [D2.W] = $1000, and [$5000 2000] = $1571; then after
execution of the MOVE, [D1),,,, 6. = $1571, since EA = $5000 0000 + $1000 * 2 + 0 = $5000
2000.

ARI with Index (Base Displacement, bd: Value 0 or 16 Bits or 32 Bits)

Assembler syntax: (bd, An, Xn.size*SCALE)
EA = (An) + (Xn.size * SCALE) + bd

The figure below shows the use of ARI with index, Xn and base displacement, bd for
accessing tables or arrays:

Low Address

Xn * SCALE

High Address

An example is MOVE.W ($5000, A2, DL1.W * 4), D5. If[A2] = $3000 0000,
[D1.W] = $0200, and [$3000 5800] = $0174, then after this MOVE, [D5],,,, s pis = $0174, since
EA = $5000 + $3000 0000 + $0200 * 4 = $3000 5800.

Memory Indirect

Memory indirect is distinguished from address register indirect by use of square brackets ([ ])
in the assembler notation.
The concept of memory indirect mode is depicted below:

Low Address

A5 —M

000
50

2
1] 1

CLR ([A5])

$2000 0500 XX00 <
D0XX

High Address

In the above, register A5 points to the effective address $2000 0501. Since CLR ([A5]) is a
'16-bit clear instruction, two bytes in location $2000 0501 and $2000 0502 are cleared to zero.

Memory indirect mode can be indexed with scaling and displacements. There are two types
of memory indirect with scaled index and displacements: postindexed memory indirect mode
and preindexed memory indirect mode.

For postindexed memory indirect mode, an indirect memory address is first calculated
using the base register (An) and base displacement (bd). This address is used for an indirect
memory access of a long word followed by adding a scaled indexed operand and an optional
outer displacement (od) to generate the effective address. bd and od can be zero, 16 bits, or
32 bits.

In this memory indirect mode, indexing occurs after memory indirection.

Assembler syntax:
([bd, An], Xn.size Size * Scale, od)
EA = ([bd + An]) + Xn.size * Scale + od)
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An examplc isMOVE.W ([$0004,A1], D1.W * 2, 2), D2.1f[Al] =$2000 0000,
[$2000 0004] = $0000 3000, [D1.W] = $0002, [$0000 3006] = $1A40, then after execution of
the above MOVE, intermediate pointer = (4 + $2000 0000) = $2000 0004, [$2000 0004], which
is $0000 3000 used as a pointer. Therefore, EA = $0000 3000 + $0000 0004 + $2 = $00003006;
hence, [D2),,,, 661 = $1A40.

For memory indirect preindexed, the scaled indexed operand is added to the base register
(An) and base displacement (bd). This result is then used as an indirect address into the data
space. The 32-bit value at this address is fetched and an optional outer displacement (od) is
added to generate the effective address. The indexing, therefore, occurs before indirection.

Assembler syntax:

([bd, An, Xn.size * Scale], od)
EA = (bd + An + Xn.size * Scale) + od

As an application of memory indirect preindexed mode, consider several 1/0O devices in a
system. The addresses of these devices can be held in a table pointed to by An, bd, and Xn. The
actual programs for the devices can be stored in memory pointed to by the respective device
addresses and od.

As an example of memory indirect preindexed mode, consider MOVE . W ([$0004, AZ2,
D1.W * 4], 2), D5. If[A2]=$3000 0000, [D1.W] = $0002, [$3000 000C] = $0024
1782, [$0024 1784] = $F270, then after execution of the above MOVE, intermediate pointer
= $3000 0000 -+ 4 + $0002 * 4 = $3000 000C. Therefore, [$3000 000C] which is $0024 1782
is used as a pointer to memory. EA = $0024 1782 + 2 = $0024 1784. Hence, [D5) 1w 16 1is =
$F270. Note that in the above, bd, Xn, and od are sign-extended to 32 bits if one (or more)
of them is 16 bits wide before the calculation.

Memory Indirect with PC

In this mode, PC (program counter) is used to form the address rather than an address register.
The effective address calculation is similar to address register indirect.

PC Indircct with Index (8-Bit Displacement)

The cffective address is obtained by adding the PC contents, the sign-extended displacement,
and the scaled indexed (sign-extended to 32 bits if it is 16 bits before calculation) register.

Assembler syntax:

(d8, PC, Xn.size * Scale)
EA = (PC) + (Xn.size * SCALE) + D8

For example, consider MOVE.W D2, (2, PC, pD1.W * 2). If [PC] = $4000 0020,
[D1.W] = $0020, [D2.W] = $20A2, then after this MOVE, EA = 2 4 $4000 0020 + $0020 * 2
= $4000 0062. Hence, [$4000 0062] = $20A2,

PC Indirect with Index (Base Displacement)
This address of the operand is obtained by adding the PC contents, the scaled index register
contents, and the base displacement.

Assembler syntax:

(bd, PC, Xn.size * Scale)
EA = (PC) + (Xn.size * SCALE) + bd

Xn and bd are sign-extended to 32 bits if cither or both are 16 bits.
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As an example, consider MOVE .W (4, PC, D1.W * 2), D2. If [PC] = $2000 0004,
[D1.W] = $0020, [2000 0048] = $2560, then after this MOVE, [D2.W] = $2560.

PC Indirect (Postindexed)

An intermediate memory pointer in program space is calculated by adding PC (used as a base
register) and bd. The 32-bit content of this address is used in the EA calculation. EA is obtained
by adding the 32-bit contents with a scaled index register and od. Note that bd, od, and index
register are sign-extended to 32 bits before using in calculation if one (or more) is 16 bits.

Assembler syntax:
([bd, PC], Xn.size * Scalef od)
EA = ([bd + PC] + Xn.size * Scale + od)

Consider another example: MOVE.W ([2, PC], DL1. W*4, 0), DI1.If[PC]=$3000
0000, [D1.W] = %0010, [$3000 0002] = $2040 0050, ($2040 0090] = $A240, then after this
MOVE, [D1.W] = $A240.

PC Indirect (Preindexed)

The scaled index regiéter is added to the PC and bd. This sum is then used as an indirect
address into the program space. The 32-bit value at this address is added to od to find EA.

Assembler syntax:

([bd, PC, Xn.size =* Scale], od)
EA = (bd + PC + Xn.size * Scale) + od

od, bd, and the index register are sign-extended to 32 bits if one (or more) of them is 16 bits
before the EA calculation. ;

As an example, consider MOVE . W ( [4, PC, D1.W * 2], 4), D5.If[PC]=$5000
0000, [D1.W] = $0010, [$5000 0024] = $2050 7000, [$2050 7004] = $0708, then after this
MOVE, [D5.W] = $0708. ‘

A summary of PC modes is provided below:

MEMORY
INDIRECT
NO PRE- POST
INDEX INDEX INDEX
— ([bd]) — ([Xn*Sc]) — ([bd],Xn*Sc)
— ([An]) —  ([bd,Xn*Sc]) — ([An],Xn*Sc)
— ([bd,An]) — ([An,Xn*Sc]) — ([bd,An],Xn*Sc)
— ([bd],od) —  ([bd,An,Xn*Sc]) —  ([bd],Xn*Sc,od)
— ([An],od) = ([Xn*Sc)od]) — ([An],Xn*Sc,0d)
— ([bd,An],od) — ([bd,Xn*Sc],0d) — ([bd,An},Xn*Sc,o0d)
—  ([An,Xn*Sc],od)
‘— ([bd,An,Xn*Sc},od)
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Example 6.1

Show the contents of registers A2, D4, AS, and the affected memory location(s), after execu-
tion of the following instruction:

MOVEA.W (0, A2, D4.L), A5

Assume prior to execution of the MOVEA instruction:

[A2] = 50571 6660
[D4] = $3072 8400
[A5] = $7271 5554
[$§35E3 EA58] = 505
[$35E3 EA59] = 507
[635E3 EA60] = S$F7
[$35E3 EA61] = SF1
[$35E3 EA62] = $40
Solution
Effective address:
D4.L = $3072 8400
A2.L = 50571 6660
d = 50000 0000
EA = S$35E3 EA 60
Therefore, after execution of the MOVEA instruction:
[A2] = $0571 6660
[D4] = $3072 B400
[AS5] = SFFFFFT7F1

Example 6.2

The following MC68000 instruction sequence:

MOVEA.L 6 (USP), Al
MOVE.W (Al), D5

is used by a subroutine to access a parameter whose address has been passed into Al and then
moves the parameter to D5.
Find the equivalent MC68020 instruction.

Solution
MOVE.W ([6, USP]), D5

Example 6.3

Find a MC68020 compare instruction with the appropriate addressing mode to replace the
following MC68000 instruction sequence:
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ASL. L #3, D6
CMP.L 0 (Al, D6.L), D3

Solution
The equivalent MC 68020 instruction is

CMP.L (0, Al, D6.L * 8), D3

Example 6.4

Find the contents of register A1, D0, D5 and the affected memory locations after execution of:

MOVE.B (0, Al, DO.W * 2), D5

Assumec the following data prior to exccution of the MOVE instruction:

[Al] = 50000 2000
[DO] = 50000 0004
[D5] . 57124 8002
[$0000 2006] = $51
[$0000 2007] = $74
[$0000 2008] = $82
[$0000 2009] = $FO

Solution

Effective address:

d8 + Al.L + DO.W *2
0 + $0000 2000 + $0000 0004 * 2

= 50000 2008
Therefore,
[A1] = $0000 2000
[DO] = $0000 0004

[D5] = $7124 8082

68020 Instructions

The MC 68020 instruction set includes all 68000 instructions, plus some new oncs. Some of
the 68000 instructions arc enhanced.
~The 68020 new instructions beyond those of the 68000 can be grouped as follows:

. 68020 new privileged MOVE instructions

. RTD instruction.

CHK/CHK2 and CMP/CMP2 instructions

TRAPcc instructions

. Bit field instructions

. PACK and UNPK instructions

. Multiplication and division instructions

68000 enhanced instructions .

68020 Advanced Instructions (to be discussed in Section 6.6)

L ENAU R W~
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« BKPT instructions

+ CALLM/RTM instructions
CAS/CAS2 instructions

+ Coprocessor instructions

TABLE 6.4 MC68020 Privileged Move Instructions

Instruction Operand size  Operation Notation

MOVEC 32 Re — Rn MOVEC.L Rc, Rn
Rn = Re¢ MOVEC.L Rn, Re

MOVES 8,16, 32 Rn — destination using DFC~ MOVES.S Rn, (EA)
Source using SFC — Rn MOVES.S(EA), Rn

6.5.1 New Privileged Move Instruction

The new privileged move instructions are executed by the 68020 in the supervisor modec.

The MOVE instructions are summarized in Table 6.4. The MOVEC instruction was added
to allow the new supervisor registers (Rc) to be accessed. Since these registers arc used for
system control, they are generally referred to as control registers and include the vector base
register (VBR), the source function code and destination function code registers (SFC, DEC),
the master, interrupt, and user stack pointers (MSP, ISP, USP), and the cache cantrol and
address registers (CACR, CAAR). Register (Rn) can be cither an address register or data
register.

The operand size indicates that these MOVEC operations arc always long-word. Notice only
register-to-register operations are allowed.

A control register (Rc) can be copied to an address or data register (Rn), or vice versa. When
copying the 3-bit, SEC, or DFC register into Rn, all 32 bits of the register arc overwritten and
the upper 29 bits are “0”.

The MOVE to alternate spacc instruction (MOVES) allows the operating system to access
any addressed space defined by the function codes.

It is typically used when an operating system running in the supervisor mode must pass a
pointer or value to a previously defined user program oF data space.

The MOVES instruction allows register-to-memory or memory-to-register operations.
When a memory-to-register occurs, this instruction causes the contents of the source function
code register to be placed on the external function hardware pins.

For a register-to-memory move, the processor places the destination function code register
on the external function code pins.

The MOVES instruction can be used to MOVE information from one spacc to another. For
example, in order to move the 16-bit content of a memory location addressed by AO in
supervisor data space (FC2 FC1 FCO = 101) to a memory location addressed by Al in user data
space (FC2 FC1 FCO = 001), the following instruction on sequence can be used:

MOVEQ.L #5, DO ; Move source space 5 to DO

MOVEQ.L #1, D1 ; Move dest space 1 to D1

MOVEC.L DO, SFC ; Initialize SFC

MOVEC.L D1, DFC ; Initialize DFC

MOVES.W (A0), D2 ; Move memoxry location addressed by (AQ)

and SFC to D2
Move D2 to a memory location addressed
by (Al) and DFC

MOVES.W D2, (Al)

ETE T T
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In the above, the first four instructions initialize SFC to 101, and DFC to 001,. Since there is
no MOVES mem, mem instruction, the register D2 is used as a buffer for the memory-to-
memory transfer. MOVES.W (A0), D2 transfers [SFC] to FC2 FC1 FC0 and also reads the
content of a memory location addressed by SFC and (A0) to D2. The 68020 FC2 FC1 FCO pins
can be decoded to enable the appropriate memory bank containing the memory location
addressed by (A0). Next, MOVES.W D2, (A1) outputs [ DFC] to FC2 FC1 FCO0 and then moves
[D2] to a memory location addressed by (A1) contained in a memory bank which can be
enabled by decoding FC2, FCI, and FCO pins.

Example 6.5

Find the content of memory location $5000 2000 after cxecution by MOVE.W SR, [A6].
Assume the following data prior to execution of the MOVE instruction:

[A6] = $5000 2000 [SR] = $26Al
[$5000 2000] = $02, [$5000 2001] = $F1
Also, assume supervisor mode.

Solution
SR is moved to a memory location pointed to by $5000 2000. After exccution:

[$5000 2000] = $26
[$5000 20011 = $Al

Example 6.6

Find the content of DFC after execution of MOVEC.L A5, DEC. Assume the following data
prior to execution of the instruction:

[DFC] = 100,, [A5] = $2000 0105

Solutian
After execution of the MOVEC, [DFC] = 101.

Example 6.7

Find the contents of D5 and the function code pins FC2, FC1, and FCO after execution of
MOVES.B D5, (A5). Assume the following data prior to execution of the MOVES:

[SFC] = 101,, [DFC] = 100,
[A5] = $7000 0023

[D5] = $718F 2A05

[$7000 0020] = $01, [$7000 0021] = $F1
[$7000 0022] = A2.

[$7000 0023] = $2A

I n

Solution
After execution of the above MOVES:

FC2 FCl FCO = 100,
" [$7000 0023] = $05
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TABLE 6.5 RTD Instruction

Operand
Instruction  size Operation Notation
RTD Unsized (SP) = PC,SP + 4 +d — SP  RTD # (displacement)

Return and Delocate Instruction

Return and delocate instruction RTD is useful when a subroutine has the responsibility to
remove parameters off the stack that were pushed onto the stack by the calling routine. Note
that the calling routine’s JSR (jump to subroutine) or BSR (branch to subroutine) instructions
do not automatically push parameters onto the stack prior to the call, as do the CALLM
instructions. Rather, the pushed parameters must be placed there using the MOVE instruc-
tion. Table 6.5 shows the format of the RTD instruction.

The RTD instruction operates as follows:

- Read the long word from memory pointed to by the stack pointer.
. Copy it into the program counter.

Increment the stack pointer by 4.

Sign-extend the 16-bit immediate data displacement to 32 bits.
Add it to the stack pointer.

o W R

Since parameters are pushed onto the stack to lower memory locations, only a positive
displacement should be added to the SP when removing parameters from the stack. The
displacement value (16 bits) is sign-extended to 32 bits.

Example 6.8

Write a 68020 instruction sequence to illustrate the use of RTD instruction by using BSR
instruction and pushing three 32-bit parameters onto the stack.
i d A

Solution ‘
MOVE.L PAR1l, - (SP) BSR SUBR RTD#12
MOVE.L PAR2, - (SP)
MOVE.L PAR3, - (SP)

Calling routine pushes param-  Calling routine calls sub-  Last instruction of the sub-
cters on stack; this routine and the PC routine returns and
causes the stack pointer to stacked; the subroutine delocates the parameters
be decremented by 12 then accesses the param-  off stack by adding (12) to

cters to perform the task  the stack pointer

e = = e o -

= g P 1 QLD IrC I Low Address
SP—> PAR3 SP— PG e e e e 4
PAR2 PPAR3 : DISCARDED :
PAR1 "AR2 1 PARAMETERS :

PARI sp_,l High Address

6.5.3 CHK/CHK2 and CMP/CMP2 Instructions

The enhanced MC68020 check instruction (CHK) now compares a 32-bit two's complement
integer value residing in a data register (Dn) against a lower bound (L.B.) value of zero and
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against an upper bound (U.B.) value of the programmer’s choice. These bounds arc located
at the effective address (EA) specified in the instruction format.
The CHK instruction has the following format:

CHK.S (EA),Dn

where (.S) is the operand size designator which is either word (.\W) or long word (.L).

If the data register valuc is less than zero (Dn <0) or if the data register value is greater than
the upper bound (Dn > UB), then the processor traps through exception vector 6 (offset $18)
in the exception vector table. Of course, the operating system or the programmer must define
a check service handler routine at this vector address. The condition codes after execution of
the CHK are affected as follows:

If D, <0then N = 1.

If D, > UB (Upper Bound) then N = 0.

If 0 < D, € UB then N is undefined. X is unaffected and all other flags arc undefined and
program exccution continues with the next instruction.

This instruction can be used for maintaining array subscripts since all subscripts can be
checked against an upper bound (i.e., UB = array size minus one). If the compared subscript
is within the array bounds (0 < subscript value £ UB valuc), then the subscript is valid, and the
program continues normal instruction exccution. If the subscript value is out of array limits
(i.c., 0 > subscript value, or the subscript value > UB value), then the processor traps through
the CHK exception.

Example 6.9

Find the effects of execution of the MC68020 CHK instruction: CHK.L (A5), D3, where A5
contains a memory pointer to the array’s upper bound value. Register D3 contains the
subscript value to be checked against the array bounds. Assume the following data prior to
execution of the CHK instruction:

[D3] = $0150 7126, [A5] = $00710004,
[$0071 0004] = $0150 0000

Solution

Before Operation After

e b3 Enter check
[[01507126 | {)-51)3.1,::-§01500000 exception

= Bl TAAT service

3] MEMORY routine

i . 01500000
AS5=50071004 CCR

XNZVC

The long-word array subscript value $01507126 contained in data register D3 is compared
against the long-word upper-bound value $01500000 pointed to by address register AS. Since
the value $01507126 contained in D3 exceeds the upper-bound value $01500000 pointed to by
A5, the N-bit is cleared. (The remaining CCR bits are either undefined or not affected.) This
out-of-bound condition causes the program to trap to a check exception service routine. The
operation of the CHK is summarized in Table 6.6.
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TABLE 6.6 CHK Instruction Operation

Operand
Instruction size Operation Notation
CHK 16, 32 If Dn < 0 or Dn > source then TRAP  CHK (Ea), Dn

The 68020 CMP.S (EA), Dn (S = B or W or L) subtracts (EA) from Dn and affects the
condition codes without any result being saved.

Both the CHK2 and the CMP2 instructions have similar formats (CHK2.S (EA),Rn) and
(CMP2.S (EA),Rn). They compare a value contained in a data or address register designated
by (Rn) against two (2) bounds chosen by the programmer. The size of the data to be
compared (.S) may be specified as cither byte (.B), word (.\W), or long word (.L). As shown
in the figure below, the lower-bound value (LB) must be located in memory at the effective
address (EA) specified in the instruction, and the upper-bound value (UB) must follow
immediately at the next higher memory address [i.c., UB addr. = LB. addr + SIZE where SIZE
= B (+1), W (+2), or L = (+4)] as follows:

Memory
EA —»| Lower Bound| Low Address
EA + Size —»| Upper Bound High Address

If the compared register is a data register (i.e., Rn = Dn) and the operand size (.S) is a byte
or word, then only the appropriate low-order part of the data register is checked. If the
compared register is an address register (i.e., Rn = An) and the operand size (.S) is a byte or
word, then the bound operands are sign extended to 32 bits, and the extended operands are
compared against the full 32 bits of the address register. After execution of CHK2 and CMP2,
the condition code flags are affected as follows:

Carry = 1 if the contents of Dn are out of bounds
= 0 otherwise
7 = 1 if the contents of Dn are equal to either bound
= 0 otherwise.

In the case where an upper bound equals the lower bound, the valid range for comparison
becomes a single value. The only difference between the CHK2 and CMP2 instructions is that
for comparisons determined to be out of bounds, CHK2 causes exception processing utilizing
the same exception vector as the CHK instructions, whereas the CMP2 instruction execution
only affects the condition codes.

In both instructions, the compare is performed for cither signed or unsigned bounds. The
MC68020 automatically cvaluates the relationship between the two bounds to determine
which kind of comparison to employ. If the programmer wishes to have the bounds evaluated
as signed values, the arithmetically smaller value should be the lower bound. If the bounds are
to be evaluated as unsigned values, the programmer should make the logically smaller value
the lower bound.

The following CHK2 and CMP2 instruction examples are identical in that they both utilize
the same registers, comparison data, and bound values. The difference is how the upper and

lower bounds are arranged.

Example 6.10

Determine the effects of CMP2.W (A2), D1. Assume the following data prior to execution of
CMP2: [D1] = $5000 0200, [A2] = $0000 7000, [$0000 7000] = $B00O, ($0000 7002] = $5000.
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Before
CMP2.W(A2), DI Operation After
Bl | 38000200 Signed Comparison
V. Bimoe 0 ~s§0g0531.\\'S+ssooo CCR
A2=00007000 —> BOOO SEERE XNZVC
A2+2-00007002 =» 5000 -$5000£D1.W=+$5000 [x]:Jo]z]0]
Sd=l X is not
affected
NandV

arc undefined

In this example, the word value $B000 contained in memory (as pointed to by address register
A2) is the lower bound and the word value immediately following $5000 is the upper bound.
Since the lower bound is the arithmetically smaller value, the programmer is indicating to the
68020 to interpret the bounds as signed numbers. The 2’s complement value $B000 is equiva-
lent to an actual value of -$5000. Therefore, the instruction evaluates the word contained in
data register D1 ($0200) to determine if it is greater than or equal to the upper bound, +$5000,
or less than or equal to the lower bound, —$5000. Since the compared value $0200 is within
bounds, the carry bit (C) is cleared to zero. Also, since $0200 is not equal to either bound, the
zero bit (Z) is cleared. The figure below shows the range of valid value that D1 could contain:

$8000 $B000 0000 DI1.W $5000 $7FFF

f |

-32K -$5000 +85000 +32K

Range of valid
values (signed)

A typical application for the CMP2 instruction would be to read in a number of user entries
and verify that each entry is valid by comparing it against the valid range bounds. In the above
CMP2 example, the user-entered value would be in register D1, and register A2 would point
to a range for that value. The CMP2 instruction verifies if the entry is in range by clearing the

Example 6.11

Find the effects of exccution of CHK2.W (A2), DI. Assume the following data prior to
execution of CHK2:

[D1] = $5000 0200, [A2] = $0000 7000, [$0000 7000] = $5000
[$0000 7002] = $BOOO

Solution

This time, the value $5000 is located in memory as the lower bound, and the value $8000
as the upper bound. Now, since the lower bound contains the logically smaller value, the
programmer is indicating to the 68020 to interpret the bound values as unsigned number,
representing only a magnitude. Therefore, the instruction evaluates the word va'ue con.ained
in register D1 ($0200) to determine if it is greater than or equal to lower bound $5000 or less
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Instruction O%?;?:nd Operation Notation
. Compare Rn < source - lower bound or
2
Lk 8,16,32 | pn > source - upper bound and set ccr CMPZ (EA), Rn
If Rn < source - lower bound or
CHK2 8,16, 32 Rn > source - upper bound then TRAP CHK2 (EA), Rn

FIGURE 6.4 Operation of CMP2 and CHK2.

than or equal to the upper bound $B000. Since the compared value $0200 is less than $5000,
the carry bit is sct to indicate an out-of-bounds condition and the program traps to the CHK/
CHK?2 exception vector service routine. Also, since $0200 is not equ al to either bound, the zero
bit (Z) is clearcd. The range of valid values that D1 would contain is shown below:

CHK2Z.W (A2),D1 ooloo DLW $5000 $B000 $FFFF
i 0K 64K
Range of valid
values (unsigned)
o)
50000200 Unsigned Comparison
15 Mimory i ss‘ogmln.wssnooo CCR
A2-00007000 5000 T XNZVC
A2+2-00007002 —>{  B0O0O $50002D1.W=$B000 . x[2[o]?]1]
e : TRAP To
Exception Vector

A typical application for the CHK2 instruction would be to cause a trap exception to occur
if a certain subscript value is not within the bounds of some defined array. Using the CHK2
example format just given, if we define an array of 100 elements with subscripts ranging from
50,;-40,0, and if the two words located at (A2) and (A2 + 2) contain 40 and 49, respectively,
and register D1 contains 100,,, then exccution of the CHK2 instruction would cause a trap
through the CHK/CHK2 exception vector. The operation of the CMP2 and the CHK2 instruc-
tions is summarized in Figure 6.4.

Trap On Condition Instructions

The new trap on condition (Trap cc) instruction has been added to allow a conditional trap
exception on any of the following conditional conditions, as shown in Table 6.7.

These are the same conditions that are allowed for the set on condition (Scc) and the branch
on condition (Bee) instructions. The TRAPcc instruction evaluates the selected test condition
based on the state of the condition code flags, and if the test is true, the MC68020 initiates
exception processing by trapping through the same exception vector as the TRAPV instruction
(vector 7, offset $1C, Vector address = VBR + offset). The trap on cc instruction format is
TRAPcc (or) TRAPcc (.S) # <data>, where (.8) is the operand size designator, which is either
word (.W) or long word (.L).

A summary of the TRAPcc instruction operation is shown in Figure 6.5.
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TABLE 6.7 Conditions for TRAPcc

CC  Carry clear C
Cs Carry set C
EQ Equal A
g Never true 0 _
GE  Greaterorequal N.V+ N.V
~ GT  Greater than NV.Z+N.V.Z
HI High . c.z _ _
LE Less or equal Z+N.V+N.V
LS Low or same C+E " _
LT  Less than N.¥ #+ N.V
MI  Minus N
NE  Not equal r'4
PL  Plus N
i i Always true L
VC  Overflow clear Vv
A3 Overflow set Vv
Instruction O%?;:nd Operation Notation
None TRAPcc
TRAPcc 16 If cc then TRAP TRAPcc.W #<data>
32 TRAPcc.l. #<data>

FIGURE 6.5 TRAPcc operation.

Bit Field Instructions

The bit field instructions allow an operation such as clear, set, one’s complement, input, insert,
and test one or more bits in a string of bits (bit ficld).

Table 6.8 lists all the bit field instructions. Note that the condition codes are affected
according to the value in field before execution of the instruction. All bit field instructions
affect the N and Z bits as shown for BFTST. C and V are always cleared. X is always unaffected.

For all instructions: Z = 1, if all bits in a field prior to execution of the instruction are zero;
Z = 0 otherwise. N = 1 if the most significant bit of the field prior to exccution of the
instruction is one; N = 0 otherwise.

(EA)
offset

TABLE 6.8 Bit Field Instructions

address of the byte that contains bit 0 of the array
#(0 to 31) or Dn(-2*"to 2% — 1)
width  #(1 to 32) or Dn (1 to 31, mod 32)

Operand

Instruction size

Operation

Notation

BFTST 1-32
BFCLR 1-32
BFSET 1-32
BECHG 1-32
BFEXTS 1-32
BFEXTU 1-32
BFINS 1-32
BFFFO* 1-32

Field MSB — N, Z = 1 if all bits in field are zero;

Z = 0 otherwise
0's — field
I's = field
Field — field

Field — Dn; sign extended
Ficld — Dn; zero extended

Dn = field
Scan for first bit set in

field

BFTST (EA){offsct:width}

BFCLR (EA){offset:width})
BFSET (EA)[offset:width)
BFCHG (EA)[offset:width]
BEEXTS (EA){offset:width}, Dn
BFEXTU(EA)[offset:width], Dn
BFINS Dn, (EA) {offset:width]
BFFFO (EA) {offset:width}, Dn

* The offsct of the first bit set in bit field is placed in Dn; if no set bit is found, Dn contains the offset plus field width.
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where # and Dn respectively indicate immediate and data register modes.

Immediate offset is from 0 to 31, while offset in Dn can be specified from =2 to 23! — 1. All
instructions are unsized. They are useful for memory conservation, graphics, and communi-
cations.

As an example, consider BFCLR $5002 {4:12}. Assume the following memory contents:

7 6 5 4 3 2 1 0 -«—bitnumber
$5001 1{of1folo|lofof1
( Basfjt'a?&% ress)— I O T O O
$5003 ofl1|{1f1]|oflo]o]1
$5004 ofojof1|o]o|1]0

Bit 7 of the base address $5002 has the offset 0, Therefore, bit 3 of $5002 has offset value of 4.
Bit 0 of location $5001 has offset value —1, bit | of $5001 has the offset value =2, and so on,
The above BFCLR instruction clears 12 bits starting with bit 3 of $5002. Therefore, bits 0 to 3
of location $5002 and bits 0 to 7 of location $5003 are cleared to zero. Therefore, the above
memory contents arc as follows:

7 6 5 4 3 2 1 0
$5001 1]ol1]o]o]0 DII offset 4
$5002 1o of1|@[ o] 0@ * widih12
$5003 [(ofofofol o]0l o] 0ke—ofer 16
$5004 ololof1]ofof1]0

The use of bit field instructions may result in memory savings. For example, assume that an
input device such as a 12-bit A/D converter interfaced via a 16-bit port of an MC68020-based
microcomputer. Now, suppose that one million pieces of data are to be collected {rom this port.
Each 12 bits can be transferred to a 16-bit memory location or bit field instructions can be used.

Using 16-bit location for each 12-bit:
Memory bytes required:
=2* | million
= 2 million bytes
Using bit fields:
12 bits = 1.5 bytes
Memory requircments = 1.5 * 1 million
= 1.5 million bytes
Savings = 2 million bytes — 1.5 million bytes
= 500,000 bytes

Example 6.12

Find the effects of:

BFCHG  $5004 (D5 : D6}
BFEXTU $5004 {2 : 4}, D5
BFINS D4, (A0) {D5 : D6}
BFFFO  $5004 {D6 : 4}, D5

Assume the following data prior to execution of each of the above instructions:
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»

MEMORY

P fropre e 0
a6 [1]o]ofo]ol1]o]1

Ds  [FFFEFFFE___] 8 [o]ofofo]o[1]0]0
s5004H—>0 [o]ofofof1]0]0]1

D6 [000000004 ] 8 of1fo]1fo]o]o]1
a6 [ofofofo]1]of1]0

ccr [ _owoor ] 24 (o|1|ojo|1fo]|1f0
% [ a2 fofitfofr]o]1]1]0
Ao [1ofof1]o]o]o]1

Register contents are given in hex, CCR and memory contents in binary, and offset to the left
of memory in decimal.

Solutions
BFCHG $§5004 |D5 : D6) Offsct = -1, width = 4

XNZVC Memory
CCR |00 10O

(=]

sso04 | 1]1]1]

BFEXTU $5004 [2:4]},D5
Offsct = 2, Width = 4

=

CC XNZVC-

Ds [0 000 00002|

BFINS D4, (A0) (D5 : D6}
Offset = -1, Width = 4

Memory

CCR XNZVC
00100

ss004 | 1]o]o]

BFFFO $5004 (D6 : 4}, D5
Offsct = 4, Width = 4

CCR XNZVC

Ds |00 00 000 4|
(Hex)
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TABLE 6.9 Pack and Unpack I[nstructions

383

Operand
Instruction  size Operation Notation
PACK 16 = 8 Unpacked source + # data — PACK —(An), =(An), #<data>
packed destination PACK Dn, Dn, #<data>
UNPK 88— 16 Packed source — unpacked UNPK =(An), =(An), #<data>

source,
unpacked source + # data —
unpacked destination

UNPK Dn, Dn, #<data>

Note: Condition codes are not affected.

6.5.6 Pack and Unpack Instructions

Table 6.9 lists the details of PACK and UNPK instructions. Both instructions have three
operands and are unsized. They do not affect the condition codes. The PACK instruction
converts two unpacked BCD digits to two packed BCD digits. The UNPK instruction
reverses the process and converts two packed BCD digits to unpacked BCD digits. Imme-
diate data can be added to convert numbers from one code to another. That is, these
instructions can be used to translate codes such as ASCII or EBCDIC to BCD and vice
versa.

15 12 11 87

43 0

Unpacked BCD: [ 0000 | BCDO [ 0000 | BCDI|

7 43 0
Packed BCD:I BCDO l BCD]J

#data - Appropriate constants can be used to translate from ASCII
or EBCDIC to BCD or from BCD to ASCII or EBCDIC,

The PACK and UNPK instructions are useful when an I/O device such as an ASCII keyboard
is interfaced to an MC68020-based microcomputer. Data can be entered into the microcom-
puter via the keyboard in ASCII codes. The PACK instruction can be used with appropriate
adjustments to convert these ASCII codes into BCD. Arithmetic operations can be per-
formed inside the microcomputer and the result will be in PACKED BCD. The UNPK
instruction can similarly be used with appropriate adjustment to convert packed BCD to

ASCII codes.

Example 6.13

Find the effects of execution of the following PACK and UNPK instructions:

1
2
3
4

. PACK
. PACK
. UNPK
. UNPK

DO, D5, # $0000
- (A1), - (ad4), # $o0000
D4, D6, # $3030
- (A3), - (A2), # $3030

Assume the following data:
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MEMORY
31 0
Do [XXXX 3237 ] Fyan0
31 0
D5. [XXXXXX 26 |
31 0
D4 [ XXXXXX 35 | :
31 0 $507124B1 | 32
be  [xxxxxx27 | $50712482 | 37
r 2 $507124B3 | 00
A2 [300500 A3 |
$507124B4 | 27
31 0
A3 (507124 59 ] $507124B5 | 02
31 0 $507124B6 | 07
Al (507124 B3 ] §507124B7 | 27
31 0 $507124B8 | 27

A+ [300500 Al |

Solution

1. PACK DO, D5 # $000

[DO] = 32 37
low
word
+ 00 00

32 37

Note that ASCII code for 2 is 32 and for 7 is 37. Hence the above PACK instruction
converts ASCII code to packed BCD.

2 PACK - (Al), - (A4), $0000
[$5071 24B2] = 37 & 3237
($5071 24B1] = 32 + 0000

3237

w3

Therelore, [3005 00A0] = 27 Packed BCD

Hence, the above instruction with the specified data converts two ASCII digits to their
equivalent packed BCD.

3. UNPK D4, D6 # $3030
[D4] = XXXXXX 35

03 05

+ 30 30

33 35

Thercfore, after this UNPK
[D6] = XXXX 33 35
[D4] = XXXXXX 35

Therefore, this instruction with the assumed data converts from packed BCD 35 to
ASCII 33 35.



Motorola MC68020 385

4. UNPK - (A3), - (A2), # $3030
[$5071 24B8) = 27
30 30

32 37
Hence,

($300 500 A2) = 37
[$300 500 Al] = 32

This instruction with the assumed data converts two packed BCD digits to their equiva-
lent ASCII digits.

6.5.7 Multiplication and Division Instructions
The MC68020 includes the following signed and unsigned multiplication instructions:

MULS.W (EA), Dmn 16 X 16 — 32, (EA)16 * Dnl6 — Dn32

or

MULU

MULS.L (EA), Dn 32 X 32 — 32, (EA) * Dn — Dmn

or T Holds low 32 bits of the result
MULU after multiplication; upper 32 bits

of the result are discarded

MULS.L (EA), Dm:Dn 32 X 32 — 64, (EA) * Dn — Dm:Dn

or "> Holds 32-bit multiplicand before
multiplication and low 32 bits of
MULU the product after multiplication

Holds high 32 bits
of the product after Holds 32-bit multiplier before
multiplication multiplication

(EA) in the above can be all modes except An. The condition codes N, Z, V are affected, C is
always cleared to zero, and X is unaffected for both MULS and MULU. For signed multipli-
cation, overflow (V = 1) can only occur for 32 x 32 multiplication producing a 32-bit result
if the high-order 32 bits of the 64-bit product are not the sign extension of the low-order 32
bits. In the case of unsigned multiplication, overflow (V = 1) can occur for 32 X 32 multipli-
cation producing a 32-bit result if the high-order 32 bits of the 64-bit product are not zero.

Both MULS and MULU have a word form and a long-word form. For the word form (16
x 16) the multiplier and multiplicand are both 16 bits and the result is 32 bits. The result is
saved in the destination data register. For 32 bit x 32 bit, the multiplier and mfltiplicand are
both 32 bits and the result is cither 32 bits or 64 bits. When the result is 32 bits for a 32-bit X
32-bit operation, the low-order 32 bits of the 64-bit product is provided.

The signed and unsigned division instructions of the MC68020 include the following: Source
is the divisor and destination is the dividend. The result (remainder and quotient) is stored in
the destination.

DIVS.W (ea), Dn 32/16 — 16r:16q
or
DIVU

DIVS.L (ea), Dn 32/32 — 32q (no remainder is
or provided)
DIVU
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DIVS.L (ea), Dr:Dg 64/32 — 32r:32q
or
DIVU

DIVSL.L (ea), Dr:Dg 32/32 — 32r:32q

or "\

DIVUL Contains the 32-bit dividend

The destination contains the dividend and (EA) contains the divisor., (EA) in the above
instructions can use all modes except An,

The condition codes for either signed or unsigned division are affected as follows: N = 1 if
the quotient is negative; N = 0 otherwise. N is undefined if overflow or divide by zero. Z =1
if the quotient is zero; Z = 0 otherwise. Z is undefined for overflow or divide by zero, V = 1
for division overflow; V = 0 otherwise. X is unaffected, and C = 0 (always).

Division by zero causes a trap. If overflow is detected before completion of the instruction,
V is set to one, but the operands are unaffected.

Both signed and unsigned division instructions have a word form and three long-word
forms,

For the word form, the destination operand is 32 bits and the source operand is 16 bits. The
32-bit result in Dn contains the 16-bit quotient in the low word and the 16-bit remainder in
the high word. The sign of the remainder is the same as the sign of the dividend.

For DIVS.L (EA), Dn
or
DIVU,

both destination and source operands are 32 bits. The result in Dq contains the 32-bit quotient
and the remainder is discarded.

For DIVS.L (EA), Dr:Dg
or
DIVU,

the destination is 64 bits contained in any two data registers and the source is 32 bits. The 32-

bit register Dr (D0-D7) contains the 32-bit remainder and the 32-bit Dq (D0-D7) contains the
32-bit quotient.

Example 6.14

Find the effects of the following multiplication and division instructions:

l. MULU.L # $2, D5 if [D5] = S$FFFFFFFF
2. MULS.L # $2, D5 if [D5] = $FFFFFFFF
3. MULU.L # $2, D5:D2
if [D5] = $2ABC 1800
and [D2] = $FFFFFFFF
4. DIVS.L # $2, D5 if [D5] = $FFFFFFFC
5. DIVS.L # $2, D2:DO
if [D2] = $FFFFFFFF
and [DO] = $FFFFFFFC
6. DIVSL.L # $2, D6:D1 if [D1] = $0004 1224
and [D6] = $FFFFFFFD
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Solution
1. MULU.L # $2, D5 if [D5] = SFFFFFFFF
SFFFFFFFF
* $00000002
00000001 FFFFFFFE

7 v
V=1 Low 32-bit
since  resultin D5
this is

nonzero

Therefore, [D5] = $FFFFFFFE, N = 0 since the most significant bit of result is 0, Z =0
since the result is not zero, V = 1 since the high 32 bits of the 64-bit product are not zero,
C = 0 (always), and X = not affected. '

2. MULS.L # $2, D5 if [D5] = S$FFFFFFFF

SFEFEFFFE  (-1)
* 500000002  (+2)

SFFFFFFFF  SFFFFFFFE  (-2)
Result in DS
Therefore, [D5] = $FFFFFFFE, X = unaffected, C=0,N=1,V =0,and Z = 0.
3. MULU.L # $2, D5:D2 if [D5] = $2ABC 1800 and [D2] = $FFFFFFFF

SFIFFFFFF
+ 300000002
00000001  FFFFFFFE
D5 D2

N=0,Z=0,V = I since high 32 bits of the 64-bit product are not zero, C = 0, and X
= not affected.
4, DIVS.L # $2, D5 if [D5] = SFFFFFFFC

-2

FFFF FFFE

00000002 FEFFE FFFC
+2 . -4

[D5] = $FFFF FFFE, X = unaffected, N=1,Z =0,V =0, and C = 0 (always).
5. DIVS.L # $2, D2:D0 if [D2] = SFFFF FFFF and [D0] = $FFFF
FFFC
2

——

Q = FFFF FFFE, R = 0000 0000

0000 0002 FFFF FFFF FFFF FFFC

2 -4

D2 = $0000 0000 = remainder, DO = SFFFF FFFE = quotient, X = unaffected, Z = 0,
N =1,V =0, and C = 0 (always).
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TABLE 6.10 Enhanced Instructions

Instruction Operand size  Operation
BRA label 8, 16, 32 PC+d—=PC
Bec label 8, 16, 32 If cc is true, then PC + d — PC; else next instruction
BSR label 8, 16, 32 PC— - (SP); PC+d = PC
CMPLS # 8, 16, 32 Destination - # data — CCR is affected
data, (EA)
TST.S (EA) 8, 16, 32 Destination — 0 — CCR is affected
LINKS An, #-d 16, 32 An = - (SP); SP = An, SP + d — SP
EXTB.L Dn 32 Sign extend byte to long word

Note: § can be B, W, L. In addition to 8- and 16-bit signed displacements for BRA, Bec, and
BSR like the 68000, the 68020 also allows signed 32-bit displacements, Link is unsized in the
68000. (EA) in CMPI and TST support all MC68000 modes plus PC relative. Examples are
CMPLW#52000, (START, PC). In addition to EXT.W Dn and EXT.L Dn as with the 68000,
the 68020 also provides the EXTB.L instruction.

6. DIVSL.L # $2, D6:D1 if [D1] = $0004 1224 and [D6] = $FFFF
FFFD )

-1

Q = FFFFFFFF -1
0000 0002 l FFFFFFD R = FFFFFFFF
-3

(D6] = SFFFFFFFF = remainder, [D1] = $FFFFFFFF = quotient, X = unaffected, N =
1,Z=0,V =0, and C = 0 (always).

6.5.8 MC68000 Enhanced Instructions
The MC68020 includes the enhanced version of the 68000 instructions listed in Table 6.10.

Example 6.15

Write a program in MC68020 assembly language to find the first one in a bit field which is
greater than or equal to 16 bits and less than or equal to 512 bits. Assume the number of bits
to be checked is divisible by 16. If no ones are found, store $0000 0000 in D3; otherwise store
the offset of the first set bit in D3 and stop. Assume A2 points to start of the array and D2
contains the number of bits in the array.

Solution
CLR.L D3 ; D3 is offset in bits
; Contains the first bit
H number set
DIVU #16, D2 ; [D2] = number of searches
SUBQ.W #1, D2 ; Decrement D2 by 1 for use
; in DBNE later
MOVEQ.L #16, D5 ; Load field width into D5
START BFFFO (A2) {D3:D5}, D3 ; Search for one in 16 bits
DBNE D2, START ; Decrement branch if not

; equal
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BNE FINISH ;i If no ones found, stop
CLR.L D3 ; Store 0 in D3
FINISH JMP FINISH ; HALT

Example 6.16

Write a program in MC68020 assembly language to convert 20 packed BCD digits to their
ASCII equivalent and store the result to memory location $F1002004. The data bytes start at
$5000.

=

Solution

Load starting address of
the BCD array into AS

Load starting address
of the ASCII array
into A6

Load data length to D2

Load BCD value

Convert to ASCII

Store ASCII data at
address pointed to by
A6

Decrement and branch if
false

Otherwise STOP

MOVEA.L # $5000, A5

MOVEA.L # $F1002004, A6

MOVEQ.L #19, D2
START MOVE.B (A5) +, D3

UNPK D3, D3, # $3030

MOVE.W D3, (A6) +

M NE e M S S S S

DBF D2, START

e e e s N N

FINISH JMF FINISH

Example 6.17

Write a program in MC68020 assembly language to divide a signed 32-bit number in DO by
a signed 8-bit number in D1 by storing the division result in the following manner:

1. Store 32-bit quotient in DO and neglect remainder.
2. Store 32-bit remainder in D1 and 32-bit quotient in DO.

Assume dividend and divisor are already in D0 and D1, respectively.

Solution
1. EXTB.L D1 ; Sign extend diwvisor to 32-bit
DIVS.L D1, DO ; 32-bit qguotient in DO and
FINISH JMP FINISH remainder is discarded and
halt )
2. EXTB.L D1 ; Sign extend divisor to 32 bits
DIVSL.L D1, D1:D0 ; 32-bit remainder in D1 and
32-bit gqguotient in DO
FINISH JMP FINISH ;7 Halt

Example 6.18

Write a 68020 assembly language program to compute the following:

D2.L:D1.L = (INTEGER + D1.L)*(D1.L = D0.B)
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Assume that the location INTEGER and register DO contain signed 32-bit numbers while the
low byte of DO holds an unsigned number less than 127,,: Store the 64-bit result in D2.L:D1.L.

Solution
MOVE.L INTEGER, D2 ;
ADD.L D1,D2 ; compute sum
EXTB.L DO ; compute sum
SUB.L DO,D1 ; compute (D1.L-D0.B)
MULS.L D2,D2:D1 ; perform multiplication
FINISH JMP FINISH

Example 6.19

.

Write a program in 68020 assembly language to multiply a signed byte by a 32-bit signed
number to obtain a 64-bit result. The numbers are respectively pointed to by the addresses
that are passed on to the user stack by a subroutine pointed to by (USP+4) and (USP+6). Store
the 64-bit result in D2:D1.

Solution
MOVE.B ([4,USP]),D0 ; Move first data
EXTB.L DO ; sign extend to 32 bits
MOVE.L ([6,USP]),Dl ; Move second data
MULS.L DO,D2:D1 ; Store result in D2:D1
FINISH JMP FINISH ; Halt

68020 ADVANCED INSTRUCTIONS

This section provides a detailed description of the 68020 advanced instructions including
BKPT, CAS/CAS2, TAS, CALLM/RTM, and coprocessor instructions.

Breakpoint Instruction

A breakpoint is a debugging tool that allows the programmer to check or pass over an entire
section of a program. Execution of a breakpoint usually results in exception processing. Hence,
the programmer can use any of the TRAP vectors as breakpoints. Also, any of the interrupt
levels can be used by external hardware to cause a breakpoint.

The BKPT instruction is included with the 68010, 68012 and 68020 microprocessors.

In order to place a breakpoint in a program loop located in RAM, the operating system can
temporarily remove an instruction word from the program and insert the BKPT instruction
in its place. In the case of the 68010/68012, the operating system services the breakpoint
exception routine since trap to illegal instruction exception is taken upon execution of the
BKPT instruction. Such interruption by the operating system due to BKPT instruction is
undesirable since execution of the program being debugged is slowed down. This is why the .
68020 BKPT instruction includes more real-time debug support via external hardware such as
the Motorola MC68851 Paged Memory Management Unit chip in which the program loop
count and the saved operation word are stored for up to eight BKPT instructions (BKPT#0
thru BKPT#7). The operating system exchanges the operation word with one of the eight
breakpoint instruction as follows:
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Breakpoint number  Instruction  op code
0 BKIPT#0 54848
1 BKPT#1 $4849
2 BKPT#2 $484A
3 BKPT#3 $4841
4 BKPT#4 5$484C
5 BKPT#5 $484D
6 BKPT#6 $484E
b BKPT#7 $4B84F

The operating system then stores the operation word in a register of external hardware and
initializes that loop counter. The 68020 generates a special cycle called breakpoint cycle in the
CPU space (FC2 FC1 FCO = 111) cach time it executes the BKPT instruction in the program
being debugged. Figure 6.6 shows how CPU space 0 is encoded during execution of a BKPT
instruction. 68020 then outputs the breakpoint number on the address bus. The external
hardware, if present, decrements the corresponding loop counter and places the operation
word on the data bus, The 68020 inputs this operation word and continues with the execution
of the program. As soon as the 68020 executes the same BKPT instruction for the last count
(last loop counter value), external breakpoint hardware asserts the BERR signal generating an
illegal instruction trap. This is shown in the flowchart of Figure 6.7

Example 6.20

Explain the breakpoint operation shown in Figure 6.8.

Solution

In Step 1 the illegal instruction BKPT is inserted into the program flow as requested by a
user. In this example, the 16-bit op code for ADD.L D2, D3 is replaced with the 16-bit op code
for BKPT #4.

In Step 2, the op code ADD.L D2, D3 is stored by the MC68020 in the CPU space long-word
memory location corresponding to breakpoint number four, address $10.

Step 3 shows how long-word memory locations $00 to $1C in CPU space 0 are used to
temporarily store the op codes replaced by breakpoint instructions 0 through 7. The displaced
op code is stored in the upper 16 bits, and an optional count value can be loaded into the lower
16 bits through external hardware control.

In Step 4, each time BKPT #4 is exccuted, the MC68020 accesses CPU space 0 location $10.
If the count value (bits 0~15) is not zero, the replaced op code is placed on the data bus (bits
16-31), the counter is decremented by one, and the appropriate DSACKX lines are asserted
by the external hardware, The MC68020 reads this op word and executes it. If the count value
is zero, the 68020 BERR pin can be asserted by external hardware to cause exception processing,

The breakpoint function is summarized in Table 6.11. A hardware implementation to take
advantage of the BKPT instruction’s looping feature is shown in Figure 6.9. A debug monitor
maintains a small amount of breakpoint memory. It is used to hold up to eight replacement

FC2 FC1 FCo A31 A20 A19 A16 A15 A5 A4 A2 AD
1 1 1 G & = = P 0000 0 - - =+« 0 |BKPT#|00O0
CPU Space Space #0

FIGURE 6.6 BKPT instruction format.
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020 executes
1 of 8 BKPT's

020 generates
CPU space

cycle identifies
BKPT #

yes
COUNTER
=0?

no

External logic
decrements its External logic

counéeKr f!'?rr this asserts BERR

External logic
outputs 020 takes illegal

replacement . ey :
OP & DSACK's inst. exception

020 reads
OP word &
executes it

FIGURE 6.7 Breakpoint instruction flowchart.

op codes and eight counters. When a user wants a breakpoint to be encountered after say “10”
passes of the op code, the debugger initiates a breakpoint counter to 10, replaces the user op
code with a breakpoint instruction, saves the user op code in the breakpoint data memory, and
executes the user's program. When the breakpoint op code is encountered, the MC68020
generates the breakpoint acknowledge bus cycle. The 74LS138 3-to-8 decoder shown on the
right decodes the function codes as all ones (validated by the AS signal) and asserts its bottom
output indicating a CPU bus space cycle. This output enables one of the inputs of the 7415138
shown on the left. The top enable output is enabled when address lines A 16 through A 19 are
all zero, indicating a type 0 CPU space cycle. This decoder enables one of eight breakpoint
counters.

If the counter # 0, then it is decremented by the external hardware and the replacement op
codeis returned on the data bus to the MC68020 with DSACK asserted. In this case, we started
with a count of 10, so it is decremented to 9. When the breakpoint acknowledge cycle occurs
on the 11th pass, the counter = 0 and this time bus error BERR signal is asserted by the
external hardware. This forces illegal instruction processing and subsequent servicing of the
breakpoint. With this type of hardware, operating system support is not required until the
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CPU4$;pace 0
Y e ™~
| 809 " 15 0
MOVE.L DO, AS 0000
MOVE.L D1, D2 0004 BKPTO
BKPT #4 — —> ADD.L D2, D3 0008
MOVE.L (A5), D3 000C
| / 0010 | ADD.L D2, D3 COUNT
21 Y 16 15 0 0014
Step2| 001015 [ADDLD2,D3| COUNT _| 0018 Bie
CPU Space 001G
: ‘ Step 4
** Execute COUNT number of time
\_v__/
What happens if:
COUNT =0
COUNT £0
FIGURE 6.8 Executing a BKPT instruction.
<ﬁ A0-A31
ATOAID MC68020
e— FCO
reakpoin
Mem(?ry -

FC2
AS

Counter Data

74L5
138

i

CPU Space

0
1
2
3
4
5
6
7
jt j? [ ! DSACKI

DO0-D31
Watchdo AFRR
Timer o BERR
FC2 FC1FCO A31 AZOA'I‘)- A16 A15 A5 A4 A2 AQ
[1 [l ot ) R e et 0[BKPT# [0 0]
—— R
CPU Space #0

Space

FIGURE 6.9 Breakpoint block diagram.

TABLE 6.11 TFunction of the Breakpoint

Qperand
Instruction  size Qperation Notation
BKPT None If breakpoint cycle acknowledged then BKPT # data

exccute returned op word, clse trap
as illegal instruction
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Generate CPU
space cgde #0 with
BKPT # on
A4,A3A2

Fetch OPWORD DSACK's Which Take illegal
insert in pipe and signal(s) instruction
execule asseried? exceplion
1
Execute next
instruction

FIGURE 6.10  Breakpoint instruction flowchart,

count has been exhausted. This reduces the operating system overhead significantly. The
MC68020 breakpoint instruction flow diagram is shown in Figure 6.10.

Call Module/Return from Module Instructions

For large programs, flowcharting does not provide an efficient software design tool. The
flowcharts, however, can assist the programmer in dividing a large program into subprograms
called modules (typically 20 to 50 lines). The task of dividing a large program into modules is
called modular programming. Typical problems of modular programming include how to
modularize a large program and then how to combine the individual modules.

One of the advantages of modular programming includes ease in writing, debugging, and
testing a module rather than a large program.

By using modular programming, a program performing a specific function is divided into

. several smaller subfunctions. These subfunctions can be utilized once or several times during

program execution. A main module is written and tested. The main module is used to call
the subfunction modules in the sequence required to accomplish the overall function of the
program.

Modular programming is supported by the MC68020 call module (CALLM) and the return
from module (RTM) instructions.

The CALLM instruction creates a module stack frame on the stack (similar to an interrupt),
stores the module state in that frame, and points to the address of a module descriptor (in the
effective address) which contains control information for the entry into the called module.

The CALLM instruction loads the processor with the data provided by the module descrip-
tor. Thus the CALLM instruction does not directly access the program module. Rather, it
indirectly calls the routine via the module descriptor whose contents are maintained by the
operating system. The module descriptor can be thought of as a gateway through which the
calling program must gain access. The module being called can be thought of as a subroutine
that is to act upon the arguments passed to it.

The CALLM instruction syntax is

CALLM # data, (EA)

To use this instruction, an immediate data value (data 0-255) must be specified to indicate
the number of bytes of argument parameters to be passed to the called module. The effective
address (EA) that points to the external module descriptor must also be included. The
program containing the CALLM instruction must define a RAM storage area for the module
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TABLE 6.12 CALLM and RTM Instructions

Operand
Instruction size Qperation Notation
CALLM None Save current module state on stack;  CALLM data, (EA)
load new module state from
destination
RTM None Reload saved module state in stack RTM Rn

frame; place module data area
pointer in Rn

descriptor to reside in. The address of the module descriptor is known to the operating system
at “run time”. It is the operating system that loads the starting address of the library routine
to be called into the module descriptor.

The return from module (RTM) instruction is the complement of the CALLM instruction.
The RTM syntax is RTM Rn.

Register Rn (Rn can be data or address register) represents the module data area pointer.
The RTM instruction recovers the previous module state from the stack frame and returns
program execution in the calling module. The processor state (program counter, status word)
comes from the previously stacked data. The operation of the module instructions is shown
in Table 6.12.

Figure 6.11 shows an overview of the CALLM and RTM operation. When the CALLM
instruction executes, it creates a module call stack frame and saves the current module state
in that frame. It then loads the new module state from the module descriptor. The start address
fetched from the module descriptor points to the module entry word of the library routine.
The second word of the routine is its first op word. The last instruction of the routine is the
RTM instruction.

The RTM instruction reloads the saved module state in the created stack frame, and user

- program execution continues with the next instruction.

6.6.3 CAS Instructions

The MC68020 compare and swap (CAS and CAS2) instructions provide support for multitasking
and multiprocessing. The compare and swap instructions are used when several processors must
communicate through a common block of memory, when globally shared data structures (such

Modular Descriptor Library Routine
User Program (unique to each user) (accessable by multiple users)
Module Entry Word
y ’ 1t OPWORD
CALLM #ARG, (EA) Start Address
NEXT
Module Call
Stack Frame / RTM Rn
A~ Read/Restore
Stacked Info

FIGURE 6.11 Overview of the CALLM and RTM operation.
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as counters, stack pointers, or queue pointers) must be securely updated, or when multiple bus
cycles may be required. A typical application is a counting semaphore (shared incrementer).
Another application of the compare and swap instructions would be to manipulate pointers
for system stacks and queues that use linked lists when a new item (element) is inserted or an
existing element is deleted.

The CAS instruction uses two registers (Dc and Du) and the address (EA) of the globally
shared operand variable (or pointer) to be protected. CAS operates on byte, word, and long
word operands. The assembly level programming notation for the CAS instruction is

CAS.S (.B or .W or .L)Dc, Du, (EA)

The CAS instruction first compares the old “fetched” starting pointer in register Dc with the
present starting pointer in the variable’s original location (EA) to see if another task accessed
the variable pointer and changed it while the first task was using it; if the two compared pointer
values Dc and (EA) are equal (that is, pointer contents (EA) remain unchanged by interrupting
tasks), then CAS passes the updated pointer value (located in Du) to the destination operand
(EA) and sets the equal condition code flag in the CCR to Z = 1.

If the two compared values are not equal (the EA pointer has been changed by an interrupt-
ing task), then CAS copies the new changed pointer value contents of (EA) to register Dc and
clears the equal condition code flag in the CCR to Z = 0.

A condensed version of the CAS operation is shown below:

CAS Dc, Du, (ERA)
1. (EA) - Dc — cc
2. IF (EA) = Dc
THEN Du — (EA)
ELSE (EA) — Dc

Next, application of the CAS for queue insertion will be discussed.
Figure 6.12a shows how to insert a new entry in a queue using the MOVE instruction.
In a single user/single task environment the above can be accomplished by the following
instruction sequence:

MOVE.L HEAD, (NEXT, Al)
MOVE.L Al, HEAD

But in a multiuser/multitask environment, the above instruction sequence may not accom-
plish the task. For example, more than one user may attempt to insert a new entry in an

Head —»

Entry Entry
ggfeue
Next Next ore
New Entl
Al—> o [NULL
Next ¢
‘ Entry
To Be
Added
HEAD _| New Entry * Entry Entry
Queue
Next Next Next | After
g INULL

FIGURE 6.12a Inserting a new entry in queue (single user/single task).
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Existing Queue

HEAD — >
|NULL
& New Entry New Entry
1 :
— New Entry Al New Entry
+ Next + Next
User 1 User 2

FIGURE 6.12b Two users attempting to insert a new cntry into an existing space.

existing queue. Suppose that after user 1 exccutes MOVE.L HEAD, (NEXT, Al), user 2
executes the instruction sequence

MOVE.L HEAD, (NEXT, Al)
MOVE.L Al, HEAD

and inserts a user 2 new entry in the existing queue before user 1 gets to MOVE.L Al, HEAD.
This situation is depicted in Figures 6.12b and b.12¢. This situation can be avoided by using
the CAS instruction. The user 2 entry gets lost if the MOVE instruction is used for insertion.
In Figure 6.12¢, the HEAD (known to user | at the start) gets changed between the time user
1 established the forward link by the time user 1 updated HEAD.

The following instruction sequence uscs CAS to insert a new entry in a queue in a multiuser/
multitask environment: :

MOVE.L HEAD, DO : Capture current HEAD
MOVE.L Al, D1 ; Need value in Du for CAS
L.OOP MOVE.L DO, (NEXT, al) ; Establish forward link

User 1

HEAD —»
After -

Al —» I———_

HEAD Before ——»

User 2 > | ] !NULL

HEAD —>
During

Al —> l——_

\

User 2 Entry Gets Lost

FIGUREG6.12¢ Insertion of entries into an existing queue in 2 multiuser environment using MOVE (situation
to avoid).
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Al ——>
D1 ——

Case 1: No Intervention

HEAD —»>
DO ——>»

L

HEAD —»

—

—

CAS D0, D1, HEAD

HEAD = DO

S0D1— —>» HEAD

FIGURE 6.12d  Inserting an clement in a queue using CAS without intervention.

CAS.L DO, D1,
BNE LOOP

'NULL

HEAD ;
.
r

—

If HEAD unchanged,

NULL

update

You have new HEAD in DO, try

again

Figures 6.12d and 6.12¢ illustrate the use of CAS in the above instruction sequence, respec-
tively, in a system with no intervention and simultancou: ...-~rtion by multiusers.

The CAS instruction cannot be interrupted. This ensures secire updates of variables in a
multiprocessing system. Executing CAS causes the read-write-modify (RMC) pin to be
asserted, which locks the bus. Other bus masters in the system must wait for RMC to be
deasserted before they can take control of the bus. The CAS instructions read, compare, and

Case 2: "Simultaneous Insert"”

Do

HEAD —»
Al —

—

CAS DO, D1, HEAD

HEAD = DO

S0 HEAD — — » D0

NULL

The program tries again, from loop. First instruction not necessary as CAS did it.

FIGURE 6.12¢  Simultancous insertion of elements,
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store operations are performed while the bus is locked. This prevents other processors from
interfering with the instruction while it performs its compare and swap operation.

Instruction CAS2 is identical to CAS except that it can be used to compare and update dual
operands within the same indivisible cycle. The CAS2 instruction operates on word or long
word operands. The notation for the CAS2 instruction is CAS2 .\W Dcl:D¢2, Dul:Du2,
(Rn1):(Rn2). With the CAS2 instruction, both comparisons must show a match |~r the
contents of the update registers Dul and Du2 to be stored at the operands’ destination
addresses in memory pointed to by the registers Rnl and Rn2. If either comparison fails to
match, both destination operands obtained from memory are copied to the compare registers
Dcl and Dc2. The CAS2 instruction memory references to operand destination addresses
must be specified using register indircct addressing with either a data or address register used
as a pointer to memory.

The condensed version of CAS2 Dcl:Dc2, Dul:Du2, (EA1):(EA2) operation is given below:

If (EAl) = Dcl and (EA2) = Dc2, then
Dul — (EAl) and Du2 — (EA2);
else (EAl) — Dul and (EA2) — Du2

Example 6.21

Write a 68020 instruction sequence to delete an clement from a linked list using the CAS2
instruction.

Solution
LEA HEAD, A0 ; Load address of head pointer
i into AOQ
MOVE.L (A0), DO ; Move value of head pointer
g into DO
LOOP TST.L DO ; Check for null pointer
BEQ EMPTY ; If emptys-na delgtion required
LEA (NEXT, DO.L), Al ; Load address forward of link
; into Al
MOVE.L (Al), D1 ; Put value of forward link
s in D1
CAS2.L DO:D1, D1:D1, ; If no change, update head
(AD) : (A1) : and forward pointer
BNE LOOP ; DO has new head, try again.
EMPTY - -

f Entry / Entry /—* Entry
+ Next + Next ses + Next
HEAD e

After deleting an element:

Entry Entry - /" Entry

+ Next + Next + Next
HEAD L
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TABLE 6.13 Summary of the TAS, CAS, and CAS2 Instructions

Operand
Instruction  size Operation Notation
TAS 8 Destination -0 — CCR TAS (EA)
1 — bit 7 of destination

CAS 8,16,32 Destination =D¢ — CCR if Z, then Du — destination; else CAS.S D¢, Du, (EA)

destination — Dc
CAS2 16,32 destl - Dcl — CCR; if Z, dest2 = De2 = CCR; if Z, Dul — CAS2.S

dest 1; Du2 —dest2; clse Dest 1 = DCI, dest 2 = Dc2 Dc¢l:Dc2,Dul:

Du2,(Rnl):(Rn2)

Note: S = B, W, or L.

Table 6.13 summarizes the operation of the CAS, CAS2, and TAS instructions.

Coprocessor Instructions

Table 6.14 lists the MC68020 coprocessor instructions. These instructions are available on the
MC68020 system when a coprocessor such as the MC68881 (floating point) or MC68851
(paged memory management unit) is interfaced to the system. Note that cp in these instruc-
tions is replaced by F for floating point (MC68881) or P for paged (MC68851), depending on
the coprocessor. ,

When MAIN obtains an F-line op word, it cooperates with a coprocessor to complete
exccution of the instruction

Co-Processor F-line Instruction

15 12 11 9 8 65 0
CPID Type Type Dependent

000 - 101 Reserved

= 000 = General <Effective Address>

110 - 111 User Definable 001 = Conditionals Scc = <Effective Address>
000 = 68851 DBcc =001 <Register>
(Paged MMU) TRAPcc =111 <Opmodes>

010 = Short Branches | <Conditional Predicate>
001 = 68881 011 = Long Branches | <Conditional Predicate>
(Floating Point) 100 = Save <Effective Address>

101 = Restore <Effective Address>

110 = Reserved Not Used

111 = Not Used User Defined

The F or P provides the 3-bit cp-id in the instruction. The GEN is replaced by the specific
operation. For example, rMOVE is the MOVE instruction for the floating-point coprocessor.
Upon execution of the cpGEN instruction, the MC68020 passes a command word to the
coprocessor. The coprocessor then specifies the general data processing and movement in-
stfuctions. The coprocessor finds the specific operation from the command word which
follows the F-line instruction word. If the instruction requires an effective address for an
operand to be fetched or stored, the third word follows the command word containing this
effective address.

Note that F-line instruction word means that the high four bits of the instruction word are
1111,. Normally, the coprocessor defines the specific instances of this instruction to provide
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TABLE 6.14 Coprocessor Instructions

Instruction Operand size ~ Operation Notation

¢pGEN User defined Pass command word to coprocessor and respond  cpGEN (parameters
to coprocessor primitives defined by coprocessors)

cpBec 16,32 If epec true, then PC +d — PC cpBec (label)

cpDBcc 16 If epec false, then (Dn -1 = Dn; if Dn# 1, cpDBecDn, (label)
then PC + d = PC)

cpSce 8 If cpec true, then I's = destination, else 0's = cpSce (EA)
destination

cpTRAPcc None If epee true, then TRAP cpTRAPcc

16,32 cpTRAPcc # (data)
cpSAVE! None Save internal state of coprocessor cpSAVE (EA)
cpRESTORE'.  None Restore internal state of coprocessor cpRESTORE (EA)

* Privileged instructions for operating system context switching {task switching) support.
* The 68020 (MAIN) and the coprocessor (CO) cach do what they know how to do best
MAIN:  Tracks instruction stream
Takes cxceptions
Takes branches
CO: Does graphics manipulations
Calculates transcendentals, floating point
Does matrix manipulations

its instruction set. The condition codes may be modified by the coprocessors. An example of
a cpGEN instruction for the MC68881 is

FMOVE.L (AOQ) +, FPO

In this instruction F replaces cp and MOVE replaces GEN in the ¢cpGEN format. This
instruction moves 4 bytes from the MC68020-based microcomputer memory, starting with a
location addressed by the contents of A0 to low 32 bits of the 80-bit register (FPO) in the
MC68881; AOQ is then incremented by 4.

In the above for each type (bits 6-8), type dependent (bits 0-5) specifies effective address,
conditional predicate, etc. For example, for general instructions (bits 8, 7, 6 = 000), type
dependent (bits 0-5) specifies (ca).

The instruction FMOVE.L (A0) +, FPO contains two words in memory as follows:

$F218 Machine Code (2Words)

15 44 13 12 1 10 ‘9 B F .6 5 4 3 2 N 0
Firleord,!IIllIEIGIOIIIOIUIOIOI1iIIOIOID

e e e e e et

F-Line CP-id Inst, Indirect  Repjister
001 for type 000 with AO
MC68881 or GEN Postincrement
mode
OP WORD
$4000
15 413,19 f1 10 9 @8 ¥ 6. 85 4 3 3 i
Second Word DI 1 |n|ol0]olulo’o|o|0]0l0}0|olo
\_‘\I'-"'_,%l_" ‘J_/\ 7
Op class Source  Destinalion FMOVE
data Register Instruction
format FPro
000=.1
010 = F(OP) Cehs
size (EA),
FPn

(Floating Point)
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Therefore, the FMOVE.L (A0) +, FPO contains two words in memory with the first word
$F218 as the op word and the second word $4000 as the command word for the coprocessor.

The “cpBec displacement” is the coprocessor conditional branch instruction. If the specified
coprocessor condition is satisfied, program execution continues at location (PC) + displace-
ment; otherwise the next instruction is executed. The displacement is a two’s complement
integer which may be either 16 or 32 bits. The coprocessor determines the specific condition
from the condition field in the operation word. A typical example of this instruction is

FBEQ.L START

The cpDBcc (label) instruction works as follows. If cpec is false, then Dn - 1 = Dn and if
Dn # - 1, then PC + d — PC, or if Dn = -1, then next instruction is executed. On the other
hand, if cpec is true, then the next instruction is executed. The coprocessor determines the
specific condition from the condition word which follows the operation word. A typical
example of this instruction is

FDBNE.W START

The operand size is 16 bits.

The cpScc.B (EA) instruction tests a specific condition. If the condition is true, the byte
specified by (EA) is set to true (all ones); otherwise that byte is set to false (all zeros). The
coprocessor determines the specific condition from the condition word which follows the
operation word. (EA) in the instruction can use all modes except An, immediate, (d16, PC),
(d8, PC, Xn), (bd, PC, Xn), and (bd, PC, Xn, od). An example of this instruction is

FSEQ.B $8000 1F20.

The cpTRAPcc or cpTRAPcc # data checks the specific condition on a coprocessor. If the
selected coprocessor condition is true, the MC68020 initiates exception processing. The vector
number is generated to reference the cpTRAPcc exception vector; the stacked PC is the address
of the next instruction. If the selected condition is false, no operation is performed and the next
instruction is executed. The coprocessor determines the specific condition from the word
which follows the operation word. The user-defined optional immediate data (third word of
the machine code for cpTRAPcc # data) is used by the trap handler routine. A typical example
of this instruction is

FTRAPEQ

cpTRAPcc is unsized and cpTRAPcc # data has word and long word operands. cpSAVE and
cpRESTORE are privileged instructions. Both instructions are unsized. cpSAVE (EA) saves the
internal state of a coprocessor. (EA) can be predecrement on all alterable control addressing
modes. This instruction is used by an operating system to save the context (internal state) of
a coprocessor. The 68020 initiates a cpSAVE instruction by reading an internal register.

The cpRESTORE (EA) instruction restores the internal state of a coprocessor. (EA) can use
postincrement or control addressing modes. This instruction is used by an operating system
to restore the context of a coprocessor for both the user-visible and the user-invisible state.

MC68020 Cache/Pipelined Architecture and Operation

The MC68020 has a 256-byte direct-mapped instruction cache organized as 64 long word
entries. Each cache entry consists of a tag field made up of the upper 24 address bits, the FC2
(user/supervisor) value, one valid bit (V), and 32 bits (two words) of instruction. Figure 6.13
shows the MC68020 on-chip cache organization. The 68020 cache only stores instructions;
data or operands are fetched directly from main memory as needed.
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FIGURE 6.13 MCG68020 on-chip cache organization.

When the 68020 fetches an instruction, it checks the cache first to determine if the word
required is in the cache. First, onc of 64 entries is sclected by using the index field (A2-A7) of
the access address as an index into the cache. Next, the 68020 compares address bits A31-A8
and function code bit FC2 with the 24-bit tag of the selected entry. If the function code and
the address bit match, the 68020 sets the valid bit for the cache entry. This is called a cache hit.
Finally, the 68020 uses address bit Al to select the proper instruction word from the cache
memory. If there is no match or valid bit is clear, a cache miss occurs and the instruction is
fetched from external memory and put into the cache.

The MC68020 uses a 32-bit data bus and fetches instructions on long word address bound-
aries. Hence, cach 32-bit fetch brings in two 16-bit instruction words which are then written
into the on-chip cache. Subsequent prefetches will find the next 16-bit instruction word
already present in the cache, and the related bus cycle is saved. Even when the cache is disabled,
the subsequent prefetch will find the bus controller still holds the two instruction words and
can satisfy the prefetch, again saving the related bus cycle. The bus controller provides an
instruction hit rate of up to 50% cven with the on-chip cache disabled.

Only the CPU uses the internal cache, so users have no direct access to the entries. However,
several instructions allow the user to control the cache or dynamically disable it through the
external hardware cache disable pin ( CDIS). Typically, it is used by an emulator or bus state
analyzer to force all bus cycles to be external cycles. The processor’s two cache registers (CACR,
CARR) can be programmed while in the supervisor mode by using the MOVEC instruction.
Enabling, disabling, freezing, or clearing the cache is carried out by the cache control register
(CACR). The CACR also allows the operating system to maintain and optimize the cache. The

cache control (CACR) is shown in Figure 6.14.

31 4 3 2 1 0
C
0 0|C|E|[FI|E

FIGURE 6.14 Cache control register format. C = clear cache, CE = clear entry, F = frecze cache, and E =
enable cache.
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FIGURE 6.15 Cache address register format.

The clear cache (C) bit of the CACR is used to invalidate all entries in the cache. This is
termed as “flushing the cache”. Setting the (C) bit causes all valid bits (V) in the cache to be
cleared, thus invalidating all entries.

The Clear Entry (CE) of the CACR is used in conjunction with the address specified in the
cache address register (CAAR). When writing to and setting the (CE) bit, the processor uses
the CAAR index field to locate the selected address in the CAAR and invalidate the associated
entry by clearing the valid bit.

The freeze cache (F) bit of the CACR keeps the cache enabled, but cache misses are not
allowed to update the cache entries. This bit can be used by emulators to freeze the cache
during emulation execution. It could be used to lock a critical region of the code in the cache
after it has been executed, providing the cache is enabled and the freeze bit is cleared. The
enables cache (E) bit is used for system debug and emulation. This bit allows the designer to
operate the processor with the cache disabled as long as the (E) bit remains cleared.

The cache address register (CAAR) format is shown in Figure 6.15.

The CAAR is used by the MC68020 to provide an address for the Clear Entry (CE) function
as implemented in the CACR. The index portion of this register is used to specify which one
of 64 entries to invalidate by clearing the associated cache entry valid bit (V).

Although the micromachine of the MC68020 is highly pipelined, the predominant pipeline
mechanism is a three-stage instruction pipeline. Figure 6.16 shows the MC68020 pipeline
organization. The pipeline is completely internal to the processor and is used as part of the

I
| I
I I
I
Sequencer | Stage Stage Stage ;
q | D < C < B ‘
| I
| I
| [
Control Unit
, Instruction flow
from cache and
l memaory
Y Y
Execution Unit i

L

FIGURE 6.16 MC68020 pipeline.



0.8

Motorola MC68020 405

MC68020 .
Logical Address Bus
Bus Error
2 ]
MMU Page Fault
oRmES (MC68451 or MC68851)
Physical
Address Bus
: i "| DMA Controller
Disk Controller (MC68440, 450)

Controls transfers
between disk and
primary memory

n Memory Parity or bus timeout error

Primary, usually semiconductor

FIGURE 6.17 Typical virtual memory system, minimum configuration.

instruction fetching and decoding circuitry. Instructions from the on-chip cache, or from
external memory (if the cache is disabled), go into the first stage of the pipeline and synchro-
nously pass through the following two stages.

The pipeline output gives the 68020’s control and execution unit a completely decoded
instruction. The 68020 loads data and other operands into the pipeline so they are ready for
immediate use. The pipeline speeds 68020 operation by making information available imme-
diately. The benefit of the pipeline is to allow concurrent operations (parallelism) for up to
three words of a single instruction or for up to three consecutive one-word instructions.
Therelore, the performance benefits of a pipeline are maximized during the execution of in- -
line code.

MC68020 Virtual Memory

Virtual memory is a technique that allows all user programs executing on a processor to behave
as if each had the entire 4-GB addressing range of the MC68020 at its disposal, regardless of
the amount of physical memory actually present in the system. Virtual memory can be
supported by providing a limited amount of high-speed physical memory that can be accessed
directly by the processor while maintaining an image of a much larger “virtual” memory on
a secondary storage device, such as high-capacity disk drives. Figure 6.17 shows a minimal
system configuration for a typical virtual memory system. Also, any given instruction must be
able to be aborted and restarted. When a processor attempts to access a location in the virtual
memory map that is not resident in physical memory (this is called a “page fault™), the access
to that location is temporarily suspended while data are fetched from secondary storage and

placed into physical memory. Page faults force a trap to the bus error exception vector. |
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FIGURE 6.18 Bus error sequence,

The MC68020 processor has the abort capability via the bus error ( BERR) input to the
processor. When BERR is asserted, exception processing causes the processor to save sufficient
information to allow complete restoration of the faulted instruction. The faulted instruction will
be recovered by the instruction continuation method, in which the faulted instruction is allowed
to complete execution from the point of the fault. Instruction continuation is crucial for
supporting virtual /O devices in memory-mapped 1/0 systems. To handle instruction continu-
ation properly, the processor must save certain internal processor information on the stack prior
to running the exception code and return this information te th» processor after executing the
return-from-exception (RTE) instruction. Figure 6.18 shows the BUS error processing sequence
that occurs when attempting to fetch an instruction from a page not in the main memory.

MC68020 Coprocessor Interface

The MC 68020's coprocessor interface is capable of extending the MC68020 instruction set
and supporting new data types.

The interface between the main processor and a coprocessor is transparent to the user. The
programmer does not have to be aware that a separate piece of hardware is executing some of
the program code sequence. Hardware-implemented microcode within the MC68020 handles
coprocessor interfacing so that a coprocessor can provide its capabilities to the programmer
without appearing as external hardware, but rather as a natural extension to the main proces-
sor architecture,

When communicating with a coprocessor, the MC68020 exccutes bus cycles in CPU memory
space to access a set of Coprocessor Interface Registers (CIRs). Table 6.15 shows the separate

TABLE 6.15 Coprocessor Interface Register

Register Function R/IW
Response . Requests action from CPU R_
Control CPU directed control w
Save Initiate save of internal state R __
Restore Initiate restore of internal state R/IW
Opcration word Current coprocessor instruction w
Command word Coprocessor specific command w
Condition word Condition to be evaluated W
Operand 32-bit operand R/IW
Register select Specifies CPU register or mask R _
Instruction address ~ Pointer to coprocessor instruction R/ W
Operand address Pointer to coprocessor operand R/IW
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31 15 0
00 Response Control
04 Save Restore
08 Qperation Word Command
oC (Reserved) Condition
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1B Instruction Address
1C Operand Address

FIGURE 6.19 Coprocessor interface register set map.

coprocessor interface registers along with their functions. As shown within this interface
register set, the various registers arc allocated to specific functions required for operating the
coprocessor interface. There are registers specifically for passing information such as commands,
operands, and EAs. Other registers are allocated for use during a context switch operation.

Figure 6.19 shows the coprocessor interface register set map and communication protocol
between the main processor and the coprocessor necessary to execute a coprocessor instruc-
tion. The MC68020 implements the CIR communication protocol automatically, so the
programmer is only concerned with the coprocessor’s instruction and data type extensions to
the MC68020 programmer’s model.

Figure 6.20 shows the CIR set(s) (that is, more than one coprocessor) address map in CPU
space.

The MC68020 indicates that it is accessing CPU memory space by encoding the function
code lines high (FCO-FC2 = 111,). Thus, the CIR set is mapped into CPU space the same way
that a peripheral interface register set is gencrally mapped into data space. The address bus
then selects the desired coprocessor chip.

Encoding of the address bus during coprocessor communication is shown in Figure 6.21. By
using the cp-1D ficld on the address bus, up to cight separate coprocessors can be interfaced
concurrently to the MC68020. Figure 6.21 also shows how this can be done. Interfacing
to these separate coprocessors is a matter of decoding the relevant cp-ID field (address lines
A13-A15) and the corresponding CPU space type ficld (address lines A16-A19) encoded
within the coprocessor instruction, so that the MC68020 communicates with the relevant
register set in CPU space. b

CPU Space Address

i Interface Register Set Address Space for

wERlE Coprocessor with
Reserved Cp-lD=0

22000 K

i Interface Register Set [T N

Coprocessor wilh

Reserved Cp-ID=1

24000 | .

2E000 ==

SEGEE Interface Register Set Address Space for

Coprocessor with
Reserved Cp-ID=7

FIGURE 6.20 Coprocessor address map in CPU space.
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FIGURE 6.21 68020 interface to coprocessors. Coprocessor communication address bus encoding and
multicoprocessor address decoding example,

0.9.1 MCG68881 Floating-Point Coprocessor

The MC68881 HCMOS floating-point coprocessor implements IEEE standards for binary
floating-point arithmetic. When interfaced to the MC68020, the MC68881 provides a logical
extension to the MC68020 for performing floating-point operatians. The MC68882 is an
upgrade of the MCC68881 and provides in excess of 15 times the performance of the MC68881.
It is a pin and software compatible upgrade of the MC68881.

The 68882 provides higher execution speed than the 68881. The 68882 contains a special
on-chip hardware that converts between binary and extended floating-point numbers at a
much higher speed than the 68881. Both chips are packaged in 68-pin PGA(Pin Grid Array).
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FIGURE 6.22a MC6888! programming model.

A summary of the MC68881 features is listed below:

Eight general-purpose floating-point data registers, each supporting an 80-bit extended
precision real data format (a 64-bit mantissa, plus a sign bit and a 15-bit signed
exponent)

A 67-bit arithmetic unit

A 67-bit barrel shifter for fast shift operations

instructions with 35 arithmetic operations

Supports trigonometric and transcendental functions

Supports seven data types: bytes, word, long word integers; single, double, and extended
precision real numbers; and packed binary coded decimal string real numbers

22 constants including 7, ¢, and powers of 10

The MC68881 is a non-DMA-type coprocessor which uses a subsct of the general-purpose
coprocessor interface supported by the MC68020. The MC68881 programming model is
shown in Figure 6.22a.

The MC68881 programming model includes the following:

Eight 80-bit floating-point registers (FPO-FP7). (These general-purpose registers are
analogous to the MC68020 D0-D?7 registers.)

A 32-bit control register containing enable bits for each class of exception trap and
mode bits, to set the user-selectable rounding and precision modes

A 32-bit status register containing floating-point condition codes, quotient bits, and
exception status information

A 32-bit Floating-Point Instruction Address Register (FPIAR) containing the MC68020
memory address of the last floating-point instriiction that was executed. (This address
is used in exception handling to locate the instruction that caused the exception.)

The MC68881 can be interfaced as a coprocessor to the MC68020. Figure 6.22b provides the

MC68020/68881 block diagram.
The MC68020 implements the coprocessor interface protocol in hardware and microcode.
When the MC68020 encounters a typical MC68881 instruction, the MC68020 writes the
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FIGURE 6.22b Typical coprocessor configuration.

instruction to the memory-mapped command CIR and reads the response CIR. In this
response, the BIU (Bus Interface Unit) translates any additional action required of the MC68020
by the MC68881. Upon satisfying the coprocessor requests, the MC68020 can fetch and
execute subsequent instructions.

The MC68881 supports the following data formats:

Byte Integer (B)

Word Integer (W)

Long Word Integer (L)

Single Precision Real (S)
Double Precision Real (D)
Extended Precision Real (X)
Packed Decimal String Real (P)

The capital letters included in parentheses denote the suffixes added to instructions in the
assembly language source to specify the data format to be used

Figure 6.23 shows the MC68881 data formats.

These data formats are defined by IEEE standards. Integer data types do not include any
fractional part of the number. The real formats contain an exponent part and a mantissa part.
The single-real and double-real formats provide the sign of the mantissa, 8- and 11-bit
exponents, and 23- and 52-bit fractional parts, respectively.

‘The extended real format is 96 bits wide with a 15-bit exponent, 64-bit mantissa, and a sign
bit for the mantissa. The packed decimal real is 96 bits wide which provides sign for both
mantissa and exponent parts. It includes a 3-digit (12 bits for BCD) base-10 exponent and a
17-digit (68 bits) base-10 mantissa. This format contains two bits to indicate infinity or not-
a-number (NAN) representations. Note that NAN is a symbolic representation of a special
number or situation in floating-point format. NANs include all numbers with nonzero frac-
tions with the format’s maximum exponent. The infinity data types include the zero fraction
and maximum exponent.

Whenever an integer is used in a floating-point operation, the integer is automatically
converted to an extended-precision floating-point number before being used. For example,
the instruction FADD.W #2, FPO converts the constant 2 to the floating-point number format
in FP0, adds the two numbers, and then stores the result in FPO. This allows integer in floating-
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FIGURE 6.23 MC68881 data format summary.

point operations and also saves user memory, since an integer representation of a number is
normally smaller than the equivalent floating-point representation.

The floating-point representation contains single-precision (32 bits), double-precision (64
bits), and extended-precision numbers (96 bits) as specified by the IEEE format. The single-
precision and double-precision data types should be used in most calculations involving real
numbers. The exponent is biased and the mantissa is in sign and magnitude form. Single and
double precision require normalized numbers. Note that a normalized number has the most
significant bit of the mantissa positioned such that the one lies to the left of the binary point,
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Therefore, only the fractional part of the mantissa is stored in memory, which means that the
most significant bit is implied and equal to ene.

Extended-precision numbers are 96 bits wide but only 80 bits are used, and the unused 16
bits are for future expansion. Extended-precision numbers are for use as temporary variables,
intermediate variables, or in situations where extra precision is required. Note that in extended
precision, thel in 1 - f is explicit.

For example, a compiler might select extended-precision arithmetic for determining the
value of the right side of an equation with mixed sized data, and then convert the ansWeérto
the data type on the left side of the equation. Extended-precision data should not be stored in
large arrays due to the amount of memory required by each number, As with other data types,
the packed BCD strings are automatically converted to extended-precision real values when
they are input to the MC68881. This permits packed BCD number to be used as input to any
operation such as FADD.P # - 2.012E + 18, FPI.

The MC68881 does not include any addressing modes. If the 68881 requests the 68020 to
transfer an operand via the coprocessor interface, the 68020 provides the addressing mode
calculations requested in the instruction,

Floating-point data registers FP0-FP7 always contain extended-precision values. Also, all
data used in an operation arc converted to extended precision by the MC68881 before the
operation is performed. The MC68881 provides all results in extended precision. The MC68881
instructions can be grouped into six types:

1. MOVE instructions between the MC68881 and memory on the MC68020
2. Monadic operations

3. Dyadic operations

4. Branch, set, or trap conditionally

5. Miscellaneous

68881 Data Movement Instructions
The 68881 floating-point data movement instructions include FMOVE, FMOVEM, and

FMOVECR.,
Some examples of FMOVE instruction include:

* FMOVE.B LOC, FP3 transfers an 8-bit integer from memory address LOC to FP3,

* FMOVE.X FP4, FPO transfers the extended-precision floating-point number from FP4
to FPO.

* FMOVE.S FP3, DI moves a single precision floating-point number from FP3 to DI.

* EMOVE.P FP5, (A0) transfers a BCD floating-point number from FP5 into 12
consecutive bytes of memory starting at the address pointed to by AO0.

+ FMOVE.X FPo, +(USP) subtracts 12 from USP and transfers the extended precision
floating-point number from FP6 to the user stack.

When data are moved from memory or from a 68020 data register to a floating-point
register, the 68020 converts the data to an extended floating-point number.

Also, the FMOVE instriiction from the 68881 floating-pbint register to memory or a 68020
data register convert data from the extended precision format to the form defined by the
extension included with the instruction. Note that data are always represented in extended-
precision form in a floating-point register.

The FMOVEM instruction transfers data between multiple 68881 floating-point registers
and memory. Typical examples include:

FMOVEM (EA), FP1-FP4/FP6
FMOVEM FPO/FP1/FP5, (EA)

The registers FP0-FP7 arc always moved as 96-bit extended data with no conversion,
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Any combination of FP0-FP7 can be moved. (EA) can be control modes, predecrement or
postincrement mode. For control or postincrement mode, the order of transfer is from FP7-
FP0. For predecrement mode, the order of transfer is from FPO-FP7. Any combination of
FPCR, FPSR, and FPIAR can also be moved by the MOVEM instruction. These registers are
always moved in the order FPCR, FPSR, and FPIAR.

The 68881 FMOVECR #$mn, FPn instruction reads an extended prec:sxon constant from
an ROM within the 68881/68882 into a floating-point reglster The numeric values of some
of the constants are selected from the following:

~ $mn Constant
$00 n
$0B Log;,2
$0C e
$0D Log,e
$OE Log,o¢
$30 Log,2
$31 Log,10
$32 10°
$33 10!
$34 10?
$35 10
$36 10*

and so on.
For example the instruction FMOVECR .X #$0C, FP6 moves the extended precision value
of e into FP6.

Monadic

Monadic instructions have a single input operand. This operand may be in a floating-point
data register, memory, or in an MC68020 data register. The result is always stored in a floating-
point data register. Typical examples include:

FTAN . (fmt) (EA), FPn
or

FTAN . X FPm, FPn

or

FTAN . X FPn

The FTAN instruction converts the source operand to extended precision (if necessary),
computes the tangent of that number, and f;hcn stores the result in the destination floating-
point data register.

Table 6.16a flowcharts the monadic functlon Tables 6.16b and c list all MC68881 monadic

instructions.
TABLE 6.16a Monadic Functions

Source »{ Function )
--------- L} 5 T SR

Memory or B e |
MC68020 Register or
MC68881 Register

L Deslination ]-(—-

MCGB881 FP Repgister
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TABLE 6.16b MC68881 — Monadic Instructions

Transcendental functions

FACOS
FASIN
FATAN
FATANH
FCOS
FCOSH
FETOX
FETOXMI
FLOGI10
FLOG2
FLOGN
FLOGNPI
FSIN
FSINCOS
FSINH
FTAN
FTANH
FTENTOX
FITWOTOX

ARC COSINE

ARC SINE

ARC TANGENT
HYPERBOLIC ARC TANGENT
COSINE

HYPERBOLIC COSINE

E TO THE X POWER

E TO THE (X - 1) power
LOG TO THE BASE 10
LOG TO THE BASE 2

LOG BASE ¢ OF X

LOG BASEe OF (X + 1)
SINE

SIMULTANEOQUS SIN/COS
HYPERBOLIC SINE
TANGENT

HYPERBOLIC TANGENT
TEN TO THE X POWER
TWO TO THE X POWER

TABLE 6.16c MC68881 — Monadic Instructions

Nontranscendental fnctions

FABS ABSOLUTE VALUE

FINT INTEGER PART

FNEG NEGATE

FSQRT SQUARE ROOT

FNOP NO OPERATION (SYNCHRONIZE)
FGETEXP GET EXPONENT

FGETMAN GET MANTISSA

FTST TEST

6.9.1.c Dyadic Instructions

Dyadic instructions have two input operands. The first input operand comes from a floating-
point data register, memory, or an MC68020 data register. The second input operand comes
from a floating-point data register. The second input is also the destination floating-point data

register. Typical examples include:

FCMP.L (fmt)

or

FCMP.X FPm,

(EA), FPn

FPn

Table 6.17a flowcharts the dyadic function and Table 6.17b lists dyadic instructions.

TABLE 6.17a MC68881 Dyadic Functions

Source !

MC68020 Register or
MC68881 FP Register ar
Memory

Function

l Destination

MC68881 FP Register )
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TABLE 6.17b MC 68881 Dyadic Instructions

FADD
FCMP
DIV .
FMOD
FMUL
FREM
FSCALE
ESUB

ADD

COMPARE

DIVIDE

MOD

MULTIPLY

IEEE REMAINDER
SCALE EXPONENT
SUBTRACT

6.9.1.d BRANCH, Set, or Trap-On Condition

These instructions are similar to those of the MC68020 except that move conditions exist due
to the special values in IEEE floating-point arithmetic. When the MC68020 encounters a
floating-point conditional instruction, it passes the instruction to the MC68881 for perform-
ing the necessary condition checkup. The MC68881 then checks the condition and tells the

MC68020 whether the condition is true
action.

or false. The MC68020 then takes the appropriate

The MC68881 conditional instructions are

FBcc.W displ Branch
o i ¢

FDBcc.W displ Decrement
or .L

FScc.W displ Set byte
or .L

FTRAPcc.W displ

or .L

All the above instructions can have 16-

and branch

according to condition

Trap-on condition

or 32-bit displacement.

cc is one of the 32 floating-point conditional test specifiers. Table 6.18 lists a few of them.

TABLE 6.18 Floating-Point Conditional
Test Specificrs

Mnemonic Definition

5 False

LQ Equal

NE Not cqual

T True

SF Signaling false

SEQ Signaling equal

GT Greater than

GE Greater than or equal
LT Less than

LE Less than or equal

GL Greater or less than
GLE Greater, less, or equal
NGLE Not (greater, less, or equal)
NGL Not (greater or less)
NLE Not (less or equal)
NLT Not (less than)

NGE Not (greater or cqual)
NGT Not (greater than)
SNE Signaling not equal
§T Signaling truc
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Instruction: FADD.X FPO, FP1

MC68881
MC68020 Write Instruction to
MC68881 Command Register Y
v 7 Accept Command
Read Response Register K’
Release Processor
L Start Add Operation

Continue In-Line Execution
Fetch Next Op-Code

FIGURE 6.2da MC68020/MC68881 concurrence example.

Miscellaneous Instructions

These instructions include moves to and from the status, control, and instruction address
registers. The virtual memory instructions FSAVE and FRESTORE that save and restore the
internal state of the MC68881 also fall into this category. These instructions include:

FMOVE (EA), FPcr
FMOVE FPcr, (EA)
FRESTORE (EA)

EPcr means floating-point control register. The MC68881 does not perform addressing mode
calculations. The MC68020 carries out this calculation as specified in the instruction.
Typical addressing modes include immediate, postincrement, predecrement, direct, and the
indexed/indirect modes of the MC68020. Some addressing modes are restricted for some
instructions. For example, PC relative mode is not permitted for a destination operand,
The MC68881 can execute an instruction concurrently or nonconcurrently with the MC68020
depending on the instruction being executed. Figures 6.24a and b show examples of concur-

rence and nonconcurrence.

Instruction: FMOVE.L FP1, (A0)+

MCe8881

MC68020 Write Instruction to
MC68881 Command Register ¥

Accept Command

*
Read Response Register ¥
Respond Evaluate gEA)
Y & XFER 4 Bytes of Data

Read Operand Register
Convert Data to .L and

¥ Place in Operand Reg.
Write Operand to Memory
Re-Query Response Reg. Y

¥ - Release Processor

Continue In-Line Execution
Felch Nex!l Op-Code

FIGURE 6.24b  MC68020/MC68881 nonconcurrence example.
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vee (7) > < i AD-A4
GND (13) > < 208 D0-D34
< AS
o > 68881 RW
SIZE < s
RESET > - cS
SENSE = > DSACKO
> DSACK1

FIGURE 6.25 MCG8881 pins and signals.

Figure 6.25 shows the MC68881 pins and signals.

The 68881 is included cither in a 64-pin DIP or in a 68-PGA (Pin Grid Array) package.
There are 7 Vee (+5V) and 13 grounds for power distribution to reduce noise.

The five address lines A0-A4 are used by the MC68020 to select the coprocessor interface
registers mapped in the MC68020 address space. These address pins select the registers as listed
in Table 6.19. _

When the MC68881 is configured to operate over an 8-bit data bus for processors such as
MC68008, the A0 pin is used as an address signal for byte accesses of the MC68881 interface
register. When the MC68881 is configured to operate over a 16-bit data bus (68000) or 32-bit
data bus (68020), both A0 and SIZE pins are used, according to Table 6.20. The SIZE and AO
pins are used to configure the MC68881 for operation over 8-, 16-, or 32-bit data buses.

The address strobe_AS goes LOW to indicate that thereisa valid address on the address bus,
and both CS and R/ W are valid.

A low on DS indicates that there is valid data on the data bus during a write cycle.

_If the bus cycle is a MC68020 read from MC68881, the MC68881 asserts DSACK] and
DSACKO to indicate that the information on_the data bus is valid. If the bus cycle is a
MC68020 write to the MC68881, DSACK1 and DSACKO are used to acknowledge acceptance
of the data by the MC68831. .

The MC68881 also uses DSACKO and DSACK1 to dynamically indicate the device size on
a cycle-by-cycle basis as discussed in Section 6.10.

TABLE 6.19 Coprocessor Interface Register Selection

A4-A0  Offset  Width  Type  Register

'0000x  $00 16 . Read Response
0001x $02 16 Write  Control
0010x 504 16 Read  Save
0011x 506 16 R/W  Restore
0100x  $08 16 s (reserved)
0101x $S0A 16 Write  Command
0110x  $0C 16 - (reserved)
0llix  SOE 16 Write  Condition
100xx $10 32 R/W  Operand
1010x  $14 16 Read  Register sclect
1011x 516 16 —_— (reserved)
110xx  $18 32 Read  Instruction address

Hixx  $1C 32 R/W  Operand address
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TABLE 6.20 Data Bus Configuration

AD Size Data bus
- Low 8-bit
Low High 16-bit
High High 32-bit

A low on MC68881 RESET pin clears the floating_point control, status, and instruction
address registers. When performing power-up reset, external circuitry should keep the RESET
pin asserted for a minimum of four clock cycles after Ve is within tolerance. After Ve is
within tolerance for more than the initial power-up time, the RESET pin must be asserted for
at least two clock cycles.

The MC68881 clock input is a TTL-compatible signal that is internally buffered for genera-
tion of the internal clock signals. The clock input should be a constant frequency square wave
with no stretching or shaping techniques required. The MC68881 can be operated froma 12-,
16.67-, or 20-MHz clock.

The SENSE pin may be used as an additional ground pin for more noise immunity or as
an indicator to external hardware that the MC68881 is present in the system. This signal is
internally connected to the GND of the die, but it is not necessary to connect it to the external
ground for correct device operation. If a pullup resistor (larger than 10 K ohm) is connected
to this pin, external'hardware may sense the presence of the MC68881 in a system.

Figure 6.26 shows the MC68020/MC68881 interface.

The A0 and SIZE pins are connected to Vee for 32-bit operation. Note that A19, A18, Al7,A16
= 0010, (indicating coprocessor function), FC2 FC1 FC0 = 11 1, (meaning CPU space cycle), and
Al5 Al4 Al3 = 001, (indicating 68881 floating-point coprocessor) are used to enable 68881 CS,
The 68020 A19 and A18 pins are not used in the chip select decode since their values are 00,.

The BERR pin is asserted for a low CS and a high SENSE signal. A trap routine can be
executed to perform the coprocessor operations. :

Example 6.22

Write 68020 assembly language program using 68881 floating-point instructions to compute the
volume of a sphere = 4/3*1*r> where r is the radius of the sphere stored in the 68020 register DO.
Assume r is a single precision number.

Solution

FMOVE.S DO, FPO ; MOVE r to FPO

FMOVE.X FPO, FP1 ;i Make another copy of r

FSGLMUL.X FP1l, FP1 i Compute r?’ by single precision
; multiply

FSGLMUL.X FPO, FP1 i Compute r? by single precision
i multiply

FMOVE.S #4E0, FPp2 ; Load constant 4

FDIV.S #3E0, Fp2 ; Compute 4/3

FMOVECR.X #0, FP4 Obtain T

FSGLMUL.X FP2, FP4 Compute (4/3)T

ESGLMUL.X FP1l, FP4 Compute volume

FMOVE.S FP4, DO Store wvolume in DO.
FINISH JMP FINISH

Example 6.23

~

e W W

For the following figure, write an MC68020 assembly program using floating-point coprocessor
instructions; ¢ ~*rrmine X and O.
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Assume

Solution

Vce GND
FCO
FC1
FC2
A7 . .
Al6 Chip » CS
Al15 Select ]
Al4 DECOdE
Al3
MC68020 +sv | MC68881
—— - |
BERR ~ | SENSE
Al-A4 » Al-Ad
10K
AD Ve ~AA,—» AD
AS > AS
DS > DS
B oK | W
Vee AN~ SIZE
D0-D37 (= » D0-D31
DSACKD [ » DSACKO
DSACK]1 = » DSACKI
+5V
RESET RES
System ot AT, SRS Co-Proc
lock System Power-On Clock
Reset Reset
FIGURE 6.26 MC68020/MC68881 32-bit interface.
A
3 ¥ X =/Y:+ 72
© = ARCTAN (Y/X)
B Z €
Y and Z are 32 bits wide.
MOVE.L Y, FP2 ; MOVE Y TO FP2
MOVE.L Z, FP3 ; MOVE Z TO FP3
FMOVE.X FP2, FPO ; MOVE Y TO FPO
FMOVE.X FP3, FP1 ; MOVE Z TO FP1l
FMUL.X FPO, FPO ; 42
FMUL.X FPl, FP1l ? A
FADD.X FPO, FP1l zZ? + ¥

FSQRT.X FP1
FDIV.X FP3,FP2

P

X=4Y2422

O is

419
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Root Pointer ———

Pointer
Tables

Page
Tables

FIGURE 6.27 MCG68851 translation table tree structure.

FATAN<X FP2 ; ARCTAN (Y/Z)
FINISH JMP FINISH

MC68851 MMU

The MC68851 coprocessor is a demand Paged Memory Management Unit (PMMU) designed
to support the MC68020-based virtual memory system. The 68851 is included in a 132-PGA
package and can be operated at a frequency of cither 12.5 or 16.67 MHz.

The main functions of the 68551 arc to provide logical-to-physical address translation,
protection mechanism, and to support the 68020 breakpoint operations.

The 68851 translates a logical address comprised of a 32-bit address and a 4-bit function
code. The 68851 has four function code pins (discussed later), FC0-FC3, issued by the 68020
into a corresponding 32-bit physical address in main memory. The 68851 initiates address
translation by searching for the page descriptor corresponding to the logical-to-physical
mapping in the on-chip 64-entry full-associative Address Translation Cache (ATC). This
cache stores recently used page descriptors. If the descriptor is not found in the ATC, then the
68851 aborts the logical bus cycle, signals the 68020 to retry the operation, and requests
mastership of the logical bus. Upon receiving indication that the logical bus is free, the 68851
takes over the logical bus and executes bus cycles to search the translation tables in physical
(main) memory pointed to by the relevant root pointer to locate the required translation
descriptor that defines the page accessed by this logical address.

After obtaining the needed translation descriptor, the 68851 returns control of the logical
bus to the 68020 to retry the previous bus cycle which can now be verified for access rights and
be properly translated by the 68851.

The 68851"automatically searches the translation tables in case of descriptor misses in the
ATC using hardware without any assistance from the operating system. The 68851 translation
tables have a tree structure, as depicted in Figure 6.27.

As shown in the figure, the root of a translation table is pointed to by one of the three 64-
bit root pointer registers: CPU root pointer, supervisor root pointer, or DMA root pointer,

The CPU root pointer points at the translation table tree for the currently executing task;
the supervisor root pointer points to the operating systems translation table; and the DMA
root pointer points to a DMA controller’s (if present in the system) translation table,
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All addresses contained in the translation tables are physical addresses. In Figure 6.29, table
entries at the higher levels of the tree (pointer tables) contain pointers to other tables. Entries
at the leaf level (page tables) contain page descriptors. The pointer table lookup normally uses
the function codes as the index, but they may be suppressed. The 68851 includes the 4-bit
bidirectional function code pins, FC0-FC3, which indicate the address space of the current bus
cycle. The 4-bit function code consists of the three function code outputs (FC0-FC2) of the
68020 and a fourth bit that indicates that a DMA access is in progress. When the 68851 is bus
master, it drives the function code pins as outputs with a constant value of FC3-FC0 = $5,
indicating the supervisor data space.

The 68851 hicrarchical protection mechanism monitors and enforces the protection/privi-
lege mechanism. These may be up to 8 levels with privilege hicrarchy, and the upper 3 bits of
the incoming logical address define these levels, with level 0 as the highest privilege in the
hierarchy and level 7 as the lowest level. Privilege levels of 0, 2, or 4 can also be implemented
with the 68851, in which case the access level encoding is included in the upper zero, one, or
two logical address lines, respectively. The 68851 access level mechanism, when enabled,
compares the access level of the memory logical address with the current access level as defined
in the Current Access Level (CAL)-register. The current access level defines the highest
privilege level that a task may assume at that time,

If the privilege level provided by the bus cycle is more privileged than allowed, then the
68851 terminates this access as a fault.

In the 68851 protection mechanism, the privilege level of a task is defined by its access level.
Smaller values for access levels specify higher privilege levels. In order to access program and/
or data requiring a higher privilege level than the level of the current task, the 68851 provides
CALLM (call module) and RTM (return from module) instructions. These instructions allow
a program to call a module operating at the same or higher privilege level and to return from
that module after completing the module function.

The 68851 provides a breakpoint acknowledge facility to support the 68020. When the
68020 executes a breakpoint instruction, it executes a breakpoint acknowledge cycle and reads
a predefined address in the CPU space cycle. The 68851 decodes this address and responds by
cither providing a replacement op code for the breakpoint op code and asserting DSACKx
inputs or by asserting 68020 BERR input to exccute illegal instruction exception processing.
The 68851 can be programmed to provide (1) the replacement op code n times (1 < n < 255)
in a loop and then assert BERR or (2) assert BERR on every breakpoint.

The 68851 instructions provide an extension to the 68020 instruction set via the coprocessor
interface. These instructions provide:

1. Loading and storing of MMU registers
2. MMU control functions
3. Access rights and conditionals checking

For example, the PMOVE instruction moves data to or from the 68851 registers using all
68020 addressing modes. PVALID compares the access level bits of an incoming logical
address with those of the Valid-Access Level (VAL) register and traps if the address bits are less.
PTEST searches the ATC and translation tables for an entry corresponding to a specific address
and function code. The results of the test are placed in the 68851 status register which can be
tested by various conditional branch and set instructions.

Optionally, the PTEST instruction can obtain the address of the page descriptor. A compan-
ion instruction, PLOAD, takes a logical address and function code, searches the translation
table, and loads the ATC with an entry to translate the logical address.

PLOAD can be used to load the ATC before starting the memory transfer. This can speed
up a DMA operation. PFLUSH and its variations clear the ATC of either all entries, entrics
with a specified function code, or thosc limited to a particular function code and logical
address.



6.10

422 Microprocessors and Microcomputer-Based System Design, 2nd Edition

Bus Control Logic
Logic Bus Arbitration A
MCB8020 Function Code
Microprocessor 4
Physical Bus
Arbitration
o M%ﬁﬁBm _
.| Paged Memory
“1 Management iggflecsasl
nit !
Logical
Chip Select Address Disk Controller
Y
MC68881
Foating
Point Address (Ag-A;) Serial I/O
Coprocessor

FIGURE 6.28 A 68020-based microcomputer with coprocessors.

PSAVE saves the contents of any register that reflects the current task’s state and the internal
state of the 68851 dealing with coprocessor and module call operations. PRESTORE restores
the information saved by PSAVE. PSAVE and PRESTORE permit the context of the 68851 to
be switched. ‘

The PBcc, PDBcc, PSce, and PTRAPcc instructions have the some meaning as those of the
68020 except that the conditions arc based on the 68851 condition codes.

Figure 6.28 shows a 68020-based microcomputer system which interfaces 68881 and 68851
chips to the 68020. The 68851 MMU is placed between the logical and physical address buses.
The 68851 allows interfacing memory, disk controller, and serial I/O devices to the 68020.

MC68020 Pins and Signals

Figure 6.29 shows the MC68020 functional signal groups. Tables 6.21 lists these signals along
with a description of cach.

There are 10 VCC (+5V) and 13 ground pins to distribute the power in order to reduce
noise.

Both the 32-bit address (A0-A31) and data (D0-D31) buses are nonmultiplexed. Like the
MC68000, the three function code signals FC2, FC1, and FCO identify the processor state
(supervisor or user) and the address space of the bus cycle currently being executed as
follows:

FC2 FCI FC0  Cycletype
0 0 0 (Undefined, reserved)®
0 0 1 User data spare
0 1 0 User program space
0 1 1 (Undefined, reserved)*
1 0 0 (Undefined, reserved)®
1 0 1 Supervisor data space
1 1 0 Supervisor program space
1 1 1 CPU space

* Address space 3 is reserved for user definition,
while 0 and 4 are reserved for future use by Motorola.
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FIGURE 6.29 MC68020 functional signal groups.

TABLE 6.21 Hardware Signal Index
Signal name Mnemonic Function
Address bus A0-A31 32-bit address bus used to address any of 4,294,967,296 bylcs
Data bus DO0-D31 32-bit data bus used to transfer 8, 16, 24, or 32 bits of data
per bus cycle
Function codes FCo-FC2 3-bit function code used to identily the address space of each
bus cycle
Size SIZ0/SIZ1 Indicates the number of bytes remaining to be transferred for
this cycle; these signals, together with AD and Al, define the
o active sections of the data bus
Read-modify-write cycle RMC Provides an indicator that the current bus cycle is part of an
o indivisible read-modify-write operation
External cycle start ECS Provides an indication that a bus cycle is beginning
Operand cycle start 0Cs Identical operation to that of ECS except that OCS is asserted
o only during the first bus cycle of an operand transfer
Address strobe AS Indicates that a valid address is on the bus
Data strobe Ds Indicates that valid data is to be placed on the data bus by an
external device or has been placed on the data bus by the
o MC68020
Read/write R/V Defines the bus transfer as an MPU read or write
Data buffer cnable DBEN Provides an enable signal for external data buffers
Data transfer and size DSACKO/DSACKI  Bus response signals that indicate the requested data transfer

acknowledge

operation are completed; in addition, these two lines
indicate the size of the external bus port on a cycle-by-cycle
basis
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TABLE 6.21 Hardware Signal Index (continued)

Signal name Mnemonic Function

Cache disable CDIS Dynamically disables the on-chip cache to assist emulatar
support

Interrupt priority level 1PLO-1P12 Provides an encoded interrupt level to the processor

Autovector AVEC Requests an autovector during an interrupt acknowledge
cycle

Interrupt pending IPEND Indicates than an interrupt is pending

Bus request BR Indicates than an external device requires bus mastership

Bus grant BG Indicates than an external device may assume bus mastership

Bus grant acknowledge BGACK Indicates than an external device has assumed bus control

Resct RESET System reset

Halt HALT Indicates that the processor should suspend bus aclivity

Bus crror BERR Indicates an invalid or illegal bus operation is being
attempied

Clock CLK Clock input to the processor

Power supply vVCC +5 volt £ 5% power supply

Ground GND Ground connection

Note that in MC68000, FC2, FC1, FCO = 111 indicates interrupt acknowledge cycle. In the
MC68020, this means CPU space cycle. In this cycle, by decoding the address lines A19-A16,
the MC68020 can perform various types of functions such as coprocessor communication,
breakpoint acknowledge, interrupt acknowledge, and module operations as follows:

A9 AI8  Al7  Al6  Function performed
0 0 0 0 Breakpoint acknowledge
0 0 0 | Module operations
0 0 Lo 0 Copracessor communication
1 1 1 | Interrupt acknowledye

Note that A19, A18, Al17, A16 = 0011, to 1110, is reserved by Motorola. In the coprocessor
communication CPU space cycle, the MC68020 determines the coprocessor type by decoding
Al15-A13 as follows:

Al5  Al4  A13  Coprocessor type

0 0 0 MC68851 paged memory management unit
0 0 1 MC68881 floating-point coprocessor

The MC68020 offers a feature called dynamic bus sizing which enables designers to use 8- and
16-bit memory and 1/O devices without sacrificing system performance. The key elements
used to implement dynamic bus sizing arc the internal data multiplexer, the SIZE output (SIZ0
and SIZ1 pins), and the DSACKX inputs ( DSACKO0 and DSACK]1). The MC68020 uses these
signals dynamically to interface to the various-sized devices (8-, 16-, or 32-bit) on a cycle-by-
cycle basis. For example, if the MC68020 executes an instruction that reads a long-word
operand, it will attempt to read all 32 bits during the first bus cycle. The MC68020 always
assumes the memory or 1/O size to be 32 bits when starting the bus cycle. Hence, it always
transfers the maximum amount of data on all bus cycles. If the device responds that it is 32 bits,
the processor latches all 32 bits of data and continucs to the next operand. If the device
responds that it is 16 bits wide, the MC68020 generates two bus cycles, obtaining 16 bits of data
cach time; an 8-bit transfer is handled similarly, but four bus cycles are required, obtaining 8
bits of data each time. Each device (8-, 16-, or 32-bit) assignment is fixed to particular sections
of the data bus to minimize the number of bus cycles needed to transfer devices. For cxample,
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TABLE 6,22  Dynamic Sizing Control Signals

o ___ DSACK Codes and Results
DSACKI DSACKO Result

H Insert wait states in current bus cycle
H L Complete cycle — port size is 8 bits

H Complete cycle — port size is 16 bits
L L Complete cycle — port size is 32 bits

SIZE Output Encodings

SIZ1 S1Z0 Size
0 1 Byte
1 0 Word
1 1 3 bytes
0 0 lLong word

Note: To adjust the size of the physical bus interface, external circuils must
issue strobe signals 1o gate data bus buffers. By using data strobe control,
external logic can enable the proper section ol the data bus.

the 8-bit devices transfer data via D31-D24 pins, the 16-bit devices via D31-D16 pins, and the
32-bit devices via D31-DO0 pins.

A routing and duplication multiplexer takes the four byte of 32 bits and routes them to their
required positions; depending on its bus size, the positioning of bytes is determined by SIZ1,
SIZ0, and Al and AO address output pins.

The four signals added to support dynamic bus sizing are DSACKO, DSACK]1, SIZ0, and
SI71. Data transfer and device size acknowledge signals ( DSACK0 and DSACKI ) are used to
terminate the bus cycle and to indicate the external size of the data bus (see Table 6.22). As the
MC68020 steps through memory during the data operand transfer process, the two size line
outputs (S1Z0 and SIZ1) indicate how many bytes are still to be transferred during a given bus
cycle (Table 6.22).

The multiplexer routes and/or duplicates one or morce bytes in the 32-bit data to permit any
combination of aligned or misaligned transfers. The remaining number of bytes to be trans-
ferred during the second and subsequent cycles, if required, is defined by the SIZ0 and SIZ1
outputs. The address lines A0 and Al define the byte position in Figure 6.30. For example,
A1A0 = 00,, A1AO = 01, A1A0 = 10,, and A1A0 = 11, indicate byte 0 (OPO0), byte 1 (OP1),
byte 2 (OP2), and byte 3 (OP3), respectively, of the 32-bit operand. A2-A31 indicate the long-
word base address of that portion of the operand to be accessed.

Table 6.23 defines the data pattern along with SIZ1, SIZ0, Al, and AQ of the MC68020s
internal multiplexor to the external data bus D31-DO0.

In cach cycle, the MC68020 outputs to the S1Z1 SIZ0 pins to indicate to the cxternal device
the number of bytes remaining to be transferred. The DSACKI and DSACKO inputs to the
MC68020 from the device terminate the bus cycle and for the subsequent cycles (if required)
indicate the device size. The Al and A0 output address pins to the device from the MC68020
indicate which data pins are to be used in the data transfer. For example, an 8-bit device
always transfers data to MC68020 via D31-D24 pins for all combinations of A1A0 (00, 01,,
10, 11,). On the other hand, the 16-bit device always transfers data via D31-D16 pins.
However, in the first cycle, if the address is even (A1A0 = 00, or 10,), 16-bit data transfer
takes place using D31-D16 pins with the data byte addressed by the odd address via D23-
D16 pins. On the other hand, if the starting address is odd (A1A0 = 01, or 11,) for a 16-bit
device, only a byte is transferred in the first cycle via D23-D16 pins. For a 32-bit device, in
the first cycle, if ATAO = 00,, all 32-bit data are transferred via D0-D31 pins; if A1A0 = 01,
three bytes are transferred via D23-D0 pins; if ALAO = 10,, two bytes are transferred via D15-
DO pins; if ALAD = 11,, only onc byte s transferred via D7-D0 pins. Note that the MC68020's
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Long Word Operand

Internal Source/Destination [ OP0 | OP1 | or2 [ or3 |
| # /
Multiplexer [ Routing and Duplication ]

Vi \ N

External Data Bus | D31-D24 D23-DI6  D15-D8  D7-D0 |

Address xxxxxxx0 [ Byte 0 Byte 1 Byte2 | Byte3 | 32.BjtPont
Y
illgrc'asin[; Word Memory Long Word Transfer to Word Bus
emory ———
Addresses MS8 LS8 SI1Z1 SIZ0 Al A0 DSACK1DSACKOD
XXxxxxx0 [0]30] QOP1 0 0 0 0 L H
2 OPD OP] ] 0 1 0 L H
4 l b Long Word Transfer to Byte Bus
16-Bit Port RuieMemory SIZ1__ SIZD Al A0 DSACKI DSACKO
XXXXXXX0 OPO 0 0 0 0 ﬂ
1 1 0 1 L
oP1
! 8-Bit Port 1 0 1 0 H L
2 orz 0 1 1 1 H 1,
3| ors

FIGURE 6.30 Dynamic bus sizing interface to port sizes.

TABLE 6.23 Internal to External Data Bus Multiplexor

MC68020 Register
| 8yteo | Byte0 | Byte0 | ByteO |

Multiplexor

/Extcrnal Data Pins\
[D31-D24[D23-D16| D15-D8 | D7-DO |
[ Byte3 | Byte3 [ Byte3 | Byte3 |

Byle2 | Byte3 | Byte2 | Byte3
Transfer
Byte2 | Byte2 | Byte3 | Byte2
size SIZI  SIZ0 Al A0 ol S o W e o B L
Byte 1 Byte2 | Byte3 | Byte 0*
E\’r"ed ? é § 3 [Byte1 | Byte1 | Byte2 | Byte3
orl
1 0 X ) [ Byiel [ Byte2 | Byte1 | Byte2
3 bytes 1 1 0 0 [ Byte1 | Byte1 | Byte2* | Byte1
I‘ : (1) (1) [[Bytc0 | Byte1 | Byte2 | Bye3 |
| 1 { " [ Byteo T 8yteo | Byte1 | Byte2 |
Long word 0 0 0 0 [ Byte 0 [ Byte | [ Byte 0 | Byte 1
0 0 0 I [ Byteo | Byte0 [ Byte 1* ] Byte 0
0 0 | 0
0 0 1 1

Note: X = don't care; * = byte ignored on read, this byte outpui on wrilc.
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data transfers with even and odd starting addresses are known as aligned and misaligned
transfers, respectively.

The MC68020 always starts transferring data with the most significant byte first. As an
example, consider MOVE.L D3, $50005170. Since the address is even, this is an aligned transfer
from the 32-bit data register D3 to an cven memory address. In the first bus cycle, the
MC68020 does not know the size of the external device and hence outputs all the data on D31-
DO pins, taking into consideration that the device size may be byte, word, or long word. The
MC68020 outputs OP0, OP1, OP2, and OP3, respectively, on D31-D24, D23-D16, D15-D8,
and D7-D8 pins. If the device is 8-bit, it will take the data OP0 from the D31-D24 pins and
write to locations $50005170 in the first cycle. However, by the second cycle, the device asserts
DSACKI1 and DSACKO as 10, indicating an 8-bit device; the MC68020 then transfers the
remaining 24 bits via D31-D24 in three consecutive cycles. If the device is 32-bit, it obtains data
bytes OP0-OP3 in one cycle. Now, let us consider a 16-bit device. During the first cycle, the
MC68020 outputs ATAOQ = 00, indicating an aligned transfer, and SIZ1 SIZ0 = 00, indicating
32-bit transfer. Therefore, in the first cycle, the device obtains OPQ and OP1 from D31-D24
and D23-D16, respectively. The device then asserts DSACK1 and DSACKO as 01, to termi-
nate the cycle and to indicate to the MC68020 that it is a 16-bit device. In the second cycle, the
MC68020 outputs the A1AQ as 10, indicating that 16-bit data to be obtained by the device via
D31-D16 pins and SIZ1 and SIZD as 10,, indicating that two more bytes remain to be
transferred. The MC68020 places the low two bytes (OP2 and OP3) from register D3 via the
multiplexer on D31-D16 pins. The device takes these data and places them into locations
$5000 5172 and $5000 5173, respectively, by activating DSACK1 and DSACKO as 01,,
indicating completion of the cycle. .

If [D3] = $03F1 2517 (OP0O = $03, OP1 = $F1, OP2 = $25, and OP3 = $17), then data
transfer for MOVE.L D3, $5000 5170 takes place as shown in the following:

31 0
D3 103 F1I 25 17
DATA PINS
| 16

Word Memeory

MC68020 16-bit Memory
D31 DI6  s121 $1Z0 Al A0 DSACK DSACKO
First cycle 03 Fl 0 0 0 0 0 1
Second cycle 25 17 1 0 1 0 0 1

Now let us consider a misaligned transfer to a 16-bit device. For example, consider MOVE.L
D4, $6017 2421. Assume [D4] = $§7126E214, that is, OP0 = $71, OP1 = 26, OP2 = $E2, OP3 =
$14. Now, suppose that the device is 16-bit. In the first cycle, the MC68020 outputs $717126E2
via the multiplexor; the multiplexor places these data on D31-DO0 pins considering that the
device may be 8-, 16-, or 32-bit as follows:

D31 : D24 D23: D16 D15: D8 D7 : DO

71 71 26 E2

This is because the device accepts $71 if it is 8-bit via D31-D24 pins, $71 via D24-D16 pins if
it is 16-bit, and 24-bit data $7126E2 via D23-DO0 pins if it is 32-bit.
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For 8-bit and 32-bit devices, four and two cycles are required, respectively, to complete the
long-word transfer. Now, let us consider the 16-bit device for this example in detail.

In the first cycle, the MC68020 outputs SIZ1, SIZ0 as 00, indicating a 32-bit transfer, and
AlAQas 01,, indicating that a byte transfer is to take place via D23-D16 pins in the first cycle. The
memory device obtains $71 from D23-D16 and writes these data to $60172421 and then activates

DSACK1 DSACKO as 01,, indicating to the MC68020 that it is a 16-bit device. In the second
cycle, the MC68020 outputs SIZ1 SIZ0 as 11,, indicating that three more bytes remain to be
transferred, and A1A0 as 10, indicating a 16-bit transfer is to take place via D31-D16.

The memory device activates DSACK1 DSACKO as 01, to write $26E2 to locations
$60172422 and $60172423. The MC68020 then terminates the cycle.

In the third cycle, the MC68020 outputs SIZ1 SIZ0 as 01,, indicating a byte remaining to be
transferred, and AIAO as 00,, indicating that the remaining byte transfer is to take place via
1231-1224. The MC68020 then outputs $14 to D31-D24 pins. The device activates DSACK1
DSACKO as 01, and writes $14 to location $60172424. The MC68020 then terminates the
cycle.

Note that the MC68020 outputs the 32-bit address via its A31-A0 pins and the device uses
this address to write data to the selected memory location. Al and A0 are used by the device
to determine which data lines are to be used for data transfer. For example, the 16-bit device
transfers data via D16-D23 for an odd memory address and it transfers data via D31-D24 for
an even memory location. Therefore, SIZ1, S1Z0, Al, and A0 must be used as inputs to the
address decoding logic. This is discussed later.

The data transfer for the above example takes place as follows:

31
D+ [71]26] 62]14]
\
Data Data

D31-D24 D13-DI6

L |
Y
Word
Memory
First Cycle 71
Second Cycle 26 E2
Third Cycle 14
MCG68020 16-Bit Memory
SIZ1 SIZ0 Al AO DSACKT  DSACKO
0 0 0 1 ) 0 1
1 1 1 0 1
0 1 0 (4] 1

Figure 6.31 shows a functional block diagram for the MC68020 interfaces to 8-, 16-, and 32-

bit memory or I/O devices.
Aligned long-word transfers to 8-, 16-, and 32-bit devices are shown in Figure 6.32.
MC68020 byte addressing is summarized in Figure 6.33.
Figure 6.34 shows misaligned long-word transfers to 8-, 16-, and 32-bit devices,
Now, let us explain the other MC68020 pins.
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SiZ1
SIZ0
DSACKI
DSACKD
MC68020
MPU
DS

Al, AD

¥

Oyte
Enable
Logic
16
Brr

A31-AD

D31-DO

DSACK1 | DSACKO| Meaning

Hi Insert Wait State
Lo Complete Cycle, Port Size = 8 Bits

Hi Complete Cycle, Port Size = 16 Bits
Lo Complete Cycle, Port Size = 32 Bits

FIGURE 6.31

MC68020 dynamic bus sizing block diagram.

|31 24|23 16{15 | 0|
BE3 | I | I |

BE2 |
I | CC=Y R ]!
Brr BE]‘ l | | |
|BED [ | [ I
Iy ly Ty Ty !

Long Word Port
I
I
leeo [ %] I i
31 4|23y 16 | |
15 0 l I
l I
ke Word Port I |
| I
l I
I |
D31-D16| | I I |
| | |
| | | [ |
| I [ | |
. I | | [
Ig1 14I | I |
Jly 4
iy ||
I I |
B | | |
- Byte I [ |
Port

I I |
| I |
I I |
D31-D24 | [ | |
| I |
I I I

The ECS (external cycle start) pin is a MC68020 output pin. The MC68020 asserts this pin
during the first one half clock of every bus cycle to provide the carliest indication of the start
of a bus cycle. The use of ECS must be validated later with AS, since the MC68020 may start
an instruction fetch cycle and ther: abort it if the instruction is found in the cache. In the case
of a cache hit, the MC68020 does not assert AS, but provides A31-A0, SIZ1, SIZ0, and FC2-

FCO outputs.
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MC68020 Alignment: LONGWORD port - A1 = 0 and
| Byte0 [ Byte1 | Byte2 | Byte3 | A0 = 0 (mod 4) or WORD port - A0 =0

Register
\ \ /l / (med 2)
| Routing & Duplication MUX |

=

CpPU ?,iar‘g |D31 - D24]D23 - D16] D15-D8 | D7 - DO | Signal States on Every Bus Cycle |
1 x
Y _ L Y ¥ ., |sizi][sizo[ a1 [ Ao | DSACK: | DerrvE |
32-BitSlave | Byte 0 Byte 1 Byte 2 Byle 3 0 g |00 Lo Lo
v TR I SR ¥ T i R
16-Bit Slave Byle 0 Byte 1 : : 0 ojo| o Lo Hi
Byte 2 Byte 3 i o 1 9 ] 1 (2 Lo o }jl
Y U R A N T S
Byte 0 ! A Tl o005 Hi Lo
. Byte 1 ' ! I 1 110 1 Hi Lo
-Bit SI i
SR e ! ! Plalol1|o]| w Lo
Bte3 | ________t____rdoeflapa] oM | wo

*SIZ1] *SIZ0 | #Bytes

0 1 1
1 0 2
1 1 3
0 (¢] 4

* Size pins indicates number of bytes remaining to complete the operand transfer,

FIGURE 6.32  Aligned long-word transfer.

The MC68020 asserts the OCS (operand cycle start) pin only during the first bus cycle of
an operand transfer or instruction prefetch.

The MC68020 asserts the RMC (read-modify-write) pin to indicate that the current bus
operation is an indivisible read-modify-write cycle. RMC should be used as a bus lock to
ensure integrity of instructions which use read-modify-write opcrations such as TAS and CAS.

In a read cycle, the MC68020 asserts the DS (data strobe) pin to indicate that the slave
device should drive the bus. During a write cycle, it indicates that the MC68020 has placed
valid data on the data bus.

DEN (data buffer enable) is output by the MC68020 which may be used to enable external
data buffers.

The CDIS (cache disable) input pin to the MC68020 dynamically disables the cache when
asserted.

The interrupt pending ( IPEND) input pin indicates that the value of the inverted 1PL2 - 1PLO
pins is higher than the current 121110 in SR or that a nonmaskable interrupt has been recognized.

The MC68020 AVEC input is activated by an external device to service an autovector

The functions of the other signals such as AS, R/ W, IPL2-IPLO, BR, BG, and BGACK
are similar to those of the MCG68000.

The MC68020 system control pins are functionally similar to those of the MC68000.
However, there are some minor differences. For example, for hardware reset, RESET and
HALT pins need not be asserted simultancously. Therefore, unlike the MC68000, RESET and
HALT pins are not tied together in the MC68020 system.

RESET and HALT pins are bi-directional, open-drain (external pull-up resistances are
required), and their functions are independent.
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Longword (32-Bit) port

431

ATLAD = 00 01 10 11
(offset) i ¢ ¢ ¢
31 24123 16'15 87 0!
A31-A2 »  Byle 0 Byte 1 Byte 2 Byte 3
(4-byle block) Bylc4 | Byles Byte 6 Byte 7

SIZX = # of bytes 1

Example:
if: SIZ1 =0 then: 1st bus cycle, bytes 2,3
SIZ0O=0 will be accessed
Al =1 2nd bus cycle, bytes 4,5
A0=0 will be accessed
Word (16-Bit) port
AD = 0 1
(offsel) l i
31 241 23 16
A31-A1 —»1 Byle 0 Byte 1
(4-byle block) Bylc 2 Byte 3
SIZX = # ol bytes [ Byte 4 Byte 5
Byte 6 Byte 7
Examplé: : !
if: SIZ1=0 then: 1st bus cycle, byle 1
SIZ0=0 will be accessed
A0 =1 2nd bus cycle, byles 2,3
will be accessed
3rd bus cycle byle 4
will be accessed
Byte (8-Bit) Port
11 24!
A31-A0 —>» Byle 0
Byte 1
SIZX = # of bytes [ Byte 2
Byte 3
Byte 4
Byle 5
Byte 6
Byte 7

FIGURE 6.33 MC68020 byte addressing.

When HALT input is asserted by an external device, the following activities take place:
* All control signals become inactive.
* Address lines, R/'W line, and function code lines remain driven with last bus cycle
information.
* All bus activities stop after current bus cycle completion.

Assertion of HALT stops only external bus activitics and the processor execution continues.
That is, the MC68020 can continue with instruction execution internally if cache hits occur
and if the external bus is not_required.

The MC68020 asserts the HALT output for double bus fault. The BERR input pin, when
asserted by an external device, causes the bus cycle to be aborted and strobes negated. If the
BERR is asserted during operand read or write (not prefetch), exception processing occurs
immediately. The BERR pin can typically be used to indicate a nonresponding device (no
DSACKX received from the device), vector acquisition failure, illegal access determined by
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MC68020 [ gyte 0 Byte 1 Byte 2 Misalignment: LONGWORD port - A1 = 1
Registor 2y1e0 [ Byte1 | Byle2 | Byted | Ml (not mod 4) or WORD port - A0 = 1
k k ) ) (not mod 2)

|__Routing % Duplication MUX |

\I

CPU Data 5371 D24]D23 - D16] D15- D8 | D7-DO | Signal States on Every Bus Cycle
: i . Y . v . |sizi]sizo| a1 | Ao | DSACK: | DSACKD
32-Bit Slave . Byte 0 Byte 1 Byte 2 0 0 0 1 Lo Lo
Byte 3 G . . lolr1]o0|o0o| Lo _|_ _Lo__
1 ] I I ]
S NUTUUO S S I N U S S—
Byte 0 1 I 0 0]0 1 Lo Hi
16-Bit Slave | Byte 1 Byte 2 I‘ : 1 .11 | @ Lo Hi
Byte 3 : el __vJofr o o] Llo_ | _H__
N I I : :
W S — . l_ m e s e ]" L e, L T‘ e BEa Nt Bl h b D i R IR R K S I
Byte 0 i | : 00|01 Hi Lo
I
8:6i Slave |—202 1 : | BEREREAN Hi Lo
Byte 2 | | [ 1 0|1 1 Hi Lo
Byted | _ __L____'____‘Jol1 oo Hi__|_ _lo__

* These bytes must not be overwritten. Therefore, individual data strobes must be generate.cl by external
hardware either at the phone or at the 68020. ’

FIGURE 6.34 Misaligned long-word transfer.

memory management unit hardware such as access fault (protected memory scheme), and
page fault (virtual memory system).

Figure 6.35 shows the MC68020 reset characteristics.

The RESET signal is a bi-directional signal. The RESET pin, when asserted by an external
circuit for a minimum of 520 clock periods, resets the entire system including the MC68020.
Upon hardware reset, the MC68020 completes any active bus cycle in an orderly manner and
then performs the following:

« Reads the 32-bit contents of address $00000000 and loads it into the ISP (contents of
$00000000 arc loaded to the most significant byte of the ISP and so on)

+ Reads the 32-bit contents of address $00000004 into the PC (contents of $00000004 t&

most significant byte of the PC and so on)
» Sets 121110 bits of the SR to 111, sets S-bit in the SR to 1, and clears T1, T0, M bits in the SR
+ Clears the VBR to $00000000 .
» Clears the cache enable bit in the CACR
« All other registers are unallected by hardware reset

When the RESET instruction is executed, the MC68020 asserts the RESET pin for 512 clock
cycles and the processor resets all the external devices connected to the RESET pin. Software
reset does not affect any internal register.

Figure 6.36 shows a MC68020 reset circuit,

The Motorola MC3456 contains a dual timing circuit. The MC3456 uses an external
resistor-capacitor network as its timing elements. Like the MC1455 timer used in the 68000
reset circuit, the MC3456 includes comparators and an R-S flip-flop. From the MC3456 data
sheet, the RC values connected at the TRG input of the MC3456 will make output OP HIGH
for T = 1.1 R, C, seconds, where R, = resistor connected at the TSH = 1 Mohm, and C, =

ey
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External Reset Operation Timing

l:—{ = >520 Clocks —&)b-l

RESET [ | t<4 Clacks—»] o I
(
Bus gogoaoy nnY I L“‘ CIOCkS’J
7,7, VVAAN viVi AV A AV VWV AVAAN
Cycles n’a’a‘a’a’a’;’a’a‘s_a‘a’s’a’A‘a‘a‘a’n’a’a‘s‘a’a‘i’
ISP Fetch
Bus State Unknown:
XXX L PC et
All Control Signals Inactive refelc
Data Bus IE Read Mode > < Prefetch

* assunes 32-bit memory
Reset instruction asserts RESET pin for 512 clocks.

If reset instruction will not be executed,
Then RESET pin should be asserted for 2 10 clocks
Else RESET pin should be asserted for 2 520 clocks

Reset Flow Diagram

Vector Table

S=1,M=0
TO,T1 =0 Offset 31 0 Number
VBR =0 ) 0 ISP
Mask Bits = 7 $ 0
CACR=0 T 54 PC 1
Cache Entries Invalidated I 1
Fetch Vector Yes ) Double
No. 0 Bus Fault
A
Conlents of
Vector No, 0 Yes
—>» Stack-Ptr,
Y
Fetch Vector
No. 1

Contents of Prefeich
Vector No. 1 > Wi
—> Stack-Prr. 4 ¥rh

FIGURE 6.35 MC68020 reset characteristics (higher level exception).

capacitor connected at DIS = 0.47 pF. This means that OP will be HIGH for 517 msec (1.1
M *0.47 UF); the OP will then go back to LOW state. Therefore, the output of the inverter
(connected at OP) will be LOW for 517 ms.

The push button connected to the input of the debouncing circuit, when not activated, will generate
HIGH at the bottom input of AND gate #2 and LOW at the top of input of AND gate #1.

Since a NAND gate generates a HIGH with one of the inputs as LOW, the output of NAND
gate #1 will be HIGH. This means that both inputs of NAND gate #2 will be HIGH. Therefore,
the output of NAND gate #2 will be LOW. This LOW level is inverted and connected to a
WIRED.OR circuit along with the inverted OP of the MC3456 at the MC68020 RESET pin.
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+5 +5 | 45
ém 1K éu(
TSH DIs
= Motorola T 0.47pF
DM(J:3456 * OC INV
e Tel ual Timing
TRG Circuit 7406
J‘ 0.1uF
43 Io.mF
+5 Pull-Up
Resistor
1K
+5 +5 To 68020
RESET Pin
1K o T ¢ ]
Push NAND
Buiton 741500
1 3
__TJ.LD_‘ TSH = Threshold
! DIS = Discharge
K = Reset
CU = Control Voltage
)6 1 N2 OP = Output
NAND OC INV
74L500 7406

FIGURE 6.36 MC68020 reset circuit,

The output of the debouncing circuit will be HIGH when the push button is activated. For
example, activation of the push button will generate a HIGH at the top input of NAND gate
#1 and a LOW at the bottom input of NAND gate #2. The AND gate #2 will generate a HIGH
at its output. Therefore, the inverted output will be LOW which is presented at the WIRED.-
OR circuit of the 68020 RESET pin. A LOW will be provided at the 68020 RESET pin only
when both inputs are LOW, that is, when the push button is activated and inverted OP of
MC3456 is LOW,

The MC3456 timer will keep this RESET pin signal LOW for 517 msec. As mentioned
before, the 68020 requires the RESET pin to stay LOW for at least 520 clock cycles. For a 60-ns
(16-MHz) clock, the 68020 must then be LOW for at least 31.2 pis (520 * 60 ns). Since the reset
circuit of Figure 6.39 outputs a LOW for 517 msec (>31.2 ps) upon activation of the push
button, the 68020 RESET pin will be asserted properly.

Example 6.24

Determine the number of bus cycles, the bytes written to memory (in Hex), and signal levels
of Al, A0, SIZ1, and SIZ0 pins that would occur when the instruction MOVE.L D1, (A0) with
[D1] = $5012 6124 and [AO] = $2000 2053 is executed by the MC68020.
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Assume 1. 32-bit memory
2. 16-bit memory
3. 8-bit memory
Indicate the bus cycles in which OCS is asserted.
Solution

1. 32-bit memory; misaligned transfer since starting address is odd

MC68020 D31-DO0 pins

D31- D21- DI15- D7-
Al AD SIZ1 SIZ0| D24 D16 D8 DO
First bus cycle 1 1 0 0 50
Second bus cycle| 0 0 1 1] 12 | 6l 24
OCS is asserted in the first bus cycle.
2. 16-bit memory
MC68020 D31-D16 pins
Al A0 SIZ1 SIZ0| D31-D24 D23- D16
First bus cycle 1 1 0 0 50
Sccond bus cyclef 0 0 1 1 12 6l
Third bus cycle 1 0 0 1 24
OGS is asserted in the first bus cycle.
3. 8-bit memory
MC68020
Al A0 SIZ1 SIZ0 D31-D24 PINS
First bus cycle 1 1 0 0 50
Sccond bus cycle| 0 0 1 1 12
Third bus cycle 0 1 1 0 61
Fourth bus cycle 1 0 0 1 24

OCS is asserted in the first bus cycle.

Example 6.25

Determine the contents of the PC, SR, MSP, and the ISP after a MC68020 hardware reset.
Assume a 32-bit memory with the following data prior to the reset:
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MEMORY

$00000000 §50001234
$00000004 §72152614
REGISTERS
Msp $27140124
ISP $61711420
rc $35261271
SR §0301

Solution
After hardware reset, the following are the memory and register contents:

MEMORY
$00000000 $50001234
$00000004 §72152614

REGISTERS
MSr $27140124
IsT §50001234
rC $72152614
SR $2701

1514131211109 8 7 6 5 4 3 2 1 0

Note that [SR] = $2701 = [9L0[\[o[o[1[1[1ToTo o eJo]oToT1]
TITOS M 12 11 10 XNZVC

Therefore, TITO = 00, S = 1, M = 0, and 121110 = 111. Other bits are unaffected.

MC68020 Timing Diagrams

The MC68020 always activates all data lines. The MC68020 can perform either synchronous
or asynchronous operation. Synchronous operation permits interfacing the devices which use
the MC68020 clock to generate DSACKX and other asynchronous inputs. The asynchronous
input setup and hold times must be satisfied for the assertion or negation of these inputs. The
MC68020 then guarantees recognition of these signals on the current falling edge of the clock.

On the other hand, asynchronous operation provides clock frequency independence for
generating DSACKX and other asynchronous inputs. This operation requires utilization of
only the bus handshake signals ( AS, DS, DSACKX, BERR, and HALT). In asynchronous
operation, AS indicates the beginning of a bus cycle and DS validates data in a write cycle.
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f<— 6ONS —pl

S ey e MO A

5NS —>» 15NS

Sl mrrIIIIII. I

| -
Internal I
Sigoal <«——— Sync Delay >
FIGURE 6.37a  Synchronizing asynchronous inputs.
52 53 54 S5

B e, e T L

15NS
Asserted I ==
Unknown I I
lllegal I ’ l
Negated

L

In gereral, signal level must be maintained from S2 into S5 or results will be
unpredictable. An exception to this rule is bus error.

FIGURE 6.37b  Asynchronous input recognition.

The SIZ1, SIZ0, Al, and AO signals are decoded to generate strobe signals. These strobes
indicate which data bytes are to be used in the transfer. The memory or I/O devices then place
data on the right portion of the data bus for a read cycle or latch data in a write cycle. The
selected device finally activates the DSACKX lines according to the device size to terminate the
cycle. If no_DSACKX is received by the MC68020, or the access is invalid, the external device
can assert BERR to abort or BERR and HALT to retry the bus cycle. There is no limit on the
time from assertion of AS to the assertion of DSACKX, since the MC68020 keeps inserting
wait states in increments of one cycle until . DSACKX is recognized by the processor.

For synchronization, the MC68020 uses a time delay to sample an external asynchronous
input for high or low and then synchronizes this input to the clock.

Figures 6.37a and b show an example of synchronization and recognition of asynchronous
mnputs.

Note that for all inputs, there is a sample window of 20 ns during which the MC68020
latches the input level. In order to guarantee the recognition of a certain level on a particular
falling edge of the clock, the input level must be held stable throughout this sample window
of 20 ns. If an input changes during the sample window, the level recognized by the MC68020
is unknown or illegal. One exception to this rule is the delayed assertion of BERR where the
signal must be stable through the window or the MC68020 may exhibit erratic behavior.
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52

Rl e & T
5Ns—>
15NS
Assened{ DSACKx I

32-Bit
DSACKy i l |
sl

Port
DSACKx

Unknown* {

DSACKy ]

NSACKx
Negated l I

* But if asserted and if DSACKy asserted within 15NS, then 32-bit port

FIGURE 6.38a DSACKX input reccgnition.

52 54

I 53

—*15NS @
DSACKx —-————I
Asynchronous
OAIF
Data —_

CLK

DSACKx ‘
L~

Fully 31
Asynchronous U ’
S0NS MAX —»l

Data
I4—Cl MIN
@ 0-30NS  [€——»

DS,AS
FIGURE 6.38b  Protocol for reading data.

Note that if the BERR is asserted during an instruction prefetch, the MC68020 delays bus
error exception processing until the faulted data are required for execution. Bus error process-
ing will take place for faulty access if change in program flow such as branching occurs, since
the faulty data are not required. Also, after satisfying the setup and hold times, all input signals
must meet certain protocols. For example, when DSACKX is asserted it must remain asserted
until AS is negated. Figures 6.38a and b show timing of DSACKX input recognition and the
MC68020’s reading of data satisfying the required protocol.

In the timing diagrams of Motorola’s 68020 manuals, parameter #47 (47a and 47b) provides
the asynchronous input setup time of 20 ns. All numbers circled in the timing diagrams are
the timing paranseters provided in Motorola manuals.
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FIGURE 6.39a  Asynchronous bus cycle timing. All time is in nanoscconds.

In Figure 6.38b (synchronous operation), assertion of DSACKX is recognized on the falling
edge of §2; the MC68020 latches valid data on the falling edge of S4. For asynchronous
operation, data are latched 50 ns (parameter 31) after assertion of DSACKX. If DSACKX or
BERR is not asserted by the external device during the 20 ns window of the falling edge of 52,
the 68020 inserts wait states until one of these input signals is asserted. A minimum of three
clock cycles is required for a read operation. DSACKX remains asserted until AS negation is
satisfied in Figure 6.39a.
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FIGURE 6.39b Read cycle timing diagram. Timing measurements are referenced to and from a low
voltage of 0.8 volts and high voltage of 2.0 volts, unless otherwise noted. The voltage swing through this
range should start outside and pass through the range such that the rise or fall will be linear between 0.8
and 2.0 volts.

Figure 6.39a shows asynchronous bus cycle timing along with various parameters. Figures
6.39b, ¢, and d show typical MC68020 read and write timing diagrams (general form) along
with their AC specifications. Note that in Figures 6.39b and c signals such as SIZ0, SIZ1,
DSACKX, D0-D31, Al, and AQ, which precisely distinguish data transfers between 8-, 16-,
and 32-bit devices, are kept in general form.
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FIGURE 6.39c  Write cycle timing diagram. Timing measurements are referenced to and from a low voltage
of 0.8 volts and a high voltage of 2.0 volts, unless otherwise noted. The voltage swing through this range should
start outside and pass through the fange such that the rise or fall will be linear between 0.8 and 2.0 volts. “Note

5" refers to Figure 6.39d.

6.12 Exception Processing

The MC68020 exceptions are functionally similar to those of the MC68000 with some minor
variations. The MC68020 exceptions can be generated by external or internal causes. Exter-
nally generated exceptions include interrupts, bus errors, reset, and coprocessor-detected
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125MHz | 16.67 MHz 20 MHz 25 MHz )
Num, Characteristic - - - Unit
Min | Max | Min | Max | Min | Max | Min | Max
6 | Clock High to Address/FC/Size/AMC Valid 0 40 0 30 25 0 25 | ns
6A | Clock High to ECS, OCS asserted 0 30 0 20 15 0 15 | ns
7 | Clock High to Address/Data/FC/RMC/Size High 0 80 0 60 50 0 40 | ns
Impedance
8 | Clock High to Address/FC/Size/AMC Invalid 0 - 0 - 0 - 0 - ns
9 | Clock Low to AS, DS Asserted 3 40 3 30 3 25 3 20 ns
9A' | AS to DS Assertion (Read) (Skew) 20 | 20 | 45| 15 | -10 [ 10 | -10 | 10 | ns
10 | ECS Width Asserted 25 - 20 - 15 - 10 - ns
10A | OCS Width Asserted 25 - 20 - 15 - 10 - ns
| 1087 | ECS, OCS Width Negated o= |45 =140 s~ 581 = | os
116 | Address/FC/Size/AMC Valid to AS Asserted (and DS 20 - 15 - 10 - 5 - ns
Asserted, Read)
12 | Clock Low to AS, DS Negaled 0 40 0 | 30 0 25 0 20 | ns
12A | Clock Low to ECS, OCS Negated 0 40 0 30 0 25 0 20 | ns
13 | AS, DS Negated to Addess/FC/Size/AMC Invalid 20 =] 15 - 10 - 5 - ns
14 | AS (and DS Read) Width Asserted 120 | - 100 | - 85 - 65 - ns
14A | DS Width Asserted, Write 50 - 40 - 38 - 30 - ns
15 | AS, DS Width Negated 50 - 40 - 38 - 30 - ns
15A8 | DS Negated to AS Assertedd 45 - 35 - 30 - 25 - ns
16 | Clock High to AS/DS/R/W/DBEN High Impedance ~ 80 -~ 60 - 50 - 40 | ns
176 | AS, DS Negated to R/W High 20 - 15 - 10 - 5 - ns
18 | Clock High to R/W High 0 40 0 30 25 0 20 | ns
20 | Clock High to R/W Low 0 40 0 30 25 0 20 | ns
216 | RAW High to AS Asserted 20 - - - - ns
226 | R/W Low to DS Asserted (Write) 90 - - - - ns
23 | Clock High to Data Out Valid - - - - ns
256 | AS, DS Negated to Data Out Invalid 20 - 15 - 10 - 5 - ns
25A9 | DS Negated to DBEN Negated (Write) 20 - 15 - 10 - 5 - ns
265 | Date out Valid to DS Asserted (Write) 20 - 15 - 10 - 5 - ns
27 | Data-In Invalid to Clock Low (Data Setup) 10 - 5 - 5 - 5 - ns
27A | Late BERR/HALD Asserted to Clock Low Setup Time 25 - 20 - 15 - 10 - ns
28 |AS, DS Negated to DSACRWBERR/HALT/AVEC o [110 | o 80 0 65 0 5 | ns
Negated 2
29 | DS Negated to Data-In Invalid (Date-In Hold Time) 0 - 0 - 0 - 0 - ns
29A | DS Negated to Data-In (High Impedance) - 80 - 60 - 50 - 40 | ns
312 | DSACKXx Asserted to Data-In Invalid - 60 - 50 - 43 - 32 ns
- 31A3 Wmnm 1o DSACKx Valid (OSACK Asserted - 20 - 15 - 10 - 10 | ns
aw

FIGURE 6.39d Read and write cycle specifications,

errors. Internally generated exceptions are caused by certain instructions, address errors,
tracing, and breakpoints. Instructions that may cause internal exceptions as part of their
instruction execution are CHK, CHK2, CALLM, RTM, RTE, DIV, and all variations of the
TRAP instruction. In addition, illegal instructions, privilege violations, and coprocessor vio-
lations cause exceptions. Table 6.24 lists the priority and characteristics of all MC68020

exceptions.
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12.5 MHz 16.67 MHz 20 MHz 25 MHz
Num, Characteristic - - - Unit
Min | Max | Min | Max | Min | Max | Min | Max
32 | RESET Input Transition Time - 1.5 - 15 - 15 - 1.5 | Chks
33 | Clock Low 10 BG Asserted 0 40 0 30 0 25 | o 20 | ns
34 | Clock Low 1o BG Negated 0 40 0 30 0 25 0 20 | ns
35 | BR Asserted to BG Asserted (RMC Not Asserted) 15 | 35 | 15 | 35 | 1.5 | 35 | 1.5 | 3.5 [Chks
37 | BGACK Asserted to BG Negated 15| 35 | 1.5 |35 1.8 | 35 15 | 3.5 | Chks
37A | BGACK Asserled to BR Negated o |15| 0o | 15| o | 15| 0 | 1.5 [Chks
39 | BG Width Negated i 120 | - 90 - 75 - 60 - ns
39A | BG Width Asserted 120 | - 90 - 75 - 60 - ns
40 | Clock High to DBEN Asserted (Read) 0 40 0 30 0 25 0 20 ns
41 | Clock High 1o DBEN Negated (Read) 0 40 0 30 0 25 0 20 ns
42 | Clock Low to DBEN Asserted (Write) 0 40 0 30 0 25 0 20 ns
43 | Clock Low to DBEN Netgated (Write) 0 40 0 30 0 25 0 20 ns
445 | R/W Low to DBEN Asserted (Write) 20 - 15 - 10 - 5 - ns
456 | DBEN Width Asserted Read| 80 [ - [60 | - |50 | - |40 | = | ns
Write | 160 120 100 80
46 | RAN Width Asserted (Write and Read) - - - - ns
47A | Asynchronous Input Setup Time 180 - 150 - 125 - 100 - ns
47B | Asynchronous Input Hold Time 10 - 5 - 5 - 5 - ns
484 | DSACKs Asserted to BERR/HALT Asserted - 35 - 30 - 25 - 20 | ns
53 | Date Out Hold from Clock High 0 - 0 - 0 - 0 - ns
55 | RAW Asserted to Data Bus Inpedance Changes 40 - 30 - 25 - 20 - ns
56 | RESET Pulse Width (Reset Instruction) 512 - 512 - 512 - 512 — | Chks
57 | BERR Negated to HALT Negated (Rerun) 0 - 0 - 0 - 0 - ns
5810 [ BGACK Negated to Bus Driven 1 - 1 - 1 - 1 - | Chks
5910 | BG Negated to Bus Driven 1 - | 1 - 1 - 1 - | Chks

Notes:

1. This number can be reduced to 5 nanoseconds if sirobes have equal loads. ;

2. i the asynchronous setup lime (#47) requirements are satisfied, the DSACKX low 1o data setup time (#31) and DSACKXx low to
BERR low setup lime (#48) can be ignored. The data must only satisty the data-in to clock low setup time (#27) for the
following clock cycle. BERR must only satisly the late BERR low to clock low selup time (#27A) for the following clock cycle.

3. This parameter specilies the maximum allowable skew between DSACKO to DSACK1 asserled or DSACK1 to DSACKO asserted,
specification #47 must be met by DSACKO to DSACK1, ;

4. In absence of DSACKx, BERR is an asynchronous input using the asynchronous input setup time (#47).

5. DBEN may stay asserted on consecutive wrile cycles.

6. Actual value depends on the clock input waveform, knas oy

7. This is a new specification that indicates the minimum high time for ECS and OCS in the event of an internal cache hit followed
immediately by a cache miss or operand cycle. e —

8. This is a new specification that guarantees operation with the MC68881, which specifies a minimum time for DS negated to AS
asserted (specification #13A). Without this specilication, incorrect interpretation of specifications #9A and #15 would indicated that
the MC68020 does not meet the MC68881 requirements. :

9. This is a new specification that allows a system designer to guarantee data hold times on the output side of data buffers that have

outpul enable signals generaled with DBEN.

10. These are new specifications that allow system designers lo guarantee that an alternate bus master has stopped driving the bus

when the MC68020 regains control of the bus alter an arbitration sequence.

FIGURE 6.39d (continucd)

MC68020 exception processing is similar in concept to the MC68000 with some minor
variations. In the MC68020 exception processing occurs in four steps and varies according to
the cause of the exception. The four steps are summarized below:

1. During the first step, an internal copy is made of the SR, and the SR is set for exception
processing. This means that the status register enters the supervisor state and tracing is
disabled.



444 Microprocessors and Microcomputer-Based System Design, 2nd Edition

TABLE 6.24 Exception Prioritics and Recognition Times

Exception priorities Time of recognition
Group0 .0  Reset - End of clock cycle
Groupl .0  Address error .
1 Bus error
Group 2 0 BKPT #N, CALLM, CHK, CHK2, cp TRAPcc  Within an instruction cycle

cp mid-instruction
cp protocol violation, divide-by-zero, RTE,
RTM, TRAP #N, TRAPV

Group3 .0 lllegal instruction, unimplemented LINE F, Before instruction cycle begins
LINE A, privilege violation, cp preinstruction
Group4 .0  cp post-instruction End of instruction cycle
A Trace
2 Interrupt

Note: Halt and bus arbitration are recognized at end of bus cycle. 0.0 is highest priority; 4.2 is lowest.

2. In the second step, the vector number of the exception vector is determined from cither
the exception requesting peripheral (nonautovector) or internally upon assertion of the
AVEC (autovector) input. Note that in the MC68000, VPA isasserted for autovectoring.
The vector base register points to the base of the 1-KB exception vector table which
contains 256 exception vectors. The processor uses exception vectors as memory point-
ers to fetch the address of routines that handle the various exceptions.

3. In the third step, the processor saves PC and SR on the supervisor stack. For coprocessor
exceptions, additional internal state information is saved on the stack as well. ‘

4. The fourth step of the execution process is the same for all exceptions. The exception
vector is determined by multiplying the vector number by four and adding it to the
contents of the vector base register (VBR) to determine the memory address of the
exception vector. The PC (and ISP for the reset exception) is loaded with the exception
vector. The instruction located at the address given in the exception vector is fetched
and the exception handling routine is thus executed.

Exception processing saves certain information on the top of the supervisor stack. This
information is called the exception stack frame.

The MC68020 provides six different stack frames. The sizes of these frames vary from four-
words to forty six words depending on the exception. For example, the normal four word stack
frame is generated by interrupts, privilege violations etc. A six-word stack frame is generated
by instruction-related exceptions such as CHK/CHK2 and zero divide.

The MC68020 utilizes the concept of two supervisor stacks pointed to by MSP and ISP. The
M-bit (when S = 1) determines the active supervisor stack pointer. The MC68020 accesses
MSP when § = 1, M = 0. The MSP can be used for program traps and other exceptions, while
the ISP can be used for interrupts. The use of two supervisor stacks allows isolation of user
processes or tasks and asynchronous supervisor I/0 tasks. .

IPL2, IPL1, IPLO, AVEC, and IPEND pins are used as the MC68020 hardware interrupt
control signals (Figure 6.40). The MC68020 supports seven levels of prioritized interrupts
encoded by using IPL2, IPL1, IPLO pins like the 68000. , ‘

In Figure 6.40, when an interrupting priority level 1 through 6 is requested, the MC68020
compares the interrupt level to the interrupt mask to determine whether the interrupt should
be processed. An interrupt recognized as valid does not force immediate exception processing;
a valid interrupt causes IPEND to be asserted, signaling to external devices that the MC68020
has an interrupt pending. Exception processing for a pending interrupt that begins at the next
instruction boundary of a higher priority exception is also not currently valid. The DESKEW
logic in Figure 6.40 continuously samples the IPL2-IPL0 pins on every falling edge of the
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FIGURE 6.40 Interrupt control signals.
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clock, but deskews or latches an interrupt request when it remains at the same level for two
consecutive falling edges of the input clock. Figure 6.41 gives an example of the MC68020
interrupt deskewing logic.

Whenever the processor reaches an instruction execution boundary, it checks for a pending
interrupt. If it finds one, the MC68020 begins an exception processing and executes an
interrupt acknowledge cycle (IACK) with FC2 FC1 FCO = 111,and A19 A18 A17 A16 = 1111,
The MC68020 basic hardware interrupt sequence is shown in Figure 6.42a. Figure 6.42b shows
the interrupt acknowledge flowchart. Before the interrupt acknowledge cycle is completed, the
MC68020 must receive either AVEC, DSACKX, or BERR; otherwise it w111 execute wait
states_until one of these input pins is activated externally.

If AVEC is asserted, the MC68020 automatically obtains the vector address internally
(autovectored). If the MC68020 DSACKX pins are asserted, the MC68020 takes an 8-bit
vector from the appropriate data lines (D0-D7 for 32-bit device, D16-D23 for 16-bit device,
and D24-D31 for 8-bit device). This is called nonautovectored interrupts and the MC68020
obtains the interrupt vector address by adding VBR with 4 * (8-bit vector).

Figure 6.43 shows an example of autovectored and nonautovectored interrupt logic. FmaUy, _
if the BERR pin is asserted, the interrupt is considered to be spurious and the MC68020
assigns the appropriate vector number for handling this.

Example: level 5 followed by level 7 request .

IPLO

e

IPL1

IPL2

[ el T B

I il ]
R et B T

(T Ll B O T TR T R
I R e LT
R I e B

[T EETEEEE TR

Level Sampled:

Level Deskewed: Nolnlcnupl ——-—~—-—>|<——— —>|<—n—>|<7

FIGURE 6.41 MC68020 interrupt deskewing logic.



446 Microprocessors and Microcomputer-Based System Design, 2nd Edition

f H IPLX. .
Inlggu‘fggg gie;lé:es Int. Le:els . Conu?:ue In
1 >Mask or urrent Program
IPLO - IPL2 Lines v 8

Yes

MC68020 Finishes
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Y
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FIGURE 6.42a MC68020 basic hardware interrupt sequence.

PROCESSOR INTERRUFTING DEVICE

Acknowledge Interrupt ———l Request Interrupt I

1) Compare Interrupt Request Leve| with
Interrupt Mask
2) Set R/W to Read
3) Set Function Code to CPU Space to 111
4) Place Interrupt Level on A1, A2, and
and A3. Type Field = IACK = A19-A16 = 1111
5) Set Size to Byle == <
6) Assert Address Strobe (AS) and
Data Strobe (DS) Provide Vector Information

~

= 1) Place Vector Number of Least Significant
Byte of Data Port (Depends on Port Size)
2) Assert DSACKx
-0r -
1) Assert AVEC for Automatic Generation of

Acquire Vector Information i~ Vector Number

1) Latch Veclor Number
2) Negate DS and AS Release

1) Negate DSACKx

Start Interrupt Processing

FIGURE 6.42b Interrupt acknowledge sequence flowchart.

6.13 MC68020 System Design

The following MC68020 system design will use a 128-KB, 32-bit wide memory and 8-bit
parallel I/O port. The memory system is partitioned into four unique address space encodings:
user data, user program, supervisor data, and supervisor program. This design uses RAMs for
memory accesses and EPROMs for program memory accesses. Each address space has 32 KB
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FIGURE 6.43 Autovectored and nonautovectored interrupt logic.

of memory available for use. Data I/O port space is appended to either user or supervisor data
spaces (sec MEMORY MAP); this is done by decoding the user/supervisor data space and
address line Al7.

The 32-bit-wide system memory consists of 4-byte-wide memories, each connected to its
associated portion of the system data bus (D24-D31, D16-D23, D8-D15, and D0-D7). To
manipulate this memory configuration, 32-bit data bus control byte enable logic is incorpo-
rated to generate byte strobes (DBBEE44, DBBEE33, DBBEE22, and DBBEE11) (Table 6.25).

The control byte enable state table shows the necessary individual byte strobe states as
dictated by the MC68020’s size (SIZ1, SIZ0) and address offset (Al, A0) encodings.

Karnaugh Maps (Table 6.26) for each data strobe signal have been created to identify the
logic required to implement its state table requirement. The logic created for each data strobe
is then combined into a complete 32-bit control logic schematic and connected to the memory
structure as shown in the system hardware schematic diagram (Figure 6.44).

The system hardware design also identifies the required interconnections between the
MC68020 MPU, the 74LS138 address space decoder, the EPSON SRM 20256LC (32KX8
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TABLE 6.25 Control Byte Enable State Table for 32-Bit Device
SIZ1 SIZ0 Al AO DBBElIl DBBE22 DBBE33 fJBBE'M

0 1 o o 1 0 0 0
0 1 0 1 0 0
1 0 0 0 1 0
1 | 0 0 0 1
1 0 0 0 1 1 0 0
0 1 0 1 1 0
1 0 0 0 1 1
1 1 0 0 0 1
1 1 0 0 1 1 1 0
0 1 0 1 1 1
1 0 0 0 1 1
1 1 0 0 0 1
0 0 0 0 l 1 1 1
0 1 0 1 1 1
1 0 0 0 1 1
1 1 0 0 0 1
Hardware Design : ;
68020 System with128K x 32-Bit Mecmory and 8-Bit 1/O Port "
MEMORY
MAP
(FC2-FC0) (FC2-FC0) (FC2-FCO0) (FC2-FC0)
-001, = 010; -101; =100,
$00000 RAM 500000 ROM . 500000 RAM $00000 ROM
USER USER SvIIJPB&- SUPER-
DATA PROGRAM S:R YHOR
MEMORY MEMORY Bk A,JJ' FAOGRAN
SPACE SPACE B0 MEMORY
- SPACE SIPACE
SIFFFF 32Kx 32 SIFFFF 32Kx32 SIFFEF 32Kx32 $IFFFE 32Kzx32
$30000| DATA $30000 | DATA
5 1/0 PORT] 5 1/0 PORT]
|_SPACE | _SPACE |
$3001F $3001F
Assume all don't cares to be zeros.
A17=0 for mempry, 1 for I/O.
TABLE 6.26 K Maps for' Strobe Signals for 32-Bit Devices
Al
SIZ1
A0
S1Z0 00" 01 1 10
00| |1
01 1
K-MAP{
i n |
10 1

DBBE11 = Al * AQ
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TABLE 6.26 K Maps for Strobe Signals for 32-Bit Devices (continued)

Al
DBBE11
AQ =

DS DBBE1
A17=0
5121
AD
5120 00 01 1 10
1
o | | @
o1 1
K-MAP2
ni|n 1
e ~
10| [ |

DBBE22 = SIZ1sA1 + Al +AD + SIZO*AT

SIZ1 —13—
A17=0

Al — T\ T
e ) » e DBBE22 DBBEZ

Ds
SIZo— ———_D_—
Al
SIZ1

AQ
$1Z0 o0 01 11 10
o | D 1
01 1

K-MAP3

11(1__—3 1
ol WU

DBBE33 = Al » AD + SIZ1#A15AD + SIZ1 «SIZOsAT + SIZ1+SIZ0Al
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TABLE 6.26 K Maps for Strobe Signals for 32-Bit Devices (continued)

e =

—~
./ @
: DBBE3 -
oz o~ |2~ DBBES
L/ s
A17=0
smo-—-«jD_ Al
. SIZ1 AD
- 00 o1 11 10
ooff{v{ 1 [h]] 1]
01 1
K-MAP4
1 EREYE
10 1] A

DBBE44 = SIZ1+51Z0 + A1=AQ + SIZ1=A1 + SIZ1+51Z0« A0

SIZ1 »——D_
SIZ0
A0
DBBE44
Al $ DOBBE4
D5 ——
N Al7 =0

CMOS SRAM with 120 ns access time) user/supervisor data RAMs, the 27C256 (32KX8
CHMOS EPROM with 120 ns access time) user/supervisor program EPROMs, the 32-bit port
control logic, and the MC68230 parallel I/O interface.

Since cach memory is 32 KB x 8, only MPU address lines A2-Al16 are connected. The
74LS138 selects memory banks to enable, as dictated by the decoder FC2-FCO0 signals. Control
logic-gencrated data strobes ( DBBE4- DBBEI) select which byte-wide portion of the data bus
to activate. The 8-bit parallel /O interface (MC68230) provides three bidirectional 8-bit ports
as well as asynchronous handshake signals necessary for communication protocols.

The control byte enable logic diagram for generating DBBE1-DBBE4 is shown in Figure
6.45.

The enable logic uses A0, A1, SIZ0, and SIZ1 to decode DBBE1 — DBBE4. The memory is
separated into four address space spaces: user data, user program, supervisor data, and
supervisor program. The 68020 address pin A17 is used to select memory or I/O (A17 = 0 for
memory, A17 =1 for I/O). The 68020 DSACKI and DSACKO pins for 32-bit memory ( DSACKI1
=0, DSACKO =0) arc asserted by DBBEl — DBBE4 via appropriate logic shown in Figure 6.44.
For the 68230 8-bit I/O chip, the 68020 DSACK1 and DSACKO pins must be asserted as
DSACKI1 = 0and DSACKO = 1 for I/O transfer. Note that DSACKI = 1 and DSACKO= 1 mean
insert wait states.
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FIGURE 6.44 68020-based microcomputer.
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The data enable signals ( DBBEI — DBBE4) are connected to the OE pin of each memory
chip to ensure selection of correct memory segment. A sample window of at least 20 ns is
needed for DSACKI and DSACKO; otherwise these signals will be unknown or illegal.

Each cycle of the 68020 with an 8-MHz clock is 125 ns. The 68020 samples DSACKX at the
end of two clock cycles (250 ns for 8 MHz). If the 68020 DSACKX pins are asserted with at least
20 ns window, the 68020 will latch data at the end of three cycles (375 ns at the falling edge
of §4).

Let us discuss the timing requirements of Figure 6.44.

The 27C256 EPROM and SRM 20256LC SRAM have access times of 120 ns each. The byte
enable signals ( DBBE1 — DBBE4) are derived from the 68020 DS and some other signals as
shown in Figure 6.45. Among these signals, DS takes the longest to go to a LOW (approxi-
mately 1.2 cycles for a read and 2 cycles for a write). This means that each memory chip is
enabled by the appropriate DBBEl — DBBE4 signals after 150 ns for read (EPROM and
SRAM) and 250 ns for write (SRAM) for an 8 MHz 68020. With 120 ns access time, the write
operation for the SRAMs will take the longest (370 ns). Since the 68020 latches data at the end
of three cycles (375 ns for 8 MHz) without any wait statcs, appropriate delays for assertion of
DSACKX along with at least 20 ns window must be provided. A dclay of 500 ns (arbitrarily
chosen) with associated logic is included in Figure 6.44 to accomplish this. A ring counter can
be used for the delay circuit.

The 68020-based microcomputer in Figure 6.44 includes 32-bit memory and 8-bit [/O.
Note that DSACK] and DSACKO signals are asserted as 00 for 32-bit, 01 for 8-bit, and 11 to
insert wait states.

Consider timing requirements for 32-bit memory in Figure 6.44. When 2 memory chip is
selected for read or write, one or more of the enable signals (DBBE1 — DBBE4) will be LOW.
This will provide a LOW at the output of AND gate 1. This, in turn, will drive the DSACKO
pin of the 68020 to a LOW. The 68020 AS pin along with the output of AND gate 1 at inputs
of AND gate 3 will enable the 500 ns delay circuit. This will drive the 68020 DSACKI1 pin to
a LOW after 500 ns providing at least 20 ns window for the 68020 DSACKX pins and
appropriate timing for both EPROMs and SRAMs.

Next, consider timing requirements for the 8-bit I/O. After I/O is selected, the 68230
DTACK pin goes to a LOW and the memory enable lines ( DBBE1 — DBBE4) are all HIGH.
The output of AND gate 1 and inverted DTACK will drive DSACKO to a HIGH. Also, the
output of AND gate 1 along with the 68020 AS pin will provide a LOW at the 68020 DSACK1
pin after 500 ns indicating an 8-bit device. Thus, timing requirements for 8-bit I/O are

satisfied.

QUESTIONS AND PROBLEMS

6.1 Find the contents of 68020 registers that are affected and the condition codes after
execution of

i) ADD.B D2, D3
ii) ADD.W D5, D6
i) ADDA.L A2, Ad

Assume the following data prior to execution of cach of the above instructions:

[D2] = $01F462F1
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[D2] = $01F462F1
[D3] = $01001110
[D5] = $00008210
[D6] = $00001010
[A2] = $71240010
[A4] = $21040100

6.2 i) How many ALUs does the 68020 have? Comment on the purpose of each.
ii) What is the purpose of the 68020 32-bit barrel shifter?

6.3 a) Summarize the basic differences between the 68000 and 68020.
b) Discuss the differences between 68000 and 68020 debug capabilities implemented in
their status registers. Will the instructions listed below cause trace or change of flow:

i) MOVE SR, D5
ii) TRAPEQ START

when Z =17
6.4 Determine the number of bus cycles, the bytes written to memory (in Hex), and signal

levels of A1, AQ, SIZI, and SIZ0 pins that would occur when the following 68020 instruction

MOVE.W D2, (A5) with
[D2] = $20161462 and
[A5] $10057012

is executed. Assume:

- i) 16-bit memory
ii)  8-bit memory

6.5 Show the contents of the affected 68020 registers and memory locations after execution
of the instruction:

MOVE ($100, A5, D3.W *4), D1

Assume the following register and memory contents prior to execution of the above instruc-
tion:

[A5] = $0000F210
[D3] = $00001002
[D1] = $F125012A

[$00013318] = 54567
[$0001331A] = $2345

6.6 Show the contents of the affected 68020 rcglstcrs and memory locations after execution
of the instruction:

MOVE-B ([$102, A2, DO.W * 2],5206), D1

Assume the following register and memory contents prior to execution:

[A2] = $0000 0100
[DO] = $0000 0020
[D1] = $0000 0300
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Mcemory

$0000 0240 1567 0200

0300 1500

50200 0500 1756 1020

2050 1F21

1072 F217

6.7 A subroutine in the supervisor mode is required to read a parameter from the stack
configuration given below:

i o
A7' = 500002000 —> ]
$000020002 — rce —
$00002004 SR
500002006 PARAMETER

Write a 68000 instruction sequence to read the parameter into D5 and then write the equiva-
lent 68020 instruction. Assume that the (A7") and the offset of the parameter (6) are known.

6.8 The 68000 instruction sequence below scarches a table of 10,, 32-bit elements for a
match. The address register A5 points to element 0, D3 contains the length (10,,) to be
searched, and D2 contains the number to be matched. Find the 68020 single instruction which
can replace lines 3, 4, and 5.

Line

1 MOVE.B #10, D3

2 SUBQ.B #1, D3

3 START MOVE D3, D5

4 ASL.L #2, D5

5 cMP.L O(A5, D5.L), D2
6 DBEQ D3, START

6.9 Find the contents of D1, D2, A4, CCR and the memory locations after exccution of the
following 68020 instructions:

i) BFEXTS $5000 {8:16}, D4
ii) BFINS D2, (Ad) {D1l:4}
iii) BFSET $5000 ({D1:10}
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Assume the following data prior to execution of each of the above instructions:

[D1] = $0000 0004 [D4] = $0000 3000
[D2] = $1234 5678 [A4] = $0000 5000
7 0
o =20 T O O I T O 9 U

b Y 1 N O T 1 O U 0 O O T 1

§5000—> 0 (0|10 1]|]0f0]1

3 |011j011}1(1})0]0

#16 )1 [0 [ L0 L]i0fd]1

6.10 Find the 68020 condition codes after exccution of CMP2.W (A2), D7. Determine the
range of valid values. Indicate whether the comparison is signed or unsigned. Also, indicate the
register values along with upper and lower bounds on the following:

L |

lower bound upper bound

Assume the following data prior to execution:

[D7] = $F271 1020

Memory
15 0
A2 —>» 1271

A2+2—> 0200

6.11 Find the 68020 condition codes and also determine if an exception occurs due to
execution of

CHK2.W $5002, Al

Assumec the following data prior to execution:

[Al] = $0000 F200

Mcemory
1S 0
$5002 —>»1  F000

$5004 —>»| FFFF

6.12  Fill in the missing hex values for the following 68020 instructions:
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Address Instruction Label Mnemonic
$0200 0200 $60 — — START 0 BRA.B START2
$0200 0206 $60 — — START.1 BRA.W STARTO
$0200 020F . START 2

6.13 Identify the following 68020 instructions as valid or invalid. Comment if an instruction
is invalid? '

i) BFSET (A0) ({-2:5}, D7
ii) DIVS D5,D5
ili) CHK.B D2, (Al)

6.14 Determine the values of Z and C flags after execution of each of the following 68020
instructions:

i) CHK2.W (A5), D3
ii) CMP2.L $2001, AS

Assume the following data prior to execution of each of the instructions:

Mcmory
15 0
§2000 —» 3400

[D3] = §0200 1740

[A5] = S0000 2004
0701

1800

2004

1E21

6.15 Write a 68020 assembly language program o compute
20
Y=Y Xi'/N
i=1

Assume Xi’s to be unsigned 32-bit numbers and the array starts at $0000 2000.

6.16 Write a 68020 assembly language program to translate each of 10 packed BCD digits to
its ASCII equivalent. Assume that the BCD digits are stored at an address starting at $5000 and

above. Store the ASCII bytes starting at $6000.



458 Microprocessors and Microcomputer-Based System Design, 2nd Edition

6.17 Whatare the minimum times for a read bus cycle and a write bus cycle for a 16.67-MHz
68020?

6.18 What are the functions of the 68020 VBR, CACR, and CAAR?

6.19 Determine the values of FC2, FC1, FC0, SR, MSP, ISP, PC, A31-A0, D31-D0, SIZ1,
SIZ0, and R/ W of the 68020 upon hardware reset for the first 3 bus cycles. Assume the
following memory contents prior to reset:

Memory

31 0

$0000 0000 2000 0100

$0000 0004 5000 9002

$0000 0008 7001 2000

$5000 9000 2100 3600

$5000 9004 0100 Fo00

6.20 For a 25-MHz 68020

i) Determine the length of time an address is valid during assertion of AS for a read
bus cycle. Assume no wait states. .

ii)  Determine the length of time the data is valid when DS is asserted during a write
bus cycle. Assume no states.

6.21 i) What happens to the 68020 when BERR and HALT pins are asserted together?
ii) Identify which of the following 68020 instructions cause the RMC signal to be
asserted: CAS2, TAS, CHK2, CALLM.
iii)  Which signals cause RMC to be asserted?
iv)  What happens when 68020 IPEND is asserted?

6.22 i) Which exceptions of the 68020 are not available on the 680007
ii)  What is a throwaway stack frame? When is it created?
iii)  List two 68020 instructions which may cause a format crror exception,
iv) How would the 68020 get out of a double bus fault?

6.23 Draw a neat schematic to interface a 4K EPROM, 4K RAM, and 2 I/O ports. Use 2716,
6116, 68230, and a 68020. Determine memory and 1/O maps.

6.24 Assumea 68020/68881 system. Write a program in 68020 assembly language to find the
area of a circle, A = mr?, where r is the 32-bit radius of.the circle, in single precision.

6.25 What are the purposes of the 68020 CALLM and RTM instructions?
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6.26 Determine the contents of the 68020 registers, memory locations and condition code
register after execution of CAS.B D2, D4, (A0). Assume the following data prior to execution
of the instruction:

[DO] = $0000 0000
[D5] = S$AAAA AAAA
[D6] = $0000 3AAB
[D1] = $0000 0001

6.27 Determine the contents of the 68020 registers and memory locations after execution of
CAS2.W D5:D6, D0:D0, (A5):(A6). Assume following data prior to execution:

[DO] = $0000 0000
[D5] = S$AAAA AAAA
[D6] = $0000 3AAB :
[D1] = $0000 0001
Memory
15 0
Ab seezEs > [AAAA
AG = > |3JAAA

6.28 i) Name two cxception vectors for the MC68851 and the MC68881.
ii)  What is the size of the 68020 on-chip cache?
iil)  What is the 68020 cache access time?

6.29 What are the values of SIZ1, SIZ0, FC2, FC1, FCo, R!W, and A31-AQ pins after
execution of the 68020 BKPT #3 instruction?

6.30 Determine the values of FC2, FC1, FC0, and A31-A0 pins for a 68020 CPU space cycle
with a floating-point coprocessor command register being accessed.

6.31 Assume a 68020/68881 system. Write a program in 68020 assembly language to find the
magnitude of the complex number,
Z=X+iY

where i=+/-1

Assume X and Y are 32-bit integers.

6.32 Determine the effects of executing CAS.B D3,D5,(A0). Assume the following data prior
to execution:

[D3] $2512 2551

[D5] $7015 2652

[Al] = $5000 0004

[$5000 0004] = $5312 and
[CCR] = $0000 0010,.

n
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6.33 Write a 68020 assembly language instruction sequence using CAS for counting a
semaphore. That is, the instruction sequence will increment a count in a shared location.

6.34 Determine the effects of executing CAS2.LD4:D5,D6:D4,(A5):(A6). Assume the follow-
ing data prior to execution:

[D4] = $0000 7000

[A5] = $1234 5000
[D5] = $0000 B0OO
[A6] = $5000 0200
[D6] = $0000 9000

6.35 Write a 68020 instruction sequence using CAS2 to insert an element in a double-linked
list.

6.36 i) What are the main functions of the 68851 MMU?
ii) Summarize the address translation and protection mechanism of the 68851,
iii) How does the 68851 support the 68020 breakpoint function?

6.37__For a 16-bit device, use K-maps to express the memory byte enable lines, DBBE1 and
DBBE2 in terms of 68020 Al, A0, SIZ1, SIZ0 and DS signals in minimized form. Note that
for cach expression, all 68020 signals mentioned above may not be necessary.
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Z:1:1

MOTOROLA MC68030/MC68040,
INTEL 80486 AND PENTIUM
MICROPROCESSORS

This chapter describes the basic features of the Motorola 68030/68040, the Intel 80486, and the
Pentium microprocessors.

Motorola MC68030

The MC68030 is a virtual memory microprocessor based on an MC68020 core with additional
features. The MC68030 is designed by using HCMOS technology and can be operated at
16.67-, 20-, and 33-MHz clocks.

The MC68030 contains all features of the MC68020, plus some additional features. The
basic differences between the MC68020 and MC68030 are listed below:

Characteristics MC68020 MC68030
On-chip cache 256-byte instruction  256-byte instruction cache and 256-byte data cache
' cache
On-chip Memory Management  None T Paged data memory management (demand page of
Unit (MMU) the MC68851)
Instruction set 101 103 (four new instructions are for on-chip MMU;

-CALLM and RTM instructions are not supported)

Like the MC68020, the MC68030 also supports 7 data types and 18 addressing modes. The
MC68030 I/O is identical to the MC68020. The enhancements to the MC68020 such as
instruction cache and MMU, along with the basic MC68030 features, are described in the
following section.

MC68030 Block Diagram

Figure 7.1 shows the MC68030 block diagram and includes the major sections of the processor.
The bus controller includes all the logic for performing bus control functions and also
contains the multiplexer for dynamic bus sizing. It controls data transfer between the MC68030
and memory or I/O devices at the physical address.
The control section contains the execution unit and associated logic. Programmable Logic
Arrays (PLAs) are utilized for instruction decode and sequencing.

461
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Data Instruction
Cache Cache
CPU
Execution Unit Ailtivesss MMU gg(}lress
Sequencer | Control Unil
Prefetch and | Nanorom Data
Decode Microrom |—231a (32)
Bus Controller Control
Bus

FIGURE 7.1 MCG68030 block diagram,

The instruction and data cache units operate independently. They obtain information from
the bus controller for future use. Each cache has its own address and data buses and thus
permits simultancous access. Both the caches are organized as 64 long word entries (256 bytes)
with a block size of four long words. The data cache uses a write-through policy with no write
allocation on cache misses.

The memory management unit maps address for page sizes from 256 bytes to 32K bytes.
Mapping information stored in descriptors resides in translation tables in memory that are
automatically searched by the MC68030 on demand. niost recently used descriptors are
maintained in a 22-entry fully associative cache called the Add. w; Translation Cache (ATC)
in the MMU, permitting address translation and other MC68020 funi:tions to occur simulta-
neously. The MMU utilizes the ATC to translate the logical address generated by the MC68030
into a physical address.

MC68030 Programming Model

Figure 7.2 shows the MC68030 programming model. The additional registers implemented in
the 68030 beyond those of the 68020 are for supporting the MMU features. All common
registers in the 68030 are the same as the 68020, except the cache control register which has
additional control bits for the data cache and other new cache functions.

The 68030 additional registers are

* 32-bit translation control register (TC)

+ 64-bit CPU root pointer (CRP)

* 64-bit supervisor root pointer (SRP)

* 32-bit transparent translation registers TT0 and TT1
* 16-bit MMU status register, MMUSR

The TC includes several fields that control address translation. These fields enable and disable
address translation, enable and disable the use of SRP for the supervisor address space, and select
or ignore the function codes in translating addresses. Other TC fields specify memory page sizes,
the number of address bits used in translation, and the translation table structure.

The CRP holds a pointer to the root of the translation tree for the currently executing 68030
task. This tree includes the mapping information for the task’s address space.

The SRP holds a pointer to the root of the translation tree for the supervisor’s address space
when the 68030 is configured to provide a separate address space for the supervisor programs.

Registers TT0 and TT1 can cach specify separate memory blocks as directly addressable
without address translation. Logical addresses in these areas are the same as physical addresses
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Data Registers

Address Register

User Stack
Pointer

Program Counler

Interrupt
Stack Pointer

Masler
Stack Pointer

Status Pointer

Vector Base Register

Alternate Function
Code Regislers

Cache Conlrol
Register
Cache Address
Register

Translation
Conlrol

CPU Root
Pointer

MMU

Supervisor Control
Rool Pointer

Transparent
Translation 0

Transparent
Translation 1

3. 1615 87 0
] Do
D)
D2
D3
D4
D5
Db
D7
31 1615 0
AD
Al
A2
A3
Ad
AS
A6
31 1615° 0
{ [ ] A7 (USP)
Same 1 0
as 3
68020 { IR
3 1615 0
[ I ] A7 (1SI")
31 1615 0
{ [ | A7 (MSP)
31 1615 87 i
[ T «cri SR
kY
[ ] VBR
3 2.0
S T
ey DIC
31
[ ] CACR
31 0
[ ] CAAR
i e e e e i e P B e
A
31 0
[ ]11C
3 0
[ | co
| o o
31 0
New [ | P
— | SRi
31 0
[ ] TT0
3 0
[ ] TT1
15 0
Y [N

FIGURE 7.2 MC68030 programming modcl.

MMU Status
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for memory access. Therefore, registers TTO and TT1 provide fast movement of larger blocks
of data in memory or 1/O space, since delays associated with the translation scheme are not
encountered. This feature is useful in graphics and real-time applications.

The MMUSR register includes memory management status information resulting from a
scarch of the address translation cache or the translation tree for a particular logical address.

MC068030 Data Types, Addressing Modes, and Instructions
Like the MC68020, seven basic data types are supported on the MC68030:
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TABLE 7.1 MC68030 New Instructions

Instruction  Operand syntax i Operand size  Operation
PFLUSH - (FC),#mask None Invalidate ATC entrics at cffective address
[(EA)] ey ©
PLOAD (FC),(EA),|R/ W) None Create ATC entry for effective address
PMOVE Rn,(EA) . 16, 32 Register n — destination
_ A (EA),Rn - 16, 32 Source —» register n
PTEST (EC), (EA)#level, [R/ W]An  None Information about logical address — PMMU
status
+ Bits
+ Bit fields
+ BCD digits

* Byte integers (8 bits)

* Word integers (16 bits)

* Long word infegers (32 bits)
* Quad word integers (64 bits)

The 18 addressing modes of the MC68020 are also supported by the MC68030.

The MC68030 includes all MC68020 instructions (except CALLM and RTM), plus a subset
of the MC68851 (PMMU) instructions. These instructions (Table 7.1) include PMOVE,
PTEST, PLOAD, and PFLUSH, and they are compatible with the corresponding instructions
in the MC68851 PMMU. The MC68020 requires the MC68851 coprocessor interface to
execute these instructions. These instructions are executed by the MC68030 just like all other
instructions.

All the MMU instructions are privileged and do not affect the condition codes. These new
instructions are explained in the following sections.

PMOVE Rn, (EA) or (EA), Rn

Rn can be any MMU register. (EA) uses control alterable addressing mode. The operand size
depends on the MMU registers used as follows:

CRP, SRP Quad word (64-bit)
e, 'TT * Long word (32-bit)
MMUSR Word (l6-bit)

The PMOVE instruction moves data to and from the MMU registers. This instruction is
normally used to initialize the MMU registers and to read the contents of the MMUSR for
determining a fault.

As an example, consider PMOVE (AS5), SRP. This instruction moves a 64-bit word pointed
to by AS to the supervisor root pointer.

PTEST
The PTEST has four forms:

PTESTR (function code), (EA), #level
PTESTR (function code), (EA), #level,An
PTESTW (function code), (EA), #level
PTESTW (function code), (EA), #level,An

The PTEST instruction interrogates the MMU about a logical address and is normally used to
determine the cause of a fault. The PTEST instruction executes a table search of the ATC or
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the translation tables to a specified level for the translation descriptor corresponding to the
(EA) and indicates the results of the search in the MMU status register.

The PTESTR or PTESTW means that the search is to be done as if the bus cycle is a read or
a write. The details of the operand are given below: :

« The function code is specified in one of the following ways
'+ Immediate (three bits in the command word)
« Data register (three least-significant bits of the data register specified in the instruc-
tion)
« Source function code register
.+ Destination function code register
+ The (EA) operand provides the address to be tested.

+ The level operand defines the maximum depth of table or number of descriptors to be
scarched. Level 0 means searching ATC only while levels 1 to 7 indicate searching the
translation tables only.

When the address register, An, is specified for a translation table search, the physical address
of the last table entry (last descriptor) fetched is loaded into the address register.

The MMUSR includes the results of the search.

As an example of PTEST, consider

PTESTR SFC, (A3), #4, AS

The function code for the page is in the Source Function Code register, SFC. The content.
of A3 is the logical address and the search is to be extended to 4 levels. Search is to be done
as if for a read bus cycle and the physical address of the last entry checked is to go to A5.

The PTEST instruction is unsized and the condition codes are unaffected, but the MMUSR

contents are changed.

PLOAD
The PLOAD instruction loads an entry into the ATC. This is normally used in demand paging
systems to load the descriptors into the ATC before returning to execute the instruction that
caused the page fault.

The two forms for the instruction are

PLOADR (function code), (EA)
PLOADW (function code), (EA)

The function code is specified in one of the following ways:

-+ Immediate
« Data register
+ Source function code register
+ Destination function code register

(EA) can be control alterable addressing modes only. The PLOAD instruction searches the
ATC for (EA) and also searches the translation table for the descri"ﬁibr with respect to (EA).
It is used to load a descriptor from the translation tables to the address translation cache.
The condition codes and MMUSR contents are unaffected.
As an example, consider PLOADR SFC, (A5). The function code for the desired page is in
SEC. The logical address for which the descriptor is desired is in A5 and the descriptor is to
be loaded as for a read bus cycle.
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7.1.3.d PFLUSH
The PFLUSH instruction invalidates cache entrics, The forms of PFLUSH are

PFLUSHA
PFLUSH (function code), mask
PFLUSH (function code), mask, (EA)

The operands can be specified as follows:

* (Function code) can be immediate (3 bits), data register (least significant 3 bits), SFC,
or DFC.

* mask when set to one uses corresponding bit in function code for matching.

* (EA) can be any one of the control alterable addressing modes.

The instruction is unsized and condition codes and MMUSR contents are unaffected.

The PFLUSHA instruction invalidates all ATC entries. When (function code) and mask are
specified in the PELUSH instruction, the instruction invalidates all entries for the specified
function code or codes. When the PFLUSH instruction also specifics (EA), the instruction
invalidates the page descriptor for that effective address entry in each specified function code.

The mask operand includes three bits corresponding to the function code bits. Each bit in
the mask that is set to one means that the corresponding bit of the function code operand
applies to the operation. Each bit in the mask with zero value means that a bit of function code
operand and the function code that is ignored. As an example, consider PELUSH #1,4. The
mask operand of 100, causes the instruction to consider only the most significant bit of the
function code operdnd. Since the function code is 001,, function codes 000, 001, 010, and 011

are selected.

7.1.4 MC68030 Cache

The instruction cache in the 68030 is a 256-byte dircct-mapped cache with 16 blocks. Each
block contains four long words. Each long word can be accessed independently and thus 64
entries are possible with Al selecting the correct word during an access. Figure 7.3 shows the
68030 instruction cache.

The index or a block (or line) is addressed by address lines A4 through A7 and each long
word entry is selected by A2 and A3. The tag includes address lines A8 through A31 along with
FC2.

AQ is not used since instructions must be at even addresses (A0 is always zero).

An entry means that a line hit has occurred and the valid bit (four valid bits, one for cach
long word) for the selected entry is set. If an entry miss occurs, the cache entry can be updated
with the instructions read from memory. If the cache is disabled, no cache hits or updates will
take place, and if the cache is enabled but frozen, hits can occur without updates.

CACR can be used to clear cache entrics and enable or disable the cachés. The system
hardware can disable the on-chip caches at any time by asserting.the CDIS input pin.

Figure 7.4 shows the organization of the 68030 data cache. The data cache is organized in
the same way as the instruction cache except that all three function code bits are used to
determine a line hit, The data cache can be updated for both read and write. If the data cache
is disabled, no hits or updates will occur. However, when the data cache is enabled and frozen,
hits can occur and updates for write but not read can take place. The data cache can be updated
for both read and write if enabled and not frozen.

The data cache utilizes a write-through policy with no write allocation of data writes. This
means that if a cache hit takes place on a write cycle, both the data cache and the external device
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Access Address

FFFIA AAAAAAAAA
€-C.C|3 0D00000O0DO0O0
2101 876543210
’ Tag I l Word Select |
Index )
Long Word Select
Valid Bits |~ J\ - \
Tag o1 243 LWO W1 W2 LW3
0
1
2
3
4
5
6
7
X 8
9
10
1
12
13
14 Data from
Instruction
k] 5 i Cache Data Bus
N — B
Tag Replace + ! i ¢ ;:To
¥ Entry Hit Instruction
P T o ~ Ouepet Regier
- Line Hil 5 Cac Control

* Cache size = 64 longwords
¢ Line size = 4 longwords
* Selsize = 1 (direct mapped) s d e ey
* For an entry hit to occur
— The access address tag field (AB-A31 and FC2) must malch the tag field selected by the index field (A4-A7)
- The selected longword enlry (A2-A3) must be valid
- The cache must be enabled in the Cache Control Register

FIGURE 7.3 MC®68030 instruction cache.

are updated with the new data. If a write cycle genrates a miss in the data cache, only the
external device is updated and no data cache entry is replaced or allocated for that address.
Let us now consider some examples of the 68030 cache. Consider Figure 7.5 showing an
instruction cache entry hit. The figure shows the CLR.W(A1) instruction with op code 4251 ¢
at PC = 11CCA29E,, to be accessed in user space (FC2 = 0). The most significant column in
the tag field is the FC2 bit which is 1 for supervisor space and 0 for user space. The 68030
outputs 0 on FC2 and 11CCA29E, on its address pins. Assume that the instruction cache is-
enabled. Since A3-A0 is 1110, the address bits A3-A2 are 11,. This means LW3 in cache is
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Access Address

FFF|A AAAAAAAAA
oell ol o 000000O0O0OD0
21 0|1 8.7 6.5 4*3 2 10
| Byte Select
Tag I .
Index _ Word Select
Long Word Select
Valid Bits | A\ \
. Tag a3'23 LWo LW1 w2 - LW3
0
1
2
3
4
5
6 -
7
g
9
10
11
12
13 :
14 Data from
Data Cache
15 Data Bus
\ y . k
Tag Replace % + d‘ L ;i To
G e . gflla Ca’ghe
. i , Output Register
Comparalor : : ¥ Cac eCoe:t:;:rol
Line Hit . 3

* Cache size = 64 longwords

¢ Line size = 4 longwords

* Set size = 1 (direct mapped)

* For an entry hit to occur
— The access address tag field (A8-A31 and FCO-FC2) must match the tag field selected by the index field (Ad-A7)
— The selected lon| entry (A2-A3) must be valid )
— The cache must be enabled in the Cache Control Register

FIGURE 7.4 MC68030 data cache.

accessed. A31-A8 is 11CCA2,, which is used as the tag field with A7 through A4 (9,,) as the
index field. A line hit occurs since the tag at index 9 in the cache matches A31 through A8 and
FC2 = 0. Therefore, the valid bit 3 is set to one. The op code 4251 is thus read into the cache
output register. ¢ .

Figure 7.6 illustrates an instruction cache miss. In this case, the op code 4251 for CLR.W(A1)
stored at the PC value of 276F1A64,4 in supervisor space (FC2 = 1) is to be accessed, The 68030
outputs one on the FC2 pin and 276F1A64,5 on the A31-A0 pins, A miss occurs since the tag
in line 6 (057CD2,,) does not match the address bits A31-A8 (276F1A ) and FC2 = 1 does not
match the function code bit (0), the most significant bit in the tag field. Assume the cache is
enabled and not frozen. The 68030 reads 4251, into LW1 from external memory and updates
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User Space

i i
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FIGURE 7.5 Instruction cache hit entry example.

the FC2 field and tag field with 1 and 276F1A,, respectively. The valid bits are updated as
0100,.

Figure 7.7 shows an example of a data cache hit. The 68030 executes MOVE.W(A1), DO to read
data C28F,, at address 75B4A176,, pointed to by Al in user data space FC2 FC1 FC0 = 001. Note
that the most significant column shows the value on the function code pins. Since A3A2 = 01,
LWI1 is accessed with tag value of 75B4A1,¢ and index value of 7. Assume that the cache is
enabled. Index = 7 since the tag value in the cache matches A31-A8 and the function code values
(FC2 FC1 FCO0 = 001) match the function code ficld value of 1 in the cache, a cache hit occurs.
The valid bit 1 is set to one and datum C28F ¢ is placed in the cache output register. Figure 7.8
shows an example of data cache miss. The 68030 executes the instruction MOVE.W(A1), DO to
read the contents of 01F376B8,, pointed to by A1 into DO in the supervisor data space (FC2 FC1
FCO = 101,). Since A3A2 = 10,, LW2 in the cache is accessed. Assume the cache is enabled but
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FIGURE 7.6 Instruction cache miss.

not frozen. Since the function code pins in cache do not match the 68030 function codes, cache
miss occurs. Valid bit 2 is set to one. The 68030 obtains datum 1576, from external memory into
low word of DO and then updates the function code and tag fields of the cache. The 68030 thén
invalidates LWO, LW1, LW3 and validates LW2 by writing 0010, in the valid bits, °

7.1.5 68030 Pins and Signals
The 68030 is housed ina 13x 13 PGA package for 16.67 MHz and RC Suffix Package for 20 MHz.
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FIGURE 7.7 Data cache entry hit example.

Figure 7.9 shows the 68030 pin diagram. Figure 7.10 shows the 68030 functional signal
groups. Table 7.2 summarizes the signal descriptions.

7.1.6 MC68030 Read and Write Timing Diagrams
The MC68030 provides three way§ of data transfer between itself and peripherals. These are

* Asynchronous transfer
* Synchronous transfer
* BURST mode transfer

In asynchronous operation, the external devices connected to the system bus can operate at
clock frequencies different from the MC68030 clock. Asynchronous operation requires only
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FIGURE 7.8 Data cache miss.

the handshake lines AS, DS, DSACKx, BERR and HALT. The asynchronous bus cycles of
the MC68030 are similar to those of the MC68020. The MC68030 can transfer data in a
minimum of three clock cycles. The dynamic bus sizing using the DSACKx signals can
determine the amount of data transferred on a cycle-by-cycle basis.

Synchronous bus cycles are terminated with the STERM (synchronous termination) signal
instead of DSACKx and always transfer 32-bit data in a minimum of two clock cycles instead
of three clock cycles.
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FIGURE 7.9 MC68030 functional signal groups.

The synchronous cycles terminated with STERM arc for 32-bit devices only, while the
synchronous cycles terminated by DSACKx can be for 8-, 16-, or 32-bit ports. The main
difference between the use of STERM and DSACKx is that STERM can be asserted and data
can be transferred carlier than for a synchronous cycle terminated with DSACKx . Wait cycles
can be inserted by delaying the assertion of STERM if required.

BURST mode transfer is the most efficient technique of transferring data between the 68030
and external devices. This can be used to fill blocks of the instruction and data caches when
the MC68030 asserts CBREQ (cache burst request).

BURST mode transfer takes place in synchronous operation and requires assertion of STERM
to terminate cach of its cycles. BURST mode is enabled by bits in the cache control register (CACR).

Asan illustration of 68030 read/time timing diagrams, 68030 longword read and write cycles
for asynchronous operation will be considered.
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FIGURE 7.10  Asynchronous read-write cycles — 32-bit device.

T

Figure 7.10 depicts two write cycles (between two read cycles, with no idle time in-between)
for a 32-bit device. The timing diagram in Figure 7.10 for read is explained as follows:

1. The read cycle for an instruction such as MOVE.L (AD), D1 starts in state 0 (S0). The
‘MC68030 drives the external cycle start (ECS) pin LOW indicating the start of an
external cycle. When the cycle is the first external cycle of a read operand, the MC68030
outputs low on the operand cycle start ( OCS) pin. The MC68030 then places a valid
address (content of register A0 in this case) on A0-A31 pins and valid function codes on
FCO-FC2 pins. The MC68030 drives R/ W HIGH for read and drives data buffer enable
( DBEN) inactive to disable data buffers. SIZ0 and SIZ1 signals become valid, indicating
the number of bytes to be transferred. Cache inhibit out ( CIOUT) becomes valid,
indicating the state of the MMUCI bit in the address translation descriptor or in the
selected TTx register.
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TABLE 7.2  Signal Description
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Signal name Mnemonic Function
Function codes FCO-FC2 3-bit function code used to identify the address pace of each bus
cycle
Address bus AD-A31 32-bit address bus used to address any of 4,294,967,296 bytes
Data bus DO-D31 32-bit data bus used to transfer 8, 16, 24, or 32 bits of data per bus
cycle :
Size SIZ0/SIZ1 Indicates the number of bytes remaining to be transferred for this
cycle; these signals, together with A0 and Al, define the active
. sections of the data bus = —
Operand cycle start ~ OCS Identical operation to that of BCS except that OGS is asserted
. only during the first bus cycle of an operand transfer
External cycle start ECS. Provides an indication that a bus cycle is beginning
Read/write R/IW Defines the bus transfer as an MPU read or write
Read-modify-write RMC Provides an indicator that the current bus cycle is part of an
cycle - indivisible read-modify-write operation
Address strobe AS Indicates that a valid address is on the bus
Data strobe DS Indicates that valid data is to be placed on the data bus by an
external device or has been placed on the data bus by the
MC68020
Data buffer enable DBEN Provides an enable signal for external data buffers
Data transfer and DSACKO/DSACK1  Bus response signals that indicate the requested data transfer
size acknowledge operation is completed; in addition, these two lines indicate the
size of the external bus port on a cycle-by-cycle basis and are used
—_ for asynchronous transfers
Cache inhibit in CIIN Prevents data from being loaded into the MC68030 instruction and
data caches®
Cache inhibit out ClouT Reflects the CI bit in ATC entries; indicates that external caches
should ignore these accesses
Cache burst request ~ CBREQ Indicates a burst request for the instruction or data cache
Cache burst CBACK Indicates that accessed device can operate in burst mode
acknowledge ok
Interrupt priority IPLO-IPL2 Provides an encoded interrupt level to the processor
level
Interrupt pending IPEND Indicates that an interrupt is pending
Autovector AVEC Requests an autovector during an interrupt acknowledge cycle
Bus request BR Indicates that'an external device requires bus mastership
Bus grant BG Indicates that an external device may assume bus mastership
Bus grant BGACK Indicates that an external device has assumed bus mastership
acknowledge
Reset RESET System reset; same as 68020
Halt HALT Indicates that the processor should suspend bus activity
Bus error BERR Indicates an invalid or illegal bus operation is being attempted
Synchronous STERM Bus response signal that indicates a port size of 32 bits and that
termination o data may be latched on the next falling clock edge
Cache disable CDIS Dynamically disables the on-chip cache to assist emulator support
MMU disable MMUDIS Dynamically disables the translation mechanism of the MMU
Clock CLK Clock input to the processor
Power supply Vee +5 volt £ 5% power supply
Ground GND Ground connection

2. DuringS1, the MC68030 activates AS LOW, indicating a valid address on A0-A31. The
MC68030 then activates DS LOW and_negates ECS and OCS (if asserted).

3. During S2, the MC68030 activates the DBEN pin to enable external data buffers. The
selected device such as a memory chip utilizes DS, SIZ0, SIZ1, R/ W, and CIOUT to
place data on the data bus. The MC68030 outputs LOW on CIIN if appropriate. Any
or all bytes on D0-D31 are selected by SIZ0, SIZ1, A0, and Al. At the same time, the
selected device asserts the DSACKx signals. The MC68030 samples DSACKx at the
falling edge of the $2 and if DSACKx is recognized, the MC68030 inserts no wait states.
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As long as at least one of the DSACKx inputs is asserted by the end of 52 (satisfying
the asynchronous setup time requirement), the MC68030 latches data on the next
falling edge of the clock and ends the cycle.

If DSACKXx is not recognized by the MC68030 by the beginning of 3, the MC68030
inserts wait states and DSACKx must remain HIGH throughout the asynchronous
input setup and hold times around the end of the 52. During the MC68030's wait states,
the MC68030 continually samples DSACKx on the falling edge of each of the subse-
quent cycles until one DSACKx is asserted.

4. With no wait states, at the end of 84, the MC68030 latches data.

5. During S5, the MC68030 negates AS, DS, and DBEN. The MC68030 keeps the address
valid during S5 to provide address hold time for memory systems. R/ W, SIZ0, and
SIZ1, and FCO0-FC2 also remain valid during S5.

The timing diagram in Figure 7.10 for write is explained as follows:

1. The MC68030 outputs LOW on both ECS and OCS and places a valid address and
function codes on A0-A31 and FC2-FCQ, respectively. The MC68030 also places LOW
on R/W and validates SIZ0, SIZ1, and_CIOUT.

2. In S1, the MC68030 asserts AS and DBEN and negates ECS and OCS (if asserted).

3. During S2, the MC68030 outputs data to be written on D0-D31 and samples DSACKx
at the end of S2.

4. During S3, the MC68030 outputs LOW on_DS, indicating that the data are stable on
the data bus. As long as at least one of the_DSACKXx inputs is recognized by the end of
52, the cycle terminates after one cycle. If DSACKx is not recognized by the start of 3,
the MC68030 inserts wait states, If wait states are inserted, the MC68030 continues to
sample the DSACKx signals on the subsequent falling edges of the clock, until one of the
DSACKx inputs is recognized. The selected device such as memory utilizes R/ W, DS,
SIZ0, SIZ1, and A0 and Al to latch data from the appropriate portion of D0-D31 pins.

The MC68030 generates no new control signals during S4.

5. During S5, the MC68030 negates AS and DS. The MC68030 holds the address and data
valid to provide address hold time for memory systems. The processor also keeps
R/ W, SIZ0, SIZ1, FC0-FC2, and DBEN valid during S5.

7.1.7 MC68030 On-Chip Memory Management Unit

7.1.7.a MMU Basics

A Memory Management Unit (MMU) translates addresses from the microprocessor (logical)
to physical addresses. Logical addresses are assigned to the task when it is linked, while physical
addresses are assigned at the time the task is loaded into memory based on free physical
addresses. The MMU keeps a task in its own address space. If a task attempts to go out of its
own address space, the MMU asserts a bus error. Besides protection, this feature is valuable in
demand paging systems.

An operating system must know the free physxcal memory addresses available so that it can
load the next task to these spaces. One way of accomplishing this is by dividing the memory
into contiguous blocks of equal size. These are called pages on the logical side of the MMU and
page frames on the physical side. The system memory will contain page descriptions which
point to the page frames and status of the page frames.

The page size determines the number of address bits to be translated by the MMU and the
number which address memory directly. The lower bits of the logical address related to the
page size are not translated by the MMU and go directly to the physical address bus as shown
in Figure 7.11. Note that A8-A3 bits provide the page number and A0-A7 bits define the 256-
byte page offset in this case.
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FIGURE 7.11 Logical to physical translation.

A translation table can be used to translate pages to page frames. Figure 7.12 shows an
example of table translation of pages. The task control block contains a pointer to the starting
address of the translation table. A logical address is translated by accessing the location in the
translation table determined by starting address of translation + (page number * entry size).
The entry accessed contains the page frame number. Note that entry size is 4 for 32 bits (4
bytes).

Each task has a translation table. Single or multiple translation tables can be used. Figure
7.13 shows an example of a single pointer level translation. The TCB contents $00010000
contain the starting address of the translation table. The 12-bit page offset (SC5E for P2)
replaces the low 12 bits of the physical address directly. The logical address for P2 is translated
by accessing the translation table at the location

Task A translation table pointer
Task A Control Block

Page Frame Number
/_ b
by _—F
Start of Translation Table > 4| <

Status

Page Number = Offset

Task A Pape Descriplors

Task B translation table pointer
Task B Control Block

Frame Number
/— Page
. o
Start of Translation Table »> «— Slalus
Page Number = Offset

Task B Page Descriplors

[l Other TCB information

FIGURE 7.12 Table translation of pages.
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e

Logical Address, Page Size = 4K Bytes

31 12 11 0
| Page Number [ Page Offset ]
Example & X
Task
DOthcr TCB information 000100 0 0]Control
Block
] o $10000[774 5 A 7
_______ i 436 2 77|
....... 3o Ea e
_______ 3T A7 65 3. Tabla 'O
_______ 4 ... 10]CC260:
_______ 5 142 BE49.

Translation Examples

Logical Physical
$0123 $745A7123
$1CSE $36271C5E
$5678 $2BE49678

¢ If a task has onlr‘ 2 pages, 0 and $FFFFF, the g.ige descriptor table must be the
same size as if the task used all pages. Size 220x 4 bytes = 1048576 x 4 =

4194304 bytes.
*® Each task has a translation 1able.

FIGURE 7.13  Single-pointer level translation.

$10000 + (Page number * entry size)
$10000 + ($00001 * 4)
$100004

Therefore, location $100004 in the translation table is accessed and its content $36271 is
obtained as the page frame number. The 12-bit page offset $C5E is €oncatenated with the page
frame number to obtain the physical address in page P2 as $36271C5E.

One of the disadvantages of the single-level translation is that for most systems, the required
table sizes would be too large. Therefore, multilevel translation tables are used. For example,
consider the double pointer level translation table of Figure 7.14. In this case, the TCB contains
a pointer to the starting address of the level 1 translation table. Level 1 descriptors contain
pointers to level 2 page descriptors.

A logical address is translated in two steps:

1. A pointer is obtained from level I translation table as follows: pointer from TCB =
starting address of level 1 translation table + (level 1 * entry size of level 1 table).

2. This pointer is used to access a location in level 2 table by adding the pointer obtained
from level 1 table with (level 2 * entry size of level 2 table).

The location in table 2 thus obtained contains the page frame number: Consider the logical
address:
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Page Number

31 22,21 12,11 0

001 003 ABC

—_—

level 1 level 2 Page Size
(10 bits) (10 bits)

Level 1=0000000001, Level 2=0000000011,
Page Number Page Number

If TCB contents ($10000) point to the starting address of table 1, the level 1 location

$10000 + level 1 * entry size of level 1
$10000 + 1 * 4
$10004
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Therefore, if the content of $10004 is $21000 pointing to the starting address of the level 2

table, then the accessed location in table 2

Logical Address

31 22 21 12 11 0
Page Number
Level 1 | Level 2 Page Offset
Task
D Other TCB information Control
Block
Start of level 1 pointers > Pointer 0
1
Level 1 = Level 1
OFFSET 2 Table
3 Descriptors
> 4
5 Page
- : _ /— Frame
Pointer 0 3 AT  4——— Status
Level 2 = Level 2
OFFSET Page
Descriptors
A S ¢ )
.
“ by o
Pointer 1 »
' Level 2 = Level 2
OFFSET Page
Descriptors

ese

FIGURE 7.14  Double pointer level translation,
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= $21000 + (3, * 4)
= $2100C

Assume the content of $2100C is $25719. Then $25719 is concatenated with the page offset
$ABC to obtain the 32-bit physical address $25719ABC.

An example of the double-pointer level translation is shown at the top of the next page.
Assume a page size of 4K bytes. Let us translate the following logical addresses to physical

addresses for the task shown above:

$0000072A and $00401A59

Consider the logical address $0000072A. This address has level 1 and level 2 page numbers
of 0. This means that level 1 location

$00780000 + 0 * 4
$00780000

Therefore, [$00780000] points to the starting address of the level 2 table; then the accessed
location in table 2

500800000 + 0 * 4
$00800000

The content of location $00800000 ($176A5) is concatenated with the page offset $72A so that
the physical address is $176A572A.

Next, consider the logical address $00401A59. The uppermost 10 bits (0000 000001,) define
the level | page number as one. The next 10 bits (0000 000001,) define the level 2 page number
as one. The page size is $A59. Level 1 location

= $7800 0000 + (1 * 4)
= $7800 0004

The content of location $7800 0004 ($00801000) points to the starting address of level 2
table. Level 2 location

$00801000 + 1 * 4
50080 1004

I

The content of location $0080 1004 ($91024) is concatenated with the page offset $A59 to
obtain the physical address $91024 A59.

The main advantage of the multiple translation table is that it reduces the required trans-
lation table size significantly. However, multiple memory accesses (two in the example of two-
level translation) are required to obtain a descriptor. However, an address translation cache
can be used to speed up memory access.

An MMU provides three basic functions:

* Translates page number to page frame number
* Restricts access, i.c., a task is restricted to its own address space.
* Provides write protection by not allowing write access to write-protected pages

Status information is included in the low bits of the translation table entry data to provide
protection information.

68030 On-chip MMU
Figure 7.15 provides a block diagram of of the MC68030 and identifies the on-chip MMU.
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Double-painter level translation

The 68030 on-chip MMU translates logical addresses to physical addresses. If the desired
information is in the address translation cache, no time delay occurs due to MMU address
translation. The page descriptor is obtained by the MMU by searching the translation tables
if needed. i

The pins used by the 68030 on-chip MMU are A31-A0, CIOUT, and MMUDIS.

The MMU outputs the translated physical addresses (from logical addresses) or the ad-
dresses for fetching translation data (when a table is searched) on the A31-AQ pins. The MMU
asserts the CIOUT pin for pages which are defined as noncacheable. The MMUDIS pin, when
asserted by an external emulator, disables the MMU.

The 68030 exccutes a normal bus cycle when the address translation information is in the
ATC. However, if the address translation information is not in the ATC, the 68030 execules
additional bus cycles to obtain the desired address translation information.

Data Instruction
Cache Cache
Execution Unit Address Leers] MMU E\}dzc)iress
Sequencer | Control Unit : ATC |
Profetch and | Nanorom p———rd—————+ T Data
Decode Wiicrorom - |22 (32)
| Control [ < Controller Control
Bus

FIGURE 7.15 MC68030 on-chip MMU block diagram.
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31 16 15 0
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31 16 15 0
J Limit | . Stalus Supervisor
— Root
Table Address I Reserved | Pointer
43 0
31 0
I Translation
Control
31
I Transparent
Translation 0
31

0
Transparent
I Translation ]

15 0

Status
FIGURE 7.16 MC68030 MMU registers.

The 68030 includes three main elements in its MMU: a set of registers, an ATC, and table
search logic. .

Figure 7.16 shows the MMU registers. :

The CRP or SRP points to the beginning of the task translation table and supervisor
translation table (if enabled), respectively.

The translation control register controls the MMU functions such as MMU enable.

The transparent translation registers output specified logical addresses on the A31-A0 pins.

The MMUSR provides the results of execution of the MMU instructions PMOVE (EA),
MMUSR, and PTEST. The MMUSR stores memory management status information resulting
from a search of the address translation cache, or the translation tree, for a particular logical
address.

As mentioned before, four MMU instructions — PMOVE, PTEST, PLOAD, and PELUSH
— are included in the 68030 instruction set. The MMU provides up to 5 levels of address
translation tables. Address translation starts with the contents of the root pointers CRP or SRP.

Figure 7.17 provides a typical 5-level table translation scheme.

Figure 7.18 provides the ATC block diagram along with a simplified flowchart for the
physical address translation.

The ATC is a content-addressable, fully associative cache with up to 22 descriptors. The
ATC stores recently used descriptors so that a table search is not required if future accesses are
required.

There are six types of descriptors used in MMU operation. These are ATC page descriptors,
table descriptors, early termination page descriptors, invalid descriptors, and indirect descrip-
tors. Some descriptors have a long and a short form.

Figure 7.19 shows the page descriptor summary.

Each ATC entry consists of a logical address and information from a corresponding page
descriptor. The 28-bit logical or tag portion of each entry consists of three fields. These are the
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FIGURE 7.17 MC68030 MMU five-level translation scheme.

valid bit field (bit 27), function code ficld (bits 26-24), and 24-Dit logical address field (bits 0-
23). The V-bit indicates that the entry is valid if V = 1. The function code field includes the
function code bits (FC0-FC2) corresponding to the logical address in this entry. The 24-bit
logical address includes the most significant logical address bits for this entry. All 24 bits are
used in comparing this entry to an incoming logical address when the page size is 256 bytes.
For larger page sizes, some least significant bits of this field are ignored.

Table descriptors have short (32-bit) and long (64-bit) forms. In the 32-bit short form, the
table descriptor includes four status bits (bits 0-3) and a 28-bit table address. The status bit
provides information such as write protection and descriptor type.

The table address contains the 28-bit physical base address of a table of descriptors. The long
table descriptor includes a 28-bit table address, a 16-bit status, and a 16-bit limit field. The
status bits in the long form include additional information such as whether the table is
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This is a simplified flow chart

FIGURE 7.18 Address translation cache (ATC) and flowchart for translation.

supervisor-only table. The limit field includes a limit to which the index portion of an address
is compared to detect an out-of-bounds index.

The page descriptors also have short and long formats. The short page format is identical
to the short table format except that for page tables, page table and status information related
to pages are used. The long page descriptor contains a 24-bit page address and a 16-bit status.
The status bits provide information such as write protect, descriptor type, and identification

- of a modified page.

The carly termination page descriptor (both short and long form) includes the page descrip-
tor identification bits in the descriptor-type field of the status bits, but the descriptor resides
in a pointer table. This means that the table in which an early termination page descriptor is
located is not at the bottom level of the address translation tree. The invalid descriptors can
also be short and long forms. These descriptors only contain the two descriptor-type status bits
and are used with long or short page and table descriptors.

The indirect descriptors also include short and long forms. They contain the physical
address of a page descriptor and two descriptor-type bits which identify an indirect descriptor
that points to a short or long format page descriptor. . .

Table 7.3 summarizes differences between 68030 on-chip MMU and 68851.

Now let us discuss the details of the 68030 MMU registers. The CRP points to the first level
translation table. It is normally loaded during a context (task) switch. The ATC is automati-
cally flushed when the CRP is loaded. Figure 7.20 shows the details of the CRP.
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Address Translation Cache Page Descriplor
27 23 027 23 0

V|FC| Logical Address Status Physical Address

Table Descriplors
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Page Descriplors |
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Page Address Status | : f Long
31 1615 031 87 0
Unused Status Page Address Unused

» Early Termination Page Descriptors
* Invalid Descriptors
* Indirect Descriptors

FIGURE 7.19  Page descriptor summary,

The limit field in the CRP limits the size of the next table. That is, it limits the size of the
table index field. If the limit is exceeded during a table search, an ATC entry is_created with-
bus error set. Two fields arc assigned to the limit. These are L/U and limit. L/U = | mcans
a lower range_limit, while L./U = 0 indicates an upper range limit. If L/U =0 and limit =
$7FFF or L/U = I and limit = 0, the limit function is suppressed. The translation control
register (TC) permits the user to control the translation of the access. TC is also used to enable '
and disable the main function of the MMU. Figure 7.21 shows the details of TC.

The SRP is similar to the CRP except that it is used only for supervisor access. This register
must be enabled in the TC before use. The format of SRP is shown in Figure 7.22.

TABLE 7.3 68030 On-Chip MMU vs. 68851

Features of the 68851 not included on the 68030 MMU:
No access level (no CALLM or RTM instructions)
No breakpoint registers
No DMA root pointer
No task aliasing
22 entry ATC instead of 64
Na lockable content-addressable memory (CAM) entrics
No shared globally entries
Instructions supported
PELUSHA, PELUSH, PMOVE, PTEST, PLOAD
Instructions not supported (F-line trap)
I'VALID, PELUSHR, PFLUSHES, PBee, PDBcc, ’Sce,
PTRAPce, PSAVE, PRESTORE
Control alterable effective addresses only for the
MMU instructions '
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FIGURE 7.20 CRP details.
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FIGURE 7.21 TC details.
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31

FIGURE 7.22 SRP form.
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FIGURE 7.23 TTO and TT1 details,

If a task is required to access physical memory directly, such as in graphics applications TTO
or TT1 can be used to specify the physical arcas of memory to be accessed.

Figure 7.23 provides formats for TTQ and TTI.

The MMUSR includes the results of exccution of the PTEST instruction for level = 0 or level
0. -

Figure 7.24 provides the MMUSR details.

The ATC entries include two (logical and physical) 28-bit fields. The logical field includes
a valid bit, function codes, and page number. The physical field contains four control/status
bits and page frame number. Figure 7.25 includes the ATC entry structure.

The translation tables supported by the 68030 contain a tree structure. The root of a
translation table tree is pointed to by one or two root pointer registers.

Table entries at higher levels of the tree contain pointers to other tables, while entries at the
leaf level (page tables) contain page descriptors. The technique used for table searches utilizes
portions of the logical address as an index for each level of the lookup. All addresses contained
in the translation table entries are physical addresses.

Figure 7.26 shows the 68030 MMU translation table tree structure.

The function codes are usually used as an index in the first level of lookup in the table.
However, this may be suppressed. In table searching, up to 15 of the logical address lines can
be ignored. The number of levels in the table indexed by the logical address can be set from
one to four and up to 15 logical address bits can be used as an index at each level. One main
advantage of this tree structure is to deallocate large portions of the logical address space with
a single entry at the higher levels of the tree.

The entries in the translation tables include status information with respect to the pointer
for the next level of lookup or the pages themselves. These bits can be used to designate certain
pages or blocks of pages as supervisor-only, write-protected, or noncacheable. The 68030
MMU exceptions include the following:
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* The information in the MMU slatus register is the result of execution of the
PTEST instruction.
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FIGURE 7.24 MMUSR details.
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FIGURE 7.25 ATC entry structure.
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FIGURE 7.26 MC68030 MMU translation table tree structure,
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Example 7.1

Assume user program space. The MC68030 exccutes CLR.W(A1) with PC contents and
instruction cache contents as follows.

Given the op code for CLR.W(AL) is 4251, [PC] = $02513080.

Instruction Cache Contents

Function Codes = 010,

Ind valid bits

nacx

‘ } l 0123 LWO LWI  Lw2 W3
712025130 | 171 1.1 |4250xxxx | — | — | —

2 | 025130 [0 1 1 1 [425lxxxx [ — == —
912025130 | 1111 e

When the instruction CLR.W(A1) is fetched by the 68030, will a cache hit or miss occur?
Why?

Solution
A miss will occur since the valid bit is zero.
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Example 7.2

Write an instruction sequence to freeze the data cache and disable the instruction cache.

Solution : . \
MOVEC CACR,D1 ; Get current
;  CACR
BCLR.L #0,D1 ; Disable
; instruction
; cache
BSET.L #9,D1 ; Freeze data cache
MOVEC D1, CACR ; Write to
; CACR

Example 7.3

Assume a page size of 4K bytes. Determine the physical address from the logical addresses of
the task shown below:

Page
0 5002000 12345 Page
1 5002004 7AB12 Descriptor
2 $002008 1BCA7 Table

Logical addresses to be translated are $000001A5, $00002370.

Solution
From logical addresses $000001A5, the page number is upper 20 bits, i.e., page number is
zero. This is because the page size is given as 4K bytes and hence the lower 12 bits (2'2 = 4K)
are used as the page size. Since TCB is $002000, $12345 is concatenated with the lower 12 bits
($1A5) of the logical address $000001A5 to obtain the physical address $123451A5.
Similarly, the physical address for the logical address $00002370 is $1BCA7370.

Example 7.4

Determine the contents of SRP when enabled in TC to describe a page descriptor table located
at $05721050 and limited to logical address 0 — $7000.

Solution
The format for SRP is

31 30 16,15 2,1 0
LU/ Limie | 0~ | DT
Table Address I Unused
31 3 0

L/U is 0 for upper limit range. LIMIT is $7000. DT must be 01 for page descriptor. Table
address is $05721050. Hence, SRP is

31 0
0 7000 0001
05721050
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Example 7.5

What happens upon execution of the PTEST instruction with level 0 (i.e., search translation
tables only)? Assume that the MMUSR contains $4005.
Solution :

From Figure 7.24, level 0 means search translation tables only. Bit 14 defines the limit bit
and bits 02 define the number of tables used in translation. [MMSUR] = $4005 indicates limit
bit = 1 and number of tables used in translation is 5. Therefore, the index limit is exceeded
when searching the five translation tables.

MC68040

This section presents an overview of the Motorola 68040 32-bit microprocessor, Emphasis is
given to the coverage of its on-chip floating-point hardware.

Introduction

The MC68040 is Motorola’s enhanced 68030, 32-bit microprocessor. The MC68040 is imple-
mented in Motorola’s latest HCMOS technology. Providing an ideal balance between speed,
power, and physical device size, the MC68040 integrates an MC68030-compatible integer unit,
an MC68881/MC68882-compatible floating-point unit (FPU), dual independent demand-
paged memory management units (MMUs) for instruction and data stream accesses, and
independent 4K-byte instruction and data cache. A high degree of instruction execution
parallelism is achieved through the use of multiple independent execution pipelines, multiple
internal buses, and separate physical caches for both instruction and data accesses.
The main on-chip features of the MC68040 include:

* MC68030-Compatible Integer Execution Unit

* MC68881/MC68882-Compatible Floating-Point Execution Unit

* Independent Instruction and Data Memory Management Units (MMUs )

* 4K-Byte Physical Instruction Cache and 4K-Byte Physical Data Cache Accessible Simul-
taneously

* Concurrent integer unit, FPU, MMU, and Bus Controller Operation which maximize
throughput

* 32-Bit, nonmultiplexed external address and data buses with synchronous interface

The Intel equivalent of the 68040 is the 80486. Table 7.4 depicts a comparison of the main
features and capabilities of the two processors. The most significant difference between the
two devices is throughput. The 68040 executes more integer and floating point operations per
second (at a clock rate of 25Mhz) than the 486. The primary reasons for the 040’s outstanding
performance are its pipelined integer and floating point units, as well as its advanced memory
management implementation. Both these features are discussed in detail later.

Register Architecture/Addressing Modes

Figure 7.27 shows the MC68040 programming model. The registers are partitioned into two
levels of privilege: user and supervisor. The user model has sixteen 32-bit general-purpose
registers (D0-D7 and A0-A7), a 32-bit program counter (PC), and a condition code register
(CCR) contained within the supervisor status register (SR). The MC68040 user programming
model also incorporates the MC68882 programming model consisting of eight 80-bit floating-
point data registers, a floating-point control register, a floating-point status register, and a
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TABLE 7.4 Main features of Motorola MC68040 vs. Intel 80486

Chip ALU/Data Bus  Clock Rate Cache FPU Integer Throughput
68040  32/32 Bit 25-50 MHz  On-Chip  On-Chip 22 MIPS
80486  32/32 Bit 25-66 MHz  On-Chip  On-chip 15 MIPS

floating-point instruction address register. The supervisor model has two 32-bit stack pointers
(ISP and MSP), a 16-bit status register (SR), a 32-bit vector base register (VBR), two 3-bit
alternate function code registers (SFC and DFC), a 32-bit cache control register, a supervisor
root pointer (SPR) and user root pointer (URP), a translation control register (TCR), four
transparent translation registers: two for instruction accesses (ITT1-ITT0), and two for data
access (DTT1-DTTO), and an MMU status register (MMUSR).

The key feature distinguishing the 68040 from its predecessors is its on-chip Floating Point
Unit (FPU). The 68040 has 11 on-chip registers dedicated to support floating point opera-
tions: cight 80 bit data registers, and one each 32 bit floating point control (FPCR), status
(FPSR), and instruction address (FPIAR) register.

The eight floating point registers always contain extended precision numbers. All external
operands are converted to extended precision prior to use in any calculation, or storage in any
FP register. The FPCR consists of one exception enable byte for traps during exception
operations, and one mode byte for setting user-defined rounding modes. The FPCR may be
modified and read by the user and is cleared by a hardware reset or a restore null state
operation. The remaining 16-bits in the FPCR are reserved by Motorola for future definition.

The FPSR contains several status byte indicating status for the last calculation. The FPSR
Condition Code byte indicates the results of an operation were negative, zero, infinity, or not
a number (NAN). The Exception Status byte indicates floating point operational exceptions
such as Branch/Set on Unordered (arithmetic operation attempted using NAN), Signaling
NAN, and Operand error. The FPSR Accrued Exception byte contains a history of exceptions

31 0 79 4]
Do FPO
B = 1
] Data u 3§ Eloalisg-l;'olnt FP3
Registers | D4 ata Registers FP4
= D5 ——— g FP5
D6 FPG
nz FP7
AO
2; 31 0
N u FP control ister FPCR
. feldeess - L v FP Status Register FPSR
o B |5 FP Instruction Address Register FPIAR
A6
AZMUSP  User Stack Pointer
v PC Program Counter
eye CCR Condition Code Register :
User Programming Model :
31 0
| ISP . Interrupt Stack Pointer
| IFT

MsP Master Stack Pointer
I J{CCR]| SR Status Register ICCR is also shown in the User Programming Models
VBR Vector Base Register
SFC Source Function Code
DFC Destination Function Code
CACR  Cache Control Register
tsﬁp Stpmrl?lrﬂe; i IstEt i

oot Pointer ster

1 TC Translation Control R:qisl:ts
DTTO0 Data Transparent Translation Register 0
DTT1 Data Transparent Translation Register 1
ITT0 Instruction Transparent Translation Register 0

I Instruction Transparent Translation Register 1
L IMMUSR MMU Status Register :

Supervisor Programming Model

FIGURE 7.27 68040 programming model.
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generated by previous operations. The FPSR Quotient byte is included for compatibility with
the MC68881/2 floating point units, and contains the least significant 7 bits and the sign bit
of the quotient from the previous operation.

The 68040 FPU operates simultancously with the Integer Unit. In addition to this, the
pipelined FPU can concurrently exccute two instructions. This pipelined superscalar architec-
ture increases the complexity of discovering which of several instructions executing concur-
rently may have generated an exception. The FPIAR holds the logical address of the instruc-
tion prior to its execution, to allow a floating point exception handler to locate the possible
cause of an exception.

The FPU supports the same data as the 68881/68882. The MC68040 supports the same
addressing mode as the 68020/68030.

Instruction Set/Data Types
The instructions provided by the MC68040 are listed in Table 7.5.

TABLE 7.5 68040 Instruction Set Summary

Mnemonic Description

ABCD Add Decimal with Extend

ADD Add

ADDA Add Address

ADDI Add Immediate

ADDQ Add Quick

ADDX Add with Extend

AND Logical AND

ANDI Logical AND Immediate

ASL, ASR Arithmetic Shift Left and Right

Bee Branch Conditionally

BCHG Test Bit and Change

BCLR Test Bit and Clear’ :

BECHG | Test Bit Field and Change

BFCLR Test Bit Ficld and Clear

BFEXTS Signed Bit Field Extract

BFEXTU Unsigned Bit Field Extract

BFFFO Bit Field Fine First One

BFINS Bit Ficld Insert

BEFSET Test Bit Field and Set

BFTST Test Bit Field

BRA Branch

BSET Test Bit and Set

BSR Branch to Subroutine

BTST Test Bit

CAS Compare and Swap Operands

CAS2 Compare and Swap Dual Operands

CHK Check Register Against Bounds

CHK2 Check Register Against Upper and Lower Bounds
+ CINV* Invalidate Cache Entrics )

CLR Clear

CMP Compare

CMPA Compare Address

CMPI Compare lmmediate

CMPM Compare Memory to Memory

CMP2 Compare Register Against Upper and Lower Bounds

CPUSH* Push then Invalidate Cache Entries

DBec Test Condition, Decrement and Branch

DIVS, DIVSL Signed Divide
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TABLE 7.5 68040 Instruction Set Summary (continued)

Mnemonic Description

DIVU, DIVUL  Unsigned Divide

EOR Logical Exclusive OR
EORI Logical Exclusive OR Immediate
EXG Exchange Registers
EXT, EXTB Sign Extend
FABS* Floating-Point Absolute Value
FADD* Floating-Point Add
FBec Floating-Point Branch
FCMP Floating-Point Compare
FDBcc Floating-Point Decrement and Branch '
FDIV* Floating-Point Divide
FMOVE* Move Floating-Point Register
FMOVEM Move Multiple Floating-Point Registers
FMUL* Floating-Point Multiply
FNEG* Floating-Point Negate
FRESTORE Restore Floating-Point Internal State
FSAVE Save Floating-Point Internal State \
FSce Floating-Point Set According to Condition
FSORT* Floating-Point Square Root
FSUB* Floating-Point Subtract
FTRAPce Floating-Point Trap-On Condition
FTST Floating-Point Test
ILLEGAL Take Illegal Instruction Trap
IMP Jump
ISR Jump to Subroutine
LEA Load Effective Address
LINK Link and Allocate
LSL, LSR Logical Shift Left and Right
MOVE - Move
MOVEle* 16-Byte Block Move
MOVEA Move Address
MOVE CCR Move Condition Code Register
MOVE SR Move Status Register
MOVE UsP Move User Stack Pointer
MOVEC* Move Control Register
MOVEM Mave Multiple Registers
MOVEP Move Peripheral
. MOVEQ - Move Quick
MOVES* Move Alternate Address Space
MULS Signed Multiply
MULU Unsigned Multiply
NBCD Negate Decimal with Extend
NEG Negate s
NEGX Negate with Extend
NOP No Operation
NOT Logical Complement
OR Logical Inclusive OR
ORI J Logical Inclusive OR Immediate . &
PACK Pack BCD _
PEA Push Effective Address
PFLUSH* Flush Entry(ies) in the ATCs
PTEST* Test a Logical Address
RESET Reset External Devices
ROL, ROR Rotate Left and Right
ROXL, RORX Rotate with Extend Left and Right
RTD Return and Deallocate
RTE Return from Exception

RTR Return and Restore Codes
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TABLE 7.5 68040 Instruction Set Summary (continued)

Mnemonic Description

RTS Return from Subroutine
SBCD Subtract Decimal with Extend
See Set Conditionally

STOP Stop

SUB Subtract

SUBA Subtract Address

SUBI Subtract Immediate
SUBQ Subtract Quick

SUBX Subtract with Extend
SWAP Swap Register Words
TAS Test Operand and Set
TRAP Trap

TRAPcc Trap Conditionally
TRAPV Tap on Overflow

TST Test Operand

UNLK Unlink

UNPK Unpack BCD

* MC68040 additions or alterations to the MC68030 and MC68881/
MC68882 instruction set.

Instructions in Table 7.5 which have an asterisk are unique to the 68040. The ptest and
pflush MMU control instructions have new formats, but are similar to those of the 68030. The
movel6 instruction allows for faster block transfers. Since this instruction operates only
between 16 byte memory locations, and most compiler data types are 8 bytes or less in size, this
instruction is not useful for most operations. Larger data structures such as arrays may benefit
from use of the movel6 instruction, but only if they are aligned on a 16-byte boundary. The
68040 Translation Control Register is accessed with a movec instruction as opposed to pmove
instruction on the 68030. On the 68040, the bsr and bra instructions are both one clock cycle
faster than jsr and jmp respectively. Since each pair is usually interchangeable, the branch
instructions are preferred.

Though the 68040 possesses an on-chip FPU, only a subset of the 68882 floating point
coprocessor instructions are directly supported. The remaining functions such as transcen-
dental (trigonometric and exponential) are emulated in software via a trap using Motorola’s
Floating-Point software package (FPSP) for the 68040. The FPSP emulates the floating-point
instructions of the 68881/68882 which are not provided by the 68040. This is an illegal
instruction mechanism used to indicate instructions not recognized by the hardware. The
software emulator is also invoked by the underflow exception and a new unsupported-data
type exception that handles denormalized and packed-decimal data representations in 68040.
Motorola claims even these instructions will execute 25-100% faster on a 25 MHz 68040 than
on a 33MHz 68882 FPU. One way to avoid using emulated floating point instructions is to
call a library routine linked to the user program to do the FP operations. This approach is
faster than emulation since the trap and decode times associated with emulation (which are
comparable to the actual computing time) are climinated. Also, emulation routines carry
calculations to extended (80 bit ) precision. This always adds extra calculation iterations, and
thus extra time, but is not always needed by the application. Table 7.6 depicts the indirectly
supported FP instructions. Note that loading of constant 7t is not directly supported by the
68040. Constant 7t can be indirectly loaded by using the MOVECR instruction (MOVECR-X#0,
FPn). See table on page 413. '

The MC68040, with its integer unit and floating-point unit (FPU), support the operand data
types shown in Table 7.7. The operand types supported by the integer unit include the data
types supported by the MC68030 plus a new data type (16-byte block) for.the MOVE16
instruction, The user instruction MOVE16 has been added to the instruction set to support
16 byte memory to memory data transfers. Integer unit operands can reside in registers, in
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TABLE 7.6 Indirectly Supported Floating-Point
Instructions by the 68040

Mnemonic .. Description
FACOS Floating-Point Arc Cosine
FASIN Floating-Point Arc Sine
FATAN Floating-Point Arc Tangent
FATANH Floating-Point Hyperbolic Arc Tangent
FFCOS Floating-Point Cosine
FCOSH Floating-Point Hyperbolic Cosine )
FETOX Floating-Point ¢*
FETOXL Floating-Point ¢* - |
FGETEXP Floating-Point Get Exponent
FGETMAN Floating-Point Get Mantissa
FINT Floating-Point Integer Part
FINTRZ Floating-Point Integer Part, Round-to-Zero
FLOGI0 Floating-Point Log,,
FLOGI0 Floating-Point Log,
FLOGN Floating-Point Log,
'FLOGNP1  Floating-Point Log, (x + 1)
FSQRT Floating-Point Square Root
FMOD Floating-Point Modulo Remainder
FMOVECR Floating-Point Move Constant ROM
FREM Floating-Point IEEE Remainder
FSCALE Floating-Point Scale Exponent
FSGLDIV Floating-Point Single Precision Divide
FSFLMUL Floating-Point Single Precision Multiply
FSIN Floating-Point Sine
FSINCOS Floating-Point Simultancous Sine and Cosine
FSINH Floating-Point Hyperbaglic Sine
FTAN Floating-Point Tanget
FTANH Floating-Point Hyperbolic Tangent

FTENTOX Floating-Point 10*
FTWOTOX Floating Point 2*

memory, or within the instructions themselves, and may be a single bit, a bit field, a byte, a
word, a long word, a quad word, or a 16-byte block. Each integer data register is 32 bits wide.

. Byte operands occupy the lower 8 bits, word operands the lower order 16 bits, and long-word
operands the entire 32 bits. The LSB of a long-word integer is addressed as bit zero and the
MSB is addressed as bit 31. For bit ficlds, the MSB is addressed as bit zero, and the LSB is
addressed as the width of the field minus one.

TABLE 7.7 68040 Data Types

Operand Data Type Size Supported By:  Nojes
Bit I Bit U —
Bit Field 1-32 Bis  1U * Field of Consecutive Bit
BCD 8 Bits U Packed: 2 Digits Byte
Unpacked: 1 Digit Byte
Byte Integer 8 Bits U, FPU —
Word Integer 16 Bits U, FPU —
Long-Word Integer 32 Bits 1U, Fru — .
Quad-Word Integer 64 Bits U Any Two Data Registers -
16-Byte 128 Bits U Memory-Only, Aligned to 16-Byte Boundary
Single-Precision Real 32 Bits FPU 1-Bit Sign, 8-Bit Exponent, 23-Bit Mantissa
Double-Precision Real 64 bits FPU 1-Bit Sign, 11-Bit Exponent, 52-Bit Mantissa

Extended-Precision Real 80 Bits FPU 1-Bit Sign, 15-Bit Exponent, 64-Bit Mantissa
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Example 7.6

Write a 68040 assembly language program to compute the volume of a sphere to extended
precision by using V = 4/3 * mr* where r is the radius of the sphere.

Solution
ORG $10b0 ; initialize program at location hex
1000
FMOVE (A7),fp0 ; move radius wvalue from user stack
to fp register 0
FMOVE (A7),fpl ; and into fp register 1
FMUL £fpl,£fpl ; obtain r squared, store in £pl
FMUL £p0,£fpl ; obtain r cubed, store in £pl
FMOVE #4,fp2 ; load decimal constant 4 into £p
register 2
FDIV #3,fp2 ; obtain 4/3, store in £fp2
FMOVE #22,fp4 ; load decimal constant 22 into fp
register 4
FDIV #7,£fpd ; obtain m store in f£fp4d
FMUL fp2,fp4d ; obtain (4 * m)/3, store in fp4d
FMUL fp4,fpl ; obtain ((4 * m)/3) * r cubed, store
in f£pl
FINISH JMP FINISH ; halt

This program will leave the extended precision results of the routine in floating point register
#1.

Example 7.7

Write a 68040 assembly language program to compute the hypotenuse of a right angle triangle

by using
Z=+x*+y’

Solution

The following program requires software cmulation of the indirectly supported fsqrt floating
point instruction to perform a Pythagorean theorem calculation of the length of the hypot-
enuse of a right angle triangle:

ORG $1000 ; initialize at hex location 1000

FMOVE (A7)+,fp0 ; 1load adjacent side length into f£fp
reg 0

FMUL f£pO0, £fp0 ; square side 1, store in £p0

FMUL fp2,fp2 ; square side 2, store in £fp2

FADD f£p0, fp2 ; sum the sguared side lengths and

store in fp reg 2

calculate length of hypotenuse
and store in fp 2

FINISH JMP FINISH ; halt

FSQRT f£p2

~
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FIGURE 7.28 MC68040 block diagram.

68040 Processor Block Diagram

Figure 7.28 shows a block diagram of the MC68040. Instruction execution is pipelined in both
the Integer Unit (IU) and FPU, which interface to fully independent data and instruction
memory units. In the MC68040, high-usage instructions (such as branch instructions) execute
in a minimum number of clock cycles. In the development of the IU, Motorola ran thousands
of real world code traces to determine which instructions were used most often. The integer
pipeline consists of six stages: Instruction prefetch, Instruction decode, Effective address
calculate, Effective address fetch, Execute and Writeback. The six-stage IU pipeline executes
instructions at an average of 1.3 instructions/clock cycle: about 3 times faster than the 68030
IU. This approaches the one instruction/clock cycle execution rate of a RISC architecture; an
outstanding -accomplishment for a CISC architecture processor. Figure 7.29 depicts the
instruction pipeline of the Integer Unit.

The Floating Point Unit (FPU) pipeline consists of three stages; Operand Conversion,
Execute, and Result Normalization. A floating point instruction will flow-through the IU until
it reaches the execute stage. Here, the instruction and its operands are transferred to the operand
conversion stage of the FPU. If the instruction requires data to be transferred back to the integer
unit, then the IU execute stage must wait for the data. This may stall the IU pipeline by 10’s of
clock cycles. If not, the U continues instruction execution in parallel with the FPU. The
compiler may minimize these pipeline stalls by reordering integer and floating point instructions
to minimize register and memory location dependencies between concurrently executing in-
structions. While the FPU pipeline is slower than the IU pipe, the on-chip FPU operations in
the 68040 take about one half the number of clock cycles of the 68882 coprocessor which is
required for floating point operations with the 680x0 series prior to the 68040.
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Integer Pipeline Flow
CPU Clock Cycles

Interger unit stages 1 2 3 4 5 6 i | 8 l 9
Instructioni prefelch ll:movc| I 2:add | |3:muvc| [ 4:add | Instructions
4 1: move d16(A0), DO
f N f i 2:add DO, D1
Instruction decode Il:mave| | 2:add | l3:move| I 4:add 3: Move D1, -(A1)
2 A 4 N N 4:add DO, d16(A0)
Effective address calculate l!:movel | Idle I |3:move I 4:add

4:add

Execute I:movel | 2:add Ilzmove 4:add |

i\
Effective address fetch 1:move I Idle [ Idle
"

N

Writeback 3:move

FIGURE 7.29 Integer unit instruction pipeline.

The instruction and data memory units operate independently. They consist of an MMU
which utilizes the ATC to translate the logic address generated by the MC68040 into a physical
address, while the bus snooper circuit ensures cache coherency in multimaster applications.
This split cache or “harvard architecture™ uses a subset of the 68030’s MMU instruction set.

7.2.5 68040 Memory Management

The memory management function performed by the MMU is called demand paged memory
management. Since a task specifies the areas of memory it requires as it executes, memory
allocation is supported on a demand basis. If a requested area of memory is not currently
mapped by the system, then the access causes a demand for the operating system to load to
allocate the required memory image. The technique used by the MC68040 is paged memory
management because physical memory is managed in blocks of a specified number of bytes,
called page frames. The logical address space is divided into fixed-size pages that contain the
same number of bytes as the page frames. The memory management software assigns a
physical basc address to a logical page. The system software then transfers data between
secondary storage and memory, onc or more pages at a time. Because of the phenomenon of
locality of reference, instruction and data that are used in a program have a high probability
of being reused within a short time. Additionally, instruction and data operands residing near
the instruction and data currently in use also have a high probability of being utilized within
a short period. !

Memory management in the MC68040 has been improved by including separate indepen-
dent paged MMUs for instruction and data accesses. The data and instruction MMUs
support virtual memory systems by translating logical addresses to physical addresses using
translation tables stored in memory. Each MMU contains an address translation cache
(ATC) in which recently used logical-to-physical address translations are stored. For
normal accesses, the translation process proceeds as follows for the accessed instruction or
data memory unit:

1. Compare the logical address and privilege mode to the parameters in the transparent
translation registers and use the logical address as a physical address for the access if one
of the transparent translation registers match. Each transparent translation register can
define a block of logical addresses that are used as physical addresses without transla-
tion.
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2. Compare the logical address and privilege mode to the tag portions of the entries in the
ATC. When the access address and privilege mode matches a tag in the ATC and no
access violation is detected, the ATC outputs the corresponding physical address to the
cache controller, which access the data within the cache.

3. When no transparent translation register nor valid ATC entry matches, the MMU
aborts the current access and searches the translation tables in memory for the correct
translation. If the table scarch completes without errors, the MMU stores the translation
in the ATC and provides the physical address for the access, allowing the memory unit
to retry the original access by repeating step 2.

Separate 4K-byte on chip instruction and data cache operate independently, and are ac-
cessed in parallel with address translation. Each cache and corresponding MMU reside on a
separate internal address bus and data bus, allowing simultaneous access to both. Both four-
way set associative caches have 64 sets of four, 16-byte lines. Each cache line contains an
address tag, status information, and four long words of data (D0-D3). The address tag
contains the upper 22-bits of the physical address. The processor fills the cache lines using
burst mode access which transfers the entire line as four long words. This mode of operation
not only fills the cache efficiently, but also captures adjacent instruction or data items that are
likely to be required in the near future due to locality characteristics of the executing task.

Each memory unit access by theinteger unit is translated from a logical address to a physical
address to access the data in the cache. To minimize latency of the requested data, the lower
untranslated bits of the logical address (which map directly to physical address bits) arc used
to access a set of cache lines in parallel with the translation of the upper logical address bits.
Bits PA9-PA4 are used to index into the cache and select one of the 64 sets of four lines. The
four tags from the selected cache set are compared to the translated physical address bits PA31-
PA12 from the MMU and bits PA11 and PA10 of the untranslated page offset. The cache has
a hit, if ay one of the four tags match.

The caches improve the overall performance of the system by reducing the number of bus
transfers required by the processor to fetch information from memory and by increasing the
bus bandwidth available for other bus masters in the system. To further improve system
performance the data cache in the MC68040 supports both write back and write through
caching modes for storing write accesses.

Write back— The information is written only to the block in the cache. The modified cache
block is written to main memory only when it is replaced.

Write through — The information is written to both the block in the cache and to the block
in the lower-level memory.

The MC68040 implements a bus snooper that maintains coherency of the caches by moni-
toring the accesses by an alternate bus master and performing cache maintenance operations
as requested by the alternate master. Matching cache lines can be invalidated during the
alternate master access to memory, or memory can be inhibited to allow the MC68040 to
respond to the access as a slave. By intervening in the access, the processor can update its
internal caches for an external write (destination data) or supply cache data to the alternate
bus master for an external read (source data). In this manner, the caches in the MC68040 are
prevented from accumulating old or invalid copies of data (stale data), and external masters
are allowed access to locally modified data within the caches that is no longer consistent with
external memory (dirty data). Cache coheréncy is also supported by allowing memory pages
to be specified as write through instead of write back; processor writes to write through pages
always update external memory via an external bus access after updating the cache, keeping
memory and cache data consistent.
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Discussion and Conclusion

The 68040 represents a significant advance in the Motorola 680x0 processor family. The most
common commercial applications for these devices are high-end Macintosh computers such
as the Quadra series and aftermarket Macintosh accelerator boards such as'the Radius Rocket.
The FPU pipeline and interface overhead reduction have resulted inan on-chip floating-point
unit which outperforms the 68030/68882 floating point capabilities, even when floating point
instructions are emulated in software, the 68040 is clocked at a slower speed than the 68030.
Memory management technologies such as the Address Translation Cache, write-back main
memory block updates, and split instruction/data caches have reduced clock cycles/instruction
to a rate (average = 1.3 ¢lock cycles/instr) which rivals RISC architecture processors. This is
very unusual, since a primary bencfit of reduced instruction set computers is increased
throughput due to a smaller number of instruction being fetched from memory. The com-
Bination of multistage pipelining, instruction sequencing, and memory management have
produced a processor which outperforms its primary competition in both fixed and floating

point throughput.

Intel 80486 Microprocessor

Intel 80486 is an enhanced 32-bit microprocessor with an on-chip floating-point hardware.

Intel 80486/80386 Comparison

Table 7.8 compares the basic features of the 80486 with those of 80386.

TABLE 7.8 80386 vs. 80486

Charactesistic

80386

80486

Introduced in
Principle features

Data bus size accommodated

Parity

Address bus size

Bus utilization with zero wait
states

On-chip transistors

Dircctly addressable memory

Virtual inemory size

Internal clock

Clock
Pins

Address and data buses
Instruction Exccution speed
Registers

1985; 3865X in 1988

Adds paging 32-bit extension,
on-chip address translation, and
greater speed to 80286 functions.
32-bit microprocessor

16-, 32-bit

None

32-bit

70%

275,000

4 Gigabytes

64 Tetrabytes

Divides the external clock input
by 2

25 M1z to 50 Mz

100 for 803865X and 168 for other
80386's

non-multiplexed

4.5 clocks

8 32-bit general purpose registers

32-bit EIP and Flag register

6 16-bit scgment registers

6 64-bit segment descriptor
registers

4 32-bit system control registers
(CRO-CR3)

1989

Adds on-chip cache, floating-point
unit, and greater speed to 386
functions. 32-bit microprocessor

8-, 16-, 32-bit
Generation and checking
32-bit

50%

1.2 million

4 Gigabytes

64 Tetrabytes

Same as external clock input

25 MHz 10 66 MHz
168

non-multiplexed
1.8 clocks
All registers listed under the 80386
plus the following registers:
8 80-hit
8 2-bit
8 16-bit
3 16-bit
2 48-bit
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TABLE 7.8 80386 vs, 80486 (continiied)
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Characteristic

80386

80486

Tested debug registers for built-in
self test

Start of a bus cycle

Bus cycle definition

Address

End of bus cycle

Direct Memory Access (DMA)

Bus lock

Bus backoff

Address HOLD

On-chip memory management
hardware

Operating modes: Real, Protected,
and Virtual 8086 modes

Addressing modes

On-chip floating-point hardware

Instructions

2 Test registers

8 Debug registers for testing control
ROMs, TLB, etc.

Defined by activation of ADS
output pin by the 80386

Bus cycle is defined by the encoding
of M/10#, D/C#, and W/R# pins

Defined by A2-A31

BEO#-BE3#

Indicated by the RDY# pin

RDY# input indicates that an
external device has presented valid
data on the data bus or that the
external device has accepted data

Two pins are used:
HOLD input pin
HLDA output pin

LOCK# output pin allows the
processor to complete multiple
bus cycles without interruption
via the HOLD pin

Not available

Not available

Yes

Yes. Does not support maximum
or minimum mode like the 8086
1
No .
Listed in Chapter 4 including the
floating-point instructions where
the 80386 is interfaced to the
80386

5 Test registers

8 Dcbug registers for testing
control ROMs, TLB, cache, etc

Defined by activation of ADS
output pin by the 80486

Bus cycle is defined in the same
way except that the encoding of
M/10#, D/C#, and W/R¥ are
different on the 80386 and 80486

Same as the 80386

RDY# and BRDY# pins
The RDY# pin has the same
mcaning as the 80386 except that
the BRDY# input is used during a
burst transfer. A maximum of 16
bytes can be transferred during
the burst. The 80486 asserts the
BLAST# output pin to end the
burst
Three pins are used:
HOLD input pin
HLDA output pin
BREQ output
Two pins are used: LOCK# and
PLOCK#. The 80486 LOCK#
output pin has the same meaning
as the 80386. The PLOCK# (bus
pseudo-lock) output pin allows
the processor to complete
multiple bus cycles of aligned 64-
bit data including floating-paoini
The BOFF# input pin indicates that
another bus master needs to
complete a bus cycle in order for
the 80486's current cycle to
complete
The AHOLD input pin causes the
80486 to float its address bus in
the next clock cycle. This allows
an external device to drive an
address into the 80486 for internal
cache line invalidation
Yes

Same as the 80386-

11

Yes

All 80386 instructions including the
floating-point instructions for the
on-chip floating-point hardware
plus six new instructions
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Special Features of the 80486

Intel 80486 is a 32-bit microprocessor like the Intel 80386. It executes the complete instruction
sct of the 80386 and the 80387DX floating-point coprocessor. Unlike the 80386, the 80486 on-
chip floating-point hardware eliminates the need for an external floating-point coprocessor
chip and the on-chip cache minimizes the need for external cache and associated control logic.

The 80486 is object-code-compatible with the 8086, 8088, 80186, 80286, and 80386 proces-
sor. It can perform a complete set of arithmetic and logical operations on 8-, 16-, and 32-bit
data types using a full-width ALU and eight general-purpose registers. Four- gigabytes of
physical memory can be addressed directly via its separate 32-bit addresses and data paths. An
on-chip memory management unit is added which maintains the integrity of memory in the

* multitasking and virtual-memory environments. Both memory segmentation and paging are

supported. .

As mentioned above, the 80486 has an internal 8K byte cache memory, which provides fast
access to recently used instructions and data. The interstal write through cache can hold 8K
bytes of data or instructions. The internal cache can be invalidated or flushed, so that an
external cache controller can maintain cache consistency in multiprocessor environments.
Write-back and flush controls over an external cache are also provided. The internal cache and
instruction prefetch buffer can be filled very rapidly from memory each clock cycle.

The on-chip floating-point unit performs floating-point operations on the 32-, 64-, and 80-
bit arithmetic formats specified in 1EEE standard, and is ebject-code-compatible with the
8087, 80287, 80386 coprocessors.

An instruction restart feature allows programs to continue execution following an interrupt
generated by an unsuccessful memory access attempt; an important feature for supporting
demand-paged virtual memory.

The fetching, decoding, exccution, and address translation of instructions is overlapped
within the 80486 processor using instruction pipe-lining. This allows a continuous execution
rate of one clock cycle per instruction for most instructions.

The 80486 processor can operate in three modes (set in software): real, protected, and
virtual 8086 mode.

After resct or power up, the 80486 is initialized in Real Mode. This mode has the same base
architecture as the 8086, but allows access to the 32-bit register set of the 80486 processor.
Nearly all of the 80486 processor instructions are available, but default operand-size is 16 bits.
The main purpose of Real Mode is to set up the processor for Protected Mode.

The Protected Mode or the Protected Virtual Address Mode is where the complete capabili-
ties of the 80486 become available. Segmentation and paging can both be used in Protected
Mode. All exiting 8086, 80286, and 386 processor software can be run under the 80486
processor’s hardware-assisted protection mechanism.

The Virtual 8086 Mode is a sub-mode for the Protect Mode. It allows 8086 programs to be
run but adds the segmentation and paging protection mechanisms of Protected Mode. It is
more flexible to run 8086 in this mode than in the Real Mode since it can simultaneously
execute the 80486 operating system and both 80286 and 80486 processor applications.

The 80486 is provided with a bus backoff feature. Using this, the 80486 will float its bus
signals if another bus master needs control of the bus during a 80486 bus cycle and then
restarts its cycle when the bus again becomes available.

The 80486 includes dynamic bus sizing. Using this feature, external controllers can dynami-
cally alter the effective width of the data bus with 8-, 16-, or 32-bit bus widths.

In terms of programming modcls, the Intel 386 DX or SX has very few differences with the
80486 processor. The 80486 processor defines new bits in the EFLAGS, CRO0, and CR3
registers, and in entrics in the first and second-level page tables. In the 386 processor, these
bits were reserved, so the new architectural features should not be a compatibility issue.
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The AC (alignment check) flag (bit number 18) is a new flag added to the 80486 EFLAGS
register. All other flags in the 80486 EFLAGS are same as the 80386. The 80486 AC flag can
be used in conjunction with an AM (Alignment Mask) bit in the 80486 CRO control register
to control alignment checking. The 80486 performs alignment checking when both the AC
flag and AM bit are st to one. This checking is disabled when AM bit is cleared to zero. An
alignment check exception is generated when reference is made to an unaligned operand such
as a word at an odd byte address or a doubleword at an address which is not an integral
multiple of four. This is the 80486 new exception vector 17,

On the 80386, loading a segment descriptor would always cause a locked read and write to
set the accessed bit of the descriptor. On the 80486, the locked read and write occur only if
the bits are not already sct. '

The following control register bits in CR0O and CR3 have been added beyond those of the
80386:

1. Five new bits have been defined in the CRO register. These are NE (Numeric error), WP
(Write Protect), AM (Alignment Mask), NW (Not Write-through) and CD (Cache
disable). The NE bit cnables the standard mechanism for reporting floating-point
numeric errors when set. The WP bit, when sct to one, write-protects user-level pages
against supervisor-mode access. The purpose of the AM bit is already explained. The
NW bit enables write-through and cache invalidation cycle when cleared to zero.

2. Two new bits have been defined in the 80486 CR3 control register. These are the PCD
(Page-level Cache Disable) and the PWT (Page-level Writes Transparent) bit. The state
of the PCD bit is driven on the PCD pin during bus cycles which are not paged, such
as interrupt acknowledge cycles, when paging is enabled. The state of the PWT bit, on
the other hand, is driven on the PWT pin during bus cycles which are not paged such
as interrupt acknowledge cycles when paging is enabled.

7.3.3 80486 New Instructions Beyond Those of the 80386

There are six instructions added to the 80486 instruction sct beyond those of the 80386
instruction set as follows:

1. Three New Application Instructions
*  BSWAP instruction
+  XADD instruction
*+ CMPXCHG Instruction
2. Three New System Instructions
* INVD Instruction
* WBINVD Instruction
* INVLPG Instruction

The 80386 can execute all its floating-point instructions when the 80387 is present in the
system. The 80486, on the other hand, can directly execute all its floating-point instructions
(same as the 80386 floating-point instructions) since it has the on-chi p floating-point hardware.

The 80486’s six new instructions are described in the following. Since the 80386 floating-
point instructions are discussed in Chapter 4 and are the same as the 80486, they are not
covered in this chapter.

The three new application instructions included with the 80486 are listed below:

1. BSWAP reg,, instruction reverses the byte order of a 32-bit register, converting a value
in little/big endian form to big/little endian form. That is, the BSWAP instruction
exchanges bits 7...0 with bits 32...24 and bits 15...8 with bits 23...16 of a 32-bit register.
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Exccuting this instruction twice in a row leaves the register with 'the original value.
When BSWAP is used with a 16-bit operand size, the result left in the destination
operand is undefined. Consider an example of 32-bit operand, if [EAX] = 12345678H,
then after BSWAP EAX, the contents of EAX are 78563412H.

Note that little endian is a byte-oriented method where the bytes are ordered (left to
right) as 3,2,1, and 0 with byte 3 being the most significant byte. Big endian on the other
hand, is also a byte-oriented method where the bytes are ordered (left to right) as 0,1,2,
and 3 with byte 3 being the most significant byte. '

The BSWAP instruction speeds up execution of decimal arithmetic by operating on
four digits at a time.

2. XADD dest, source
reg8/mem8, reg8
regl6/meml6, reglé
reg32/mem32, reg32

The XADD dest, source loads the destination into the source and then loads the sum of
the destination and the original value of the source into the destination. For example,
if [AX] = 0123H, [BX] = 9876H, then after XADD AX, BX, the contents of AX and BX
are respectively 9999H and 0123H.
3. CMPXCHG dest, source

reg8/mem8, reg8

regl6/meml6, reg 16

reg32/mem32, reg32

The CMPXCHG instruction compares the accumulator (AL, AX or EAX register) with
the destination. If they are equal, the source is loaded into the destination; Otherwise,
the destination is loaded into the accumulator. For example, if [DX] = 4324H, [AX] =
4532H, and [BX] = 4532H, then after CMPXCHG BX, DX, the ZF flag is set to one and
[BX] = 4324H.
There are three new system instructions used for managing the cache and TLB. These are
described below:

1. INVD instruction flushes the internal cache and a special function bus cycle is issued
which indicates that any external caches should also be flushed. Data held in write-back
external caches is discarded. '

2. WBINVD instruction flushes the internal cache and a special function bus cycle is used
which indicates that any external cache should write-back its contents to main memory.
Another special function bus cycle follows, directing the external cache to flush itself.

3. INVLPG instruction is used to invalidate a single entry in the TLB.

The form of the 80486 MOV instruction used to access the test register has changed beyond
that of the 80386. Also, new test registers have been defined for the cache in the 80486 and the
model of the 80486 TLB (Translation Lookaside buffer) accessed through the test register has
changed. Note that the TLB in 80486 is a cache for page table entrics.

Intel Pentium Microprocessor

Table 7.9 summarizes the basic differences between the basic features of 486 and Pentium
processor families:



506 Microprocessors and Microcomputer-Based System Design, 2nd Edition

TABLE 7.9 Basic Differences Between 80486 and Pentium Processor Families

Feature 486 Processor Pentium Processor
Clock 25 to 66 MHz 60 to 100 MHz
Address and data buses 32-bit data bus 32-bit address bus
32-bit address bus 64 bit data bus
Pipeline model ‘ Single Dual
Internal cache e 8K for both data and instruction 8K data
8K instruction
Cache type Write-through Write back
"Number of transistors 1.2 million 3.2 million
Performance at 66 MHz in MIPS 54 MIPS 112 MIPS
(Millions of Instructions Per
Second)
Number of pins 168 273

Microprocessors have served largely separate markets and purposes: business PCs and engi-
neering workstations. The PCs have used Microsoft’s DOS and Windows operating systems
while the workstations have used various features of UNIX. The PCs have not been utilized in
the workstation market because of their relatively modest performance, especially with regard
to complicated graphics display and their floating-point performance, Workstations have been
kept out of the PC market partially because of their high prices and hard-to-use system
software.

The Pentium will bring the PCs up to workstation-class computational performance with
sophisticated graphics. The Intel Pentium is a 32-bit microprocessor with a 64-bit data bus.
The Intel Pentium, like its predecessor, the Intel 80486 is 100% object code compatible with
other X86 systems.

The Pentium processor has three modes of operation. The mode determines which instruc-
tions and architecture features are accessible, These modes are: real-address mode (also called
“real mode”), protected mode, and system management mode.

In the real-address mode, the Pentium processor runs programs written for 8086/8088,
80186/80188, or for the real-address mode of an 80286, 80386, or 80486. The architecture of
the Pentium processor in this mode is identical to that of the 8086/8088, 80186, and 80188
processors.

In the protected mode, all instruction and architectural features of the Pentium are
available to the programmer. Some of the architectural features of the Pentium processor
include memory management, protection, multitasking, and multiprocessing. While in
protected mode, the virtual-8086 mode can be enabled for any task. For the v86 mode, the
Pentium can directly execute ‘real address mode’ 8086 software in a protected, multitasking
environment,

The Pentium processor is provided with a System Management Mode (SMM) similar to the
one used in the 80486SL line, which allows engincers to design for low power usage. SMM is
entered through activation of an external interrupt pin (System Management Interrupi,
SMI#). All registers are saved for later restoration. The SMM interrupt service routine is then
executed from a separate address space. SMM is exited by executing a new instruction (RSM)
executable from SMM. The Pentium then returns to the interrupted program.

In December 1994, Intel detected a flaw in the Pentium chip while performing certain
division calculations. The Pentium is not the first chip that Intel had problems with. The first
version of the Intel 80386 had a math flaw which Intel quickly fixed before any complaints.
Some experts feel that Intel should have acknowledged the math problem in the Pentium when
it was first discovered and then offered to replace the chips. In that case, the problem with the
Pentium most likely would have been ignored by the users. However, Intel was heavily
criticized by computer magazines when the division flaw was first detected in the Pentium.
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FIGURE 7.30 Pentium™ processor block diagram.

The flaw in the division algorithm in the Pentium was caused by a problem with a look-up
table used in the division. Errors occur in the fourth through fifteenth significant decimal
digits. This means that in a result such as 5.758346, the last three digits could be incorrect. For
example, the correct answer for the operation 4,195,835 - (4,195,835 + 3,145,727) % (3,145,727)
is zero. The Pentium provided a wrong answer of 256. IBM claimed this problem can occur
once every 24 days.

It is the author’s opinion that the circuitry inside the 32-bit microprocessors are so complex
that the math flaw in the Pentium is not unusual. Intel already regained its reputation by fixing
the division flaw in the Pentium and has alrcady been shipping replacement chips.

Intel shipped approximately 4 million original Pentium chips by the end of 1994. The
manufacturing cost to Intel for replacement chip amounts to approximately $150 per chip and
results in $100 per chip for shipping and upgrade services. Based on these numbers, the cost
to Intel for a total recall of Pentium chips will be $1 billion which is almost 50% of Intel’s 1994
earnings.

The author strongly believes in Intel products. Intel lived up to the expectations of the
author and many other users of Intel products by correcting the division flaw in the Pentium
chip.

7.4.1 Pentium Processor Block Diagram

Figure 7.30 shows a block diagram of the Pentium processor.
The Pentium microprocessor is based on a superscalar design. This means that the proces-
sor includes dual pipelining and executes more than one instruction per clock cycle. Note that
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scalar microprocessors such as the 80486 family have only one pipeline and execute one
instruction per clock cycle and superscalar processors allow more than one instruction to be
executed per clock cycle.

The Pentium microprocessor contains the complete 80486 instruction set along with some
new ones which are discussed later. Pentium’s on-chip memory management unit is com-
pletely compatible with that of the 80486, °

The Pentium includes faster floating-point on-chip hardware than the 80486. Pentium’s
on-chip floating-point has been completely redesigned over the 80486. Faster algorithms
provide up to ten times speed-up for common operations such as add, multiply, and load. The
two instruction pipelines and on-chip floating-point unit are capable of independent opera-
tions. Each pipeline issues frequently-used instructions in a single clock cycle. ‘The dual
pipelines can jointly issue two integer instructions in one clock cycle or one floating-point
instruction (under certain circumstances, two floating-point instructions) in one clock cycle.

Branch prediction is implemented in the Pentium by using two prefetch buffers: one to
prefetch code in a linear fashion and one to prefetch code according to the contents of the
Branch Target Buffer (BTB) so the required code is almost always prefetched before it is
needed for execution. Note that the branch addresses are stored in the Branch Target Buffer
(BTB). :
The Pentium includes 8Kbytes of on-chip code cache and 8Kbytes of data cache. Each cache
is two-way set associative. Also, each cache has a dedicated Translation Lookaside Buffer
(TLB) to translate linear addresses to physical address used by each cache.

Theblock diagram shows the two instruction pipelines, the “U” pipe and the “V” pipe which
are not equivalent and interchangeable. The U-pipe can execute all integer and floating-point
instructions, while the V-pipe can only execute simple integer instructions and the floating-
point exchange register contents (FXCH) instructions.

The instruction decode unit decodes the prefetched instructions so that the Pentium can
execute them. The control ROM includes the microcode for the Penitum processor and has
direct control over both pipelines.

A barrel shifter is included in the chip for fast shift operations.

Pentium Registers

The Pentium processor includes the same registers as the 80486. Three new system flags are
added to the 32-bit EFLAGS register. These are the ID (ID flag, bit 21 of EFLAGS), the VIP
(Virtual Interrupt Pending, bit 20 of EFLAGS) and the VIF (Virtual Interrupt Flag, bit 19 of
EFLAAGS). ,

The ability of a program to set or clear the ID flag indicates that the processor sapports the
CPUID instruction. The CPUID instruction provides information about the family member
and model of the microprocessor on which it is executing.

Pentium Addressing Modes and Instructions

The Pentium includes the same addressing modes as the 80386/80486.

The Penitum microprocessor includes three new application instructions and four new
system instructions beyond those of the 80486.

The new application instructions are CMPXCHG8B, CPUID and RDTSC. The new system
instructions are

i) MOV CR4,r32 and MOV r32,CR4
iil) RDMSR

iii) WRMSR

iv) RSM
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The details of RDTSC instruction is considered proprietary and confidential by Intel and is
nat provided in Intel manuals, Detailed information on this may be obtained from Intel upon
signing a non-disclosure agreement.

(MPXCHGSB reg64 compares the 64-bit value in EDX:EAX with the 64-bit contents

or
mem64

of reg 64 or mem64. If they are equal, the 64-bit value in ECX:EBX is stored in reg64 or
mem64; otherwise the content of reg64 or mem64 is loaded into EDX:EAX.

Certain features of the Pentium processor described in the ‘Pentium Processor Data Book’
are considered proprietary by Intel and may be obtained upon signing a non-disclosure
agreement with Intel. These features are specific to the Pentium processor and may not be
continued in the same way in future processors. Examples include functions for testability,
performance monitoring, and machine check errors. These features are accessed through
Model Specific Registers. The new instructions RDMSR and WRMSR are used to read from
and write into theses registers. In order to use such model Specific features, software should
check “Family” member by using the CPUID instruction. Software which uses these
registers and functions may not be compatible with Intel’s future processors. The RSM
instruction resumes operation of a program interrupted by a System Management Mode
interrupt.

Pentium floating-point instructions execute much faster than those of the 80486 instruc-
tions. For example, a 66MHz Pentium microprocessor provides about three times the float-
ing-point performance of a 66MHz Intel 80486 DX2 microprocessor.

Pentium Vs. 80486 Basic Differences in Registers, Paging, Stack
Operations, and Exceptions

Registers of the Pentium processor vs. those of the 80486

This section discusses the basic differences between the Pentium and 80486 control, debug,
and test registers. Two bits, namely CD (Cache Disable) and NW (Not Write-through) in the
control register, CRO are redefined in the Pentium. The values of zero in both CD and NW
in CRO implement a write-back strategy for the data cache in the Pentium. On the 80486, these
values implement a write-through strategy.

One new control register, CR4 is included in the Pentium. CR4 contains bits that enable
certain extensions to the 80486 provided in the Pentium processor. These extensions include
functions such as debugging extensions that support 1/O breakpoints and machine check
exceptions for handling certain hardware crror conditions.

The Pentium processor defines the type of breakpoint access by two bits in DR7 to perform
breakpoint functions such as breakpoint on instruction execution only, break on data writes
only and break on data reads or writes but not instruction fetches.

The implementation of test registers on the 80486 uscd for testing the cache and TLB has
been redesigned using model specific registers in the Pentium processor.

Paging
The Pentium processor provides an extension to the memory management/paging functions
of the 80486 to support larger page sizes.

Stack Operations

The Pentium microprocessor, 80486 and 80386 push a different value on the stack for a PUSH
SP instruction than the 8086. The 32-bit processors push the value of the SP before it is
decremented while the 8086 pushes the value of the SP after it is decremented.
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Exceptions

The Pentium processor implements new exceptions beyond those of the 80486. For example,
a machine check exception is newly defined for reporting parity errors and other hardware
errors.

External hardware interrupts on the Pentium may be recognized on different instruction
boundaries due to the pipelined execution of the Pentium processor and possibly, an extra
instruction passing through the v-pipe concurrently with an instruction in the u-pipe. When
the two instructions complete execution, the interrupt is then serviced. Therefore, the EIP
pushed onto the stack when servicing the interrupt on the Pentium processor may be different
than that for the 80486 (i.c. it is serviced later).

The priority of exceptions is the same on both the Pentium and 80486.

Input/Output

The Pentium processor handles I/0 in the same way as the 80486. The Pentium can use either
standard I/O or memory mapped 1/0. Standard I/O is accomplished by using IN/OUT
instructions and a hardware protection mechanism.

When memory-mapped 1/0 is used, memory-reference instructions are used for input/
output and the protection mechanism is provided via segmentation or paging,

The Pentium can transfer 8-, 16- or 32-bits to a device. Like memory-mapped /O, 16-bit
ports using standard I/O should be aligned to even addresses so that all 16 bits can be
transferred in a single bus cycle. Like doublewords in memory-mapped I/O, 32-bit ports in
Standard 1/0 should be aligned to address which are multiples ot iuu.. The Pentium supports
I/O transfer to misaligned ports, but there is a performance penalty because an extra bus cycle
must be used.

The INS and OUTS instructions move blocks of data between 1/0 ports and memory. The
INS and OUTS instructions, when used with repeat prefixes, perform block input or output
operations. The string 1/O instructions can operate on byte (8-bit) strings, word (16-bit)
strings, or double word (32-bit) strings.

When the Pentium is running in Protected mode, 1/Q operates as in real address mode with
additional protection features as follows:

1. References to memory-mapped I/O ports, like any other memory reference, are subject
to access protection and control by both segmentation and paging.
2. Using standard 1/0, execution of an /O instruction is subject to two protection mecha-
nisms:
a. The IOPL field in the EFLAGS register controls access to the 1/O instructions.
b. The I/O permission bit map of a TSS (Task State Segment) controls access to
individual port in the /O address space.

Applications With the Pentium

The performance of the Pentium’s Floating-Point Unit (FPU) makes it appropriate for wide
areas of numeric applications: ’

1. Business Data Processing ‘
Pentium’s FPU can accept decimal operands and produce extra decimal results of up to
18 digits. This greatly simplifies accounting programming. Financial calculations that
use power functions can take advantage of exponential and logarithmic functions.
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2. Many mini and mainframe large simulation problems can be executed by the Pentium.
These applications include complex electronic circuit simulations using SPICE and
simulation of mechanical systems using finite element analysis.

3. Since the FPU of the Pentium can execute integer instructions concurrently, the Pentium
can be used in graphics applications such as computer-aided design (CAD).

4. The Pentium’s FPU can move and position machine control heads with accuracy in real
time. Axis positioning can cfficiently be performed by the hardware trigonometric
support provided by the FPU. The Pentium can, therefore, be used for computer
numerical control (CNC) machines.

5. The pipelined instruction feature of the Pentium processor makes it an ideal candidate
for DSP (Digital Signal Processing) and related applications for computing matrix
multiplications and convolutions.

Other possible application arcas for the Pentium includes robotics, navigation, data acquisi-
tion, and Process Control.

QUESTIONS AND PROBLEMS

7.1 i) Identify the the 68030 registers that are not included in the 68020.
ii) Name a 68030 register which is included in the 68020 but formatted in a different
way from the 68020. Why is it structured differently?

7.2 What are the functions of the 68030 REFILL, STATUS, and STERM pins?

7.3 i) What is the difference between the 68030 DSACK and STERM?
i) What are the minimum bus access times in clock cycles for 68030 synchronous and
asynchronous operations?

7.4 What conditions must be satisfied before a cache hit occurs for either instruction or data
cache in the 68030?

7.5 Assume user data space. The 68030 executes the instruction CLR.W(A1) with [Al] =
$20507002 and [$20507002] = $1234 with the following information in the data cache:

Valid
bits
Tag 01 23 LWO LWI L.W2 LW3
0]1[205070 [ 1111 ]12345124( 00121234 | 70001111 | 01112222
1 (11205070 (0111 |77777777 | 12121212 | FFOO11EE [AAAALLl]
2 1|5F1236 | 1010 (72101234 | 25252020 |FEEEEEEE| 00110011
311/021472 (0001 | 11223344 [BBBBAAAA| 71171625 | 00200000

Assume all numbers in hex.
Will a cache hit occur? Why or why not?

7.6  What arc the functions of 68030 EBREQ and CBACK?

7.7 Write a 68030 instruction sequence to clear the instruction cache entry for address
$00005040.
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7.8 For a page size of 4K bytes, translate the 68030 logical address $00000240 to a physical
address. Assume the following data:

000010000 TCB

5001000 0020 0000

$001004 [ 0020 oo10| 1wl
Descriptors
$001008 0020 0020
Page 0 20000 7A237 Liaviel 2
1 20004 8E1C2 Page
2 20008 20315 - descriptor

Assume all numbers in hex.
7.9 Identify the inputs and outputs that affect the 68030 MMU.

7.10 i) How many levels of translation tables does the 68030 MMU provide?
ii)  What is the maximum number of page descriptor entries in the ATC?

4
7.11 . Assume the following data contents in the 68030 CRP:

31 0
0/0 100 0003
2A67 1124

31 4,3 0

Assume all numbers in hex.
i) Is this a page or table descriptor?
ii)  What is the address of the next table?
iif)  What is the allowed range of logical addresses for the next table?

7.12  Determine the contents of the 68030 TC which will enable MMU, SRP, disable function
code look-up, and will permit 2 levels of equal size look-up with a page size of 1K
byte for a 30-bit address.

7.13  Show the contents of the 68030 TTO for translating addresses $20000000-$21 FFFFFF in
supervisor data space. These addresses should be read-only and cacheable.

7.14 Find the following 68030 MMU instructions:
i) for accessing an MMU register
ii)  for placing descriptors in the ATC
iii)  for invalidating one or more entries in the cache
iv)  for testing a descriptor either in the memory or in the cache

7.15  Writea 68030 instruction sequence for initializing the TC, CRP, and SRP registers from
memory pointed to by A2. Can you initialize all MMU registers by this instruction? If not, list
the register or registers.
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7.16 Compare 68030 on-chip MMU features with those of the 68851 MMU.

7.17  What is meant by configuration error exception in the 680307

7.18 In the 68030 MMU (demand paging system), what happens when a task attempts to
access a page not in memory? What action should be taken by the demand paging operating
system?

7.19 Discuss the main features of the 68040 as compared with those of the 68030.

7.20  What is the basic difference between the 68881/68882 ﬂontihg-point coprocessor and
the 68040 on-chip floating-point hardwarc?

7.21  Write a 68040 assembly language program to compute the area of a circle, A = e where
ris the 32-bit radius of the circle in DO.

7.22  Write a 68040 assembly language program to compute:
20Log, (V,/V3)

where V, and V, arc 32-bit single precision numbers stored in D0 and D1 respectively. Store
the result in D2,

7.23  Write a 68040 assembly language program to compute the quadratic formula:

-b+ \ﬁ!b" - dac

2a

where a, b, and ¢ are 32-bit integers.

7.24 Compare the on-chip hardware features of the 80486 and Pentium microprocessors.
7.25 What are the sizes of the address and data buses of the 80486 and Pentium?

7.26 Identify the main differences between the 80486 and Pentium.

7.27  What arc the clock speed, pipeline model, number of on-chip transistors and number
of pins on the 80486 and Pentium processors?

7.28 Discuss the application arcas in which the Pentium-based PC’s will be used.
7.29 Identify the main differences between the Intel 80386 and 80486.
7.30 Identify the pins on the 80386 and 80486 by which the bus cycle is defined.

731 What are the functions of the 80486 i) RDY# and BRDY# pins? ii) LOCK# and
PLOCK#?

7.32  What is meant by the 80436 BUS BACKOFF feature?

7.33  What is meant by the 8086 real, protected, and virtual 8086 modes?
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7.34 What is the meaning of 80486 alignment checking? How is it handled in the 804867

7.35 How many new control bits have been added to control registers CRO and CR3 by the
80486 beyond those of the 803867

7.37 How many new instructions arc added to the 80486 beyond those of the 803867 List them.

7.38 Given the following registers contents,

[EBX] 7F27108AH
[ECX] = 2A157241H,

What is the content of ECX after execution of the following 80486 instruction sequence:

MOV EBX,ECX
BSWAP ECX
BSWAP ECX
BSWAP ECX
BSWAP ECX

7.39 If [EBX] = 0123A212H, and [EDX] = 46B12310H, then what are the contents of EBX
and EDX after execution of the 80486 instruction XADD EBX, EDX?

7.40 If [BX] = 271AH, [AX] = 712EH and [CX] = 1234H, what arc the contents of CX after
execution of the 80486 instruction CMPXCHG CX, BX?

7.41 What is the purpose of cach of the 80486 INVD, WBINVD and INVLPG instructions? -
7.42  What are three modes of the Pentium Processor? Discuss them briefly.

7.43 What is meant by the statement “The Pentium processor is based on a superscalar
design.”?

7.44 What are the purposes of the U-pipe and V-pipe of the Pentium processor?
7.45 Discuss how the branch prediction feature is implemented in the Pentium processor.

7.46 What are the sizes of the data and instruction caches in the Pentium?

7.47 How many new bits are added in the Pentium’s EFLAGS register beyond those of the
804867 Discuss them.

7.48 How many new application and system instructions are added to the Pentium beyond
those of the 804867 List them.

7.49 Discuss the main differences between the Pentium and 80486 control, debug, and test
registers.

7.50 Discuss the new exceptions implemented in the Pentium beyond those of the 80486.

7.51 How is the I/O protection mechanism implemented in the standard I/0 and Memory-
mapped 1/0 of the Pentium? Discuss each.

7.52 Discuss two applications of the Pentium processor. Why is the Pentium an ideal
candidate for these applications?



