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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 arc also included. Finally, virtual memory concepts
associated with the 80286 and 80386 are covered.

4.1 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.

4.1.1 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 80C1 86 and 80C1 88 are the Low-Power (l-ICMOS) versions
of the 80186 and 80188 respectively. The 80C186 and the 80186 can be operated at the same
frequencies while the 80088, 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 generators 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 tlUlô functional block diztgrarn.

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 he 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 oIwords 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 I/O. The
DMA channels may be programmed such that one channel has priority over the other. DMA
transfers will take place whdiicver 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 oil 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 decrernented
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 aspecic amount of time.

The priorities of the four interrupt pins, INTO, INT1, INT2/ INTAO and INT31 INTAI 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 vecI.r..sliicctly to the interrupt address vector for that interrupt. The INT2/
INTAO and INT3/ INTA1 pins have dual functions. They can he programmed is interrupt
inputs or as interrupt acknowledge output signals (JNTAO for INTO and INTA1 for INT1).
These interrupt pins call 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 80136 INTl input pill the 80186 INT3/ INTAI pin is

connected to the 8259A interrupt acknowledge input pin. When the 8259A receives an

interrupt request, it activates the 80186 INTl pin, In response, the 80186 sends the interrupt

acknowledge signal via its INT3/ INTA I pin. The 8259A then places the desired interrupt type

code oil 	 80186 data bus. The 80186 obtaiis the CS and IP values based on the type code

and branches to the service routine.

The 80186 interrupt controller allows the 80186 to receive interrupts from internal or

external sources. Internal interrupt sources (timers and DMA channels) call disabled by

their own control registers or by mask bits within the interrupt controller. The 80186 is

provided with five dcdiatciLp.in s for external interrupts. These pins are NMI, INTO, INTI,

INT2/ INTAO, and INT3/ INTA I . 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, I NT instructions, or instruction exceptions

such as divide by 0), the 90 186 pushes CS, IP, and the status word onto the stack just like the

8086. Also, similar to the 8086, all pointer table with 256 entries provides interrupt

address vectors (IP and CS) for each 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 I NT instructions and

instruction exceptions are generated internally by the 80186.

The 80186 includes an on-chip clock generator/crystal oscillator circuit. Like the 8085, a

crystal connected at the 80186 Xl X2 pins is divided by 2 internally. The built-in chip select

unit Js 
all ddress decoder. This unit can be programmed to generate six nienujchip jccts

LCS, Ujnd MCSO - 3 pins) and seven 1/0 or peripheral chip selects ( PCSO-4, PCS5I

Al, and PCS6/A2 pins). This unit call programmed to generate all low chip select

when a memory or_pprt address lit a particular range is sent out. Por example, the 80186

outputs low on the LCS (lower chip select) pill 	 it accesses all 	 between 000001-I

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) pill 	 it

accesses all 	 between a user programmable lower address (by placing some bits in a

control Nvord via all 	 and upper fixed address FF1-PH-I. The four middle c-hip select

pins ( MCSO -3) are activated low by the 80186 when it accesses all 	 in the mid range.

Both the starting address and the size of the four blocks call specified via the control word.

The specified size of blocks can be from 2K to 128K. The memory areas assigned to different

Chip selects must not overlap; otherwise, two chip selects 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 programmedmed via a control word. The $0186 sends low on

the PCSO when it accesses a port address located in a block from this base address to up to 128

bytes. The 80186 sends low oil chip selects PCSI-6 when one of six contiguous 128-

byte blocks b ye the block for PCSO is selected. Like the 8086, memory for the 80186 is set

up as odd ( BHE = 0) and even (AU = 0) memory banks.

The 80186 provides eight addressing modes. These include register, immediate, direct,

register indirect (SI, Dl, BX, or 1W), based (BX or lIP), 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 set 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 30186 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 da ta*source -, des-

tination register.

Logical
SHIFT/ROTATE destination, immediate data or CL shiftsfrotates register or memory con-

tents by the number of times specified in immediate data or by the contents of CL.

String Instructions
INSI3 or INSW
OUTSB or OUTSW

High Level Instructions
ENTER
LEAVE
BOUND

- Input string byte or string word
- Output string byte or string word

- Format stack for procedure entry
- Restore stack for procedure exit
- 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 *ta 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, IMUI. DX, CX, —3 multiplies the contents ofCX 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/RORJSAL/SAR destination, immediate data or CL. Shift count can be specified by
immediate data (one) or in CL up to a maximum of

• 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 Dl. If DF = 0, DI will automatically be
incremented (by I for byte and 2 for word) after execution of this instruction. On the
other hand, if DF = 1, DI is automatically dccrcmentcd (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 already initialized):

STD
LEA DI, ADDR

MOV DX, 0E124H

MOV CX, 50
REP INSB DX

STOP JMP STOP

Set DF to 1.

Initialize DI.

Load port address.
Initialize count.
Input port until CX = 0.
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 inun16, ixmn8

The first operand imm16 specifics 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, SU132, and SUB3 such
that the main program M calls SUB 1, SUB1 calls SUB2 and SUJ32 calls SUB3, then imm8 = 0
for SUB 1, 1 for SU132, 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 imml6 from the stack pointer and sets
the frame pointer, BP, to the current stack pointer values

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 that a 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 executed, the 80186 compares the
content of a general-purpose register (initialized by the user with the offset of the arrayelement
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 reg16, meniory32. 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 SI,
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 are 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 DX and array length of 50 bytes:

MOV	 DS:ADDR, 1000;

NOV	 DS:ADDR+2, 1049;

BOUND BX, ..DDR;

NOV	 CL, [BX];

In the above, it is assumed that the offset 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 DX 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 usLd in embedded control. In these applications, the microcomputer
performs a dedicated control function. Embedded control applications arc 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 1/0 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 multiuscr/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 (224) of physical memory and 1 gigabyte (2 1 ) of virtual memory per task.
The 80286 can be operated at several different clock speeds. These arc 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 arc real address mode and protected 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 86188 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
I/O 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 are ignored and A19-A0 pins arc used. In the protected virtual address
mode (PYAM), 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/O
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 inter flfld then provides the processor clock, The 82284 also
provides the 80286 RESET and READY signals.

The 80286 external memory is configured as odd ( BHE = 0) and even (A0 0) memory
banks just like the 8086. The 80286 Qpçracs in mode similar to the 8086 maximum mode.
Some of the 80286 pins such as M/ 10, SO, Sl, HOLD, HLDA, READY, and LOCK have
identical functions as the 8086. Two external interrupt pins (NMI and INTR) are provided.
The onmaskable interrupt NMI is serviced in the same way as the 8086. The INTR and COD!
INTA are used together to provide an interrupt-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 mem_pry data read cycles. Also it
distinguishes interrupt acknowledge cycles from I/O cycles. MI IQ. = 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 oil 	 chip. The 80286 MOS substrate must be applied
with a negative voltage for maximum speed. The negative voltage is obtained from the -t-5V.
An external capacitor must be connected to the CAP pill 	 filtering this bias voltage.

Four pins are provided to intcr1zççc 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 I'EACK (Processor Extension Acknowledge)
signal to inform the coprocessor of the start of the transfer. The 80286 BUSY signal input,
when activated LOW byjhcoprocessor, stops 80286 program execution on WAIT and some
ESC instructions until BUSY is IIIGH. If a coprocessor finds some error during processing,
it will activate the 80236 ERROR input pin. This will generate an interrupt. A service routine
for this interrupt can be written to provide 

all 	 to inform the user of the error.
Upon hardware reset, the 30286 operates in real (physical) address mode and starts execut-

ing programs at physical address FFFFOIl like the 8086. In this mode, 20-bit physical addresses
are generated by adding a 16-bit offset to the shifted (4 times to the left) segment register just
like the 8036. Note that after hardware reset, the 80286 sets A23-A20 to all ones, CS = F000H,
DS = 000011, 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 / 2 times the performance of

an 8086 running at the same clock frequenc y. 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, call 8086 or 8088 software. Now, to change the 80286 mode from real addess 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 value back to MSW.

After the above instruction sequence is executed, the 80286 operates in PVAM with memory
management capabilities. In the IVAM, the 80286 is compatible with the 8086/8088 at the
source code level but not at the machine code level. This means that most 8086/088 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 ill 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 I'VAM, 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 PVAM of the 80286 via an operating system.

These instructions are listed in the following and arc 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
SGI)T	 Store global descriptor table register into memory
LIITI'	 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

LA 	 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 all 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:

• An operating system which call 	 tasks from each other. This avoids all

system failure due to task errors.

• 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 easy. Note that virtual memory is a method for

executing programs larger than the main memory by automatically transferring parts of

the programs between main memory and disk.

• Controlled sharing of information between tasks.

[he 80286 protection features allow:

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

Critical subsystems such as disk 1/0 from being destroyed by program bugs under

development

The 80286 task switching provides:

Fast task switching due to 80286's hardware implcrncntati 	 for accomplishing this

feature. This permits the 80286 to spend more time oil 	 . cution than switching.

Real-time systems call 	 be supported by the 80286 since ti v may require fast task

switching. Note that an exception in a running task or all 	 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 segment can be of any length

from 1 byte to 64K bytes. During creation of each 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 segment.

The segments presently used by a task are stored in physical memory. In PVAM, all 24 address

pins are used and therefore, the directly addressable (physical) memory is 16 megabytes. While

writing 80286 programs in l'VAM, one c,ui refer to the current segment by the assigned names.

For example, if a segment called JOl-IN 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, EX.
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When the 80286 executes 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 execution of the main program.

In PVAM, when a program is assembled, a descriptor (8-byte wide) 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 arc 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 memory areas specified
by its descriptors. Also, each task contains its own local descriptor table with the memory areas
specified by its descriptors.

In PVAM, all programs are 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 either in the global descriptor table
or in a local descriptor table.

The 80286 memory management is based oil 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 offset 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 offset 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 A0-
A19 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 offset. The 80286 determines the 24-bit physical address by first
obtaining a 24-bit value froi i i table in memory using the segment value (selector) as an index
(rather than shifting the s('. dnt value 4 times to left as in the real mode) and then adding the
16-bit offset. Figure 4L3 shows the 80286 virtual address translation scheme.

The 16-bit selector is divided into a 13-bit index, one-bit Table Indicator (ii), 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  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 each
task has its own LDT. Therefore, the 24-bit base addresses required in physical address
calculation for segments to be shared by all tasks are stored in the GOT and the base addresses
for segments dedicated to a particular task are stored in its LOT. When TI = 0, the GOT is used
as the look-up table, and when TI = 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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32-bit virtual address

1 6-bit selector	 I	 16-bit Offset

16

1 3-bit	 T	 2-bit
Index	 I	 RPL

TbrO	 II
	 T1=1

r 

base
base
base
I)ilSC	 T1=0
	

min
Index	 base

OR

_ H base

64 bits

24 bits

T
base 
base
base -
base
base	 Index

base
base

64 bits

Global Descriptor 	 Local Descriptor
Table	 /124	 Table

24-bit address

24-bit Physical Address

FIGURE 4.3 80286 virtuitl address trilnr,l;ttiozl.

Note that in the above, when TI = 0 (CDT selector) and Index = 0, a null selector is selected.
The selector does not correspond to the 0th 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, SS,
and ES have already been discussed before. The CDI' and LDT registers are only used in the
80286 virtual mode address translation. The CD'!' register stores the 24-bit base address and
the length of the CDT (in bytes) minus one. During system initialization, the CDT is loaded
and is usually kept unchanged after this. The 80286 generates an exception when indexing
beyond the CDT limit is attempted.

The LDT register stores a 16-bit selector for a descriptor in the CDT which defines the location
of the present LD1'. The 80286 task switch operation is invoked by executing an inter-segment
IMP or CALL instruction which refers to a task state segment (TSS) or task gate descriptor in the
GDT or LLD't'. Each task must have a TSS associated with it. The current TSS is identified by a
special register in the 80286 called the 'l'ask 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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24 [)its	 16 hits
CDT
register	 CDT base I CDT lilTut I

16 bits
LDT
register	 LDT selector

FIGURE 4.4 8028 address translation registers.
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Segment 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 selector is moved into a segment register, the associated shadow
register is updated with its dcscriptor 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 selected segment.

Note that in the virtual mode, the 80286 descriptor table can store a maximum of 211 (13
bit index) descriptors and each segment can specify a segment of up to 2 bytes. Therefore,
a task can have its own LD'I' address space of up to 2 11 x 2 16 = 229 bytes and can share 229 bytes
(GDT) with all other tasks. Therefore, an address space of I gigabyte (230 bytes) can be assigned
to a task.

The following $0286 memory management instructions include loading and storing the
address translation registers and checking the contents of dcscripm ors:

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

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

I. 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
segment 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

15	 (1	 7

Must he set to 0 for compatibility with IAI'X 386.

Access Rights Byte Dclinitioii

OsitiOn	
Name	 functionI 

7	 t-'rccnt (I')	 P = I	 Segment is mapped into physical Memory.
I' = 0	 No mapping to physical memory cexists base and limit are not used.

0-5	 Decriplor Privilege	 Segment privilege attribute used in privilege test.
Level IDPL)

4	 Segment Descrip. 	 S = 1	 Code or data (includes stacks) segment descriptor
br (S)	 S = 0	 System Segment Descriptor or Gate Descriptor

3	 Executable (E)	 E = 0	 Data segment descriptor type is: 	 If2	 Expansion Direc-	 ED = 0 Expand tip segment, offsets must be 5 limit. 	 Data
lion (ED)	 ED = I Expand down segment, offsets must be > limi(.	 b Segment
Wiiteabk (W)	 W= O Data segment may not be written into.

W = 1	 Data segment may he written into. 	 I

3	 Executable tEl	 E = 1	 Code Segment Descriptor type is:
2Conforming (C)	 C = I	 Code segment may only be executed when CPL Z^ DPL	 Code

and CPL remains unchanged. 	 Segment
Readable (R)	 R = 0	 Code segment may not be read.

__________	 R I	 Code segment may be read.
0	 Accessed (A)	 A = O 	 Segment has not been accessed.

A = I	 Segment selector has been loaded into segment register or used
by selector test instructions.

FIGURE 4.6 Code and data scgt-nent descriptor contents.

at specific 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 JOPL (Input/Output Privilege
Level) feature to protect shared system resources. The J/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 each code and data segment. Figure 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) hit. E = I identifies -,I code segment descriptor, while E = 0 identities

the segment as a data segment descriptor. The two-bit Dl'!. (Descriptor Privilege Level)

provides the privilege level of the descriptor. The DPL field specifies ii hierarchical privilege

system of tour levels 0 thru 3.
Level 0 is the highest level while level 3 is the lowest. Privilege level provides protection

within it 	 Operating system routines, interrupt handlers, and other system software call

included and protected within the virtual address space of each task using the four levels of

privileges. Each task in the system has ;I 	 stack for each 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 IT dedicated 80286. Ill 	 ease,

all load/store and I/O instructions are available. The 80286 call 	 initialized by setting

the PE hit 
ill 	 to one and then loading the G DTR with appropriate values to

address it 	 global descriptor table.

Privilege levels can be assigned to user and supervisor mode t ypes of applications. In this

case, all system software can be defined as level I) (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),

he noncritical portion of the system software is defined with levels 1 and 2, while all

user application progr:uns 
are defined with the lowest level (level 3).

Upon enabling the protected node bit, the 80286 basic protect ion feat ures are available

irrespective of a single 80286-type application or user/supervisor configuration or a large

application. The descriptor's lnit field (ti l e maximum offset from the base) and the access

rights byte provides the 80286's basic protection features.
Segment limit checking ensures that all memory accesses are physically available ill the

segment. For all read and write operations with memory, the 80286 ill protected mode

automatically cheeks the offset of an effective address with the descriptor limit (predefine(l).

This limit chiceki og 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 iii ree types of segmetits can he defined using the access byte.

Data segments can be defined as read/write or read-only. Code segments can he designated its

execute-onl y and call defined as conforming segments. i\ code segment in a particular

privilege level can be accessed by using $0286 CALL or J MP 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 hierarchical 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 presentl y being executed, [his is provided by the privilege level in the access

rights byte of the descriptor. The $0286 gives the value of CPL ill 	 code register.

Since every privilege level has its own stack, a stack segment rule is implemented ill

30286 to cnsui-e using the proper stack According to this rule, the stack segment (stack

addressed by the stack segment register) and tile current code segment 1111ISt have the

identical privilege level.

As far as the data segments are concerned, the DPL (Descriptor Privilege Level) of an

accessed data segment must he lower than or equal to the CPI,. 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 C1 1 1, is I, the 80286 cocks 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 segments. 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 I cannot he accessed directly. However, lower or equal privilege

level accesses call done directly. Also, higher privilege level accesses call 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 effective address of,"' intersegnient CALL references a call gate, the 80286

redirects control to the destination address defined within the gate. The 32-bit virtual address

(selector and offset) of the gate can he used by the 80286 to access a higher privilege code
segment.

The 80286 controls the use of I/O instruct ions. [lie user may chdose the level at which these

I/O instructions can be used. This level is called the ION, (Input Output Privilege Level).
IOPL is a [wo-bit flag whose value varies from 0 to 3. In a user/supervisor configuration in

which all supervisor code is at level 0 (highest) and all user code is at lower levels, the [OPL

should be 0. This zero value of IOPL allows the supervisor code to carry out I/O operations

but ensures Nit the user code cannot execute 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 executed. 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 execute several different tasks simultaneously (appears

to be simultaneous). This is called multitasking. If the present task needs to wait for some

external data, the 80286 call programmed to switch to another task until such data are

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 ti l e incoming one, the
80286 call 	 go back to the right place where the task switch took iiace,

Task switching may occur clue to hardware or software reasons. For example, task switching

may take place due to 80286 external interrupt requests (hardware reason) or clue to the

operating system's desire to time-share the 80286 among multiple user tasks (software reason).

The task to be executed due to interrupts is termed interrupt-scheduled, while the task to be

executed due to time-sharint; by the operating system is called software-scheduled.

As soon as all or a software-scheduled task is ready to be run by the
80286, it becomes the currently active (incoming) task. Al! 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 all 	 task.
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The TSS includes a special access right b y te in its descriptor ill CDT in order that the

80236 can identify it as code or data segments. 'FSSs are referenced by 16-bit selectors (each

task has a unique selector) that identify a TSS descriptor in the CDT. The 80286 stores the TSS

selector of the presently active task in its Task State Segment register ('110. The first 44 bytes

of a TSS store the complete state of a task. Information such as selectors and 80286 registers

is saved.

The 80286 provides protection for portions of memory from accidental access in the

following ways. When a segrilent selector is to be loaded into a segment register, the 80286

automatically verities whether the descriptor table indexed by the selector contains a valid

descriptor for that selector. 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 ill 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 are loaded into a segment register, checks are made each time an address ill 	 actual

segment is accessed. For example, an attempt to write to a read-onl y data segment will generate

.ill 	 Also, the limit value in the segment descriptor is used to ensure that all

generated by program instructions is within the limit specified for the segment.

Example 4.1

Discuss the 80286's performance impact oil 	 management while executing the follow-

ing program:

MOV DS, Segmentselector

MOV BX, Dispi
MOV CX, Count

BEGIN MOV DX, data

CMP DX, W0RDTR[BX]

Load data selector

Load offset
Load loop count

Move 16-bit data to

DX

Find match

JZ DONE	 If match

JMP BEGIN	 ; found, stop

else compare

DONE	 tiLT

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 $0256

chooses ;I 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,

segmentselcctor, the 80236 automatically determines the segment's physical address (trans-

parent to the user).

After determining the segment's physical address, the 30286 executes all other instructions

that follow. The 30236 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 nieniory
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 aftcr 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.

4.1.2.c 80286 Exceptions

III real address mode, the 80286 exception mechanism is similar to the 8086 except a few

more exceptions such as the 'invalid opcodc exception' is included in the 80286. External

interrupts such as the niaskable (IN'lR) and nonmaskable (NM!) interrupts in the 80286 are

serviced in the real address mode by using interrupt vector table with 256 vectors similar to
the $086.

In the protected mode, the $0286 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 'l'rivilcgc

violation'. The Protected mode pointers are actually gates, since gates in protected mode serve
as -,I redirection mechanism. The interrupt table call task gates, interrupt gates, and

trap gates. The interrupt table, in protected mock, is known as the ID! (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 I DTR is typically

initialized by the system programmer once, to point at the desire(] area of physical memory.

4.2 INTEL 80386

III Intel introduced its first 32-bit microprocessor, the 80386DX. It initially ran at a clock

Crequencyof 16 M!-lz and contained 275,000 transistors. In 1983, Intel introduced ihe 80386SX

which was a 16-bit external data bus version of the 80386DX (32-bit data bus). The 80386DX
is ;I 	 32-hit 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 80336SX, oil 	 oilier hand, can operate at 16- and 20-Mhz. The 80386SL is similar to

the $0386SX with 16-hit data bus and can operate at 20- and 25-Mhz. The 80386SX and
80386SL call 	 address up to 16 megabytes and 32 megabytes of memor y respectively.
Compaq was the first major OEM (Original Equipment Manufacturer) to use the 803861)X in
1986 in its PC. The 80386SL, oil 	 oilier hand, is used in notebook computers with built-in
power management options.

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

The $0386 is a logical extension of the Intel $0286.

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 $0386 includes separate 32-bit internal and external data paths-along with eight

general-purpose 32-bitregisters. The processor can handle 8-, 16-, and 32-bit data types. It has

separate 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 30386 is designed using high-speed CI-IMOS
Ill technology.

The 80386 is highly pipelincd and call instruction Fetching, decoding, execution,

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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non ruks rcquircd 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 $0386 call 
the state of one task (all registers), load the

state of another task (all registers, segment, and ping registers if needed), and resume

cxecution in less than 16 microseconds. The 80336 contains a total of 129 instruct ions.

The $0386 protection mechanism, paging, and the instructions to support them arc not

present in the 8036. Also, the semantics of all instructions that affect segment registers (PUSH,

POP, MOV, LES, LDS) and those affecting program flow (CALL, INTO, IN'l', IRE'!', IMP,

RET) are quite different than the $086 oil 	 80336 ill 	 mode.

The main diflercnccs between the 80236 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 $0386 instruction set be yond those of the 80236.

The internal architecture of the 80386 includes six functional units (Figure '1.7) that operate

in parallel. The parallel operation is known as pipehined processing. Fetching, decoding,

execution, memor y management, and bus access ior several instructions are performed simul-

taneously. The six functional units of the $0386 arc

• Bus interface unit

• Code preietclt unit

• Decode unit

• Execution unit

• Segmentation unit

• Paging unit

The bus interface unit connects the 80386 with memory and I/O. Eased oil requests

for fetching instructions and transferring data from the code prctctclt unit, the 80386 generates

the address, data, and control signals fur the current bus cycles.

The code pretctch untt prcfctchcs instructions when the bus interface unit is not executing

bus cycles, it then stoics them ill a 16-byte instruction queue for decoding by the instruction
dccodc unit.

The instruction decode unit translates iiisIrncions from the prefetch queue into micro-

codes. 'l'lie decoded instructions are then stored ill instruction queue (FIFO) for processing

by the execution 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 ALV, 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 linear 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 call interfaced to the 80386 to extend the 80386

instruction Set to include instructions such as floating point operations. These instructions are
executed 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 interrup t control and management functions.
Interrupts from as many as eight external sources are c_'ccl by one 8259A and up to 64
interrupt requests call 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 $0386 has three processing modes: protected mode, real-address mode, and virtual
8086 mock.

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

Real-address mode (also known as the "real mode") is the mode of operation of the
processor upon hardware RESEI. 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 all program. The processor call 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 (PH) bit in a control register called the Control Register 0 (CR0)
is cleared to zero. Setting the PE bit in CR0 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.

4.2.1 Basic 80386 Programming Model

The 80336 basic programming model includes the following aspects:

a) Memory organization and segmentation
b) Data types
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Interrupting
Devices

Comnortent
	

Description
8()386 Microprocessor	 32-bit high-performance microprocessor with on-clp mclnOiy

management and protection; no on-chip cache
80287 or 80387 Numeric 	 Performs numeric instruction in parallel with 80386; expands

Coprocessor	 instruction set
82384 Clock Generator	 Generates system clock and RESET signal
8259A Programmable Interrupt	 Provides interrupt control and managcmcnt

Controller
82258 Advanced DMA	 Performs direct memory controller access (DMA)

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
dsigncrs may select to use I/O instructions for application programs or may select to reserve
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them for the operating system. Thcrcforc, 80386 I/O capabilities will be covered during the

discussion of systems programming.

4.2.1.a 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 each task can vary between the following possibilities:

• i\ "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 80336

maps the 4-gigabyte fiat 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 linear address spaces of up to 4

gigabytes each. In a segmented model, the address space is called the logical address

space and can be UI) to 2 " bytes (61 tetrabytes). The processor maps this address space

onto the physical address spaic (up to 4 gigabytes) by an address translation technique.

To applications programmers, the logical address space appears as up to 16,383 one-

dimensional subspaccs, each with a specified length. Each of these linear subspaccs is called it

segment. A segment is a unit of contiguous address space with sizes varying from one byte up

to a maximum Of''I gigabytes.

A Pointer in the logical address space consists of a 16-bit segment selector identifying a

segnient and a 32-bit offset addressing a byte within a segment.

4.2.1.b Data Types
Data types call 

byte (3-bit), word (16-bit with low byte address n and high byte by address
n -i- 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

evenly divisible by 4. However, for maximum speed performance, data structures (including

stacks) should he 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 oil the instruction referring to the operand, the following additional data types

are available: integer (signed 3-, 16-, or 32-hit), ordinal (unsigned 3-, 16-, or 32-hit), 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 selector and a 32-bit offset), string (8-, 16-, or 32-bit data

from 0 bytes to 232_i bytes), bit field (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

at any position of any byte and may contain up to - I hits), 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 $0-bit real numbers) are supported.

4.2.1.c 80386 Registers
Figure 4.9 shows 80386 registers. The 80386 has 16 registers classified as general, segment,

status, and instruction.

The eight general registers are the 32-hit regi'th'r.c FAX. EBX, ECX. EDX, EI3P, ESP, ESI, and

EDI. The low-order word of each of these eight registers has the 8086/80186/80286 register
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General Regislers

31	 •23	 IS
FAX

AX
Al 	 AL

LOX
DX

DII	 DL
[Cx

CX
Cl-I	 f	 c 

[[Ix
II X

III	 [IL
FlIt'

BP

Es'

[DI
Dl

[SI'

I	 IT

IS

SIatus 1rXl iislruclinrl Registers
11	 23	 15	 7	 1)

EU' [Ills [FOgsIruCli011 l'uiiltc(l

FIGURE 4.9 30386 .ipplications rcgk[cr set.

names AX (Al-1 or AL), BX (RI-i or UL), CX (CH or CL), DX (DH or DL), B1, SP, SL and Dl.

They arc useful for making the 80336 compatible with the 8086, 80186, and $0286 processors.

The six 16-bit segment registers (CS, SS, DS, ES, PS, and GS) allow systems software

designers to select either a flat or segmented model of memory organization. The purpose of

CS, SS, DS, and ES is obvious, Two additional data segment registers PS and GS are included

in the 80386. The four data segment registers (DS, ES, PS, GS) can access four separate data

areas 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 regisler is a 32-hit register named EFLAGS. Figure 4.10 shows the meaning of each

bit in this register. The low-order 16 bits of EFIAGS is named FLAGS and can he treated as
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6-BIT FLAGS REGISTERS
A

00000000000000000

VIRTUAL $086 MODE - X
RESUME RAG - X

NESTED TASKFLAG - X
VO PRIVILEGE LEVEL - x

OVERFLOW - S
DIRECTION FLAG - C

INTERRUPT ENABLE - X
TRAP RAG - S

SIGN FLAG - S
ZERO FLAG - S

AUXULIARY CARRY -
PARITY FLAG - 5
CARRY FLAG -

S - STATUS FLAG	 C - CONTROL FLAG	 X - SYSTEM FLAG
NOTE: 0 OR I INDICATES INTEL RESERVED. DO NOT DEFINE

FIGURE 4.0 EFLAGS register.

a unit. This is isefu1 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 are 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 I/O, niaskable
interrupts, debugging, task switching, and enabling of virtual 8086 execution in a protected,
multitasking environment. The purpose of IF and 'IT 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 field defines the privilege level needed to execute I/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. IfNT = 0, a usual return
from interrupt is taken by the 80386 by popping EFLAGS, CS, and EU' from the stack.
If NT = 1, the 80386 returns from all 	 via task switching,

• RF (Resume Flag) - IIRF = 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 call 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 I/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
call 	 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 ElF is not directly
accessible by the programmer; it is controlled implicitly by control-transfer instructions,
interrupts, and exceptions. The low-order 16 bits of Eli' is called IP and is useful when the
80386 executes 8086/80186/80286 instrLctiofls.
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4.2.1.d 80386 Addressing Modes
The 80386 has 11 addressing modes which arc 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.
1) 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 16 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 base 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 of 1, 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 elements. Of these
nine modes, eight of them are executed with the same number of clock cycles, since the
Effective Address calculation is pipelined with the execution 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:

Base reg + (Index Reg * Scaling) + Displacement

1. Direct Mode —'File operand's effective address is included as part of the instruction as
an 8-, 16-, or 32-bit displacement. An example is DEC WORD1TR 140001-11.

2. Register Indirect Mode - j\ base or index register contains the operand's effective

address. An example is MOV EBX, [ECXI.
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 + 161, 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 [ED]], EBX.
5. Scaled Index Mode The contents ofan 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 * 81, ECX.

6. Based index Mode - The contents of  base register are added to the contents of an index
register to obtain the operand's effective address. An example is MOV ECX, [ESI] LEAX).

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  base register to determine
the operands effective address. An example is MOV [ECX * 41 [EDXI, EAX.
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FIGURE 4.11 Addressing mode calculations.

8. Based Index Mode with Displacement -T lie  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 IEBXJ [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
IESI*81 {EBP + 601-11, ECX.

The 80386 can execute 8086180186/80286 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 hit in the segment descriptor register (8 bytes wide) to
determine whether the instruction size is 16 or 32 bits wide, If  = 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 addresses 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-hit displacements and any register as base or index register
while executing a 32-bit code. However, the 80386 uses either 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, 13P	 Any 32-bit general-purpose register
Index Register	 SI, Dl	 Any 32-bit general-purpose register except ESP
Scale Factor	 None	 1,2, -1,8
Displacement	 0, 8, 16 bits	 0, 8 32 bits

4.2.2 80386 Instruction Set

The 80386 extends the 8086/80186/80286 instruction set in two ways: 32-bit forms of all 16-

bit instructions arc included tp support the 32-bit data types and 32-bit addressing modes are

provided for all memory reference instructions. The 32-bit extension of the 8086180186/80286

instruction set is accomplished by the 80386 via the default bit (D) in the code segment

descriptor and by having 2 prefixes to the iflStrLlCtiofl set.

The 80386 instruction set is divided into nine types:

Data transfer

Arithmetic

String

Logical

Bit manipulation

Program Control

1-ugh-level language

Protection Model

Processor control

These instructions are listed in Table 4.1.

TABLE 4.1 80386 Instructions

General purpose
MOV
PUSH
POP
PUS'','
POPA
XCHG
XLAT

Conversion
MOVZX
MOVSX
CEIW
CDW
CDWE
CDQ

Input/output
IN
OUT

Address object
LEA
LDS
LES
LU-S
LGS
LSS

Flag manipulation
LAUF

Data Transfer Instructions

Move operand
Push operand onto stack
Pop operand off stack
Push all registers on stack
Pop all registers off stack
Exchange operand, register
Translate

Move Byte or Word, Dword, wills zero extension
Move Byte or Word, Dword. sign extended
Convert Byte to Word, or Word to Dword
Convert Word to Dword
Convert Word to Dword extended
Convert Dword to Qword

Input operand from 110 space
Output operand to 110 space

Load effective address
Load pointer into D segment register
Load pointer into E segment register
Load pointer into F segment register
Load pointer into G segment register
Load pointer into S (stack) segment register

Load Al-I register from flags
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TABLE 4.1 80386 Instructions (continued)

Data Transfer Instructions

SAHP	 Store Al-I register in flags
PUSHF	 Push flags Onto stack
POPF	 Pop flags off stack
PUSHFD	 Posh Eflags onto stack
POPFD	 Pop Eflags off stack
CLC	 Clear carry flag
CLD	 Clear direction flag
CIVIC	 Complement carry (lag
STC	 Set carry flag
STD	 Set direction flag

Arithmetic Instructions

Addition
ADD	 Add operand
ADC	 Add with carry
INC	 Increment operand by 1
AAA	 ASCII adjust for addition
DAA	 Decimal adjust for addition

Subtraction
SUB	 Subtract operand
SBI3	 Subtract with borrow
DEC	 Decrement operand by I
NEG	 Negate operand
CMP	 Compare operands
AAS	 ASCII adjust for subtrct ion

Multiplication
MUL	 Multiply doublclsinglc precision
IMUL	 Integer multiply
AAM	 ASCII adjust after multiply

Division
DIV	 Divide unsigned
IDIV	 Integer divide
AAD	 ASCII adjust after division

String Instructions

MOVS	 Move Byte or Word, Dword string
INS	 Input string from I/O space
OUTS	 Output string to I/O space
CMPS	 Compare Byte or Word, Dword string
SCAS	 Scan Byte or Word, Dword string
LODS	 Load Byte or Word, Dword string
STOS	 Store Byte or Word, Dword string
REP	 Repeat
REPB/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
SIIL/SHR	 Shift logical left or right
SAL/SAR	 Shift arithmetic left or right
SHLD/SHRD	 Double shift left or right



Intel 80186180286180386
	

215

TABLE 4.1 80386 Instructions (con:inucd)

Rotates
ROL/ROR	 Rotate left/right
RCLIRCR	 Rotate through carry lcftlright

Bit Manipulation IrlStnICI tolls

Single bit instructions
BT	 Bit lest
BTS	 Bit lest and set
IITR	 Bit test and reset
BTC	 Bit test and complement
BSF	 Bit scan forward
BSR	 Bit scan reverse

Bit string instructions
IBTS	 Insert bit string
XBTS	 Exact bit string

Program Control Instructions

Conditional transfers
SETCC	 Set byte equal to condition code
JAJJ NBE	Jump if above/not below nor equal
JAE/JNI3	 Jump if above or equal/not below
Jfl/JNAE	Jump if bdowlnot above nor equal
JIIE/JNA	 Jump if below or equal/not above
JC	 Jump if carry
JE/JZ	 Jump if equal/zero
JG/JNLE	 Jump if greater/not less nor equal
JGE/JNL	 Jump if greater or equal/not less

JUJNGE	Jump if less/not greater nor equal
JLE/JNG	 Jump if less or equal/not greater
JNC	 Jump if not carry
J NEJJNZ	 Jump if not equal/not zero
]NO	 Jump if not overflow
JNP/J PO	 Jump if not parity/parity odd
JNS	 Jump if not sign
JO	 Jump if overflow
JP/JPE	 Jump if parity/parity even

IS	 Jump if sign
Unconditional transfers

CALL	 Call procedure/task

RET	 Return from procedure/task
IMP	 Jump

Iteration controls

LOOP	 Loop

LOOPE/LOOPZ	 Loop if equal/zero

LOOPNE/	 Loop if not equal/not zero

LLOPNZ

JCXZ	 JUMP if register CX = 0

Interrupts

tNT	 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 80336 Instructions (continued)

ENTER	 Setup parameter block for entering procedure
LEAVE	 Leave procedure

Protection Model

SG DT	 Store global descriptor table
SIDT	 Store interrupt descriptor table
SIR	 Store task register
SLDT	 Store local descriptor table

LGDT	 Load global dederiptor table
LIDI'	 Load interrupt descriptor table

LTR	 Load task register
LLDT	 Load local descriptor table
ARPL	 Adjust requested privilege level
LA It

LSL

VERRJV LR\V

LMSW

SMSW

Load access rights

Load segment limit

Verify scgnlclst for reading or writing

Load machine status word (lower 16 bits of CEO)
Store machine status word

l'mecssor Control Instructions

H LT
	

[fait
WAIT
	

Wait until BUSY # negated
ESC
	

Escape

LOCK	 Lock bus

The 80336 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
I in mediate-to-register
Memory-to-memory
Register-to-memory
Itnnied ia te- to - memory

The operands can be either 8, 16, or 32 bits wide. fit 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 executes 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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TABLE 4.2 Status Flag Summary

Status Flag Functions

Bit	 Name	 Function

0	 CF	 Carry flag - Set oil 	 bit carry or borrow; cleared otherwise

2	 PP	 Parity flag - Set if low-order eight bits of result contain an even number of I bits; cleared

otherwise

4	 AF	 Adjust lag - 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	 SF	 Sign flag - Set equal to high-order bit of result (0 is positive, I is negative)

11	 OF	 Overflow flag - Set if result is too large a positive number or too small a negative number

(excluding sign-hit) to fit in destinationoperand; cleared otherwise

Key to Codes

Instruction tests flag

NI	 Instruction modifies flag (either sets or resets depending on operands)

o
	

Instruction resets flag

-	 Instruction's effect on flag is undefined

Blank	 Instruction does not a Ifcct flag

Instruction	 OF	 SF	 ZF	 AF	 PF	 Cl:

AAS
	

TM
	

NI

AAD
	

NI
	

Ni
	

M

A/SM
	

M
	

Ni
	

NI

DAA
	

M
	

Ni
	

TNI
	

NI
	

TM

DAS
	

NI
	

NI
	

TM
	

NI
	

TM

ADC
	

M
	

NI
	

NI
	

Ni
	

NI
	

TM

ADD
	

M
	

NI
	

NI
	

NI
	

NI
	

NI

SIlO
	

M
	

NI
	

NI
	

M
	

NI
	

TM

SUB
	

M
	

M
	

Ni
	

NI
	

NI
	

NI

CMP
	

M
	

NI
	

Ni
	

M
	

M
	

NI

CMPS
	

Ni
	

NI
	

Ni
	

M
	

NI
	

NI

SCAS
	

Ni
	

NI
	

NI
	

M
	

M
	

M

NEG
	

Ni
	

NI
	

NI
	

NI
	

Ni
	

M

DEC
	

NI
	

NI
	

Ni
	

M
	

NI

INC
	

M
	

NI
	

Ni
	

M
	

Ni

IMUL
	

NI
	

NI

M UL
	

M
	

Ni

RCL/RCR I
	

NI
	

TM

RCL/RCR count
	

TM

POIJROR I
	

NI
	

Ni

ROUROR count
	

NI

SAUSARJSI-IUSHR I
	

NI
	

NI
	

Ni
	

M
	

NI

SAUSARJSHL/SHR count
	

NI
	

Ni
	

NI
	

M

SHI.D/SHRI)
	

NI
	

NI
	

NI
	

NI

BSF/BSR
	

Ni

BT/IITS/BTRJIITC
	

Ni

AND
	

0
	

NI
	

NI
	

NI
	

0

OR
	

0
	

Ni
	

NI
	

NI
	

0

TEST
	

0
	

NI
	

M
	

NI
	

0

XOR
	

0
	

NI
	

NI
	

NI
	

0
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TABLE 4.3 Condition Codes
(For Conditional Instructions Jcottd, and SE....ond)

Mnemonic	 Meaning	 Condition tested

0	 Overflow	 OF=
NO	 No overflow	 OF = 0
B	 Below
NAF	 Neither above nor equal 	 CF =
NB	 Not below	 Cl- = U
AE	 Above or equal
E	 Equal	 ZF=I
Z	 Zero
NE	 Not equal	 ZF = 0
NZ	 Not zero
BE	 Below or equal	 (CF or ZF) =
NA	 Not above
NBE	 Neither below nor equal	 (CF or ZF) = 0
A	 Above
S	 Sign	 SF =
NS	 No sign	 SF = 0
I'	 Parity	 IT =
PE	 Parity even
NI'	 No parity	 IT = 0
1 10	 Parity odd
L	 Less	 (SF (D OF) = I
NGE	 Neither greater nor equal
NL	 Not less	 (SF (D OF) =0
GE	 Greater or equal
I.E	 Less or equal	 ((SF (V OF) or ZF) = I
NG	 Not greater
NLE	 Neither less nor equal	 ((SF (D 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 8036,80186/80286)

Instruction	 Comment

ADC EAX insm32	 Add Cl : with sign-extended immediate byte and 32-bit data in reg32
ADC rcg32lmem32, imns32	 or meni32
ADC reg32lmcm32, imrn8
ADC reg32lmem32, rcg32
ADC rcg32, reg32/mcoi32
ADD EAX, itnm32
ADD reg32/nscm32, inint32 	 [mrisediate data byte is sign-extended before addition
ADD reg321mcm32, inim8
ADD reg32/mcm32, reg32
ADD reg32, reg32lmem32
AND EAX, imm32
AND reg32/inem32, itntn32
AND reg32/ntent32, intns8
AND rcg32/mem32, rcg32
AND reg32, reg32/mcm32
BOUND rcg32, mern64	 Cheek if reg32 is within bounds specified itt metn64; the first 32 bits of

mcm61 contain the lower boui id .i d ti,e seond 32 hits ontaiit the
upper bound

BSF	 Bit scan forward
BSR	 Bit seals reverse
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TABLE 4.4 80386 Instructions (New Instructions beyond Those of 8086/80186/80286) (continued)

Instruction
	

Comment

BT	 Bit test
BTC	 Bit test and complement
B1'R	 Bit test and reset
IITS	 Bit test and act
CALL label	 There are several variations of the label such as disp 16 disp32, rcg16,

rcg32, mcni16, mem32, ptr16: 16, ptrI6:32, mem 16:16, and
mcns16:32; NEAR CALLS use regl61mcnil6, reg32fmem32, and
displ6/disp32 and the CALL is in the same segment with CS
unchanged; CALL displG or disp32 adds a signed 16- or 32-bit offset
to the address of the next instruction (current LIP) and the result is
stored in Eli'; when disp 16 is used, the upper 16 bits of LIP arc
cleared to zero; CALL rcgl6/mem16 or reg32/mem32 specifics 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 ptr16:16 or ptrl6:32 uses a four-byte or six-byte operand
as a long pointer to the procedure called; the CALL mcns16:16 or
nem16:32 reads the long pointer Irons the memory location specified
(indirection); in real-address mode or virtual 86 mode, the long
pointer provides 16 bits for CS and 16 or 32 bits for LIP depending
Oil operand size; the far-call instruction pushes CS and IP (or LIP)
and return addresses; in protected mode, both long pointers have
different meaning; consult Intel manuals for details

CDQ	 Convert doubleword to quadword

EDX: LAX - sign extend LAX
rcg32

or	 — imm32 affects flags

iucni32

Compare sign extended 8-bit data with rcg32 or mem32

LAX — sign extend AX

Unsigned divide EDX:EAX by reg32 or niem32 (LAX = quotient, EDX
= remainder)

Create a stack frame before entering a procedure
Signed divide; everything else is same as DIV
Signed multiply EDX: LAX — LAX reg32 or mcm32
reg32 - reg32 reg32 or incm32; upper 32 bits of the product are

discarded
regl6 <— rcgl6' regl6lincml6; result is low 16 bits of the product
regl6 — rcgL6/mem16 (sign extended imm8); result is low 16 bits of

the product
reg32 - rcg32/mcm32 (sign extended imniS); result is low 32 bits of

the product
In all IMUL instructions, size of the result is defined by the size of the

destination (first) operand.

Input 32 bits from immediate port into LAX
Input 32 bits from port DX into LAX

CMP rcg32/mem32, imni32

CM1' LAX, insm32
CMP rcg321incm32, ininiS
CMP reg32mem32, reg32
CMP rcg32, reg32fmem32
CMPSD
CMPS mem32, mem3l
CWDE
DEC reg32/meni32
DIV LAX, reg321mens32

ENTER ininsl6, imm3
ID1V LAX, reg32lnicm32
IMUL rcg32lmcm32
IMUL reg32, rcg32/inens32

IMUL regl6, reg161niemt6
IMUL regl6, rcgl6/mcml6, imm8

IMUL reg32, rcg32/mcm32, imm8

IMUL regl6, imnt8
IMUL rcg32, miniS
IMUL rcgl6, regl6/meml6.
IMUL reg32, reg32/mem32,
lMULregl6, immt6
IMUL reg32, imm32
IN LAX, immS
IN LAX, DX
INC rcg32/mem32
INS reg32/mern32, DX or INSD



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

TABLE 4.4 80386 Instructions (New Instructions beyond Those of 8086180186/80286) (continued)

Instruction

IRET/IRETD

Ice label

JMP label

LAR reg32, rcg32/mem32

LEA reg32, in
LEAVE

LGS/LSS/LDS1LES1LFS

LODS mcm32 or LODSD
LOOP disp8
LOOPcoisd disp8
MO\' rcg32/mcm32, reg32
MOV rcg32, reg32/mem32
MOV EAX, mcm32
MOV mens32, EAX
MOV reg32, imns32
MOV reg32/mcm32, imm32
MOV rcg32, CR01CR2/CR3
MOV CRO/CR2/CR3, reg32
?dOV reg32, DRQ/DRl/DR2/D3
MOV rcg32, DR6/DR7
MDV DR0/DRI/DR2/DR3, reg32
MOV DR6/DR7, reg32
MOV reg32, TR61TR7
MOV TR61TR7, rcg32
MOVS mem32, mem32 or M0\'SD
MOVSX
MOVZX
MUL IiAX, reg32/n1em32
NEC rcg32/mcm32
NOT reg321meni32
OR d,s
OUT imm3, LAX
OUT DX, reg32/ment32 or OUTSD
POP rcg32
POP mcm32
P01' PS
POP GS
POI'AD
POPFD
PUSH reg32
PUSH mem32
PUSH PS
PUSH CS
PUSHAD
PUSH PD
RCL rcg32Insem32 I

Commert

In real-address mode, IRET pops IP, CS, and FLAGS, and IRETD
POPS LIP, 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; (l u mp if ECX = 0)

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

Load access right byte; reg32 *— reg32 or nicnt32 masked by
OOFXFPOOH

Calculate the effective address (offset part) m and store it in reg32
LEAVE releases the stack space used by a procedure for its local

variables; LEAVE reverses the action of ENTER instruction; LEAVE
sets ESP to LOP and then POPS FlIP

Load full pointer; explained later
To be explained later
To be explained later
To be explained later

Move 32 bits irons mem32 to LAX

CRs are control registers'

DRs are debug registers

IRs are test registers

To be explained later
Move with sign extend; to he discussed later
Move with zero extend; to be discussed later
Unsigned multiply; El)X LAX f- LAX (rcg32 or mem32)
Two's complement. Negate 32 bits in reg32 or nicm32
Ones complement
The definitions for d and s are same as AND
Output 32-bit LAX to immediate port number
To be explained later
To he 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 he explained later
To be explained later
To he explained later
Rotate reg32 or mens32 thru Cl : once to left



Intel 80186180286180386
	 221

TABLE 4.4 80356 Instructions (New Instructions beyond Those of 8086130186180286) (continued)

Instruction

RCL reg32/mei132 CL
RCL rcg32/rncm32, imrisS
RCR reg32/mcm32 1
RCR reg32/mcm32, CL
RCR reg321mcm32 inim8

ROL rcg32/mcm32
ROL rcg32lmem32. CL
ROL reg32/mciis32. iitim8
ROR reg32/rncm32. 1
ROR reg32/mem32, CL
ROR rcg32Jnieill32. imm8
SALJSARJSHL/SHR d, n
SOB d,s
SEAS niens32 or SCASI)
SET cc
SI-ILD
5111W
STOS mcm32 or STOSD
SUB d,s
TEST FAX, inins32
TEST rcg32lmcns32 inim32
TEST reg321metn32 reg32
XCHG rcg32, FAX
XCHG FAX, rcg32
XCHG reg321nieni32. reg32
XCUG reg32 rcg32/mem32
XLATII

XOR d,s

Comment

Rotate rcg32 or mein32 thru CF to left CL times

d and is have same definitions as RCIJRCR/ROIJROR
d and s have same definitions as ADD d,s
To he explained later
To he explained later
To be explained later
To be explained later
To be explained later
ii and s have same definitions as ADD

Exchange 32-hit register contents with EAX

Set AL to memory byte DS: (EI3X + unsigned A L ] . DS cannot be

overridden. Iti XLAT, DS can be overridden.
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 50286. These are CWDE and CDQ. CWDE
sign extends the 16-bit contents of AX to a 32-bit doubleword in EAX. CDQ instruction sign
extends a doubleword (32 bits) in EAX to a qu;idword (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
ETS Bit test and set

The above instructions are discussed in the following:

BSF (Bit Scan Forward)

BSF d , B

re916, reg16
regiG, mem16
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] =
012 41240 16 , then fEBXJ = 00000006 16 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 , $
reg16, reg16
reg16, mem16
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 set to one and operand 

. d is undefined; ZF is reset to zero if a one is
found,

• BT (Bit Test)

BT d , S
reg16, reg16
mexn16, regiG
regl6, inun8
meml6, irnm8
reg32, reg32
mem32, reg32
reg32, irnxn8
mem32, imm8

WI' 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 arc
allowed in the instruction. This operand is takcii modulo 32, so the range of immediate
bit offset is fromD 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 111' CX, DX. If [CX] = 081F 6, [DX] = 0021 16, then since the
content of DX is 33, 0, the bit number one (remainder 0133/16 = 1) ofCX (value I) is
reflected in the CF and therefore CF I.
BTC (Bit Test and Complement)

BTC d , S

d and s have the same definitions as the WI' instruction. The bit 01(1 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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complementcd. The 80386 determines the bit number from s (whether s is immediate

data or register) and d (whether ci is register or memory bit string) in the same way as

the BT instruction.

BTR (Bit Test and Reset)

BTR d , S

d and s have the same deIlnitions 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 zet o.

Everything else that is applicable to the BT instruction also applies to BTR,

BTS (Bit Test and Set)

ETS d , S

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 B!' instruction also applies to WI'S.

4.2.2.c Byte-Set-On Condition Instructions

These instructions set it 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 SETcc (set byte

on condition cc) which sets a byte to one if condition cc is true; or else, reset the byte to zero.

The following is a list of these instructions:

Instruction

SETAISETNBE reg 18/usein8

SETAE/SETNII/SETNC regs/rnens8
SIrI'13/SE'FNAEJSE1'C regsinictnS
SE1'IIEISEFNA rcg8/nieniS

SETE/SE't/_ reg8/111em8
SETG/SETNI.E ret'S/lucius

5ETGE/sErNL rcg8/iucm8
SETIJSE'I'NGE reg8/inem8
SETLFJSETNG reg8fnscni8

Condition codes

ci: = 0 and
Zr = 0

cr = a
CF=

cr =
or Zl : =
zr =
ZF = 0 or
Sr - or
sr = or
Sr or
zi= I and
sr 01

Description

Set byte if above or not below/equal

Set if above/equal, set if not below, or set if not carry
Set if below set if not above/equal, or set if carry
Setif below/equal or set if not above

Set if equal or set if zero
Set if greater or set if not less/equal

Set if greater/equal or set if not less
Set if less or set if not greater/equal
Set if less/equal or set if not greater

SETNE/SETNZ reg8/rncnss	 Z!	 0	 Set if not equal or set if not zero

SETNO rcg8/ntens8	 OF 0	 Set if no overflow

SETNP/SETI'O reg8/incni8	 l'F = 0	 Set if no parity or set if parity odd

SETNS regs/nseins	 sr = 0	 Set if not sign
SETO reg8/rnc'inS	 OF = I	 Set if overflow

SETP/SETI'E regS/memS	 l'F = I	 Set if parity or set if parity even
SETS regs/mernS	 SF = I	 Set if sign

As all 	 consider SETB BL. If [BL] = 52 and CF = 1, then after this instruction is

executed [BL] = 01 6 and CF remains at I; all other flags (OF, SF, zl:, AF, PF) are undefined.

Ott the other hand, if CF 0, then after execution of SE-TB BL, BL contains 00 16 , CF = 0 and

ZF = 1; all other flags are undefined. Similarly, the other SETcc instructions call 	 explained.

4.2.2.d Conditional Jumps and Loops

JECXZ disp8 jumps if ECX is zero. dispS tneans a relative address range from 128 b ytes before

the end of the instruction. JECXZ tests the contents of ECX register for zero and not the flags.
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If [ECXJ = 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 32 times instead of zero times.

LOOP Instructions

Instruction	 Description

LOOP disp8	 Decrement CX/ECX by one and jump if CXJECX 0
LOOPE/LOOPZ disp8	 Decrement CXIECX by one and jump IICXJECX 0 and ZF =
LOOPNE1I.0OPNZ dips	 Decrement CXIECX by one and jump if CX/ECX 0 and ZF = 0

The 80386 LOOP instructions arc similar to those of 8086/80186/80286, except that if the

counter is more than 16 bits, ECX rather thati CX register is used as the counter.

4.2.2.e 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 defined as follows:

MOVSX d,s

or

MOVZX reg16, reg8
reg16, mem8
reg32, reg8
reg32, rnem8
reg32, reg16
reg32, rnern16

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, rends the contents ol'the effective address or register as a byte or aYord 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.

If CL = 81 6 and [ BX ] = 21AP,, then after execution of MOVSX 13X, CL, register BX will

contain FF81 16 and CL contents do not change. Also, consider MOVZX CX, DH. If CX

= 1-237 16 and [DH] = then after execution of this MOVZX, CX register will contain

0085 and DH contents do not change.

PUSHAD and POPAL) Instructions - There are two new PUSH and POP instructions

in the 80386 beyond those of 80286. These are PUSI-JAD and POPAD. I'USHAD saves

all 32-bit general registers (the order is EAX, ECX, EDX, EBX, original ESP, EBP, ESI,

and ED[) onto the 80386 stack. PUSHAI) decrements the stack pointer (ESP) by 32

to hold the eight 32-bit values. No flags are affected. POI'AD reverses a previous

PUSHAD. It pops the eight 32-bit registers (the order is EDI, F,S1, FBI', ESP, E13X, 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

Load Pointer Instruction - There are five instructions in this category. These are LDS,
LES, LPS, LCS, and LSS. The first two instructions LDS and LES are available in the
80286. However, the 80286 loads 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, oil 	 other hand, can have four versions of these instructions as follows:

LDS reg16, mem16: mem16
LDS reg32, xnem16: mem32
LES reg16, inern16: mem16
LES reg32, mera16: mem32

Note that mem 16: nem 16 or mem 16: mcm32 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

rcg16 or reg32 register specified.

The three new instructions ITS, LCS, and LSS associated with segment registers PS,

CS, and SS call 	 be explained.

4.2.2.f Flag Control

There are two new 80386 instructions beyond those of the 80286. These are PUSHED and
POPED. PUSHED decrements the stack pointer by 4 and saves the 80386 EFLACS register to
the new top of the stack. No flags are affected. POPED, oil other hand, pops the 32-bit
(doubleword) from the stack-top and stores the value in EPLACS. All flags except VIM and RE

are affected.

4.2.2.g Logical

There are two new 80386 logical instructions beyond those of 80286. These are SHI.D and

SHRD.

I i1struCt ion	 I)csript ion

SI [.1) d,s, ou1t	 Shift kit (hulk

St [RI) dr (Out	 Shill right double

Ihe operands are defined as follows:

(00:0

reg 16	 rev, 16	 in8

u:ei 16	 regl 6	 inS

regl6	 rg16	 CL

ieinI(,	 regtó	 CI.

rcg32	 rcg32	 Cl.

2	 :.g3 2	 joinS

rcg32	 reg32	 Cl.

iic:n32	 rc:32	 CI.
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For both SHLD and SHRD, the shift count is defined by the low five bits and, therefore,

shifts up to 0 to 31 call
	 obtained.

SI-I ID 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 hits of d being filled from the

high-order bits of s. The bits ins 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 NOl'. For a specified shift count, the SF,

ZF, and PP flags are set according to the result in d. Cl : is set to the value of the last hit shifted
out. OF and AF are undefined.

SHRD, oil 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 hits being filled from the low-order hits of s. The hits in s are not altered after

shifting.

If the shift count isic ro, this instruction operates as a NOl'. For the specified shift count,

the SF, ZF, and PP flags are 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 SlILD UX, DX, 2. If] 1IX = I S3F,, [DX] = 01F-1 	 then aller this
SHLD, [13X] = 601C O3 , [DX] = 011 : 1 16 , CF = 0, SF = 0, ZF = 0, and PP = 1.

Similarly, the SI-I RD instruction call 	 illustrated.

4.2.2.I1 String

• Compare String - There is  new instruction CMPS metn32, niciu32 (or CMPSD)

beyond the compare string instruction a	 blvailae with the 80286. This instruction com-

pares 32-hit words ES:EDI (second operand) with DS:ESI and affects the lags. The

direction of subtraction of CMPS is [[PSI]] - [ EDI j . The left operand PSI is the source

and the right operand EDI is the destination. This is  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 (CMPSR) or word (CMPSW) compare instructions. The result of

subtraction is not stored; only the flags are affected. For the first operand (PSI), the DS is

used as segment unless a segment override byte is present, while the second operand (EDI)

must use ES as the segment register and cannot be overridden. PSI and ED! are mere-

mentcLl by 4 iIDF = 0, while they are dccremcnted byl ifDP = I - CMPSI) call 
preceded

by the RITE or REPNE prefix for block comparison. All flags are affected.

• Load and Move Strings — There are two new 80386 instructions beyond those of 80286.

These are LODS meni32 (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, PSI is automatically incremented by 1 if l)1 = 0, while PSI is

automatically decrcmcnted by 'I if DF = 1. No flags are affected. LODS call preceded

by REP prefix. LODS is typically used within a loop structure because further processing

of the data moved into EAX is normally requited. MOVSD copies the doub]eword (32-

bit) at memory location addressed by DS:ESI to the memory location at ES:EDI. DS is

used as the segment register for the source and may he overridden. ES must be used as

the segment register and cannot be overridden. After the move, PSI and EDI are

incremented by four if DF = 0, while they are decremented by 4 if 1)1: = 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 I/O instructions beyond

those of the 80286. These are INS mem32, DX (or INSD) and OUTS DX, mem32 (or

OUTSD). I NSD inputs 32-bit data from a port addressed by the content of I)X 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 DP = 0, While it is dccrcmcntcd by 4 if DP = 1. INSD

can be preceded by the REP prefix for block input of ECX doublewords. No flags arc

affected. OUTSI) 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, ES! is incremented by ,1 ifDF = 0 and decrcmcntcd by 4 ifDF = 1. OUTSI) can

be preceded by the RE 1 1 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 EDI.

ES cannot be overridden. After storing, EDI is automatically incremented by 4 if DF =

0 and decremented by 4 if DP = 1. No flags are affected. STOS can he preceded by the

REP prefix for a block 111! of ECX doublewords. There is a new scan instruction called

the SCAS mem32 (or SCASD) in the 80386. SCASD performs the 32-bit subtraction

[EAXJ - [memory addressed by ES and ED! } The result Of Subtraction is not stored, and

the flags are affected. SCASD can he preceded by the REPE or REPNE prefix for block

search of ECX douhlewords. All flags are affected.

4.2.2.1 Table Look-Up Translation Instruction

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

XLAT incm8 (or XL,\T13) 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-hit address (available only in 80336). DS can be

overridden. No flags are affected.

4.2.2.j 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 arc used by the subroutine by

popping them from stack during its execution. 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, are included for allocating and deallocating stack frames.

The ENTER 1mm 16, imm8 instruction creates a stack frame. The data immS 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 imni 16 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 EI3P as the current frame pointer and ES1'

as the current stack pointer. The data immS specifics the number of bytes of local variables for

which the stack space is to be allocated.

ENTER call used for either nested or non-nested subroutines or procedures. For ex-

ample, if the lexical level imm8 is zero, the non-nested form is used. If imm3 is zero, ENTER

pushes the frame pointer EBP onto the stack; ENTER then subtracts the first operand imm16

from the ESP and sets FOP to the current ESI'.
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 offset from EBP. Note that the LEAVE instruction sets ESP to EBP and

then pops FOP. For the 80186 and 80286, ENTER and LEAVE instructions use OP and SP

instead of FOP and ESP. The 80386 uses OP (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, irnin8:
Push EBP
Set a temporary value FRAME-PTR: = ESP
If LEVEL > 0 then

Repeat (LEVEL-1) times:
EBP: = EBP-4
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, irrim16

The LEAVE instruction performs the following:

• (ESP) -- (EBP)

• POP into EBP.

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

St)BRA
	

tlRi3

ENTER 18, 1
	

ENTER 64,2

CALL SUBRU

-	 LEAVE

LEAVE	 RET

RET

In the above, subroutine A (SUI3RA) calls subroutine B. It is assumed that the nesting depth

for these subroutines are I and 2 respectively.

The stack frames created after execution of the ENTER instructions in the two subroutines

are shown below:

Data for subroutine U (64 bytes) 1I Stack frame
Eli P bir Subroritirre 13	 i for B.

EUP when executing	 ) [ lIP for Subroutine A	 I
subroutine B ERP for Subroutine A	 )

Return address for subroutine A

[UP when executing	 Data for subroutine i\ U B bytes) 1
subroutine A

	

	 I Stack frame
ERI' for Subroutine A for A.
OW [LIP	 I
OLD STACK TO['	

j

As the ENTER instruction in subroutine A is executed, the old EBP from the subroutine that

called SUBRA is 1)tLShed onto the stack. EBI' is loaded from ESP to point to the location of the
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old EIIP. 'I'lic lexical level for the ENTER for subroutine A is pushed onto the stack. Finally,

in order to allocate 13 bytes, 121-1 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 ELM' for subroutine A prcvisouly stored oil 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 80336 provides two forms of the BOUND instruction:

BOUND reg16, mem32

BOUND	 reg32, mern64

The first form is for 16-hit 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 L and [ADDR ± 41 32-bit

upper bound d. If, after execution of this instruction, [EDI J < d L 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

ensure 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 all 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 all 	 length of 200 bytes. Assume the 32-bit contents of memory location

52070422, and 52070426 are 0 and 199,, respectively:

BOUND EDI, 52070422H

MOV	 EAX, [EDI] [ESI)

In the above, if the contents of' [.1)1 are not within the array boundaries of 0 and I 99 w , the

80336 will trap to interrupts and the MOV instruct ion will not be executed.

In the following $0386 programming examples, the 80386 is assumed to be real mode. The

80386 assembler directives are not included. These directives are similar to those of the 8086.

Example 4.2

Determine the effect of each one of the follos'ing 80386 instructions:

i)CDQ

ii)BTC CX, BX

iii)MOVSX ECX, E7H

Assume [EAX] = [[[[[[FF1 I, ECX[ 	 ['125712-111,  [EDX I = EEEEEEEEI-1, [BX] = 00041-1,

[CX]	 OFA 111, prior to execution of each of the above instructions.

i) After CDQ,

[FAX] = [[[F FF1:I:I1
[EDX] = [[[1: l:1:l;I:1_1

ii) After B'I'C CX, OX, 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 10 9 8	 7 6 5 4	 3 2 1 0 Bit no,
0	 0	 0	 0
	

1	 1	 11	 1010	 00012

CF=O

After BTC CX, DX,	 I 15 comp1cnicn

[CXJ=0	 000	 11	 11	 1011	 00012

0	 F	 B	 116

Hence, [CX] = 0 Hi 1 H and [DX] = 000,11-1

ii) MOVSX ECX, E7H copies the 8-bit data E7H into low byte of ECX and then sign-

extends to 32 bits. Therefore, after MOVSX ECX, E7H, [IiCX] = 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 IiAX. Assume that the segment registers are already

initialized and also that the result fits within 32 bits.

Solution

IMUL ECX, data8 ; Perform siyed
multiplication

NOV EAX, ECX	 ; Store result
liLT	 ; in EAX and stop

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 II (1), A (2) to B (2), and so on. Initialize DS to 20001-I,

ES to 30001-1, ESI to 01001-I and EDI to 02001-1,

Solution

MOV ECX, 10000	 ; Initialize counter
NOV BX, 2000H	 ; Initialize DS
NOV DS, BX	 ; register
NOV BX, 3000H	 ; Initialize ES
NOV ES, BX	 ; register
NOV ESI, 0100H	 ; Initialize ESI
NOV EDI, 0200H	 ; Initialize EDI
CLO	 ; Clear DF to Autoincrement
REPNOVSD	 ; NOV A (i) to

; B (i) until ECX = 0
HLT
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Example 4.5

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

i)MOV EAX, [EBX*4]
ii)ADD AR, [EBX+35] [ESI]

Solution

i) Srce	 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 6 , ESI = 00005000 k, EBX = 0000020016.

i)NOV BH, [SI]

ii)ADD [BX+50H], CX

Solution

i) Physical address for the source = 03000 16 + 5000, = 08000,

Physical address for the source = 03000, 6 + 025016

= 03250,6

Example 4.7

Write an 80386 instruction sequence to compute the following:

INTEGER = (IN'TEGER1G3EDX)v(ECX-EDX)

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

Solution

NOV EAX, EDX
NOT EDX	 ; EDX - EDX
XOR EDX, [INTEGER1] ; EDX f— (INTEGER1) 0 EDX
AND ECX, EAX	 ; ECX <— ECX	 EDX
OR ECX, EDX	 ; ECX - EDX V ECX

NOV [INTEGER], ECX	 ; [INTEGER] (— ECX

Example 4.8

Write an 80386 assembly language program to add two 64-bit binary numbers. The numbers

arc pointed to by ESI and EDT, respectively. Store result in location pointed to by EDI. Assume

data are already loaded in memory locations.
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Solutions

NOV EAX, [ESI]
NOV EBX, [ESI+4]
ADD [EDI], FAX
ADC [EDI+4], EBX
HLT

Load first 64-bit
number
Add with
second 64-bit number

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 I in AL.

Solution

MOV	 EBX, [ESI]	 ; Move the upper 32-bit into
EBX

OR	 EBX, [ESI-i-4] ; Check whether both halves
are zero.

JTNZ	 ZERO
NOV	 AL, 1
HLT

ZERO: NOV AL, 0
HLT

The number is not zero

The number is zero

Example 4.10

Assume the content ofphysical memory location 21010 16 is 2F,, [ADDR] = 2000, 6 and double
word scored at location ADDR+2 is 02340110, 6. Find the contents of EAX register after
execution of the following 80386 instruction sequence:

LDS EAX, [ADDR]
NOV EBX, 00001000H
XL.AT

Solution

LDS instruction in the above loads DS with 2000 16 and EAX with 02340110, '. MOV loads
EBX with 0000 100011, 6 . The XLAT instruction loads AL with the contents of memory location
addressed by DS + 13X + Al. which is 20000, 6 + 1000, 6 + 10 , 6 = 21010,. Therefore, [EAXI =
023 40 12 p1

Example 4.11

Write an 80386 assembly language program to multiply an unsigned 32-bit number in EI3X
by an unsigned 16-bit number in CX. Store result in EDX:EAX.

Solution

MOVZX ECX, CX ; Zero Extend CX.
NOV EAX, EBX	 ; Nova 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[3 1:24] and

store it in EBX [ 7:0 ], so that EJ3X [ 31:8 ] is zero and the original EAX is not affected.

Solution
NOV EBX, EAX
NOV CL, 8
ROL EBX, CL
AND EBX, 000000FPH

Example 4.13

Write 80386 assembly language program to compute the following: X = Y + Z - 1F20 16 where

X, Y, and Z are 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
NOV LAX, [NUMBER]
NOV EBX, (NIThER+4]
ADD ZAX, (NUMBER+8]
MOV ECX, (NUNBER+12]
ADC ECX, ESX
SUB EAX, 3S20H

NOV EBX, 0
SBB ECX, EBX
HLT

I Load EAX with low 32-bit of Y
Load EBX with high 32-bit of Y

1 Add low 32 bits

I Load ECX with high 32-bit of Z
Add high 32 bits and carry
Subtract 1F20H from 32-bit of
result
If borrow,
Subtract from high 32-bit of result

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 TJSE16

ASSUME CS:PROG, DS:DATA, SS:STACK

BEGIN: NOV BX, •3000H
NOV DS, BX

(Specify the constants and variables here)
(Enter program here)
NOV AX, 4COOH	 ; RETURN

INT 21U	 ; to DOS

PROG	 ENDS
END BEGIN
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In the above, the PAGE directive in the first line specifics 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 USE 16 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 4COOH 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' asseni-
bIer, 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,

4.2.3 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 ofthc low byte addresses the word. Doublewods
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
(232 bits), the programmer views a virtual address space of 26 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. Oil other hand, if the paging unit is enabled, the paging unit translates the linear
address space 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 linear 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 (232 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, SS, and CS use the selectors 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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Effective Address Calculation

Index

tiase	
j	

Displac

r scale
1.2.4.13	 0

I	 Fffrclive
32 Address

	

Logical or	 Segmentation

	

Virtual Address	 Unit14
Descriptor

rides

t1E3-UrOI
A3 1 .A2 I Physical

Memory
_	 'aging Unit I	 3232 ___

Linear	 (Optional Use) Physical I
Address I	 Addrcss I.Selectur

S ernenI
l'tisIcr

FIGURE 4.12 Address translation rnech2trrsnl.

4.2.4 I/O Space

The 80386 supports both standard and memory-mapped I/O. The I/O space contains 64K 8-

bit. polls, 32K 16-bit ports, 16K 32-bit ports, or any combination of ports up to 64K bytes. It

0 instructions do not go throtgj the segment or paging units. Therefore, the I/O space refers

to physical memory. The M/10 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-extcnded oil upper

address lines. The IN and OUT instructions drive the 80386 M/IO pin to low.

I/O port addresses 0018H through OOFFI-L are reserved by Intel. The coprocessors in the I!

O space are at locations 8000001`81-1 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 INi' ti as exceptions.

TABLE' 4.5 Segi nent Rcgktcr Selection ]W ICS

Implied ((Iefault) 	 Segment override

Type of memory reference	 segment use 	 prefixes possible

Code Fetch	 CS	 None
Destination of PUS1 I, I'USI IA instructions	 SS	 None

Source of POP, POPA instructions	 SS	 None

Other data references, with effective address

	

using base register of: IFAX)	 DS	 CS,SS,ES,FS,GS

	

IPUXI	 DS	 CS,SS,ES,FS,GS

	

ECXJ	 1)5	 CS,SS.ES,FS,GS

	

EDX)	 I)S	 CS,SS,ES.FS,GS

	

[EtIXI	 DS	 CS,SS,ES.FS,GS

	

I l5i[	 DS	 CS,SS,ES,FS,GS

	

EDII	 DS	 CS,SS,ES,FS,GS
SS	 CS,DS,ES,1S.GS

	

I LSl'j	 SS	 CS,DS.ES,I:S,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 call of two types. The 80386 provides the NMI pill 	 the nonmaskable

interrupt. When the NM! pill a LOW to HIGH transition by an external device such
as an 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 maskabic interrupt when its INTR pill activated HIGH and the IF
bit is set to one. An 8-bit vector call supplied by the user via external hardware which
identifies the interrupt source.

The IF bit in the EFLAG rcgis!ers is reset when an interrupt is being serviced. This, in turn,
disables servicing additional interrupts during an interrupt service routine.

When all 	 occurs, the 80386 completes execution of the current instruction. The
80386 then pushes the El P, CS, and flags onto the stack. Next, the 80386 obtains all 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 ill 	 main program.

The software interrupt due to execution of INT ii has the same effect as the hardware
interrupt. A special case of the software interrupt INTo 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 IRE!' instruction. The single step uses INTl.
Exceptions are classified as faults, traps, or aborts depending oil 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 call 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 all 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 call 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
hit words: the code segment and a 16-bit offset. In protected mode, the interrupt vectors arc 8-
byte quantities, which are stored in all 	 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:

Priority	 Interrupt/exception

• (ii ighcst)	 Exception faults
2.	 TItAI' instructions

Debug traps for this insrution
4. Debug faults for IlCxt instruction
5. NMI
6. (Lowest)	 lN'lR
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TABLE 4.6 Interrupt Vector Assignments

Interrupt	 Instruction which can

Function	
number	 cause exception

o	 Dlv, IDIV
Any instruction

2	 tNT 2 or NMI
3	 INT
4	 INTO
5	 BOUND
6	 Any illegal instruction
7	 ESC, WAIT
8	 Any instruction that can generate

an exception

9	 Coprocessor tries to access data
past the end of a segment

Divide error
Debug exception
NM! interrupt
One-byte interrupt
Interrupt on overflow
Array bounds check
Invalid OP-code
Device not available
Double fault

Coprocessor segment

Return address
points to faulting

	

instruction
	

Type

	

Yes
	 Fault

	

Yes
	

Traps

	

No
	

NM!

	

No
	

Trap

	

No
	

Trap

	

Yes
	 Fault

	

Yes
	 Fault

	

Yes
	 Fault

Abort

	

No
	 Trapb

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 memory 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	 tNT n	 No	 Trap

-Some  debug exceptions may report both traps on the previous instruction and faults on the next instruction.

bException 9 no longer occurs on the 80386 due 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.

4.2.6 80386 Reset and Initialization

When the 80386 is initialized and reset, the 80386 will start executing instructions near the top

of physial memory, at location FFPFFFFOH. When the first Intersegnient 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.
Addrcts

Cs	 003FEH
II'	 003FCN

Cs	 00082H
000801-I

CS	 10M) EH

NII'

P	 000ICH
CS 000IAI-t
IP 000IBH
CS 0001(1-1
P 00014H
CS 00012H

000101-f
CS	 10000EH
II'	 10000BH

00006H
IF,	 00004H

CS	 00002H
It'	 _j00000H

Vector Number 255

32

Coprocessor not present {

Invalid opcode t

Bound check 5

OVERFLOW 4

BREAKPOINT

NMI 2 {

DEBUG 1 {

DIVIDE BY 0 ERROR 0 {

4.2.7 Testability

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

4.2.8 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.

4.2.9 80386 Pins and Signals

As mentioned 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 soldcrtail, surface mount, or wire wrap. These application
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TABLE 4.7 Register Values after Reset

Flag word(EFLAGS)	 0000000211	 Note I

Machine status word (CR0) 	 UUUUUUU0II	 Note 2

Instruction pointer (IP)	 0000PFFOH

Code segment	 1:00011	 Note 3

Data segment	 000011

Stack segment	 000011

Extra scgmcnt (ES)	 000011

Extra segment (PS)	 000011

Extra segment (GS)	 000011

All other registers	 Undefined

Note: U means undefined.

Note 1: The upper 14 bits of the E FLAGS registers are

zero, VM ( Ui t 17) and RI : (Bit 6) and other defined flag

hits are zero.

Note 2: All oftlte deiirietl fields in 111C CEO are I) (PG Bit

31, 'I'S lIlt 3, EM Bit 2, MI' Bit I, anti IT Bit 0) except for

El Bit 1 (processor Extension type). ']"he E. ..Bit is set

during Reset according to the type of coprocessor in the

system. If the coprocessor is all 80387 then El' will be I, if

the coprocessor is all or no coprocessor is present

lien El' will be 0. All other bits are undefined.

Noic3: The code segment Register (CS) will have its base

address set to 1:1:1:0000011 and limit set to OPEFFI I. All

undefined bits are reserved and should not be used.

sockets are manufactured by Amp, Inc. of Harrisburg, PA, Advanced Interconnections of

Warwick, RI, 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 pi000t 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 \'cc and 21 GND pins for power distribution. These multiple power and

ground pins reduce noise. Preferably, the circifit board should contain Vcc 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 execution. The CLK2 signal is specified at

CMOS-compatible voltage levels and not at TI'L 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 generator provides system clock and reset signals.

D0-D31 provides the 32-bit data bus. The 80336 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 I/O port addresses. Using these pins, the 80386 can directly address 4
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FIGURE 4.13 80386 PGA pinout view from pill

gigabytes by physical memory (00000000H thru FFFFFFFFH) and 64 kilobytes of I/O ad-

dresses (00000000H thru 0000FFFFH). The coprocessor addresses range from 800000F8H

thru 800000FFH. Therefore, coprocessor select signal is generated by the 80386 when Mt1O

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	 A31	 M5	 1)31	 Al	 Vcc	 A2	 Vss

P1	 A30	 P3	 1)30	 A5	 Vcc	 A6	 Vss

M2	 A29	 Pd	 D29	 A7	 Vcc	 A9	 Vss

L3	 A28	 M6	 D28	 AlO	 Vcc	 131	 Vss

Ni	 A27	 N5	 1)27	 A14	 Vcc	 B5	 Vss

MI	 A26	 P5	 1)26	 CS	 Vcc	 Bli	 Vss

K3	 A25	 N6	 1)25	 C12	 Vcc	 1314	 Vss

U	 A24	 P7	 1)24	 1)12	 Vcc	 Cli	 Vss

LI	 A23	 N8	 1)23	 G2	 Vcc	 PS	 Vss

1(2	 A22	 P9	 1)22	 G3	 Vcc	 F3	 Vss

1(1	 A21	 N9	 D21	 G12	 Vcc	 F14	 Vss

JI	 A20	 M9	 D20	 GIl	 \'cc	 32	 Vss

1-13	 A19	 PlO	 1)19	 L12	 Vcc	 13	 Vss

H2	 MB	 P11	 1)18	 M3	 Vcc	 312	 Vss

HI	 A17	 N10	 D17	 M7	 Vcc	 J13	 Vss

G 	 A16	 NII	 1)16	 M13	 Vcc	 M4	 Vs,

Fl	 A15	 mll	 1)15	 Nd	 Vcc	 M8	 Vss

El	 A14	 P12	 1)14	 Ni	 Vcc	 M10	 Vss

E2	 A13	 P13	 D13	 P2	 Vcc	 N3	 Vss

E3	 Al2	 NL2	 1)12	 P8	 Vcc	 P6	 Vss

Dl	 All	 N13	 Dli	 P14	 Vss

1)2	 MO	 M12 D10
03	 A9	 N14	 D9	 F12	 CLK2	 A4	 N.C.

Cl	 AS	 L13	 D8	 1)4	 N.C.

C2	 A7	 1(12	 07	 E14	 ADS#	 136	 N.C.

C3	 A6	 Lid	 D6	 B12	 N.C.

132	 A5	 1(13	 05	 1310	 W/R#	 C6	 N.C.

133	 A4	 1(14	 D4	 All	 DIC#	 C7	 N.C.

A3	 A3	 J1 	 D3	 Al2	 M/IO#	 E13	 N.C.

Cd	 A2	 H14	 D2	 CIO	 LOCK#	 P13	 N.C.

A13	 BE3#	 1-113	 Dl

B13	 BE2#	 H12	 DO	 D13	 NA#	 CS	 PEREQ

C13	 BEI#	 C14	 8S16#	 B9	 BUSY#

E12	 BEO#	 G13	 READY#	 AS	 ERROR#

014	 HOLD

C9	 RESET M14 HLDA 57	 INTh	 B8	 NMI -

Processor	 Processor
Clock Period	 Clock Period

CLK2 Period CLK2 Period CIK2 Period CLK2 Period
41	 1	 N2	 1	 N	 1	 #2

CLK2 2V4C \ 2Vç\ 2VC\ 2V

Internal 80356
Processor Clock

62 OSMIN'1ao380.1f,
(16 MHz MAX))

B3nS MI N 180386.12
(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, BE0# thru BE3# by the 80386, define which bytes of DO-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 D24-1331

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 I/O write cycle via D16-D31 pins,
it duplicates this data oil

WIR#, D/C#, M/IO#, 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, Alen LOW, indicates control cycle. MI
IO# differentiates between memory and I/O cycles. LOCK# distinguishes between locked and
unlocked bus cycles. WIR#, D/C#, and MIJO# 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), NM (next address request), and BSI6# (bus size 16).

The 80386 outputs LOW on the ADS# pin to indicate a valid bus cycle (W/R#, D/C#, MI
IO#) and address (13E0-l3E3#, 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 pills 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#-11E3#, A2-A31,
W/R#, D/C#, and M/lO# from the 80386 even if the completion of the present cycle is not
acknowidged on the READY# pin.

BS16# input pin permits the 80386 to interface to 32- and 16-bit data buses. When the
BS 16# input pin is asserted low by an external device, the 80386 uses the low-order half (DO-
D15) of the data bus corresponding to 13E0# and l3El# 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	 I/O DATA READ	 No
Low	 111gb	 High	 I/O DATA WRITE	 No
High	 Low	 Low	 MEMORY CODE READ	 No
High	 Low	 High	 HALT:	 SHUTDOWN:	 No

Address = 0
(llEO# High	 (BEO# Low
BEI# High	 BEI# High
11E2# Low	 8E2# High
13E3# 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 13S16# 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 80337 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  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 S 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 Summa

Signal name	 Signal function

CLK2	 Clock
D0-D31	 Data bus
BEO# . BE3#	 Byte enables
A2-A31	 Address bus
VI/R#	 Write-read indications
DIC#	 Data-control indication
M/lO#	 Memory-I/O indication
LOCK#	 Bus lock indication
ADS#	 Address status
NA#	 Next address request
BS 16#	 Bus size 16
READY#	 Transfer acknowledge
HOLD	 Bus hold request
HLDA	 Bus hold acknowledge
PEREQ	 Coprocessor request
BUSY#	 Coprocessor busy
ERROR#	 Coproccssor error
INTR	 Maskable interrupt request
NM!	 Nonmaskable interrupt request
RESET	 Reset

Input synch	 Output high

Active	 or asynch	 impedance

State
	 Input/output

	 to CLK2	 during HDLA?

High
	

1/0
	

Yes

Low
	

0
	

Yes

High
	

0
	

Yes

High
	

0
	

Yes

High
	

0
	

Yes

Iligh
	

0
	

Yes

Low
	

0
	

Yes

Low
	

0
	

Yes

Low
Low
Low
High
High
	

0
High
	

A
Low
	 A

Low
	 A

High
	

A
High
	

A
High
	

A (note)

Nofc: If the phase of the internal processor clock must be aynchr6nized 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

Physical base address

A31—A2 Al AD
A31—A2 0	 0
A31—A2 0	 1
A31—A2 I	 0
A31—A2	 1	 1

80386 address pins and
BEO#-BE3# signals

A31—A2	 BE3#	 BE2#	 DEl/I	 BF.0#
A31—A2 X	 X	 X	 Low
A31—A2	 X	 X	 Low	 High
A3]—A2	 X	 Low	 High High
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 each bus cycle, the 80386 BS 16# pin can be asserted for 16-bit ports or negate
BS16# for 32-bit ports by the external device. With BSI6# asserted all transfers are performed
via D0-D15 pins. Also, with BSI6# 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 11S16# 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 13SI6# pin, depending in
which byte enable pins are asserted during the current bus cycle. For example, asserting BS I 6#
during "upper half only" reads causes the 80386 to read data on the DO-D15 pins and ignores
data on the D16-1331. Data that would have been read from D16-D31 (as indicated by BE2#
and 13E3) will instead be read from D0-D15.

A 32-bit-wide memory can be interfaced to the 80386 by utilizing its BSI6#, 13E0#-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 arc 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, Bl-IE#, and BLE# for Addressing 16-13it Devices

80386 signals	 t,-bit bus signals

BEM	 BE2#	 BEI#	 BEO#	 Al I3HE#	 Bt.E# (AD) Comments

1-P	 H	 11'	 H'	 x	 x	 x	 x— no active bytes

H	 H	 H	 L	 L	 It	 L

H	 11	 L	 H	 L	 1.	 H

H	 11	 L	 L	 L	 L	 L

H	 L	 H	 II	 H	 It	 L

H t	L'	 lt	 L'	 x	 x	 x	 x - not contiguous bytes

H	 L	 C	 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	 x - not contiguous bytes

L'	 II'	 L'	 II'	 x	 x	 x	 x - not contiguous bytes

Lt	H'	 L'	 L'	 x	 x	 x	 x - not contiguous bytes

L	 L	 H	 H	 H	 L	 1.

L'	 L.	 H'	 L'	 x	 x	 x	 x - not contiguous bytes

L	 L	 L	 I-I	 L	 L	 H

L	 L	 L	 L	 L	 L 	 L

Note: BLE# asserted when D0-D7 of 16-bit bus is active; B1-IE# asserted when 138-1315 of 16-
bit bus is active; AD Low for all even words; AD high for all odd words.

Key: x = don't care
H = high voltage level
L = low voltage lcvcl

= a nonoccurring pattern of Byte Enables; either none arc asserted, or the pattern has
Byte Enables asserted for noncontiguous bytes

In general, the 80386 samples NA# input during each 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 13S16# (bus

size 16) input pin near the end of the bus cycle. Assertion ofBSl6# indicates a 16-bit data bus,
while negation of BS 16# 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
32-bit

32

:36 	
-	 j	

memory
i and 

BEO # -

8S16#

Address
Decoder

DO-Di 5_16

16-bit6-bit

30
BHE#,	
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4	
Logic	

BLEU, Al

BEO# -
BE3#

FIGURE 4.16 Interfacing 80386 16- and 32-bit memories.
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Idle	 Cycle I	 Cycle 2	 Cycle 3	 Idle	 Cycle 1	 Idle
Non-pipelined Non-pipclincd I Non-pipelined	 Non-pipelined

(Write)	 I	 (Read)	 (Write)	 I	 (Write)
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FIGURE 4.17 Bus cycles with nonpipclincd address (zero wail 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 (Ti and T2) per bus cycle. in phase one TI, the address signals and bus control
signals are valid and the 80386 activates ADS# ]ow 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 oil data bus starting in phase two
of Ti 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 call
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
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FIGURE 4.18 Real 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 all
as shown in Figure 4.18.

All segments in real mode are 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 002FFJ-1 are reserved for the interrupt pointer
table, while addresses FFFFFFFOFI thru FFPFFPFFH 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:

Interrupt
Function	 number	 Related instructions

	 Return address location

Interrupt table
	 tNT vector is not within table limit

	
Before instruction

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

FFFFI-I or an attempt to execute an
instruction past the end of a segment

4.2,12.b Protected Mode

The total 80386 capabilities are available when the 80386 operates in protected mode. This mode
increases the linear space to four gigabytes (2 32 bytes) and permits the execution of virtual
memory programs of 64 tetra-bytes (26 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
either 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 manaes large 80386 segments.

The paging mechanism translates the protected linear 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 identified 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 base 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, LLDI', 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 arc common 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 JDT. The IDT entries
are referenced via INT instructions, external interrupt vectors, and exceptions.
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FIGURE 4.20 Paging and segmentation.
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The object to which the selector Points is called a descriptor. Descriptors are eight bytes wide
containing attributes about a given segment. These attributes contain the 32-bit base linear
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 80236 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 field, 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 segments 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 80236 and 80386 descriptors are the interpretation
of the word count field of call gates and the B bit. The word count field 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 = I.
The 80386 provides four protection levels for supporting a multitasking operating system

to isolate and protect user programs from each other and the operating system. The privilege
level controls the use of privileged instructions, I/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 n-icchaiiism. 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 leveis of it
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• 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 microseconds.

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.

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

CIO 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. CR0 contains 6
defined bits for control and status purposes. The low-order 16 bits of CR0 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 b y tes 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 tic'r mode. Address bits Al2-A21
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are used as index to select one of the 1024 pige 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 director)' entries contain statistical

information about Jagcs 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 lever 0, 1, or 2 bypass the page protection, although

segmentation-based protection is still enforced by hardware.

The $0386 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 fiiu]ts. The operating system initializes

the tables by loading CR3 with the address ofthe page directory and allocates space for the page

directory and the PO tables. The operating system also implements a swapping policy and

handles all of the l)1ge faults.

4.2.12.c Virtual 8086 Mode

The virtual 80S6 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 linear address.

The paging hardware permits the simultaneous 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.

4.3 80386 System Design

In this section, the $0386 is interfaced to typical memory and I/O chips. As mentioned in the

last section the $0386 address and data lines are not multiplexed. There is a total of thirty

address pins (A2-A31) on one chip. At) and Al are decoded internally to generate four byte

enable outputs, 13E0#, ltEl#, 13E2# and 11E3#. In real mode, the 80386 utilizes 20-bit addresses

and A2 through A 19 address pins arc active and the address pins A20 through i\31 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 A3 I are active.
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In both modes, AO 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#	 DO-D7
BEI#	 D8-D15
11E2#	 D16-D23
DE3#	 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 BS 16# input from high to low by a memory or I/O device. In this case,
all data transfers are performed via DO-D 15 pins. 32-bit transfers take place as two consecutive
16-bit transfers over data pins DO through D15. Oil other hand, the 32-bit memory or 1/
O device can activate the ]3S16# pin HIGH to transfer data over DO-D31 pins.

For reading a byte, the 80386 makes one ofBEO#-BE3# active. For a word read (aligned:even
address), the 80386 makes two byte enable outputs (BEO#-BE3#) active. Oil other hand,
for a 32-bit aligned read, the 80386 activates all byte enable outputs J3EO#-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
Size	 Al	 AO	 BE3

Byte
	

0
	

0
Byte
	

0
Byte
	 0

Byte
Word
	

0
	

0
Word
	

0
Word
	

0
Dword'
	

0
	

0
Dword
	

0
[)word
	

0
	

0

Data Pins

	

BE2IIEI	 HO D 1 -D, D 5 D.	 fl 5 .!),	 D7-D0

	

1	 1	 0	 X

	

1	 0	 1	 x

	

U	 I	 1	 X	 DD
x
	

DD
x	 x

x	 x
x
	

X	 DD	 DD
x	 x	 x

x
	

x	 x
x
	

x	 x	 x

Note: DD = Data Duplication. Assumes 32-bit bus.
'For 32-bit misaligned transfers foraddrcsscs 3,7,... or addresses 1,5.... . these three-byte transfers
along with one-byte from above arc 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 oil 	 pins, the same data is duplicated on D 7-D0 pins. On
the other hand, writing a byte on D 31 -D 24 pins, the same data is written oil pins. Finally
when 16-bit data is written on D 31 -D 16 pins, the same data is duplicated by the 80386 on D15-D0
pins.

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

D 31	 D23	 D6,D15	 D5,D7II	 I Data Pins

The contents of the memory addresses which include 0, 4, 8, ... with A1AO = 00 2 are
transferred by D,,-D,, Similarly, the contents of addresses which include 1,5,9, ..., with A1AO
= 01 are transferred over D 15 -D 8 . On the other hand, the contents of memory addresses 2, 6,
10, .. with A lAO = 10 2 are transferred over D 16-D 23 while contents of addresses 3, 7, II, ... with
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MAO = 11 2 are transferred over D,.-D 31 . Note that AIAO is encoded front 	 3- BE  pins. The

following figure depicts this:

BANK 0
1 gigabyte

F FFF F F FC
H

FFFFFFF8
H

FFFFFFFF
H

FFFF FE FE

00000002 H

00000001 H

00000000H

80386
Physical
Memory

A31-A

BANK 3
1 gigabytc

F FF F F FE F
H

FFFFFFFB
R

00000007H)

00000003 H]

D31-D24

6E3

BANK 1
1 gigabyt

F FE F FF FD
I-1

FFFFFFF9
H

000000051-1

0000001H

D15-D0

13E2

BANK 2
1gigabyte

FFFFFFFE
H

F FFFFFFA
H

00000006H

00000002H

D23-016

00000004H

00000000H

D7D0

B EU

In each bank, a byte call 	 accessed by enabling one of the byte enables, 13E0 - BE 3. For

example, in response to execution of a byte-MOVE Instruction such as MOV (000000061-1),

BL, the 80386 outputs low on BE 2 and high oil 0, BE I and ui 3 and the content of BL

is written to address 000000061-1. On the other hand, when the $0386 executes a MOVE

instruction such as MO\' (000000041-I), AX, the 80386 drives BEO and EEl to low. The

contents of00000004H and 000000051-1 are transferred from AL and Al-I via D 0 -D 7 and D,-DIs

respectively. For 32-bit transfer, the 80386 executing a MOVE instruction from ail 11i

address such as MOV (00000004H), EAX, the 80386 drives all bus enable pins ( BEO- ]3E3) to

low and written to the contents of four bytes (00000004H through 000000071-3) 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 tile. contents of000000031-1 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

0000000411 from bank 0 into AH in the second bus cycle. This transfer takes two bus cycles.

A 32-bit misaligned transfer such as MOV (000000021-1), EApn the other hand, takes two

bus cycles. In the first bus cycle, the 80386 enables 13E2 and BE3, and writes the contents of

address 000000021-1 and 0000000311 from j2anks 2 and 3 respectively into low 16-bits of EAX.

In the second cycle, the 80386 enables BF  and BE  to low and then writes the contents of

address 000000041-1 and 000000051-1 into the upper 16 bits of LAX.

4.3.1 80386 Memory Interface

Figure 4.23 shows the basic memory interface block diagram.

The bus control logic provides the control signals for READY, NM, 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 oil 	 (Next Address Request) to
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FIGURE 4.23 Basic mcmory interface block diagram.

activate address pipclining. The address decoder generates chip select signals and BS lG# 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 stitui ou1p'ts (W/R, MIlO#, and DIC#) and
sends a command signal for the type of bus cycle according to ' l able 4.9 as per the following:

1. Memory read command (MRDC#) signal is generated from memory data read (MI
I0=1, D/C#=l, W/10=0) or memory code read (MIlO#=l, DIC#=0, W/R#=0) cycle.
MRDC commands the selected memory device to output data.

2. I/O read cycle (M/I0#=0, DIC#= 1, W/R#=0) generates the I/O read command (IORC#)
output. IORC# commands the selected I/O device to output data.

3. Memory write command (MWTC#) is obtained from memory write cycle (N4/l0#= I,
DIC#=1, WIR#1). MWTC# tells the selected memory device to receive data or , the
data bus.

4. I/O write command (IOWC#) is obtained from the JO write cycle (MIlO(), 1)/C4: 7 I
.W/R#=l). IOWC# tells the selected I/O device to receive data on the data bus.

5. INTA# is generated from Interrupt Acknowledge cycle (MIIO#=0, DIC#=0, WIR#=0).
INTA# is sent back to the Interrupt controller such as the 80259A. A second ]NTA#
cycle tells a device such as the 8257A to place the interrupt vector on the bus. 1'ALs 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 arc slow to remove data from the data bus after a read cycle. Transceiv-
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crs call omitted if the data float time of the device is short enough and the load on the 80386

data pins meets device specifications. Figure 4.21 shows memory interface of a typical 80386-

based microcomputer.

Three 74AS373 octal latches are used to maintain the address for the duration of the bus

cycle. The 74AS373 latch Enable (LE) input is controlled by the 80386 ALE output. The

74AS373 output Enable (OE#) is always active.

Two 74F139 decoders (2 to 4) are used. The top 74F139 decoder has A31 and M/1C as

inputs. When the 80386 executes a memory-oriented instruction, it outputs HIGH on the

M/ 10 
pill 

ifA3 1 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 ( CS1WS) of the PAL 16R8B. The

CSI WS is also latched by the 74AS373 and is used as the chip select for the 27128 EPROMs.

Note that the 80386 reset vector is included in high memory (FFFFFFFOH). Therefore, the

memory maps for EPROMS must include these high memory addresses. Also, when MI10=1

and A31=0, the upper decoder generates chip select 0 wait state ( CSOWS). This signal is

latched and used as chip select for 65162KX8 static RAMs.

The address pins, byte enable signals ( BE 3- BEO), chip lcct 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 i\14 are used to address each EPROM.

The PAL I and PAL2 devices are used to design the bus control logic. PALl follows the

80386 bus cycles and generates the overall bus cycle timing. 1 1AL2 generates most of the control
signals required for memory interface. The PAL equations are given in Intel 80386 hardware

reference manual. These equations call 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 gcs 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 call 	 be written to that RAM,

Four 74AS245 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 are used to provide 16K  16 of EPROM, These_chips are connected to the 80386

DO-D15 pins. The 27128 requires 14-bit address, A0—A13. MRDC (Memory Read Command)

output generated by PAL2 is used to enable the 27128 OE Chip select signal ( CSI WS) from the

input of PALl is latched and then converted to CS inputs of the 27128's. CSI WS is also

connected to the 80386 11S16 input to indicate to the 80386 that all read cycles are 16-bit.

The 27128 memory map call 	 determined as follows:

Memory Map for 27128-1 ODD

.-\31 A30 .......A15	 A14 .......Al t\0

don't cares	 all zeros

assume 1's	 to ones

= FFFF80011i, FPFF80031i......., FFFFFFFFH.

Memory Map for 27128-1 EVEN

PFFF8000I-1, FFFF8002H..........FFFFFFFEH
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Four 2K x 8 static RAM chips are used to provide a total of 8K bytes of RAM storage. Each
RAM has 11-bit_address input connected to the 80386 Al2-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 1) 31 -D0 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
ojputs the appropriate data size (byte, word or double word). It also sendsppriate B.Q.
BE3 signals to indicate which portion of the data bus carries the data. MWTC and WE
signals ensure 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:

BANK 	 A31 A30. . .A13 Al2. . .A2AIAO
0	 0 0

don't cares	 all zeros to ones
assume l's

= 7FFFE000H, 71'1'FE0041i ,....
BANK I 7FFFEOO1H, 7PFFE005H......
BANK 2 7IPFE002H, 7FFFE0061i......
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 EPROMs can be as fast as SOns 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 ate 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 includes 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.

4.3.2 80386 I/O

The 80386 can use either a standard I/O or a memory-mapped I/O technique.
The address decoding required to generate chip selects for devices using standard I/O is

often simpler than that required for memory-mapped devices. But, memory-mapped I/O
offers more flexibility in protection than standard I/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 diai;rani.

Eight-bit 1/0 devices can be connected to any of the four 8-bit scctons of the data bus.
Figure 4.25 shows 80386 I/O 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 I/O devices should be assigned to addresses that are even

multiples of four, if I/O devices arc located oil word boundaries, address decoding
must generate the 13S I 6# signal so that the 80386 performs a 16-bit bus cycle.

The block diagram is very similar to tile 80386 memory interface block diagram. The
purpose of various blocks in tile figure has already been explained earlier in this section.

For standard 1/0, 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:	 IN AL, PORT

OUT PORT, AL
For 16-bit: IN AX, PORT

OUT PORT, AX
For 32-bit: IN EAX, PORT

OUT PORT, EAX
Indirect
For 8-bit:	 IN AL, DX

OUT DX, AL
For 16-bit: IN AX, DX

OUT DX, AX
For 32-bit: IN EAX, DX

OUT DX, EAX
String
For 8-bit:	 INSB,	 (ES:DI) 4- ((DX))

DI 4- DI ± 1
OUTSB	 ((DX)) 4- (ES:SI)

SI <- SI ± 1
For 16-bit:	 INSW,	 (ES-.DI) - ((DX))

(DI) <- DI ± 2
OUTSW (ES:SI) 4- ((DX))



Must be 0 for
simple I/O

Port B
1 =input,
0output

Port C
Lower 4-bits
1 =input,
0=output

Must be one to
configure ports
for I/O operation

O=out put

for simple /0

Port A
1 input
O=output

Port C —
upper 4-bits
1 =input

O=output
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For 32 —bit: INSD,

OUTSD,

(SI) - SI ± 2
(ES:EDI) - ((DX))
EDI — EDI ± 4
((DX)) - (ES:ESI)
ESI *— ESI ± 4

The 82C55i\ Programmable Pcriphcral Interface (PPI) can be interfaced with the 80386 for

obtaining parallel ports for either standard or memory-mapped I/O. 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 interlaced 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 call 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 Control Register

A

For example, outputting 8911 to the coilIrol register will configure Ports A and 13 as output

ports and Port C as an input port.

The 82C55A ports and control register are selected by the two-bit register select inputs (AU

and Al inputs of the 82C55A) as follows:

Al	 AU

O	 U	 Port A

o	 I	 Port B

1	 0	 Port C

Control Rcgistcr

Figure 4.26 shows 82C55A-80386 interlace using standard I/O.

Now let us determine the 1/0 port addresses in the 82C55A-1.
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1it_______________
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Q16-1323E1

+5V
or
Address Bit
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+5V
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Address 0
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A	 00
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74F138
Address 0
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D0-D7
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D0-D7
A0
Al	 B
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D0-D7
A0
Al
RD
WR
	 C

FIGURE 4.26 80386-82C55A interface using standard 1/0.

A7	 A6	 AS	 A4	 A3	 A2	 Al	 A0
X	 1	 1	 1	 0	 0	 0	 0
I
don't care	 Port A
assume 1	 =FOH

Note that, since BEO is used to select the 82C55A-4, 80386 A 1 and A0 pins will be zeros.
Therefore in the 82C55A-4 the port addresses can be obtained as follows:
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8-bit Address	 Port Name	 -
1g1'

	

FOH	 Port A

	

F4H	 Port B

	

F8H	 Port 

	

FCH	 Control Register

The seven other unused outputs of each address decoder can be used to enable three 82C55As
in each category. Similarly, the port addresses for the other 82C55A's can be obtained
follows:

8-bit Address	 Port Name	 -

Fill	 Port A

	

82C55A-3	 FSH	 Port ii
F9H	 Port C
FDI-J	 Control Register
F21-I	 Port A

	

82C55A-2	 F6}-i	 Port B	 :.

FAH	 Port 
FEll	 Control Register
173H	 I'ozl A

	

82C55A-1	 F711	 Port B
FBI-I	 Port 	 ..'
171711	 Control Register

Note that IORC and IOWC are the outputs of PAL2 of the 80386 memory interface of Figurt .
4.24,

Using memory-mapped I/O. a read-mode 80386 can be interfaced to 82. 55's in Ejgre 4Ji-.-
by connecting MRDC anjjWTC outputs of PAL2 of Figure 4.24 to RD and WR of th
82C55A respectively. The G2A input line of the 74F138 can be connected through an ietter'
to unused 80386 address line such as A19, Gi can be connected to the 80386 M/IO pn
through an inverter so that when M/IO=0 and A19=1, I/O ports are selected. The uni6L
outputs 00 through 06 of the 74F138 decodes can be connected to other peripherals. 1-.
schematic of Figure 4.26 can be changed to memory-mapped I/O by connecting each of the::
82C55's as above. Note that M/10=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
5270H, logically OR them together and then output the 32-bit result to Port 5270H.

Solution
NOV DX, 5274H ; Initialize DX
IN	 ZAX, DX	 ; Input first 32-bit data
NOV ZEX, EAX	 ; Save data
NOV DX, 5270H ; Initialize DX
IN	 EAX, DX	 ; Input second 32-bit data

r



5 V

LED
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OR	 EAX, EBX ; Or the two data
OUT DX, EAX	 ; 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] = 3712442611
DX	 002011, DF = 0
Contents of PORT 0020H = EEEF2752H

What are the contents of ED!, [ES:EDI], DX, DP, and PORT 00201-1 after execution of the
INSD?

Solution
DF=0, EDI=00000036H
Contents of [ES:EDI]=EEEF2752H
DX= 002 OH
Contents of PORT 0020H=EEEF2752H

Example 4.16

For the above, write an 80386 assembly language program such that ifV 1 > V, input the switch
via bit 0 of 82C55A Port C and if the switch is closed, turn the LED ON.

Solution
MOV AL, 90H	 ; Configure Port A as input, Port C

; lower



OUT CNTRL, AL

C1fl: IN
AND
CNP
JNZ
IN
BTC
RCR
OUT
HI1T

AL, PORTA
AL, 0211
AL, 0211
CHK
AL, PORT C
AL, 0
AL, 2
PORT C, AL

LED

-5 V
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; 4-bit as input and. u4as 4-bit as
output

; Input Port A
; check V. > V2

; check if V1 > V
Loop if V1 < V.

; Input switch
; complement bit 0 of Port C

; output to Port C

Example 4.17

Repeat Example 4.16 using interrupt I/O. Assume that the comparator output is connected to
80386 INTR pin. Use 1NT255.

Solution

The block diagram for servicing interrupt is as follows:

255
Note that WlO#=O, D/C#=O, and W/R#=O indicate 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, 9011	 ; Configure



2.64

WAIT

• Service

$ZGIN

OUT CNTRL, AL

P WAIT
HLT

Routine

ORG 300002001!
IN	 AL, PORT C
TC AL, 0

RCR AL, 2
OUT PORT C, AL
IRET
ORG 000003FCH
DI)	 020030001!

Microprocessors and Microcomputer-Based System Design, 2nd Edition

; Port C lower 4-bit as input,
; upper 4-bit as output
; wait for interrupt

; Input switch
complement switch

; output to LED

; Initialize IP = 02001! and

; CS	 30001!

41Coprocessor Interface
performance of an 80386 system is enhanced by addition of a numeric coprocessôr such

the 80287 or the 80387. The numeric coprocessor executes numeric instructions in parallel
with the 80386. The 80386 automatically passes on these instructions to the coprocessor as it
.thcounters therp through 1/0 ports 800000F8H and 800000FCH.

The 80287 performs 16 bit transfers with a 16 bit data bus while the 80387 performs 32 bit
transfers with a 32-bit data bus. The 80387 provides additional enhancements to the 80287 and
iic1udes  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
^ 4ata types are listed in the following:

1. 32-bit Short real
2. 64-bit Long real
3. 80-bit Temporary real
4. 16-bit Word Integer
5. 32-bit Short Integer
6. 64-bit Long Integer
7. 80-bit Packed decimal

JU 32-bit short real (single precision) format contains - the 23-bit significand (bits 0-22), 8-
'kt biased exponent (bits 23-30), and the sign bit (bit 31). The 64-bit Long real (double

, recision) includes the 52-bit significand (bits 0-51), the 11-bit biased exponent (bits 52-62),
iwwd the sign bit (bit 63). The 80-bit Temporary real (extended precision) contains the 64-bit

•	 significand (bits 0-63), the 15-bit 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)•	

lits 72 thru 78 are undefined.
The 16-bit word integer includes the 15-bit integer (bits 0-14) along with the sign bit (bit

while the 32-bit short integer contains the 31-bit integer (bits 0-30) and the sign bit (bit
Finally, the 64-bit Long integer contains the 63-bit integer (bits 0-62) along with the sign

(bit 63).

441 Coprocessor Hardware Concepts

The 80386 samples its ERROR# input during initialization to determine which coproccssor is
-	 present. The 80287 and 80387 require different interfaces and therefore, slightly different

protocols.
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For coprocessor cycles, the address pin A 1 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 A 31 =1 and MII0#=0.

The 80386 utilizes three input signals for controlling data transfers with coprocessors, These

are BUSY#, Coprocessor Request (PEREQ), and ERROR#.

The I3USY# indicates that the coprocessor is presently executing an instruction and there-

fore cannot accept another instruction. A new instruction, therefore, cannot overrun the

execution of the current coproccssor instruction.
PEREQ indicates that the coproccssor needs to perform data transfer to or from memory.

Since the coprocessor is never a bus master, all I/O transfers arc performed by the 80386.

If  coprocessor math instruction results in an error 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 are

described below:

* The 80386 and 80387 BUSY#, ERROR#, and PEREQ signals arc 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 arc respectively connected to the 80386

MIIO# and A31. With MII0#=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

800000FCI when reading or writing data while address 800000F81i 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 arc used by one 80386, STEN can be used

to activate one 30387 at a time.

• Ready out (READYO#) is an optional signal that ca be used to generate the wait states

required by a coprocessor. When the 80386 encounters a coprocessor instruction, it

automatically generates one or more I/O cycles to addresses 800000F8H and 800000PCI I.

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 memories, the 80336 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 READYO# 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 either

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

Xl X2 EFI F/C#
ADSO# --
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CLK2	 —p 86CLK2
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Wait State
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80387
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MO#	 NPS1 #
t-IOLD	 A31	 NPS2
INTR	 A30-A3

NMI	 A2	 CMD#
W/Rt

	

ADSN	 ADS#
	 STEN

	

DO-D31	 DO-D31

	

E1IJSY#	 BUSY

	

ERROR#	 ERROR#

	

PEREQ	 FE REQ

8038(	 80386-80387 Psudo Synchronous
Hardware Interface

FIGURE 4.27 80386 systcrn 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 either an 80287 is present or a coprocessor is not used, an 80386
program roust 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:	 ENINIT	 INITIALIZE NUMERIC

PROCESSOR



Intel 80186180286180386

FSTSW AX
OR	 AL, AL

iz	 GOT_287

SMSW	 AX
OR	 AX, 04H
LHSW	 AX

267

RETRIEVE 80287 STATUS WORD
TEST LOW—BYTE 80287
EXCEPTION FLAGS. IF ALL
ZERO, THEN 80287 PRESENT AND
PROPERLY INITIALIZED.
IF NOT ALL ZERO, THEN 80287
ABSENT. BRANCH IF
80287 PRESENT
NO NUMERIC PROCESSOR
SET EM BIT IN MACHINE
STATUS WORD TO ENABLE
SOFTWARE EMULATION OF 80287

TMP
	

CONTINUE

GOT-287: SMSW
	

AX	 ; NUMERIC PROCESSOR PRESENT

OR
	

AX,02H	 ; SET NP 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 FNINT instruction. Next the 80386 reads the 80287 status word. If an 80287 is
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 resets the Emulate Coprocessor (EM) bit of the CR0
register of the 80386, depending on whether or not the 80287 is present.

4.4.2 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, ECS, FOO, and EQS which store 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. IfTOP=000 2, a

push will decrement TOP to 1 11 2 and store a new value into ST(7). ST(7) is the present stack

top. On the other hand, if TOP= 111 2, a POP will read a value from ST(7) and then increment

top to 000 2 so that ST(0) becomes the new top of stack.
The 16-bit tag register includes eight 2-bit fields—one for each physical floating point register.

This two-bit field indicates whether the corresponding physical floating-point register (0-7)
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Register
Numbers 1

2
3
4
5
6
7

Stack Name
ST(6)
ST(7)
ST(0)
ST(1)
ST(2)
ST(3)
ST(4)
ST(5)

Exponent
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31	 1615	 0
FIP
FCS
FOO
FOS

15	 0
Status Word

Control Word
Tag Word

PIGURE 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 arc used to indicate overflow or underfiow of ST(iYs. A stack
overflow occurs if a PUSH decrements TOP to point to an ST(i) that is not empty. A stack
uriderflow occurs if an empty ST(i) is popped. Stack underfiow or overflow generates an
invalid operation exception.

The control word register can be written by the program to control the 80387 operation. The
control word contains exception mask bits for situations such as invalid operation, zero divide,
overflow, and underfiow. If the 80387 encounters an exception, the maskbit 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, P00, and FOS) hold pointers to the
last 80387 instruction executed along with its data. FCS stores the CS selector while HP stores
the 11? offset. FOS, on the other hand, stores operand selector while POD 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) Data Transfer Instructions
-FLD mem or	 mem can be short, long or temporary real. This instruction first

ST(n)	 decrements stack pointer by one and then loads the specified real

-FXCH ST(n)

numbs onto the new stack top.
Example:
Consider FLD mcm32. If prior to execution of this FLD, contents of
mem32 = 4.1572 * 10 1 with TOP = 4 then after FLD, contents of

mcni32 = 4.1572 * 10, ST = 4.1572 * 10 1 with TOP = 3
This instruction exchanges the contents of ST(n) with the stack top.

Example:
Consider FXCH ST(5). If prior to execution of this instruction, ST

= 5.71252 10_87 , ST(5) = —2.78164 * 10 82 with TOP = 5 then after.

this FXCH, ST= —2,78164 * 10 2 , ST(5) = 5.71252 * l0 with TOP

= 5.
-FST mem or	 The stack top is stored into specified memory or ST(n). FTSP mem

ST(n)	 or ST(n) is identical to FST except that the stack is popped after

transfer.

ii) Arithmetic Instructions
-FABS	 This instruction converts the stack top to its absolute value.

Example:
If prior to execution of FABS, ST = -5.372 * 1001 then after FABS,

ST = 5.372 * 100
-FADD	 Performs real addition.

FADD ST(n)	 . FADD;ST - ST + ST(1)
• FADD ST(n);

ST — ST + ST(n)
Example:
If prior to execution of FADD,
ST=3.17300 * 10, ST(1) = 2.167 * io
then after FADD,
ST=3.38970 * 10, ST(1) = 2.167 * 10

-FDIV	 Performs real division.

FDIV:	 ST — ST/ST(l)
FDIVP ST(n),ST: ST(n) — ST(n)/ST. Stack is popped.

FDIV ST(n):	 ST *— ST/ST(n)
FIDIV src:	 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 * i0
then after FDIV,
ST = 5,000 * 10 8 , ST(l) = 8.480 i0
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-FIMUL src	 Integer multiply. ST - ST * src
-FMUL:	 Performs multiplication of real numbers.
FMUL:	 ST <- ST(1) * ST
FMUL src	 ST - ST * src; src may be ST(n) or a real number
FMUL ST(n),src ST(n) _ST(n)*src; src maybe ST(n) or a real number

Example:

-FSUB
FSUB:
FSUB ST(n)

-FSQRT

If prior to execution of FMUL,
ST = 2.500 * 10- 11, ST(1) = 2.500 * lO
then after FMUL,
ST = 6.250 * 10-1, ST(l) = 2.500 * 10
Performs real subtraction
ST(1) +- ST(1) - ST
ST — ST — ST(ii)
Example:
If prior execution of PSUB,
ST = 7.140 * 10 11, ST(l) = 8.217 * 10'
then after FSUB,
ST(1) = 7.503 * 10"

ST - sqrt(ST)
Example
If prior execution of FSQRT,
ST = 2.25 * 106
then alter FSQRT,
ST = 1.5 10'

iii) 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) arc set accord-
ing to the following:

0 C2 CO
ST> ST(n)
	

0	 0	 0
ST < ST(n)
ST = ST(n)
	

[0]

iv) Transcendental Instructions
-F2XMI:	 ST - 2ST -

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

-FCoS

-PSIN

-FSINCOS

-FYL2X

-FYL2XP1

This instruction computes the cosine ofST. 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) * LOG2(ST)
The stack is popped and the new stack top is replaced with the result.
ST = ST(1) * LOG2(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 Log2e
FLDL2T Load Log110
FLDLG2 Load Log102
FLDLN2 Load Log2
FLDPI	 Load t
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 mcm16,
CW = 2547H, meml6 = 25F2H
then after FLDCW mem16,
CW = 25F2H, mcm16 = 25F2H.

Example 4.18

Write an 80386 assembly language program using 80387 floating point instructions to corn-
putc Y=fX2_Z2.

Solution

FLD	 Z	 ; Load Z onto stack top
FMtJL	 ST, ST	 ; Compute Z2
FLD	 X	 ; Load X onto stack
FMUL ST, ST	 ; compute X2
FSTJB	 ST, ST(1) ; Compute X2

FSQRT	 ; Y=SQRT(X2 - Z)
HLT

Example 4.19

Write an 80386 assembly language program using 80387 floating point instructions to com-
pute the volume of a sphere = (4/3) * 't r where r is the radius of the sphere.

Solution

FLD	 r	 ; Load r to stack top
FST	 ST (1)	 ; Make a copy of r on stack
FMUL	 ST, ST	 ; compute r2

FNtTL	 ST, ST(1) ; compute r3

FMUL	 NUM	 ; Compute 4*r3

FDZV	 NUN1	 ; Compute (4/3) *
FLDPI	 ; Load It

FMtIL	 ST, ST(1) ; Compute volume
HLT

The above program assumes NUM and NUM I, 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 0OF3H.
Assume that the result is 16 bits wide.

4.2 Identify the peripheral functional blocks integrated into the 80186.

4.3 What is the relationship between internal and external clocks of the 80186?

4.4 Identify the basic differences between 8086 and 80186,

43 Identify the main differences between the 80186 and 80286.

4.6 How much physical and virtual memory can the 80296 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 where in memory the global descriptor table and the
present local descriptor table are located.

4.9 Discuss briefly the 80286 protection mechanism.

4.10 Explain the meaning of 80286 cal! 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 involved. 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 each irtstrction and identify the addressing modes of both source
and destination:

i) MQV [EBX * 2] [ECX], EDX
ii) MOV [EBX * 41 [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 execution of the MOVZX instruction.

ii)SHLD CX, BX, 0
if (CX] = 025H, [BXI = QF27H

prior to execution of the SHLD instruction,

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

i) Prior to execution: (EAX]=0527AF12H
[EBXJ =OO71FFD1H
CF=i.

After execution of BTC MAX, EBX
ii)Priqr execution: [BX]=F216H

CF= 2.
After execution of BTR EX, 20H

iii)Prior to execution: [EDX]=F214721Fff
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 all 	 assembly program to compute Xi 2/N where N = 100 and Xi's are signed
32-bit numbers. Assume that Xi 2 call 	 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 [ES!).

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

NOV CL, 3
SAL ESI, CL
NOV EAX, [ESI]

4.23 Write all 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  and Z are 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 regislers 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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4.26 Write an 80386 assembly language program that checks all 32 hits of EAX from right
to left (bit 0 to bit 31). The program will set the corresponding bit in EB)bascd on the location
of the first one bit found in EAX. If the entire 32 bits oIEAX are zero, clear 1113X to all zeros.

4.27 Discuss how the following situation will be handled by the 80386: The 80386 executing
an instruction causeboth a general protection fault (interrupt 13) and coprocessor segment
overrun (intetrupt9).

4.28 How does tFt. 80386 generate the 32-bit physical address from A2-A31 and B0#-13E3#?

4.29 What are the purposes of A#, D/C#, BS16#, and ERROR# pins?

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

4.31 Discuss briefly the 80386 scgcnentation unit, paging unit, and protection.

4.32 How many bits are required for the address in real and protecte(l modes?

4.33 Discuss thd basic differences bctwcvn the 80286 and 80386 descriptors.

4.34 What is the four-level hierarchical Protection in protected mode?

4.35 Discuss briefly the 80386 virtual mode.

4.36 Consider the following pins and signals:

WE
107-100

- A10

651628

07-OO

AlH3

—) 'ORTA—IDO-D7 F PORT ItAO	
PORT C

READY
NA

cLK2
RESET

ADS
Mtl0

D/C
W/R
iS 16

A31-A2
BE3-UEO
D31-DO

80386

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

-The 651628 to contain addresses
XXXXXXX1H, XXXXXXX51-1, XXXXXXX911

-The 27128 to include addresses
XXXXXXXOH, XXXXXXX4 H, XXXXXXX8I1
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-The 82C55A to contain port addresses
Port A = X1H
Port B = X51I
Port C = X9H

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

4.37	 Ivx

I DB0 - D57Port Ah

Bit 0o( Port C
Bit lof Port CjWK
Bit 7of Port Ck	 !INTR

803 tt6!ti2C55A	 ADC 0504
Microcomputer	 AID Converter

The ADC 0804 can be started pding a HIGH to LOW transition at the WR pin. The

conversion is completed when INTR is LOW. Thc . it data at the D130-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

4.39 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,'. Mass

is equal to density times volume.

4.40 Assume 80386/80387 system. Write an 80386 assembly language program to compute
the logarithm with a base other than 2; or log base 'n' of X (LogX).
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MOTOROLA MC68000

This chapter describes the details of the Motorola 63000 microprocessor. Thc basic architec-
ture, addressing modes, instruction set, and interfacing features of the Motorola 68000 are
included.

5.1 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 he operated from a maximum
internal clock frequency of 25 Mlix. The 68000 is available in several frequencies. These
include 6 MHz, 8 MHz, 10 MHz, 12.5 MHz, 16.67 MHz, and 25 MI-Tx. The 68000 does not have
on-chip clock circuitry and, therefore, requires a crystal oscillator or external clock generator/
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-tine 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 63010 features with a 31-bit address bus.
The clock frequencies of the 68008, 68010, and 68012 are the same as the 68000.
The following table summarizes the basic differences among the 68000 family members:

68000	 68008	 68010	 68012

Data sic (bits)	 16	 8	 16	 16

Address bus size (hits)	 24	 20	 24	 31

Virtual memory	 No	 No	 Yes	 Yes

Directly addressable 	 16 Mbytes	 I Mbyte	 16 Mybtcs	 2 gigabytes memory

In order to implement operating systems and protection features, the 68000 cati 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

277
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TABLE 5.1 68000 Wser an.l Supervisor Modes

Enter mode by
System stack pointer
Other stack pointers
Instructions available

Function code pin FC2

mode

Recognition of a trap, reset, or interrupt
Supervisor stack pointer
User stack pointer and registers A0-A6
All including

STOP
RESET
MOVE to/from SR
AND! to/Irons SR
oR! to/from SR
LORI to SR
MOVE US!' to (An)
MOVE to US!'
RTE

User mode

Clearing status bit S
User stack pointer registers A0-A6

All except those listed under supervisor
mode

operates in one of these modes based oil 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 S = 0.

Table 5.1 lists the basic differences between 68000 user and supervisor modes.
From Table 5.1 it call 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, OR! to SR, EOR1 to R can be used to accomplish this. On
the other hand, the 68000 executing a program in user mod" i'n enter the supervisor mode
only via recognition of a trap, reset, or interrupt. Note that upon 'iardware reset, the 68000
operates in tile 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 (PC2, PCI, 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 74LS244 to provide an interrupt address vector.

The 68000 can operate oil 	 different data types. These are bit, 4-bit BC!) 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 100001) codes. The fastest instruction is MOVE reg,
reg and is executed in 500 its 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 (2) of memory.

5.2 68000 Programming Model

The register architecture of the 68000 is shown in Figure 5.1.
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	31	 16,15	 13,7	 0

	

-	
- 0u Eight
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= 0

3 registers
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	3116,15	 0
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-	 A1	 drcs'stack

	

-	 A,.	 registers

	

-	 -	 -

	

-	 - A3

	

-	 A5
A1,

	User	 Stack pointer	 A7 usr'
A7SSI'

	31	 23	 0

15	 8,7	 0

I	 System	 User

	

I yt c	 byte

FIGURE 5.1 MC68000 programming model.

l'rograni
counter

Status
register

The 68000 chip contains eight 32-bit data registers (D0-D7) and nine 32-bit address

registers (A0-A7, i\7'). The 68000 uses A7 or A7' as the user or supersor stack pointer,

depending oil mode of operatiou. Data items such as bytes (8 bits), words (16 bits), long

words (32 bits), and BCD ,itmbcrs (8 bits) are usually stored in the data registers. On the other

hand, the address of the operand is usually stored in mi . itc1dress register. Since the address sizes

used by 6800 instructions can be either 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 eiktt 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, I, and X. 'l'lie

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 SULC instructis; rather, it has ADDX or

SUI3X instructions. For arithmetic operations, the carry flag C and the.extcnd flag X are

affected in an identical manner. This means that one can use ADDX or SUBX to include carries

or borrows while adding or subtracting high-order long words (32 bits) in multiprecision

additions or subtractions.

System byte	 User byte

15	 •••	 I 	 •..	 10	 11	 It	 4	 .t	 2	 1	 0

T	 ...	 S

A
Interrupt mask

Supervisor state
	 Extend

Trace bit
	 Negative

	
Carry

FIGURE 5.2 68000 status register.
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The system byte coticains a 3-bit interrupt mask (12, 11, 10), a supervisor flag (S), and a trace
flag (T). Interrupt mask is set according to interrupt level recognized. A3-Mijnfh$000
provide the current interrupt level being serviced. The 68000 interrupt pins IPL2 IPL1 IPLO
000 indicate nonmaskable interrupt while IPL2 IPLI !PLO = 111 means no interrupt. The
other combinations of IPL2, 11 1 1-1, and IPLO provide the 68000 maskablc 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 inttrnal interrupt (trap) after
execution of each instruction. A debugging routine can be written at the interrupt address vector
to display registers and/or memory after execution of each instruction. This provides single-
stepping facility. The 68000 can be placed i1n the single-step mode by setting the TF bit in SR to
one by executing a logical privileged instrudion such s ORI # $8000, SR in the superviso k mode.

5.3 68000 Addressing Structure

The 68000 supports 8-bit bytes, 16-bit words, and 32-bit long words as shown 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 incrcpicnts of  (0, 2,4,6......). As an example
of the addressing structure, consider MOVE.L DO, $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	 I N+1

is an
even number	 N+2	 2	 Byte 3	 N+3
N 

(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)63000 Word Structure (3 Words).

13
Address =	 N
	 Long word 0 (H) 	 N+ I

	

N+2
	 Long word 0 (L)	 N+3

	

N+4
	 Lung word 1 (H) 	 N+5

	

N-s-6
	 Long word I (L)	 N+7

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

For byte addressing (not shown in this figure), each byte can be uniquely addressed
with bit 0 as the least significant bit and bit 7 as die rirost significant Ir)t.

FIGURE 5.3 08000 addressing structure.
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TAIILE 5.2 68000 Addressing Modes

Mode	 Generation	 Assembler syntax

1. Reiatcr direct addressing
Data register direct	 LA Dn	 Do

Address rcgiscr direct	 LA An	 An

2. Address register ind
i
rect addrcssuig

Register indirect 	 LA = (Md	 (An)

Postincrcnicnt rcgistcr ind i rect	 LA = (An), An - An i N	 (An)±

1'rcdccrcmcI register indirect	 Aii	 An - N, PA (An)	 —(An)

ltcgistcr indirect with nlfsct	 LA	 (Alt) i- d16	 d(An)

Indexed register indirect with offset 	 EA (An) + (Ri) 1- d8	 d(An, RI)

3. Absolute data addressiog
Absolute sluorL	 Pit = (Next word) 	 xxxx

Abolutc long	 LA (Next iwo words)	 xxxxxxxx

l'roira in con ii :er rcla t ive addressing,
itrLutis'e with uifsct	 LA	 (PC) + C116	 d

Relative with index and OIISL'L 	 LA = (PC)	 (Ri) -t iS	 d0(i)

5. inunediate data addrcssnsg
immediate	 DATA = Next word(s)	 #xxxx

Quick i in medial e	 I nhcrcn data	 xx

b_ Em plied addressing
Implied register	 SR. US]', Si', PC

Nuitem: PA = effective address; An address rcgistcn Dim data rcgiser; Ri = address or data
register used as index rrgitcr; SR = status register; PC prograni counter; LI SP user stack

pollster; SP = active system stack pointer (user or supervisor); dB = 8-bit offset (displacement);

d16 = 16-bit offset (dispiacemeusl); N = I for byte, 2 for words, and 4 for tong words; ( )

contents of; and - =

5.4 68000 Addressing Modes

Table 5.2 lists the ii addressing modes of the 68000. The .tddressing modes are divided into

six basic groups. 'these are register direct address register indirect, absc.Iutc, program counter

relative, immediate, ati(l 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 cffcc-

tive address, EA, in the operand field. The EM of these instructions arc calculated by the 68000

using the addressing mode specified for this operand. lor two-operand instructions, one of tile

operands usually contains the EA and the operand is usually a register or memory location.

The hAs in these instructions arc calculated by the 68000 based on the addressing modes used

for the hAs. 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 63000 address registers do not support byte-sized operands-

Therefore, when an address register is used as a source, either the low-order word or the

entire !ong-word operand is used depending oil 	 operation size. On the other hand, when

all 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 MOVEA.W

#$8050,A5. In this case, the source operand is 16-bit immediate data 8050 which is moved

to the low 16 bits of i\S and the result is then sign-extended to 32 bits so that 1A51 =

FFPt3050. Data registers support data operands of byte, word, and long-word size.
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5.4.1 Register Direct Addressing

In this mode, the eight data registers (DO-137) or seven address registers (A0-A6) contain the
data operand. For example, consider ADD $005000, DO, The destination of this instruction is
in data register (direct mode).
Now, if [0050001 = 0002 16, [DOl = 0003 16, then after execution 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.

5.4.2 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 (Al). If (Al
$003000, then after execution oICLR (Al), the contents of memory location $003000 will be
cleared to zero.

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 CULL (AO) + If
[AO) = 005000 16, then after execution of CLRL (AG) +, the contents of locations 00500016
through 005003 are cleared to zero and [AO) 005004 16 . The postincrement mode is typically
used with memory arrays stored from LOW to HIGH memory locations. For example, in
order to clear 1000 16 words starting at memory location 003000 16 , the following instruction
sequence can be used:

NOVE.W #$1000,nO

MOVEA.L#$3000,A0

REPEAT CLR.W (A0)+

SUBQ#1,DO
BNE REPEAT

Load length of data
into DO
Load starting addreas
into AO
Clear a location
pointed to by AO and
increment A0 by 2
Decrement DO by 1
Branch to REPEAT if Z	 0, else
go to next instruction

Note that in the above, CLRW (A0)+ automatically points to the next location by
incrementing AG by 2 after clearing a memory location.

The prcdecrcmcnt address register indirect mode, on the other hand ; decrements an address
register by I for byte, 2 for word, and 4 for long word before using a register. For example,
consider CLR.W - (A0). If [AO] = 002004 ]5, then during execution of CLR.W - (A0), the
content of A0 is first decrementcd by 2; that is, [Aol 002002 16, and the 16-bit contents of
memory location 002002 16 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 16 words starting at memory location 4000 16 and below, the
following instruction sequence can be used:

Z4OVE.W #$1000,DO 	 ; Load length of data into DO
#$4 002, 2O ; Load	 address plus 2

into AO
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REPEAT CLR.W - (AO)

SUBQ#1, DO
BNE REPEAT

283

Decrement AO by 2 and clear
the memory location addressed
by AO
Decrement DO by one
If Z = 0, branch to REPEAT;
otherwise, go to next
instruction

In the above, CLR,W - (A0) first decrements A0 by 2 and then clears the location. Since the
starting address is 004000, A0 must initially be initialized with 00400216.

It should be pointed out that the prcdccrctuent and postincrernent modes can be combined
ill single instruction. A typical example is MOVE.W(A5) +, —(A3).

The two other address register modes provide accessing of the tables by allowing offsets and
indexes to be included with an indirect address pointer. The address register indirect with
offset mode 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] = 0000200016,
(002010] 00I4, then after execution ofMOVE.W $10(A5), D3, register D3 will contain
0014 16. A5 is unchanged.

The indexed register indirect with offset 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 execution. The size of the index register can be a 16-bit or
a 32-bit value.

As all consider MOVE.W $10(A4, 1)3.W), 1)4. Note that in this instruction A4 is
the base 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, 6 is the 8-bit offset which
is sign-extended to 32 bits. If LA4] = 00003000 16 , [1)31 = 0200 16, 1003210 16 1 = 0024, 6 , then the
above MOVE instruction will load 0024 16 into low 16 bits of register D4. A4 and D3 are
unchanged.

The address register indirect with offset iiiodc call 	 used to access one dimensional array
such as a table where the offset (maximum 16 bits) can be the starting address of the table
(fixed number) and the address register call the index number in the table to be accessed.
Note that the starting address, plus the index number, provides the address of the element to
be accessed in the table. For cxampk, consider MOVE.W $3400 (i\5), Dl. If A5 contains 04,
then this move instruction transfers the contents of 3404 (i.e., the fifth element, 0 being the
first clement) into low 16 bits of DI. The indexed register indirect with offset, oil 	 other
hand, can be used to access two dimensional arrays such as matrices.

5.4.3 Absolute Addressing

In this mode ' the effective address is part of the instruction. The 68000 has two absolute
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] 00I0,, then after execution of ADD $2000, D2, the address $2000 is sign-
extended to 32 bits, whose low 24 bits are used as the address. Register D2 will then contain
°°22L6• 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 :5 $FFFFPF. Note that a single instruction may use both short and long
absolute modes, depending on ivhcthcr 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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5.4.4 Program Counter Relative Addressing

The 68000 has two program counter relative addressing modes: relative with offset, and
relative with index and offset. In relative with offset, the effective address is obtained by adding
the contents of the current PC with a sign-extended 16-bit displacement. This mode can be
used when the displacement needs to be fixed during program execution. Typical branch
instructions such as J3EQ, BRA, and BLE use relative mode with offset. This mode can also be
used by some other instructions. For example, consider ADDt+$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 16, the contents of 002030 are
0005 16, and thc low 16 bits of D5 contain 0010; after execution of this ADD instruction, 1)5

will contain 0015.
In relative with index and offset, the effective address is obtained by adding the contents of

the current PC, a signed 8-hit displacement (sign-extended to 32 bits), and the contents of in
index register (address or data register). The size of the index register can be 16 or 32 bits wide.
For example, consider ADIIW $4 (PC, DO.W), 1)2. if 11)21 = 000000 l2, [PCI = 002000,
[1)01 10  161,il, = 0010 l ,, and 1002014] 0002 16 , then after this ADD, 16bits = 00141 This
mode is used when the displacement needs to be changed during program execution.

5.4.5 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 [DO] = 0002 16 1 then after this
ADD instruction, [1)0) = 0002 16 + 0005 16 = 0007. Note that the # symbol is used by Motorola
to indicate the immediate mode.

The quick immediate mode allows one to increment or decrement a register by a nwnbci
from 0 to 7. For example, ADDQ #1. DO 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.

5.4.6 Implied Addressing

The instructions using this implicit mode do not require any operand, and registers such as
PC, SP, or SR are implicitly referenced in these instructions, For example, RTE returns from
an exception routine to the main program by using implicitly the i'C and SR.

All 68000 addressing modes of Table 5.2 can futher be divided into four functional
categories as follows:

• Data Addressing Mode. 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.

' Memory Addressing Mode. An addressing mode 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 ii , 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
Ad dress register indirect with postincrement
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Addressing Categories

Address ing Mode Data Memory Control Alterable

Data register
direct	 X	 -	 -	 X

Address register
direct	 -	 -	 -	 X

Address register
indirect	 X	 X	 X	 X

Addrcb register
indirect with
postinCr01Cflt

Address register
rid i roe i with

p )redccrentcnt
Address register

indirect with
displacement

Address register
indirect with
index

Absolute short
Absolute long

X	 x
	

X

X	 x
	

X

X	 x
	

X	 x

X	 x	 X	 X

X	 x	 x	 x
X	 x	 x	 x

Program counter
with displace-
ment	 X	 X

Program counter
with index	 X	 X

Immediate	 X	 X

X

X	 -

FIGURE 5.4 68000 3ddrcssing-functional categories.

• Address register indirect with prcdccrcnwnt

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 arc classified into the four functional categories as shown in Figure

5.4.

5.5 68000 INSTRUCTION SET

The 68000 instruction set 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 efficient 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: .13 for byte. .W or none for word, .L for long word. For

example:

ADD .B	 DO, Dl ; tD118 4— [DO]8 + (D138

ADD.W or ADD DO, Dl ; (D116 4— (T)O116 + [D1)16

ADD.L	 DO, Dl ; [D1]32 +— [DD]32 + [DI]32
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TABLE 5.3 68000 Instruction Set

Length
Instruction	 Size	 (words)	 Operation

ABC!) — (Ay), -(Ax)	 13	 1	 -(AyJIO s- - [ Ax) 10 + X —' fAxI
A BCD Dy,Dx	 13	 I	 (Dy)tO+IDxIIO+X-+Dx
ADD (EA),(EA)	 B, NV. L	 1
ADDA (EA), An	 W, 1	 1	 JEAJ + An —• An
ADD! Sdata. (FA)	 13, W, 1	 2 for IL, W	 data + tEAl —4 LA

3 for L

ADDQ #data, (EA) 	 B, 'a', 1.	 1	 data + I EM — EA
ADDX -(Ay), -(Ax)	 B, W. L	 1	 -[Ay] + -l Ax ] + X — fflxj
ADDXD1,Dx	 IS, NY, L	 I	 Dy-t-I)x-s-X--1)x
AND (LA), (LA)	 B, W, 1.	 1	 tEAl A [EA] — LA
AND! *data, (LA) 	 13, W. 1	 2 (or 11, W	 data A IEAI -4 LA

3 for I
AND! #data8, CCIt 	 13	 2	 dalaM A (CCRJ-. CCI(
AND! d=16, SR	 NY	 2	 data16 A ISItI — SR ifs = 1; cisc trap
ASL Dx, Dy	 13, W. L	 I	 CA IIL I	 "7	 4—I,

iuinbc of shifts dctcra,,utcd by 11h]

numl,cr ,f sh1,i dct(mncd
by a

04T•r	 II— '

alto, ib

!f1Py 	 T
L.

nusnbcr ,,talulo ,tctcrnti,wJ
by L)a

nitrnbcr ,,(.laiu,a dcicrn,,ncd
by inarncdutc data

ft-A1	 C

x

dilfi ,a,tcc

Branch to PC + d if carry = 0 else next instruction

[bit o((EA), specified by Dn' — Z
[bit of tEAt specified by DiiJ' '-9 bit of tEAL
Same as IICUG Du, IEAJ except bit number is specified by

ininicldiatc data
jbit o(IEAH -'+ Z

0 —+ bit of tEAl specified by Dn
Same as BUR Dn, (EAL except the bit is specified by

immediate data
Branch 10 PC - dii carry = I: cisc next instruction

Branch to PC + d liZ = I; cisc next instruction

Branch to PC + ii if greater than or equal; else next
instruction

ASL #data, Dy	 13,W.L	 I

ASL (EA)	 B, NY, L	 1

ASR Dx, Dy	 D,W,L	 I

ASR#data, Dy 	 B, NV, L	 I

ASR (FA)
	

I!. W. 1.	 I

11CC d	 1 for Ii
2 for %V

BCI-4G Dn. (Ei\) 	 11,1

BCHG %data, (EA) 	 Ii,L	 2

BCLR Dn (LA)	 I3.L	 I

BCLR #data, (EA)
	

13,1	 2

BCS d
	

B. NY	 I for li
2 for 

BEQ d
	

LLW	 l for fl
2 for W

BGE d	 B. %v	 lion!
2 for W
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TABLE 5.3 68000 Instruction Set (c311:iaJicd)

Length
I iisi ruction	 Site	 (wor13) -	 Operation

BGT ci	 B, W	 I for 13	 Branch to PC + Li if greater than; cisc next instruction
2 for IV

131-ti Li	 U, IV	 t for U	 Branch to PC + Li if higher; cisc next instruction
2 for W

131-E Li 	 8, W	 I for B	 Branch to PC + Li u(lcss or equal; cite next instruction
2 for W

BLS Li	 13, W	 I for B	 Branch to PC + d if low or same; else next instruction
2 for IV

lILT Li	 B, IV	 I for It	 llrarich to PC + Li if less than; cisc next instruction
2 for W

IIMI d	 B, W	 I for H	 Branch to PC + d if N = I; cisc next instruction
2 for IV

lINEd	 13, W	 I for Ft	 Branch to PC i Li if Z 0; elseItexi instruction
2 for IV

Bil l, j	 It. IV	 I for B	 Branch to PC + ci if N = 0; cisc next instruction
2 for W

BRA Li	 II, IV	 I for B	 Branch always to PC + Li
2 for IV

BSET Dii, (EA)	 B, L	 I	 Jbit o( FEAt F' —, Z
- bit of lEA] specified by Dn

Same as USE'!' Do, (LA] except the bit is specified by
iinotcdiatc data

PC —) —)Si'J
PC + Li - PC
(bit of LEA] specified by Do ]' —, Z
Same as 11l'S1' Do. (LA) except the bit is specified by data

Branch to PC + Li if  0; else 	 instruction

Branch to PC + Li if V = 1; cIsc next instruction

if On <0 or Do (LA], then trap
0 —EA
Do— (LA] - Affect all condition codes except X
All - LEAJ -* Affect all condition codes except X
(LA] — data -+ Affect all flags except X-bit

- (Ay(-s- —* Affect all flags except X; update Ax
and Ay

If condition false. i.e., C = F, then On - I -4 Do; if On s
—I, then PC + Li -+ PC else PC + 2 — PC

Sante as 013CC except condition is C = I
Same as DIICC except condition is Z= I
Same as 011CC except condition is always false
Same as DIICC except condition is greater or equal
Same as 1)11CC except condition is greater than
Same as 1)13CC except condition is high
Same as 011CC except condition is less than or equal
Sallie as 013CC except condition is low or same
Saute as 1)13CC except condition is less than
Same as 013CC except condition is N
Same as 1)11CC except condition Z = 0
Same as 1)13CC except condition N =
Same as 011CC except is always true
Sallie as 013CC except condition is V = 0
Same as 1)13CC except condition is V =

]ISE.T #dacs, (LA)	 13, 1,	 2

itSit ci
	

Ii, W	 I for it
2 for IV

IJTST Dn, (Lit)
	

II, L
13T$T Odala, (LA)	 B, L	 -5

2 for IV
Iwo d	 13, W	 I for Ii

2 for W
MIS d	 Ii, W,	 for 13

2 for W
CHK(EA),Dn	 IV
CIR (LA)	 B, W, F.
CMI' (LA). On	 ii, W, L
CMI' (LA), An	 W, I.
CMI'I #data (LA)	 B, W, L	 2 for B, \V

3 for I.
CMI'M (Ay) i, (Ax)-i .	 it, IV, F.

DIICCDn,d	 W
	

2

I)BCS On, Li
	

I,,'
	

-5

DBEQ Do, Li
	 'I,	 .5

out: Do. Li
	

IV	 -5

DIIGE Do, Li
	

w	 -5

DBGT Go. d	 -II'	 2
1)UHI Do, d	 lV'	 2
DULL Do, d	 W	 2
DIILS Do, d	 W	 2
DLILT Di, Li
	 W	 2

DBMI On, Li
	

IV	 2
DUNE On, d	 II'

	 2
DIJPL I)n, LI

	

W
	 2

DIII' On, ci
	 IV	 2

D1IVC Dn, d	 IV	 -5

Dii VS Do, LI
	 'V	 -5



W.L	 2

W,L	 2
W,L	 2

'N
w

U
13, W, L
Li, W, L
Unsizcd
II, 'N, L
B. W. L
U. W. L 2 for fl,W

3 for L
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TABLE 5.3 68000 Iu5IrUeuon Set (continued)

Length
Instruction	 Size	 (words)	 Operation

DIVS (EA), On	 W	 I	 Signed division
( DnP2I ( EA J 16 -.*
(Drs0.7 quotient
tDn8-I5 remainder

D1VU (EA). On	 W	 1	 Same as DIVS except division iunsigncd
EORDn,(EA)	 1t, NY. L	 I	 Dn®! EA] -*EA
EORItdata.(EA)	 U,W,L	 3 for L.	 dataGEAJ ->EA

2 for B. W
11	 2
W	 2
1..
W,L

Unsized	 I

Unsizcd	 I

L
Unizcd	 2
U.W,L	 1

I3,W,L	 I

It,W.L	 1

EOitl #ds, CCR
hOiti IdI(, SR
EXC Rx, Ry
EXT On

JMI' (EA)

JSR (PA)

LEA (EA), An
LINK An. N
LSL Dx. Dy

LSL Ndate, Dy

LSL(EA)

LSR Dx, Dy

1.511. #deti, Dy

1.511. (EA)

MOVE (EA), (EA)
MOVE (EA), COt
MOVE CCK. (EA)
MOVE (hA), SR
MOVE SR. (EA)
MOVE An. liSP
MOVE liSP. An
MOVEM register list,

(EA)
MOVEM (13/1.),

register list
MOVEP Dx, d (Ay)
MOVIi1' d (Ay), Dx
MOVEQ #dS, On
MULS(EA)L(', (Dn)16
MULU (EA)16, (Dn)16

NBCD (EA)
NEC (hA)
NEGX (EA)
NOl'
NOT (hA)
011. (hA), (hA)
011.1 tdate, (EA)

(1S € CC  --k COt
J16 D Sit -> Sit if 	 1; cIsc trap
Rx i-> }1.y
Extend sign bit of Do from s-bit to 16-bit or from 16-bit

to 32-bit depending on whether the operand size is 11
r

LEA) -+ PC
Unconditional jump using address in operand
PC -) -ISP ; lEA] - I'C
Jump to subroutine using addrcas in operand
[EA) —> An
An 4— - [SP]; Si' - An; 51'- d - SP

CA

r	
..

Same as LSL M. Dy except immediate data specify the
number of shifts Irons 0 to 7

Same as LSL Dx, Dy except Icli shift is performed only
once

B, IV, 	 I	
DT

________
JJ

-	 -	 14.(
Same as LSR except insmcdiale data specifics the number

of shills from 0 107

B, P/, I,	 I	 Same as LSR, Dx, Dy except the right shift It performed

once only

B, W. 1.	 I	 lEAl,.... -
W	 1
W	 I	 cck-.lr-.A[
'N	 1	 if  = 1, then LEA) - Sit; else TRAP
W	 I	 if  = I, then Sit - ]EA]; cisc TRAI'
L	 1	 if  = 1, then An —> US1'; cisc 'tRAP
W, L	 I	 I t1SP j -> An

W. L	 2	 Register list —> tEAl

[Ei) - register list

Dx -s d(Ayj
d(Ay)->Dx
dS sign extended to 32-bit - On
Signed 16>( 16 multiplication )EA) 16 lDn)16 -4 [I)i1132
Unsigned 16 x 16 multiplication IEA) 16 'l0n116 -,

[DnJ32
0-[EA]IO-X -s EA
0-)EA)-9 ILk
0-IEAI-X--EA
No operation

(EAI V ) EA I - EA
data V[EAJ -, ILk
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TABLE 53 68000 Instruction Set (continued)

Length

Instruction	 Size	 (words)

OR] #d8, CCR	 B	 2

ORI #d 16, SR	 w	 2

PEA (EA)	 L	 I

RESET	 Unshed	 I

ROL Dx, Dy	 B, \V, P	 I

Operation

d8VCCR -s CCR

IfS = I, then dIoVSR - SE; else TEA!'

[EA] 16 sign extend to 32 bits - -(Si']

IfS = I, then assert RESET line; else TEA!'C ' i FI 	 ISv	 j4J

B, \V, L	 I	 Same as ROL Dx, Dy except immediate data specifies

number of times to be rotated front 0 to 7

it, W, L	 1	 Same as ROL Dx, Dy except JEAJ is rotated once

Dy	 IJL,c

Same as ROE Dx, Dy except the number of rotates is

specified by immediate data from 0 to 7

B, W, 1,	 I	 Same as ROE Dx, Dy except lEA] is rotated once

C4 [_)	 Dv	 I

ROL data, Dy

ROL (LA)

ROE Dx,Dy

ROE #data, Dy

ROE (PA)

ROXL Dx, Dy

ROXL #data, Dy	 B, 'iV, L	 I

ROXL (PA)	 B, W, L	 I

ROXE Dx Dy	 II, W, P	 1

ROXR 'data, Dv	 B. W, P	 1

ROXR (PA)
	

B. W, L

RTE
	

U nsizcd

RTR
	

Unsized

RTS
	

Unizcd

SBCD -(Ay), -(Ax)
	

B

SBCD Dy, Dx
	

B

SCC (PA)
	

It

SCS (PA)
	

B

SEQ (PA)
	

It

SF (LA)
	

11

SG  (PA)
	

II

SGT (LA)
	

B

Sill (LA)
	

B

SLE (LA)
	

B

515 (PA)
	

B

SLT (PA)
	

B

SMI (LA)
	

B

SNE (PA)
	

B

SPI. (PA)
	

B

ST (PA)
	

B

STOP #data
	

Unsized
	

1

SUB (PA), (E\)	 II, \'T ,	 I

SUB\ (PA), An	 W, L	 I

SUBI data, (PA)	 B, \V, 1.	 2 for 11W

3 for L

SUIIQ #data, (Lit)	 It '.\', L	 I

Same as ROX). Dx, Dy except immediate data specifies

number of rotates from 0 to 7

Same as ROXI. Dx, Dy except (PA] is rotated once

Dy

Sallie as ROXR Dx, Dy except immediate data specifies

number of rotates from 0 to 7

Same as ROXR Dx, Dy except [LA] is rotated once

If S = I, then ]S}']+ - SE; (Sl']+ - PC, else TRAP

]SP] +-s CC; ]SP] ±—) PC

[SP] +- PC

-(Ax)lO— (Ay)10 - X -s (Ax)

]Dx)lO-] D y] I0 - X - Dx

If C = 0, then Is - [PA] else Os - (LA)

Same as 5CC except the condition is C =

Sante as SCC except if Z

Same as SCC except condition is always false

Sante as SCC except ii greater or equal

Same as SCC except if greater than

Same as SCC except if high

Same as SCC except if less or equal

Same as 5CC except if low or same

Same as SCC except if 1CSS than

Sallie as SCC except if N =

Same as SCC except if Z = 0

Same as SCC except if N = 0

S.nsic as SCC except condition always true

1 1 S  = 1, then data -o SR and stop; TRAP if cxecutcd in

user node

1 PA] - LA) —> PA

An - [PA] -4 An

[PA] - data -4 PA

[PAl - data -4 LA
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TABLE 5.3 68000 Instruction Set (continued)

Length
Instruction	 Size	 (words)

SUBX - (Ay), - (Ax)	 13, W, L
SUBX Dy, Dx	 B, W, L	 I
SVC (EA)	 1!	 I
SVS (EA)	 B	 I
SWAP Dn	 W	 I
TAS(EA)	 B	 I

TRAP #vector	 Unsized	 I

TR.APV	 Unsized
TST (EA)	 B, W, I
UNLK An	 Unsizeil

Operation

—(Ax)- . )Ay) - X - [Ax]
Dx - Dy - X -4 Dx
Same as SCC except if V = 0
Same as SCC except if V =
Dn 31:16) 4-> Dii 15:01
LEA) tested; N and Z are affected accordingly; I - bit 7
ol )EA)

PC -4 — [ SSP ). SR - .-)SSPJ, (vector) - PC; 16 TRAP
s'ccIurs are available

If V = I, then TRAP; else next instruction
[EAT - 0 - condition codes affected; no result provided
An - SP: (SI] +	 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

lisstructiu:i	 X	 N	 7.	 \'	 C

ABCD	 +	 U	 +	 U	 -
ADD, ADIJI, ADDQ, ADDX	 +	 +	 +	 4	 +

AND, AND!	 4-	 +	 0	 0
ASL, ASP.	 -I	 -4-	 •F	 4-	 -4-

IICI ic', IICLI(, itsir, isr 	 -	 -	 -	 -
CIIK	 -	 U	 U	 U
dR	 -	 0	 1	 0	 0
CMI > CMPA, CMI > !, CMI'M	 -	 1-	 +	 +	 +

DIVS. DIVU	 -	 +	 +	 i	 0
EOR,EORI	 -	 +	 +	 0	 0
EXT	 -	 +	 +	 0	 0
LSL,LSR	 +	 +	 +	 0	 +
MOVE (EA), (EA)	 -	 +	 +	 0	 0
MOVE TO CC	 +	 +	 +	 +	 +
MOVETOSR	 +	 +	 +	 +	 +
MOVEQ	 -	 +	 +	 0	 0
MULS, MULU	 -	 +	 +	 0	 0
NBCD	 +	 U	 +	 U	 i
NEC, NEGX	 +	 +	 +	 +	 +
NOT, OR, OPt	 -	 +	 +	 0	 0
ROL, P.0k	 -	 +	 4-	 0	 +
ROXL ROXR	 +	 +	 +	 0	 +
RIE, RTR	 +	 +	 +	 +	 -4
SIICD	 +	 U	 +	 U
SlOt'	 +	 -4-	 4	 +	 +

SUB, SUB], SUI(Q, SUOX	 +	 -f 	 +	 +	 +

SWAP	 -	 ±	 4	 0	 0
lAS	 -	 +	 - F 	0	 0
1ST	 -	 +	 ,-	 0	 0

Nose: +, affected; -- not affected; U, undefined.
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TABLE 5.5 63000 Data tsiovcnteitt Instructions

Instruction
	

Size	 - Corn mint

EXG Its, Lv
	

I.	 Exchange the contents of two registers; Rx or Ry call 	 any address or

data register; no flags are affected

LEA (LA), An
	

The eliective address ILA] is calculated using the particular addressing

mode used and then loaded into the address register; [FA] specifics the

actual data to be loaded into An

LINK An,
	 Unsied	 The current contents 01 the specified address register are pushed onto the

#-displaccineut
	 stack; alter the push, the address register is loaded from Use updated SP;

finally, the 16-bit sign-extended displacement is added to the SP; a

negative displacement is specified to allocate stack

MOVE (LA), (LA)
	

B. W, 1.	 I EA J s are calculated by the 68000 using the specific addressing mode used;

cats be register or memory location; therefore, data transfer can

take place between registers, between a register and a tuemory location,

and between different isieiitory locations; flags are affected; for byte-size

operation, address register direct is not allowed; Ali is not allowed in the

destination [EAI: the source I LA] can he An for word or long-word

transfers

MOVEM rc'g list, (LA)
	

I.	 Specified registers are transferred to or frons consecutive memory locations

or (LA), rei; list
	 starting at the location specilicd by Use effective address

N IOV El' Dii, d (A)')
	

i.	 Two W] or four II] bytes of data are transferresh between a data register

or d (As'), Do
	 and alternate b ytes of niensory, starting at the location specified and

NIOVEP Do, d (Ay)
	

incrementing by 2; the high-order byte of data is transferred first, and

or d (Ay), Dii
	 the low-order byte is transferred last. This instruction has the address

register indirect  with displace nse itt-only nsodc

MOVEQ #data, Do
	

I.	 This instruction moves the -bit inherent data into the specified data

register; the data tire ilieti sign-extended to 32 bits

PEA (LA)
	

I.	 Computes all effective address and then pushes the 32-bit address onto the

stack

SWAP Dn
	

Exchanges 16-bit halves of .s data register

UNLK An
	

Unsized	 An - SI'; I SP] +— An

• [LA in LEA LA], An call 	 all addressing modes except Dii, An, I An] +, —[An], and immediate.

• Destination lEA] in MOVE (LA], [LA] 
call

	 all modes except Ali, relative, and immediate.

• Source I EA] in MOVE [LA], JEAJ 
call

	 all modes.

• Destination lEA] in MOVEM rcg list, [LA] eati use all modes except Do, An, An] 1-, relative, and immediate.

Sourcercc [LA in MOV EN 1 [LA], reg list can use all nicides except Do, An, - ] An], and imnied ate.

• [LA) in PEA [LA]) 
call use all mosles except Do, An, [An] t-, —[Aol, and immediate.

vii) Program control instructions

viii) System control instructions

5.5.1 Data Movement Instructions

These instructions a[iow data transfers from register to register, register to memory, memory

to register, and memory to memory. fit 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.

5.5.1.a 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] [DOl = Ol,,, then after execution of this MOVE instruction [D2] = 0316

and [DO] =
There are several variations of the MOVE instruction. For example, MOVE.W CCR, (EA)

moves the content of the low-order byte of the SE, 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 thc 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, trsp

MOVEA.W or .L (EA), An call used to load an address into an address registe. Word size
source operands are 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 16 into the low 16
bits of A0 and then sign-extends 800016 to the 32-bit number FPFF80001.,.

Note that sign extension means extending bit 15 of 8000 16 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 call used to PUSH or POP multiple registers to or from the stack. For
example, MOVEM.L DO-D7/AO-A6, - (SP) saves the contents of all of the 8 data registers and
7 address registers in the stack. This instruction stores address registers ill order A6-A0
first, followed by data registers in the order D7-D0, regardless of the order in the list. MOVEM,L
(SP)+, D0-D7/A0-A6 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 postincrcmcnt 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 A0 to AT For example, MOVEM.W A4/D1/D3/AO-A2, $8000 transfers the low 16-
bit contents of  1, D3, A0, Al, A2, and i\4 to locations $8000, $8002, $8004, $8006, $8008, and
$800A, respectively.

The MOVEQ.L #d8, Dii moves the immediate 8-bit data into the low byte of Dn. The 8-bit
data are 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
increments 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 [AU] 0000300016,
[003050] = 01 16 , [003052] = 03 16 , [003054] = 02 6, [003056] = 04 16, then after the execution
of the above MOVEP instruction, DO will contain 0103020416.

5.5.1.b EXG and SWAP Instructions

The EXG.L Rx, Ry instruction exclunges the 32-bit contents of Rx with that of the Ry. The
exchange is between two data regiters, 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, oil 	 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

5100
	

002102

AU	 00002100
	

002104

USI' 00002104

0021 00- 100_

F1(1JPE 5.5 1.xecuhon of the link isLrtletiDn.

5.5.1.c LEA and PEA Instructions

The LEA.I. (LA), An moves an effective address (LA) into the specified address rcgistcr. 'INc

(LA) can be calculated based oil 	 addressing mode of the source. For example, LEA

$0045607 . 1,.,'%!	 $00456071 to Al. 'lNs instruction is equivalent to MOVEA.L .$0U15007'i,

Al. Note that $00•36074 is contained iii the PC.

LEA instruction is very useful when address calculation is desired during program execu-

tion. (E\) in LEA specifies the actl'a! data to be loaded into An, whereas (LA) ill

specifies the address ofactLlal data. For example, consider LEA $06 (A2, D5.W), A0. If JA2] =

00003000, [1)5] = 0044 1,, then the LEA instruction moves 0000304A 11, into AU. On the

other hand, MOVEr\ S06(A2 D5.W), AU moves the contcntF of00003OlA 1 , into AU. Therc-

fore, it is obvious that if address calculation is required, the instruction LEA is very useful.

The PEA (LA) computes all address and then pushes it onto the stack. This

instruction can he 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 staci .'. The low-order 16 bits

($8000) are pushed at $005002, and the high-order 16 bits ($FFFF) are pushed at 0050006

5.5.1.d LINK and UNLK Instructions

Before calling a subroutine, the main program quite often transfers values of certain param-

eters to the subroutine. It is convenient to save iliese variables onto the stack before calling the

subroutine, 'these variables can then be read from the stack and used by the subroutine for

computations. The 68000 LINK and UNI.K instructions are 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 call accessed as needed 1 y the subroutine and be released using

UNLK before returning to the main program. The LINK instruction is usually used at the

beginning of  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 area and restore the stack pointer contents so that

it points to the return address.

The LINK An, 4-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.

Finall y, a sign-extended 2's complement displacement value is added to the SP. No flags are

affected. For example, consider LINK AID, ;-S 100. If [AU] = 00005100 15 [USP] 0000210416

then alter execution of the lEN K instruct ion the situation shown in Figure 5.5 occurs.

This means that after the [.INK instruction, [AU) = 00005100 16 is pushed onto the stack, the

[updated US1] = 002100 16 is loaded into AU. USP is then loaded with 002000, and, therefore,
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100 locations are allicated to subroutine at the beginning of which the above LINK instruc-
tion can be used. Note that AO 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 ofAO and USP to those prior to using the LINK
instruction. For example, UNLK A0 will load [A0J = 00002100 16 into USP, the two stack words
00005100 16 into A0, and USP is then incremented by 4 to contain 00002104 16. 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 16 and below can be used as the stack. Sixty-four
($100) locations starting at 002000 16 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(AO) 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 16 ] = 2014 16 and [Do] = 1004 16, then after
execution of this ADD instruction, the low 16 bits of DO will contain 3018,6.

ADDI instruction can be used to add immediate data to register or memory location.
The immediate data follows the instruction word. For example, consider ADDI.W
#$0062, $500000. If [500000 16] 1000 16 , then after execution of this ADD! instruction,
memory location 500000, 6 will contain 1062 16. 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, cousiderADDQ.B#4, Do. lf [ D0 J10wb,le = 60, 6, then after
execution of this ADDQ, low byte of register DO will contain 64,6.

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 Do, An, relative, and immediate),
then the source must be Dn.

All subtraction instructions subtract source from destination. For example, consider
SUB.W DO, $500000. If [D0] Iow ,, ord = 3003 16 and [500000 16 ] = 5005 16 , then after execu-
tion of this SUB instruction, memory location 500000 16 will contain 2002,6.
Consider SUBI.W# $0004, DO. If [ DO ]jowwor 5004 161 then after execution of this SUB!
instruction, DO will contain 5000 16. Note that the same result can be obtained by using
a SUBQ.W# $4, DO. 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

Instrue Lion	 'site	 Operal mu

Addition and Sublrmicliuuu Iuustu LiCILUiiS

ADD (LA), (LA)	 B, W. I.	 [LA) + [LA] —s LA

ADD] #data, (LA)	 B. W, I.	 Lit] i dais —s Lit

ADDQ #d8, (LA)	 B, W, I.	 l :

'

Al I dS —) LA

d;t ciii be all 	 linus Li to 7

ADD.'t (LA), An	 W, 1.	
All IFA  - An

SUB (FA), (LA)	 It, W, 1.	 — ]EA[ ,I, -

SUBI # data, (LA)	 B. W, 1.	 [IA) - dat.i — LA

SUBQ #dS, (LA)	 B, \V, I.	 LA 1 dS — LA

dS can be an integer from 1)10 7

SUIIA (LA), itn	 tV I.	 An - IBA] - An

Multiplication and Division Instructions.

MULS (LA), Do	 W	 [Dui[ 16 ' [BA] It ' -.4 [1)0132 (signed multiplication)

NIULU (Lit), Dii 	 W	 [!)ill 16 ' [[ ; AI 16 —4 [t ) n]3 2 (unsigned III Lilt iplmcatmouu)

DIVS (LA), Dii	 \V	 jDnj32 / [LA] 16 — [Dn[32 (signed division, high word of Dii contains

remainder and low word of Dii contains the quotient

1)IVU (LA), Dn	 \\'	 I Dnj32 / [LA [16 —s ]I)n]32 (linsiLuteil division, rcniaiii,hci' is in Il i gh word

ul Dii and quoticilt is in 111W u,,u ii Of liii

Compare, Clear, and Negate Iuustrtuclions

CMIi (LA), Dn	 It, W, 1.	 Dii — [LA] — No result; ,uf;ects uLus

CMP.'\ (LA), An	 tV 1.	 An — [LA] — No result; :utIect lags

CM]'] #datmi, (LA)	 It, \V, I.	 [EA[ — data — No rcsult; al keta Bags

CMPM (Ay) +. (Ax) u-	 It, tV, 1.	 [Ax]1- — J AYI i —s No result; affects hl.igs; Ax and Ay aix' incremented

depending on ispe ía nil si cc

CLR (LA)	 B, Vi, I.	 0 —4 LA

NLG (LA)	 It. \V, 1.	 0— (LA) —* LA

Extended Arithmetic Instructions

ADDX Dy, Dx	 Ii, \V, L	 Dx + Dy I X -'s Dx

ADDX — (Ay'). — (Ax)	 hI, \V, I.	 —[Ax] f —[Ay[ F X —> Ax]

LX'I' Dn	 W, I.	 If size is \V, then sign -extended low byte of Do to 16 bits; if site is I., then

sii;ui i_s coil loss' 16 bits of Dii to 32 bits

NLGX (LA)	 Li, \V, L	 C) — [LA] — X —s LA

SUBX Dy, Dix	 Li, W, L	 Dx — Dv — X —, Dx

SUBX — (A)'), - (Ax)	 It, W, I.	 —[Ax] — —)Ay[ — X — [Ax)

Test Instruction

'1ST (EA)	 Ii. tV I.	 [LA] —0 —> flags affected

Test and Set Instruction

TAS (LA)	 11	 If [[IA] = It, then st 71	 I; cisc?,	 i), N = I and thcui tiw_us's SrI hit 7 of

[LA[ to I

Nate: If I EA[ in the ADD or SUB instruction is an .uddrcsx registrr. the ul'cr.iuid Ieuigthi us 'A'ORI) or lONG \VORD.

LA ] in any instruction is calculated uci r; the addressing node used. All instructions except ADDA and SD BA aftct

condition codes.

• Source [LA] in the above ADD.'\ 	 and SUItit call 	 all modes.

• Destination [LA] in A 1)1)1 and SUIt! can use all modes except An relative, and iutsnscduate,

• best nat ion [Lit] in AD DQ and SU IIQ can use all modes except relativese us id i mmcd ia tc,

• [LA] in all multiplication and division instructions cciii use all nodes except An.

• Source [LA] in CMI 5 and CSI1'A instructions call use all nodes.

Destination [LA iii CMLI can use all nodes cxxept 'tn, relative, and iiismcduate,

• [Lit] in Cl R and N Lu,', can use all modes except An, relative, and immediate.

• [LA] in N EGX can use all modes except to, tel.;; use, and iunined itt c.

•	 LA] in 'I'S'l' can use all 1111OLICS 	 except itn. rel,uLuvc, Situ ununcdi.utc

•	 [Lit] in 'LAS call 	 all modes	 except Ali rel.0 Live, and imnicLhiaie,
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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 [DO] = 0004,,, then after this MULS, DO will

contain the 32-bit result FFFFFFF8 16 which is —8 in decimal. MULU (EA), Dii, cii the

other hand, performs unsigned multiplication, Consider MULU (Al), 1)2. If [Al)

00002000,,, [002000] = 0400,, and [D2)	 0300, then after this MULU, D2 will

contain 32-bit result 0000000016.

• Consider I)IVS #4, 1)0. If [1)0] = — 9111 = FFFFFFF7 16 , then after this Dl\'S, register DO
will contain

	

1)0 L 1:1:1:1:	 1:1:1;E

16-bit	 16-bit
rcniaiuder	 quotient
-

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 w), the remainder is negative (—I). Also, division by zero causes ail

	

interrupt automatically. A service routine call
	 written by the user to indicate ail 	 N =

1 if the quotient is negative, and V = I 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 16 , then after execution of this DIVU, register DO contains:

I)	 0001	 000

16-bit	 16-hit
rcmaindcr	 quotient

As with the DIVS, division by zero using DIVU causes trap. Also, V = I 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 (Al)+, (A2)+. If [Al] = 00400000 16, [ A2] = 0050000016,
[400000] = 0008,,, [500000] = 20 0 6 16 , then after this CMP instruction N = 0, C = 0,

X = 0, V = 0, Z = 0, [Al] = 00400002 16, and [A2] = 005000026.

• CLR.L D3 clears all 32 bits of D3 to zero.

• Consider NEG.W (Al). If [Al] = 0050O0O0 l ,, [500000 16 ] = 0007 16, then after this NEG

instruction, the low 16 bits of location 500000 6 will contain FFF916.

5.5.2.d Extended Arithmetic Instructions

• ADDX and SUBX instructions call 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 1J2, 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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FIGURE 5.6 Two 68000s interfaced via shared RAM.

• Consider EXT.W 1)5. If [1)5] low byte = F8 1c,, then after the EXT, [1351 = FFI816.

5.5.2.e Test Instruction
• Consider TST.W (Al). If [Al) = 00700000 16 , (700000) = P000 15, then after the TST.W

(Al), the operation F000 16-0000 1 ,-, 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.

5.5.2.f 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 rcourcc is also called a Critical Program Section, since once a processor
starts executing the program sequence in this section, it must complete it before another
processor accesses 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 executed 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, generates a signal to provide the lock mechanism during the
execution time of the instruction. This prevents other processors from altering the semaphore
between the processors testing and setting the semaphore.

The 68000 provides the lAS instruction to test and set a semaphore. During execution of
the lAS, the 68000 generates LOW oil AS (address strobe) pill call 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 Iroccssors in multiprocessor data transfers. For example, consider two 68000-based
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
1)2 in processor 2. A memory location, namely, lRDAI'A, can be used to accomplish this.
First, processor 1 call 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 ofTRDATA from the shared RAM into the low byte
of D2. The following instruction sequence will accomplish this:

	

Processor I Routine 	 I'roccssor 2 Routine

Proc ]	 •T\5 TES1	 -	 I'roc 2	 TAS TEST

lINE I'roc 1	 lINE Proc 2

MOV E.II 00, TRDiVI'i\	 MOVE.It LRDATA, 02

dEli TEST	 CLR.1I TEST
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TABLE 5.7 68000 Logical Instructions

Instruction

AND (EA), (LA)
AND! #data, (LA)
ANDI #data8, CCR
AND! dataL6. SR
LOR Dn, (EA)
LOLl #data, (LA)
LOLl #datal6, SR
NOT (EA)
OR (LA), (LA)
OR! #data, (LA)
OR! #data8, CCR
OR! #data16, SR

Operation

IEAIA[EA]-3EA
LEA] A #data	 LA; [LA] cannot be address register
CCL A #data - CCL
SR A #data - SR
Dn G [LA] - LA; (EA) cannot be address register
(LA) ® #data -> LA; (LA) cannot be address register
Data I6SR—SRifs= l; else irap
One's complement of LEA) -9 LA
[LA) v LEA) - LA
[LA) v #data -* LA; lEA] cannot be address register
CCR v #data8 -4 CCR
SR v #data - SR

Size

B, W, L
B, W, L
It

B, W, L
B, W, L
W
B. W, I.
B, W, L
B, \V, I.
B
w

• Source [LA) in AND and OR can use all modes except An.
Destination LA I in AND or OR or LOR can use all modes except Dii An, relative, and
immediate.

• Destination [LA) in AND!, OR!, and LOLl can use all modes except An, relative, and
immediate,

• [LA] in NOT can use 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 = I. After this, bit 7 of [TEST] is set to I. 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 simultaneously 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 'I'AS is
completed.

5.5.3 Logical Instructions

These instructions include logical OR, liOR, AND, and NOT as shown in Table 5.7,

• Consider AND.W D2, D6. If [D2] = 0005,, [D6] = OFF I,,,  then after execution of this
AND, the low 16 bits of D6 will contain 00016.

• Consider ANDI.B #$80, CCR. If [CCR] = OF 16 , then after this ANDI, register CCR will
contain 001<,.

• Consider EOR.W D2, D6. If [D2] = 000F 16 and [D6] = OOOF, then after execution of
this LOR, register D6 will contain 0000, and D2 will remain unchanged at 000F26.

• Consider NOT.B DO. If [DO] = 04, then after execution of this NOT instruction, the
low byte of DO will contain P1316.

Consider ORI #$1008, SR. If (SRI = A011 1 ,, then after execution of this ORI, register SR
will contain 13019 16. 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.

5.5.4 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

Instruction	 Size

ASL, Dx, Dy	 it, W, L

ASL #data, Do	 B, W, L

ASL (EA)	 B, W, L

ASK Dx, l)y	 B, W, L

ROXI. #data, Dy	 B. \V, I.

ROXI. (LA)	 B, W, I.

Operation

C	 1

X(-

rl)

Shift [Dyj by the number of times to left specified in Dx; the low 6 hits of Dx

specify the number of shifts from 0 to 63

Same as ASL Dx, Dy except that the number of shifts is specified by immediate

data from 0 to 7

[EAI is shifted one bit to left; the most significant of [EM goes to x and c, and
zero moves into the least significant bit

CRT: x
Anti net cal ly shift Dy [to the right by retaining the sign bit; t he low 6 bits of

DX specify the number of shifts from 0 to 63

Same as above except the number of shifts is from 0 to 7
Same as above except EA[ is shifted once to the right

C —F1
Dy	 -- (I

X <1 ^

Low 6 bits of Dx specify tile in nbcr of Shifts from  to 63
Sattte as above except the number of shift is specified by immediate data front 0

to 7
[EA) is shifted one bit to the left

o-1	 D)
I -

Same as LSL Dx, Dv except shift is to the right
Same as LSL #data, Do, except shift is to the right by immediate data from 0 to

7

Same as I.SL [LA) except shift is to the right

Low 6 bits of l)x specify the number of times [I)yl to be shifted

Same as above except that the immediate data specify tha' [Dn) to be shifted
front 0 to 7

lEA) is rotated once to the left

1Q1C
Low 6 hits of Dx specify time number of shifts from 0 to 63

•	 Same as ROL #data, Do except the shift is to the right by immediate data from 0

to 7

•	 [LA) is rotated once to the right

Low 6 bits of i)x contain the number of rotates front 0 to 63
•	 Same as above except immediate data specify number of rotates from 0 to 7
•	 LA) is rotated one bit to right

ASK #data, Dn	 B, W, L

ASK (LA)	 It, W, I.

LSL Dx, Dy	 It, W, I.

LSL #data, Do	 B, W, L

LSL (EA)	 B. W, I.

LSR Dx, Dy	 B, W, I,

LSR #data, Dn	 B. \V, L

LSR (LA)	 B, W. I.

ROL Dx, Dy	 B, NY, L

ROl. #data, Do	 B, W, L

ROL (EA)	 B, \V, L

ROR flx. Dy	 B, W, L

ROR #data, Do	 B, W, L

ROR (EA)	 B, W, I,

ROXL Dx, Dy	 II, W, L
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TABLE 5.8 68000 Shift and Rotate Instructions (conthiue(1)

Instruction	 Size	 Operation

ItOXR Dx, Dy	 II, W, L L
Same as ROXI. Dx, Dy except the rotate is to the right

ROXR #data, Dy	 U, W, L	 Same as ROM. #data, Dy, except rotate is to the right by immediate data from 0
to 7

ROXR (LA)	 13, W, I.	 Same as ROXL lEA) except rotate is to the right

Note: lEA) in ASt., ASR, I.SL, LSR, ROE, ROR, ROXL, anti ROXl( can use all modes except 1)n, An, relative, and
immediate.

• All the instructions in Table 5.8 affect N and Z flags according to the result. V is reset
to zero except for ASL.

• Note that in the 68000 there 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 hit, whereas the instruction ASR retains the sign bit after
performing the arithmetic shift operation. Consider ASL.W D3, DO. If ] 133 ],, Ióbi =
0003, [DO] 1,, 161,its = 87FF 15, then after this ASL instruction [1)0] 10 165Is = 3FF8 161 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 [DO] three times. ASR,
on the other hand, retains the sign bit. For example, consider ASR.W #2, D5. If [D5] =
8FE2 16 , then after this ASR, the low 16 bits of (D5] = E3F8 1 ,, 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 16 and [004000] =
F000 161 then after execution of the ASL, [004000] = E000 161 X = 1, and C = 1. Oil
other hand, after ASR.W (A2), memory location 004000 will contain 7800 16 , C = 0, and
X = 0. Note that only memory-alterable modes are 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 c l ingc of the number during the shift.

• Consider LSR.W# 00;7., DO. If [DO] 	 F000 16, then after the LSR, [DO] = 3C00 16 , X
0, and C = 0.

• Consider ROL.B# 02, 02. If [1)2] = 131 16 and C = I, then after execution of the ROL, the
low byte of [132] C7 16 and C = 0. Oil other hand, with [D2] = B1 16 and C = 1,
consider ROR.B #02, D2. After execution of this ROR, register 02 will contain EC, and
C = 0.

• Consider ROXLW D2, Dl. If ]D2] = 0003, [Dl] = P201, C = 0, and X = 1, then the
low 16 bits after execution of this ROXL are IDI] = 900F 16 , 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 l's complement of the specified bit is reflected in the
Z flag. The specified bit is then l's complemented, cleared to zero, set to one, or
unchanged by BCIIG, I3CLR, 13SET, or IITST, respectively. In all the instructions in
Table 5.10, if (EA) is Du, then length of Dn is 32 bits; otherwise, the length of the
destination is one byte.
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TABLE 5.9 63000 Bit Manipulation Instructions

Instruction	 Size	 Operation

I3CHG Dii, (LA)	 IL,L	 A bit in [LA] specified by Dii or immediate data is tested; the l's complement of

BCHG #data, (LA) 	 the bit is rcllccted in both the 7. hag and the specified bit position

DCLI?. Do, (LA)	 I3,L	 A bit iii LEA! specified by Do or immediate data is tested and the Vs complement

DCLI?. #data, (LA)	 of the bit is reflected in the 7. hag; the specified bit is cleared to zero

BSET Do, (EA)	 11,1.	 A lilt in LA] specified by Do or iniiiiediate data is tested and the L's complement

BSET #data, (LA) I 	 of the bit is reflected in the 7. flag; the specified bit is then set to one

B1ST Dn, (LA)	 It,L	 A bit in LEA) specified by Dn or

BTST #data, (LA) 	 iilimcdiatc data is tested; the i's complement of the specified bit is reflected in
the 7. flag

LEA) in the above instructions can use all modes except An, relative, and immediate.
If [LA) is memory location, then data size is byte; if LEA] is Dn then data size is long word.

• Consider BC1-IG.11 #2,$003000. If 10030001	 then after execution of this BCUG

instruction, Z = 0 and 10030001 = Oi.

• Consider BCLI1..L # 3, Dl. If [Dl] = F210E128 16, then after execution of this BCLR,

register Dl will contain F210E120 15 and Z = 0.

• Consider BSET.13 #0, (Al). If [Al] = 00003000,, [0030001 = 00 16 , then after execution

of this BSET, memory location 003000 will contain 01 16 and Z = 1.

• Consider BTST.B #2, $002000. If [002000] =	 then after execution of this BTST,

Z = 0 and [002000] =

5.5.6 Binary-Coded Decimal Instructions

The 68000 instruction set contains three 13CD 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 arc listed in Table

5.10.

Consider ABCD Dl, D2. If [Dl] = 	 [D2] = 15,, X = 0, then after execution of the

ABCD instruction, [1)2] = 40, X = 0, and Z = 0.

Consider SI3CI) - (A2), - (A3). If [A2] 00002004,, (A3] = 00003003, X 1, [002003] =

05 16 , [003002] = then alter execution of this SBCD, [003002] = OO ,, X = 0, and

Z= 1.

Consider NI3CD (Al). lf [Al ] = [00003000], [003000] = 05,X =  1, then after execution

of the NBCD, [0030001 = FA,,.

5.5.7 Program Control Instructions

These instructions include branches, jumps, and subroutine calls as listed in Table 5.11.

TABLE 5.10 63000 Binary-Coded Decimal Instructions

Instruction

ABCD Dv, Dx
ABCD - (Ay). - (Ax)
SBCD Dy, Dx
SIiCD - (AY). —(Ax)
NLICD (LA)

Operand size	 Operation

[DxIIO + [ DyI IO + X —s Dx
.-)Ax) I0 + —)AyIIO + X - [Ax)
l Dx l IO - DyllO - X -9 Dx
— l Ax i lO - — l Ay l I0 - X -3 jAxl
0— )LA ] I0—X -> LA

Note: I LA] in NBCD can use all modes except An, relative, and immediate.
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TABLE 5.11 68000 l'rogratit Control Instructions

Instruction	 Size

lIce d	 11,W

Operation

If condition code cc is true, then PC + d —sPC; the PC value is current instruction
location piLls 2; d call 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 held (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
equal to zero, i.e., Z = I), and BNE (Branch if not equal, 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 oil 	 displacement widths

Branch al ways to PC t d where PC sal LI'! is Current instruction location plus 2; as
with Bce, it call 	 signed 8 or 16 hits; this is an unconditional branching
instruction with rclit live mode; note that he PC contents are eveti since the
instrucl ion is either one word or two words

PC —) —[Sill
PC + t - PC

The address of the tics t instruction following PC is ptislteil 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

11cc is false, then Do — I —> Do, and if Dn —1. then PC + 2 	 l'C; If Do
lieu PC + I —) PC: fcc is true, PC + 2	 PC

[PA] —s PC
ibis is an unconditional Li tile instruction winch uses cotitrol addressing mode
PC —s —1St')
PA] - PC

This is a subroutine cut instruction which uses wu .:-'l addressing mode
(SP] + —s CCR
[S1 1 (+ - PC
Return and restore condition codes
Return from subroutine
151'] F —) PC
lice is true, then the byte specified by [PAl is set to all ones, otherwise the byte is

cie;ired to zero

BRA d	 13,W

[tSR d	 B,W

1)11cc Dn, ii	 W

IMP (PA)	 Unsizcd

JSR (PA)	 linsized

I&TR	 Unsizcd

rs	 Unsized

Sec (PA)	 13

• [PA] in [Mi' and [SR call
	 all modes except Dtt, An, (An) i- —(An), and immediate.

• I PA J in Sec can use ill] nodes except Ail, relative, and i iii mediate.

Consider 11cc d. There are I 4 branch conditions. This nicans that cc in 13cc can be

replaced by 14 conditions providing 14 instructions. These are 13CC, BCS, BEQ, BGE,
I3GT, 111-I1, BLEj, BLS, l)L'l, 13M1, liNE, 1315 L, BVC, and BYS. It should be mentioned that

some of these instructions arc 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 signed iLl nsbers

BCE LI (Branch if greater or equal)
IIGf d (Branch if greater than)
tILE d (Branch if less than or equal)
B1.'t' d (branch if less than)
BMI d (Branch if N = I)
Bl'l. d (Branch if N = 0)
I1VC d (Branch if V= 0)

It's'S d (Branch if V = I

For both signed and
unsigned numbers

BCC d (Branch if C = 0)

BCS d (Branch if C = I)
BEQd (Branch if Z I)
lINE d (Branch if Z = 0)

For unsigned numbers

ISHI d (Branch if high)
BLS ii (tk.snch if loss- or same)
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After signed arithmetic operations such as ADD or SUB the instructions such as BEQ, BNE,

BVS, BVC, BMI, and BPL call used. On the other hand, after unsigned arithmetic opera-

tions, the instructions such as BCC, BCS, I3EQ, and BNE can be used.

If V = 0, Bi l l, and BCE have the same meaning. Likewise, if V = 0, 13M1 and BLT perform

the same function.	 -

The conditional branch instructions can be used after typical arithmetic instrucie such

as subtraction to branch to a location if CC is true. For example, consider SUB.W L L D2. Now
if [Dl] and [1)21 are unsigned numbers, then

BCC Cl can he used if I D21 > [Dli

BCS d call 	 used if (D21 < [Dl]

BEQ d 
call 	 used if [1)21 = [Dl]

BNEd call 	 used if [D2] ;4 [DI]

BHI d call 	 used 11[ D2] > [Dl]

BLS d can be used if [02] !^ [1)11

On the other hand, if [Dl] and 1D2[ are signed numbers, then after SUB.W Dl, 02, the

following branch instructions can be used:

BEQ d Carl 	 used if 1D21 = [Dt[

BNE d can be used if [D2[ [Dl]

BLT d can he used if [1)2] < [DI]

BLE d can be used if [D2[ :^ [1)11

BGT d call 	 used if 1D2] > [Dli

BCE d can be used if [D2] ^! [1)]]

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 = U, 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 BRi\ (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 IMP (Al). If [Al] = 00000220, then after execution of the JMP,

program execution starts at 000220(,.

• The instructions BSR and [SR are subroutine CALL instructions. BSR uses relative

mode, whereas JSR uses absolute addressing mode. Consider the following program

segment:

prol: ra iii	 Sub rout tie

-	 I'ROC	 MOVtt.L D0-D7/A0-A6, —(SP)

tSR PROC	
main body of

START	 -	
-	 tile subrout i lle

MOVINI.L (SI')+ , 1)0-1)7IAO-.-\6
RTS

In the above, [SR 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 prbgram control is returned to the main program. Note that BSR PROC could have been
used instead ofJSR 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 ofLINK/UNLK, the instruction LINK A5, #- 100 creates a stack frame of 100
with A5 as the frame pointer. The instruction such as MOVE.W d (A5), Dl and MOVE.W
Dl,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,-(tJSP)

PEA.W ADDR

SR START

Subroutine

START	 LINE A3,#-12

MOVE • L DATA1, -4 (A3),
MOVE L DATA2,-8(A3),
MOVE. L )DATA3,-12(A3)

Instructions MOVEA.L 8(A3), A4
arbitrarily MOVE.L (A4), Dl
chosen	 StBQ.L #5,-12(A3)

MOVE - L 12(A3), D4

Push 32-bit
constant to be passed
Push starting address of
a table to be passed
Jump to the subroutine
START

; Allocate 12 bytes

; Push local variable 1
; Push local variable 2

; Push local variable 3
; Obtain ADDR
Read data from table

; Subtract 5 from local
variable 3

; Read the 32-bit constant

UNLK A3
	 ; Restore original values

RTS
	

RETURN
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The following illustrates the stack contents at various points:

Decreasing
Addresses
A • US1,I_

32-

Increasing

I

12- Byte I•	 1:rmtc 'local areaPointer I	 I

Address I 
-1 RetLirn I

us p 	 Return	 of A3 I
-	 ba	 I Address I

AD1)lt I	 I	 I
Free	 32-bit

AD1)R I

I
Addresses	 .12-bit I 	 I 32-bit I

Valid	

Coiist. ]
	

Coost.

Data
(a) Stack	 (1) Stack	 (c) Stack

before	 alter	 alter
executing	 JSR Start	 LiNK
the rIm
program

USI'	 Return
-' Address

	

32-bit	 US1'	 32-bit
AL)DR —* ADI)R

	

32-bit	 32-bit

	

Const.	 Coisst.

	

(d) Stack	 (c) Stack

	

alter	 alter
UNIX	 1tS'I

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 assLlmed that the main program passes to the subroutine a 32-bit

constant, and the starting address ADDR of it 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 call 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. 	 -

Dike Dn, d tests both the condition codes and the value ill data register. Dike first

checks if cc (NE, EQ, G'l', etc.) is satisfied. If satisfied, the next instruction is executed.

If cc is not satisfied, tile specified data register is decremcntcd by I. If [Dn] = —1, then

next instruction is executed; if Dn ;e —I, then a branch is taken to PC + d. For example,

consider DBNE D5, * —4 and [1)5] 00003002 (,, [ PCI = 002006,. Now if Z = 1, then

[D5] = 00003001,,; [1)51 # —1, program execution starts at 002002. There is a

false condition in the DBcc instruction, and this instruction is the DI3F (some assem-

blers use DI3RA for this). in this case, the condition is always false. This means that after

execution of this instruction, Dn is decremented by 1 and if [Dii) = -, then the next

instruction is executed; if [DII] :4 —1, then branch to PC + d is taken.

Consider SPL(A5). If [A5] 00200020 and N = 0, then after execution of the SPL,

memory location 200020 16 will contain 111111112.

5.5.8 Systern Control Instructions

The 68000 contains some system control instructions which include privileged instructions

and trap instructions. Note that tile privileged instructions can only be executed in tile

supervisor mode. The systcili control instruct ions are listed in Table 5.12.

The RESET instruction, when executed in supervisor mode, outputs a signal on the

RESET pill the 68000 in order to initialize the external peripheral chips. The 68000 reset

pill bidirectional. ']'lie 68000 call reset by asserting the reset pin using hardware,

whereas the peripheral chips can be reset using thc software RESET instruction.
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TABLE 5,12 68000 System Control instructions

Size	 Operation

Unshed	 If supervisory state, then assert reset line; cisc TRIP
Unsizcd	 If supervisory state, then restore SR and PC; else TRAP
LJnsizrd	 If supervisory state, then load immediate data to SR and

then STOP; cisc TRAP

Instruction

Privileged Instructions
RESET
RTE
STOP Wdata

ORI to SR
MOVE to/from USP
ANDI to SR
BORI to SR
MOVE (EA) co/from SR

Trap and Check instructions
TRAP 0 vector	 tins izcd

TRAPV	 T.Jnsizcd
CHK(EA),Dn	 W

These privileged instructions were discussed earlier

PC -9 - ( 551')
SR -9 - [ SSI'J
Vector address •-.+ PC
TRAP if Vo I
11 D <0 or Dn > (EA], then TRAP

Condition Code Register
ANDI to CCR
EORI to CCR

	

MOVE (EA) to/from CCR	 Already explained earlier
OR! to CCR

	

Note: (EA) in CI-IK call 	 all modes except An.

MOVE.L USP, An or MOVE.L Au, 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 # ii. There arc 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*

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 1 4 16. On the other hand, an overflow
condition, i.e., if  = 1, will trap to address 1C 16 if the instruction TRAPV is executed.
The CHK (EA), Dn instruction compares [Dn] with (EA). lf[Dn)iowt6uju<0orif[D]t
I6bh > (EA), then a trap to location 0018 16 is generated. Also, N is set to 1 if(Dn] llsbU <
0 and N is reset to zero if [Dn] low 16bu> (EA). (EA) is treated as a 16-bit 2s complemeiit
integer. Note that program execution continues if [Dn]16, lies between 0 and (EA).

Consider CHK (AS), D2. If [D2) I011b , = 0200 16
1
 [AS] = 00003000 51 [ 003000 16 ] = 010016,

then after execution of the CHK, the 68000 will trap since [D2} = 0200 16 is greater than
[003000] = 010016.

The purpose of the CHK instruction is to provide boundary checking by tesr:ng if the content
of a data register is iii the range from zero to an upper limit. The upper limit used in 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 volad.
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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 arc 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 clement 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:	 -

CUK #124, D5

MOVE.B 0 (A3, D5.W), D4

In the above, if low 16 bits of D5 is greater than 124, the 68000 will trap to location 0018.
In the above, it is assumed that 1)5 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.

5.6 68000 Stacks
The 68000 supports stacks and queues with the address register indirect postincrement and

predecrement addressing nIodes.
In addition to SPs, all seven address registers A0-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 prcdccrcmentcd 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 P200; then after execution of the
subroutine call the stack will push the PC as follows:

Low Address

USI'-4
or	 0031 (II)

SSP-4

USP-2
or	 —).•	 I200 (1.)

SS11-2

UsP
or	 VALID DATA

sst..
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 either 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 AS is used as the stack pointer:

23	 0	 STACK
AS20050416

	

) 20050416	
TOP

	

20050616	
DATA 2

	

20050816	
DATA 1

	

20050916	 DATA 0

	

20050C16	 BOTTOM

In order to push 16-bit content 0504 16 of memory location 305016 16, the instruction
MOVE.W $305016, —(AS) can be used as follows:

SK23	 0	 TAC
AS (_2O05O2

I	
200502	 0504

	

20050416	
TOP

	

20050616	
DATA 2

	

20050816	
DATA 1

	

20050A16	
DATA 0

	

20050C16	
BOTTOM

The 16-bit data 0504 16 can be popped from the stack into low 16 bits of DO by using
MOVE.W (A5)+, DO. AS will contain 200504 16 after the POP. Note that in this case, the stack
pointer AS 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

	

30500416	 BOTTOM

	

30500616	
DATA 0

	

30500816	
DATA 1

	

30500A16	
TOP

23	 0

A6	
30500C16	

FREE

Now, in order to PUSH 16-bit contents 2070 16 of the low 16 bits of D5, the instruction
MOVE.W D5, (A6)+ can be used as follows:
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30500436

30500636

30500816

30500A16

23	 0	 30500C1
Al	

J-1	 30500E16

309

STACK

BOTTOM

DATA 0

DATA I

TOP

2070

FREE

The 16-bit data 2070 36 can be popped from the stack into 16-bit memory location 41702436

by using MOVE.W— (A6), $417024.

Note that in this case, the stack pointcr A6 points to the free location above the valid data.

Example 5.1

Determine the effect of each one of the following 68000 instructions:
CLR DO

• MOVE.L Dl, DO

• CLR.L (AO) +

MOVE - (AO), DO

• MOVE 20(A0), DO

• MOVEQ.L #$D7 , DO
• MOVE 21(Al, AO.L), DO

Assume the following initial configuration before each instruction is executed. Also, assume

all numbers in hex.
[DO]	 22224444,
LAO] = 00002224,

[002220] = 8888,
(002224) = 6666,
[002238] = Ai\AA,

[Dl] = 55556666

[Al)	 00003333

[002222] = 7777
[002226) = 5555
[00556C] = FFFF

Solution

Instruction	 Effective address	 Net effect (HEX)

CLR DO
MOVE.L Dl. DO

CLR.L (AO)+

MOVE —(AO), DO

MOVE 20 (AO). DO

MOVEQ,L#5D7, DO

MOVE 21 (AO, All), DO

Destination EA = DO
Destination EA = DO
Source LA = DI
Destination EA = [Aol

Source IA = JAOI —2
Destination EA = DO
Source LA = [Aol 4 20 (or l4)

= 002238
Destination LA = DO
Source data = D7
Destination IA DO
Source EA = [Aol + [All + 21

= 556C
Destination LA = DO

(DO) = 22220000
[DO] (— 55556666

[002224] = 0000
[0022261 = 0000
[AD] — 00002228
[AD) 4— 00002222
[DO] = 22227777
IDOl = 2222AAAA

IDOl f— FFFFFPD7

(DO) = 22221F-FF
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Example 5.2
Write a 68000 assembly program segment that implements each one of the following Pascal
segments. Assume the following information about the variables involved in this problem.

Variable	 Comments

X	 Address of s 16-bit signed integer of array I of 10 cici,ients
Y	 Address of a 16-bit sigrscd.intcger of array 2 of 10 elements
SUM	 Address of the sum

(a) 1fX;-^Y,thcnX:X+10;
cisc Y :=Y - 12.

(b) Sum	 0; for i:=0to9do
sum	 sum + A (1).

Solution
(a)

THRPT
NEXT

(b)

LEA X, A0
LEA Y, Al
MOVE (A0), DO
CMP (Al), DO
BGE THRPT
SUBI #12, (Al)
BRA NEXT
ADDI#lO, (AO)

LEA SUM, Al
LEA Y, AC
CLR DO
MOVEQ.L #9,Dl

LOOP ADD (AO) +, DO
DBF D1,LOOP
MOVE DO, (Al)

Point AC to X

Point Al to Y
MOVE [X] into DO
COMPARE [X] WITH (Y]

Execute else part

Execute then part

Point to SUM
Point A0 to Y [0]
Clear the sum to zero
Initialize Dl with loop
limit

Perform the iterative
Summation
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 Dl becomes —1. Therefore, we repeat the addition process for 10 times
as desired.

Example 5.3
Write 68000 assembly program to clear 85 16 consecutive bytes.

Solution

ORG $2000
MOVEA. L#$3000,AO
MOVE #$84, DO
CLR.B(AO)+

LOAD AO WITH $3000
MOVE 84 16 INTO DO
CLEAR [ 3000 16 ] AND
POINT TO NEXT ADDRESS
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DBF DO, LOOP
	

DECREMENT AND BRANCH
FINISH JMP FINISH
	

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 though84, can be accommodated in a byte. Also, one should

be careful about using MOVE-Q, since MOVEQ sign extends a byte to a long word.

Example 5.4

Write 68000 assembly program to compute

Xi Yi

where Xi and Yi arc signed 16-bit numbers, N = 100. Assume no overflow and that the result

is 32-bit wide,

Solution

FINISH

LOOP

ORG $1000
MOVEQ. L#99, DO
LEA P, AO
LEA Q, Al
CLR.L Dl
MOVE (AO)+, D2
MULS (Al)+, D2
ADD.L D2, Dl
DBF DO, LOOP
JMP FINISH

MOVE 99 10 INTO DO
LOAD ADDRESS P INTO AO
LOAD ADDRESS Q INTO Al
Initialize Dl to zero
MOVE [X) TO D2
02 +- [X] * [Y]
Dl +- Y, Xi Yi
DECREMENT AND BRANCH
HALT

Example 5.5

Write a 68000 subroutine to compute

Yi

Assume the Xi's are 16-bit signed integers and N = 100. The numbers are stored in

consecutive locations. Assume AC points to the Xi's and SP is already initialized. Also, assume

no overflow.

SO Ii (1 iO ii

SQRE MOVEM.L D2/D3/A0,-(SP)
CLR.L Dl
MOVEQ.L #99,D2

LOOP MOVE.W (A0)+, 03
MULS D3,D3

Save registers
Clear sum
Initialize loop count
Move Xis into D3
Computer X12



312	 Microprocessors and Microcomputer-Based System Design, 2nd Edit-ion

ADD.L D3, Dl

DEE' D2, LOOP	 ; Store sum of Xi2 into Dl
SDIVTJ #3.00, Dl	 ; Compute ! Xi21N
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 10 from the source
block starting at location 002000 to the destination block starting at location 00300016.

Solution
MOVEA.L #$2000, Ad
MOVEA.L #$3000, A5

MOVEQ.L #99, DO

START MOVE.W (A4)+, (A5)+
DEE' DO, START

END	 JMP END

Example 5.7

Load A4 with source address
Load A5 with destination
address
Load DO with count •l = 99
MOVE source data to destination
Branch if DO * -1

HALT

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 16 , while the second word is stored in two consecutive locations with the low byte pointed
to by Al at 0700 16 . Store the result in hex in memory pointed to by Al.

Solution
MOVEQ.B #l,D2
MOVEA.L #$0300,AO
MOVEA.L #$0700,Al
MOVEE.W #O,CCR

START MOVE.B (AO)+,D0
ANDI.B #$OF,DO
ANDI.B #$OF, (Al)
?.DDX.B DO, (Al) +
DBF D2,START

PRAD
	 JMP END

Initialize loop
Initialize A0
Initialize Al
Clear X-bit
Move data
Mask off upper nibble
Mask off upper nibble
Add data

Halt

Example 5.8

Write 6800 assembly language program to compare a source string 0150 10 words pointed to
by A0 with a destination string pointed to by A]. The program should be halted as soon as a
match is found or the end of string is reached.

Solution
MOVEQ.B #49,DO

BEGIN	 C1'PM (A0)+, (Al)+
DBEQ DO,BEGIN

FINISH JMP FINISH

Initialize loop count
Compare string
Compare until match or end of
string
Halt



Main program
MQVE.B (Al),DO
MOVE.W (A2),Dl
CALL MULTI
MOVE.L D1, (AO)

pIm:SH J1'IP FINISH

; Move B-bit data
; Move 16-bit data
; Call subroutine

Store result
; Halt

Subr.utine
NUIt'I	 EXT.W DO

MULS.W DO,D1
RT S

; Sign extend DO.B
signed multiply
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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 stacl
pointer is already initialized. Assume supervisor mode.

Solution

Example 5.10

Write 68000 assembly language program to subtract two 64-bit numbers. Assume D3D4 and
D1DO contain the two 64-bit numbers. Store the result in D3D4.

Solution
SUB.L DO, D4

SUBX.L D1, D3

FINISH JMP FINISH

Example 5.11

Subtract
; Low 32-bit
; Subtract
; High 32-bit

HALT

Write 68000 assembly language program that will perform the following operation:

5 X-6Y+(X/8)-- Dl.L

where Xis unsigned 8-bit number stored in lowest byte of DO and  is 16-bit signed number
stored in upper 16-bit number in Dl respectively. Discard remainder of X18.

Solution
AZDI.W #$OOFF,DO
MOV.W DO,D2
MtTLU.W *5,D0
SWAP.W Dl
MULS.W *-6,D1
ADD.L DOID1
LSR.W #3,D2

Convert X to 16 bits
I Save DO
1 DO.L	 5 * X

Data in low 16-bit
I ]D1.L - -6 * y
I D1.L	 5 * x - 6 *
I D2.W f— X/8
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ANDI.L #$ 0000FFFF ,D2 ; Mask off high 16 bits of D2
ADD.L D2, DI	 ; Store 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)19] *

solution

MOVE.B (AO),DO ; Get degrees F.
EXT.W DO	 ; sign extend
SUBI.W #32,DO	 ; subtract 32
MULS.W #5,DO	 ; DO - (F - 32) * 5
DIVS fl9,DO	 ; DO - DO/9

FINISH UThIP FINISH

5.7 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 Vcc 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.

DO-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 arc conducted over the 16-bit bus.
Al23 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 T1'L 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 MC68HC000 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 liming 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
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64-pin dualin-line package

04	 64 05
03	 63 06
02	 6)

	 137
01	 4	 61	 00
DO	 61) 09
AS F,	 Ml	 010

005 7	 SB	 DIl
LOS	 II	 57	 012
RP.V	 9	 SI.	 Dl)

DIACK	 1))	 55
	 014

BC
	 II	 54	 015

BC,ACK 12	 53 GND
BR	 Ii	 52	 Al)

'4	 51	 All
5))	 All

CND	 'F,	 49	 Vrc
F IAIT	 '7	 40	 Al))

RISET	 'IT	 47
	 Al')

VMA	 '5	 46 AlIT
IC)
	 45

	
A17

vrA
	 21	 44	 All,

B(RR	 22	 43	 Al)
I FL 2	 23	 42	 A14
'Pt	 24	 41	 All
IF) ()	 25	 411	 All
rd	 26	 39	 All
IC I 27	 30 MO
TO 26	 37 A9
Al	 29
	

31.	 AS
A)	 3(1	 35

	 A7
A3
	 3'	 34	 A6

A4 32	 33 AS

FIGURE 5.7 68000 pin diagram.

uses two inverters connected in series. Inverter I 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, 74HCO2, 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  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

5.7.1 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 (02) 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	 I	 4.0	 8.0	 4.0	 10.0	 4.0	 12.5	 MHz

Cycle Time	 'cyc	 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	 -	 10	 -	 10	 -	 5	 ns

	

'Cl	 -	 10	 -	 10	 -	 5

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.

R = 1 K Q	 crystal	 LI

CLOCK Q l-' To

-J	 68000 CLK
input

FIGURE 5.9 External clock circuitry.
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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
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 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 is 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 	 E clock. VPA call 	 gep. ratcd by decoding the address pins and
address strobe (AS). Note that the 68000 asserts AS low when the address oil address bus
is valid. VMA is typically used as part of the chip select of the 6800 peripheral. This ensures
that the 6800 peripherals are selected and descicctcd 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 680 VPA.Jj ut. If the

VPA is asserted as soon as possible alter the assertion of AS, then VPA will be
recognized as being asserted on the falling edge of S4 (third cycle). If the VPA is not
asserted at the falling edge of S4 (third cycle), the 68000 inserts wait states until,..PA
is recognized by the 68000 as asserted. DTACKs hOUld 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 (oil.Aread acle .. 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 live lines to control address _and ,data transfers asynchronously. These

are AS (Address Strobe), P.1W (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 requi .red 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 t ra nsfer 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
6800knoc that the peripheral device is ready for data transfer. The 68000 then utilizes the
R/W UDS IJPS and data lines to transfer data.

UDS and LDS are defined as follows:

UDS	 LDS	 Data Transfer occurs via	 Address

1	 0	 DO-D7 pins for byte	 Odd
O	 I	 D8-D15 pins for byte 	 Even

O	 0	 DO-I) IS 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 oil low-order 8
lines of the data bus, D0-D7. During word and ions' word transfers, both UDS and LDS are
asserted and information is transferred on all 16 data lin's, D0-D15. 1-Iowcvcr, an additional
cycle is required fora long word 32-bit transfer. Note that urin, byte memory transfers, A0
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.

5.7,2 System Control Lines

The 68000 has three control lines, namely, BERR (Bus Error), HALT, and RESET, that are
used to control system-related functions.

	

IDS	 CS
AS
J_dJ/ )IDO-D7

DO.D7J
I	 Al -A23

	

DO - Dl 54	 1Odd

011- DI 51

Al -A23
- A23

UDS
611000

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 ay .c,hronous 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 ail 	 service routine

The trubled 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 their 	 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 call rerun repeatedly if both BERR
and HALT are enabled/disabled continually.

Oil other hand, ail 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 simultaneous buserrors are received due to rerun of the troubled'
instruction cycle via the BERR pill 	 HALT, the 68000 automatically goes into the
HALT state until it is reset.

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 call 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 can also 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 ail 	 signal. The 68000 will assert the HALT pin
LOW when it gQcJnto a HALT state as a result of a catastrophic failure. The double bus error
(activation of BERR twice) is ail 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 pill also be used as an output line. A LOW call 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 execution of the 	 instruction does not affect any data,
address, or status register. Therefore, the RESET instruction call 	 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.

2. The 68000 initializes the status register to an interrupt mask level of seven.
3. No other registers are affected by hardware reset.
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VCC	
k--- I > 101.) Milliseconds—a.

RESET -1	 1 1

HALT

k	 )I	 1 <4 Clocks	 k- I -1
Bus Cycles
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Notes:
1. Internal start-up lime	 .1. PC I liglr read in here
2. 551' II ilt read in here	 5. PC Low read in here
3. 5SF' Low read in here	 6. First instruction (etched here

Bus state Unknown: 	 )000(
All Control Signals Inactive
Data Bus in Read Mode	 ><

FIGURE 5.11 68000 reset operation timing diagram.

When a RESET instruction is executed, the 68000 drives the RESET pill 	 for 124 clock
periods. In this case, the processor is trying to reset the rest of the system. Therefore, there is
no effect oil 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 1-IAL1' lines for 10 clock cycles will cause a processor reset, except
when Vcc 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.

FIGURE 5.12a 68000 RISEr circuit (simpic).

The above circuit is similar to the 8085 reset circuit except that the output goes to both
RESET and HALT lines of tile 68000. A more accurate RESET circuit is shown in Figure 5A2b.

The Motorola MCI 455 in Figure 5.1213 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 (Vcc) to the trigger comparator (COMPE) falls below 1/3 Vcc, the
comparator o1ItpIt (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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FIGURE 5.12c MCI 455 internal bloc} diagram.

When the capacitor voltage reaches 2/ Vcc, the threshold comparator resets 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 , = 1M and C = 4.7 pF.

The MC1455 call connected so that it will trigger itself and the capacitor voltage will
oscillate between /3 Vcc and 2/ Vcc. Once the flip-flop has been triggered by an input signal,
it cannot be retriggered until the present timing period has been completed. A reset 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 stU for 1.1 RAC = 5.17s 0.1 * * 4,7 * 10 6 ) . The 68000 requires the
RESET and HALT lines to be low for at least JO 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 ps
* 10 = 1.25 ps. Since the MC1455 output 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 HAUL-P in 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 tile 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, tile 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 1.0W, 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 I providing a LOW at the HALT pin for 5.17 s (greater than 1.25 ps).
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TABLE 5.13 Function Code Lines

J:C2	 tCL	 FCO	 Operation

o	 a	 a	 Unassigned
o	 0	 I	 User data
o	 1	 0	 User program
o	 1	 1	 Unassigned
I	 0	 0	 Unassigned
I	 0	 1	 Supervisor data
1	 1	 0	 Supervisor program

1	 1	 Interrupt acknowledge

5.7.3 Interrupt Control Lines

IPLO, IPL1, and 111 1,2 are interrupt control lines. These lines prj4c for seven Jterrupt

priority levels ( IPL2, IL l, IPLO — III means no interrupt and IPL2, ]PIA, IPLO = 000

means nonmaskable interrupt). IPL2, IPL I , IPLO = 001 through 110 provides six maskable

interrupts. The 68000 interrupts are discussed later in this chapter.

5.7.4 DMA Control Lines

BR (Bus Request), BG (Bus Grant), and BGACK (Bus Grant Acknowledge) lines arc used

for DMA purposes. The 68000 DMA will be discussed later in this chapter.

5.7.5 Status Lines

The 68000 has three output lines called the (unction 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, PCi, 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 directl y address up to 64 megabytes of memory. This is shown in Figure 5.13.

DO-UI 5

	

	
Ii 6M User Data

to each partiroir
A1-A23

FIGURE 5.13 I'arti6onin: OS000 address space using FC2, FCI, and FCO pins.
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Oscillator

-T-

Other control
signals

Data bus

Address bus
MC68000

Asynchronous bus

Synchronous bus

Memory	 Control
RAM/ROM I	 I	 logic

6800	 1	 1	 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.

SO St 52 53 Si 55 5657 SO Si 52 53 5455 S657 Si) Si 52 SI 54 w w w w 55 S6 57
CLKLJ

lco-rc2
Al -A23

XS

	

UDS	 "N

WS

L)TACK

	

08-015 	 >-

	

00-07 	 _

Read	 - —Write	 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, Dl or a long word such as
$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 byte operation the 68000 utilizes an internal bit
to find which byte to read and then outputs the data strobe rcqujtd for that byte. For byte
operations, when the address is even (AU = 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 (AU = I), the 68000 outputs LOW on LDS and reads data byte via DO-
D7 pins into low byte of the specified Ldata register. For example, consider MOVE.B $507144,
D5. The 68000 outputs LOW on UDS (since AU = 0) and higE oil 	 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 all 	 location

by executing all 	 such as MOVE.B $507145, D5, the 8 data lines of the mcmoi-y.chip
must be connected ipthe 68000 D0-D7 pins. The 68000, in this case, outputs low on LDS (A0

= 0) and high oil 	 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 SI, the 68000 outputs the address oil address pins (A1-A23). During SO, the 68000
outputs FC2-FCO signals. AS is asserted at the start of S2 to indicate valid address on bus. AS
call be used at this point to latch the signals oil address pins. The 68000 asserts UDS and
LDS pins to indicate a word transfer. The 68000 also outputs high on the RJW pin to indicate
a read operation.

The 68000 now waits for the peripheral device to assert DTACK. Upon placing data oil
data bus, the per i plicLil 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).
However, upon assertion of DTACK, the 63000 negates AS, UDS, and LDS signals and

then latches the data from data bus into all register at the end of the next cycle. Once
the selected peripheral device cnc that the 800O has obtained data from the data bus (y
recognizing the negation of AS, UDS, or LDS), the peripheral device must negate DTACK

immcdiatciy .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. J' 1se 68000 outputs valid addresses oil 	 address pins and keeps asserting
AS, UDS, and LDS until the 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 Sl. During SO, the 68000 places the
proper function code values at the FC2, PCi, and FCO pins. If the 68000 used the data bus in

the previous cycle, thç. it places all data pins in the high impedance state and then outputs
LOW oil and RLW pins. ..the start of S3, the 68000 places data on D0-Dl5 pins. The
68000 then asserts UDS and LDS pins at the beginning of S4.

For the memory or I/O device, if DTACK is not asserted by memory or I/O device by the
end of S4, 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, sets 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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5.10 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 DTAC}( is not asserted by the memory devices at
the end of S4.

A simplified schematic showing an interface of  68000 to two 2716s and two 6116s is shown
in Figure 5.16. The 2716 is a 2 Kx8 EPROM at the 6116 is a 2 Kx8 static RAM. For a 4-MHz
clock, each cycle is 250 ns. The 68000 samples DTACK at the falling edge of the S4 (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 S6 is 500 its.

Since the access times of the 2716 and 6116 are, respectively, 450 and 120 us, delay circuits
for DTACK are not required. As all the 68000-2716 timing parameters with various
68000 clock frequencies arc as follows:

Case	 680001 - re(lucncy	 Clock cycle

6 1A lz	 166.7 us
2	 8 MIle	 125

3	 10 MHz	 100

4	 12,5 MIte	 80 us
5	 16.67 MHz	 60 us
6	 25 MHz	 40 us

'lime before first

D'I'ACK is sampled

3( 106.7) = 500.1 mis
3(125) = 375 us

3(100) = 300 us

3(80) = 240 us
3(60) = 180 us
3(40) = 120 ns

Comment

No (juiiug problem
No timing problem since the 68000 IaLchcs

data after 500 us
Not enough time for the 2716 to place data on

bus; needs dela y circuit
Same as case 3
Some as case 3
Samt .,.,:e 3

Note that LDS and UDS must be used as chip selects as ill figure. They must not be
connected to A0 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 ofA23-A 14
to be zeros.

Memory tnap for cvcii 2716 (A 12 must be zero to select even 2716 and A13 must be zero to
deselect even 6116)

A23 A22 A21 A20 A19 AlS i\17 i\16 A15 i14 i\13 i\12 All . . . Al AU
0 0 0 0 0 0 0 0 0 0 0 0	 -r- 0

call 	 from all zeros to all ones

The memory map includes the addresses $000000, $000002, $000004.....$000FFE.

Memory map for 0(1(1 2716 (Al2 must be 0 to select odd 2716 and A13 must be 0 to deselect
odd 6116)

A23 A22 A21 A20 A19 A18 A17 A16 A15 A14 A13 i12 All . . . Al A0
0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1

	

call 	 front 	 zeros to all ones

The memory map includes the addresses $000001, $000003, $000005.....$000FFF.

Memory map for even 6116 (Al2 must be one to deselect even 2716 and i\13 must be one to
select even 6116)
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A23 A22 A21 A20 A19 A18 A17 A16 A15 Aid A13 Al2 All ... Al 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.

M'cmory map forodd6ll6(Al2 must be one to deselect odd 2716 and A13 must be one to select
to odd 6116)

A23 A22 i21 A20 A19 A18 A17 A16 A15 i14 i\13 Al2 All . . . Al A0

	

0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 1	 1
can be from all zeros to all ones

The memory map includes the addresses $003001, $003003, .. , $0031FF,
In summary, the memory for the schematic in Figure 5.16 is shown in the following:

EVEN 2716 EPROM

ODD 2716 EPROM

EVEN 6116 RAM

ODD 6116 RAM

$000000'
$000FFE
$000001,
$00 OFFF
$003000,
$003FFE
$003001,
$003FFF

$000002, $000004 .......

$000003, $000005 .......

$003002, $003004 .......

$003003, $003005.......

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, Di. Upon execution of this MOVE instruction, the 68000
reads the [$000004] from even 2716 to the low byte ofDt. In order to execute the instruction,
the processor places the upper 23 bits of $000004 oil A23-A1 pins, and asserts UDS and AS.
Since Al2 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 Dl. Similarly, a byte read operation from the odd 2716 can be
explained.	 -

Consider MOVE.W $000001, Dl. The 68000 asserts both UDS and LDS in this case. The
outputs ofANI) gates3 and 5 arc LOW. Both the even 2716 and theodd 2716 areselected. Data
placed oil pins and D8-l)15 pins of the 68000 from locations $000004 and $000005 of
the even 2716 and odd 2716 are read by the processor, respectively, into bits 8-15 and bits
0-7 of DO.

Consider MOVE.B D2, $003001. The 68000 asserts LDS, AS and outputs HIGH on Al2
and A13. The output of AND gate 6 is LOW and thus selects odd 6116. Since RI W = 0, the
odd 6116 writes the low byte of D2 from 68000 DO-D7 pins into location $003001. Similarly,
other byte operations from the RAMs can be illustrated.

Consider MOVE.L D3, $003002. The 68000 asserts AS, and both UDS and LDS. It also
outputs HIGH oil 	 and A13. Both RAMs are selected. The high 16 bits of the 32-bit data
placed oil pins by the 68000 are written into locations #003002 (byte 0) and $003003
(byte I), and the low 16 bits of the 32-bit data placed on DO-D IS 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 lung 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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5.11 68000 Programmed I/O

As mentioned before, the 68000 uses memory-mapped I/O. 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).

5.11.1 68000-68230 Interface

The MC68230 parallel interface/timer (PItT) 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 u0230 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  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, RI 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 control 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 PB0-PB7 pins providciwo 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-H4. 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 Hi 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.

PCO-PC7 pins can be used as eight general purpose I/O pins or any combination of six
special function pins and two general purpose I/O pins (PCO, Pd).

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 tinier I/O pins. For example, the

PC2 pin can also be used as 1 timer input TIN. When the 68230 tinier is used as an event
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RSI-RS5

CS
DTACK

RESET
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PAO-PA7
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TABLE 5.14 Signal Summary of the MC68230

Signal name	 Input/output	 Active state	 Edge/level sensitive	 Output states

CLK	 Input	 Falling and rising
edge

CS	 Input	 Low	 Level
DO-D7	 Input/output	 High = I,	 Level	 High, low, high impedance

DMA REQ
DTACK
H l(H3)"
H2(H4)'
PAO-PA7,'

PBO-PB7,' PCO-PC7

PIACK
PIRQ

RSI-RS5

RJW

low = 0
Output	 Low
Output	 Low
Input	 Low or high

	
Asserted edge

Input or output	 Low or high	 Asserted edge
Input/output	 High = I,	 Level

low = 0

High, low
High, low, high impedance -

High, low, high impedance
I ugh, low, high impedance

Low, high impedances

Input or output
input or output

Input
Output
Input

Input

Low	 Level
Low
High = I,	 Level

low = 0
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.
b HI is level sensitive for output butler 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 dock 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

* Individual Programmable Dual-Function I'm

FIGURE 5.17 Logical pin assignment.
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'FABLE 5.15 63230 Register Addressin g Assignments

Register select bit
	

Affected by	 -
5	 4	 3	 2
	

Accessible	 Reset	 Read cycle

Port General Control Register
Port Service Request Register
Port A Data Direction Register
Port B Data Direction Register
Port C Data Direction Register
Port Interrupt Vector Register
Port A Control Register
Port B Control Register
Port A Data Register
Port 11 Data Register
Port A Alternate Register
Port [3 Alternate Register
Port C Data Register
Port Status Register
Tinter Control Register
Tinter interrupt Vector Register
Counter Preload Register High
Counter Preload Register Middle
Counter Preload Register Low
Count Register I ugh
Count Register Middle
Count Register Low
Timer Status Register

(l'GCR)
(PSRR)
(PA DDR)
(PBDDR)
(PCDI)R)
(PIVR)
(PACR)
(P 13CR)
(['AD It)
(l'I3DR)
(I'AA It)
(PIJA It)
(PCDR)
(['SR)
(1CR)
(TIVR)
(CPRH)
(CPRM)
(CPRL)
(CNTRI1)
(CNTRM)
(CNTRL)
(TSR)

R W
	

Yes
	

No
R W
	

Yet
	

No
R V
	

Yes	 No
0	 1	 1
	

R 
	

Yes
	

No
1	 0	 0
	

R V
	

Yes
	

No
I	 0	 I
	

R W
	

Yes
	

No
I	 1	 0
	

R \V
	

Yes
	

No
I	 I	 I
	

R W
	

Yes
	

No
0 0 0 R W
	

No
0 0	 I
	

R W
	

No
13	 1	 0
	

R
	

No
	

No

3	 1	 0
	

R
	

No
	

No

3	 I
	

0
	

0
	

R 
	

No
	

No

3	 1	 1
	

0
	

it
	

Yes
	

No
1	 0	 0
	

0
	

0
	

P. W
	

Yes
	

No
1	 0 0 0
	

P. W
	

Yes
	

No
1	 0 0
	

P.
	

No
	

No

1	 0	 I
	

0
	

0
	

P. \V
	

No
	

No
1 0	 1
	

0
	

P. W
	

No
	

No
1	 0	 1
	

P.
	

No
	

No
1	 1	 0
	

0
	

P.
	

No
	

No
1	 0 0
	

P.
	

No
	

No
I	 1	 0
	

P. W5
	

Yes
	 No

Note: R read; W = write.
'Mode dependent.

A write to this register may perform a special status resetting operation.

output or a general purpose square output, initially high. TIACK is an active low high-
impedance input used for timer interrupt acknowledge.

Ports A and B have an indepcndeiLpir of active low interrupt request ( PIRQ) and

interrupt acknowledge ( PIACK) pins. P1RQ is an output pin and is used by the 68230 when

it implements an interritpt-driven parallel 1/0 conluguratio.a..Ihercfore, PC2-PC7 pins may or

may not be available for general purpose 1/0. The 68230 PIRQ p	 an be connected to one

of the 68000 IPL pins and the 68230 PIACK pin can be connect	 the NANDed output

of 68000 FC2 FC1 FCO pins. Since FC2 PCi FCO = i1I indicate, .nterrupt acknow1dge,

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 (RO) are used for

configuring ports A and B in one of four modes as follows:

PGCR bits
7	 6

Mode 0 (unidirectional 8-bit mode)
Mode I (unidirectional 16-bit mode)
Mode 2 (bidirectional 8-bit mode)
Mode 3 (bidirectional 16-bit mode)

The other pins of PGCR arc defined as follows:
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I'GCR

bit S

0

bit 4

0

bit 3

0

bit 2 (H3 scnsc),
bit 1 (H2 sense)

and bit 3 (Hi sense)

H34 Enable

Disab!td

Enabled

H12 Enable

Disabled

Enabled

H4 sense at high level when negated
and low level when asserted

H4 sense at low level when negated
and high level whcn asserted

same definition as H4 scnsc

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 IACR (R6) and PBCR (R7) as
follows:

For unidirectional 8-bit mode (mode 0)

Bit 7 ofPACR	 Bit 6 of PACk
or NICk	 or POCk

Submode
00	 0	 0

Submode
01	 0	 I

Submode
IX	 1	 X

Pin-definable doLsbic-buffered input or single-buffered output

Pin-definable double . buffered output or nonlatched input

Bit I/O (pin-definable single-buffered output or nonlatched
input)

Note that in the above X uxans don't care. Nonlatched inputs are latched internally but the
bit values are not availN at the port.

The submodes define te ports as parallel input ports, parallel output modes, or bit-
configurable I/O ports. hi addition to these, the submodes further define the ports as latched
input ports, interrupt-Jriven 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 through 000006 16. 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 (RO), PADDR (112), PBDDR (113), PACR
(R6), PBCR (R7), PADR (118), and 1BDR (R9).

Consider PGCR.

A23 A22 A21 A20
	

A6 A5 A4 A3 A2 Al A0
1	 0	 0	 0
	

0	 0	 0	 0	 0	 0	 0 =$800000
1'

RS5—'—RSI	 UIJS

Similarly,
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Al

DTACK -
D8-D15 -
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Oscillator

Reset
Circuit

FIGURE 5.18 68000-68230 interface.

address for PADDR = $800004
address for PI3DDR = $800006
address for PACR = $80000C
address for PBCR = $80000E
address for PADR = $800010
address for IBDR = $800012

As an example, the following instruction sequence will select mode 00, submodc IX 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 #$00, PGCR ; Select mode 0
MOVE.B #$OFF , PACR ; Port A bit I/O submode
MOVE.B #$OFF, PBCR ; Port B bit I/O submode
MOVE.B #$OF, PADDR ; Configure Port A bits 0-3 as

outputs and bits 4-7 as inputs
MOVE.B #$OFF, PBDDR ; Configure Port B as an output

port.

5.11.2 Motorola 68000-6821 Interlace
The Motorola 6821 is a 40-pin peripheral interface adapter (PTA) chip. It is provided with an
8-bit bidirectional data bus (D0-D7), two register select lines (RSO, RSI), read/write line
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TABLE 5.16 6821 Register Definition

Control register
l)t5 2

R51	 RSO	 CRA-2	 CRB-2	 Register selected

o	 0	 1	 X	 1/O port A
o	 0	 0	 X	 Data direction register A
o	 i	 X	 X	 Control register A
1	 0	 X	 I	 1/O port il
1	 0	 X	 0	 Data direction register B
I	 I	 X	 X	 Control register B

No/c: X = Don't care.

(WW), reset line (RESET), an enable line (E), two 8-bit I/O ports (PAO-PA7) and (PBO-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 RSI inputs together with bit 2 of the control register. Table 5.16 shows how the
registers arc selected.	 -

In Table 5.16 bit 2 in each control register (CRA-2 and CRB-2) determines selection of
either an I/O port or the corresponding data direction register when the proper register select
signals are applied to RSO and RSI. A 1 in bit 2 allows access of I/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
setting a I 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 oi setting PAO-PA7 and P130
P137 as inputs.

There are three built-in signals in the 68000which provide the interface with the 6j,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 
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.

The Valid Peripheral Address ( VPA ) is an input o 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 #$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 th, 68000 or from the 68000 to an output device by using the
MOVE.B instruction as follows:

MOVE.B (EA), Dn Transfer 8-]it data from an input port to
the specified data 're'istar Dn.



Motorola MC68000
	

335

MOVE.B Dn, (EA) Transfer 8—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, 1/0 port addresses call 	 obtained as follows. When i\23 is HlG.d 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 CSI HIGH oil the chips. Note that A23 is
arbitrarily chosen. A23 is chosen to be HIGH to enable CSI 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 I/O ports, control registers, and the data direction registers for the
even 6821 can be obtained as follows:

Port name	 Memory address

	

A23	 •'\22	 /3	 A2	 Al	 AO

110 port A/DDlti\	 I	 U	 0	 Ii	 0	 0	 = 00000,,

CPA	 I	 0	 .	 0	 0	 I	 0	 = 00002

I/O port B/DDR1t	 I	 0	 ...	 0	 1	 0	 0	 = 800004

CR0	 I	 0	 0	 1	 1- 0	 = 800006

Note that in the above, A0 = I) for even addressing. Also, from Table 5.16, for accessing DDRA,
bit 2 ofCRA with memory address 800002, must be set to 1 and then port A can be configured
with appropriate data in 800000 16. Note that port A and 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 6 or $00004 16 is an I/O port or data

direction register.
Similarly, the addresses for the ports, control registers, and the data direction register for the

odd 6821 (A0 = 1) call determined as follows: port A/DDRA (800001,), CRA (80000316),
port B/DDRB (800005), and CRB (80000711,).

5.12 68000/2716/6116/6821-Based Microcomputer

Figure 5.20a shows the schematic ofa 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 schem at icTwo 27141 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 decode r enables the

memory_or I/O chips depending oil status of Al2-A14 address lines and AS line of the
68000. AS is used to enable the decoder. 10 selects the EPROMs, Ii selects the RAMs, and 12

selects the I/O ports.
When addressing memory chips, DTACK input of the 68000 must be asserted for data

acknowledge. The 68000 clock ira the h ardware schematic is 8 MHz. Therefore, each clock cycle
is 125 nanoseconds. In Figure 5.20a, AS is used to enable the 3x8 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 S-Ml-lz clock) from the beginning of the bus cycle. With
no wait states, the 68000 samples DTACK at the filling edge of S4 (375 us) and, if recognized,
the 68000 latches data at the falling edge of 56 (500 us). If the 1)TACK 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 ofSW (wait state), and, ifrecognized, latches data at the end ofS6 (625 ns),
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DTACK

FIGURE 5.20b Delay circuit for DTACK.

and the process continues. Since the access time of 2716-I is 350 ns, DTACK recognition by
the 68000 at the falling edge of S6 (wait state) (500 us) and, hence, latching of data at the fallin_g
edge of S8 (625 ns) will satisfy the timing rcquircmcnLhis means that the decoder output 10
for ROM select (delayed by approximately 250 us by AS) must drive DTACK Low at the end
of S6. Therefore, 10 must be delayed by 250 us, i.e., 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 dela yed 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, Q is 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.

-(- -125ns- -).

CLK 1 8 MHz I SO 15 I 1 S2 I S3 I S4 I S5 I S6 I S7 I SU f 59 1510 1 S1 11 512

not	 ROM is
ROM Sd.	 --1 selected selected

ID	 I	 I
I	 I

CLR	 I	 I

UTACK
Q2 or	 I	 delayed by

I	 I
I	 I

DTACK	 two cycles

FIGURE 5.20c Timing diagram for the DTACK delay circuit.
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The D flip-flop-will accept a high at the input, andQ2 will output high and Q2 willitput
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 clockcycle), 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 byisjngwo 6821 chips. When the I/O ports are selected,

the VPA pin is asserted instead 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 F clock.

Fhc memory and I/O maps for the schematic are shown below:

Memory Mappuig

LDS or UDS

A23—A15 A14 A13 Al2 All—Al	 AG

	

0-0	 0	 0	 0	 0-0	 0	 ROM (EVEN) = 2K

	

0-0	 0	 0	 0	 1-1	 0	 $000000, $000002, $000004,
$000FFE.

0	 0	 0	 0-0
	

ROM (ODD) = 2K

	

0-0	 0	 0	 0	 1-1
	

$000001,$000003,$000005 .....
s000l:FF

0	 0	 1	 0-0
	

0
	

RAM (even) = 2K

	

0-0	 0	 0	 1	 1-1
	

0
	

$001000, $001002, .. ., $OOIFFE

	

0-0	 0	 0	 1	 0-0
	

RAM (odd) = 2K

	

0-0	 0	 0	 1	 1-1
	

$001001, $001003, . . ., $OO1FFF

Memory Mapped I/O
RS  RSO LDS or UDS

A23—A15 A14 A13 A 1 Al l—A3 A2 	 Al	 A0	 Register Selected
(Address) EVEN

	0-0	 0	 1	 0	 0-0	 0	 0	 0	 Port A or 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
ODD

	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 DDR13 =
$002005

0	 1	 0	 0-0	 1	 1	 1	 CRB = $002007

Note that upon 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, 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
PADDR
PBDDR
PACR
PBCR
PADR
PBDR

'S.

EQU $800000
EQU $800004
EQtT $800006
EQU $80000C
EQU $80000E
EQU $800010
EQU $800012
MOVE.B #$0,	 PGCR
MOVE.B #$OFF, PACR
MOVE.B #$0FF, PBCR
MOVE.B #$08, PADDR
MOVE.B #$08, PBDDR
MOVE. B PADR, Dl
ANDI.B #$07, Dl

BEQ LOW
CMPI.B #$03, Dl
BEQ EVEN

CMPI.B #$05, Dl.
BEQ EVEN

cMPI.B *$06, Dl
BZQ EVEN

CMPI.B #$07, Di.
BEQ ODD

CNPI.B #$04, Dl
BEQ ODD

CMPI.B $01, Di.
BEQ ODD

CMPI.B $02, Dl
BEQ ODD
BRA LOW
MOVE.B #$00, PADR
MOVE.B #$ 08 , PBDR

; Select mode 0
; Port A bit I/O subinode
; 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
If so, turn both LEDs off.

; Are high switch inputs even
; If so, turn port A LED ON

and port B LED OFF.

; Are high switch inputs even
; If so, tun port A LED ON

and port B LED OFF

; Are high switch inputB even
If so, turn port A LED ON
and port B LED OFF.

; Are high switch inputs ODD
; If so, turn port A LED OFF

and port B LED ON
; Are high switch inputs even
; If so, turn port A LED ON

and port B LED OPT
; Are high switch inputs ODD
; If so, turn port A LED OFF

and port B LED ON
; Are high switch inputs ODD
; If so, turn port A LED OPT
; and port B LED ON
; Turn port A LED OFF
; Turn port B LED ON
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J' FINISH
EVEN HOVE.B #$08, PADR

MOVE.B #$00, PBDR
JMP FINISH

LOW	 MOVE.B #$001 PADR
MOVE.B #$00, PBDR

FINISH JMP FINISH

Halt
Turn port A LED ON
Turn port B LED OFF
Halt
Turn port A LED OFF
Turn port B LED OFF
Halt

5.13 68000 Interrupt I/O

The 63000 services interrupts in the supervisor mode. The 68000 interrupt I/O can be divided

into two types: external interrupts and internal interrupts.

5.13.1 External Interrupts

The 68000 provides seven levels of 7. The external hardware

provides an interrupt level using the pins IPLO, 111 1-1, IPL2. Like other processors, the 6800&

checks for and accepts interrupts only between instructions. It compares the value of inverted

IPLO- IPL2 with the current interrupt mask contained in the hits 10, 9, and 8 of the status

register.

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  all HIGH) indicates that no interrupt service is requested. An inverted

IPL2, IPL1, 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 IPL 2, ILl, IPL 0).

To ensure that all 	 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 Jiterrupt 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 (lACK) bus cycle.

Interrupt level 7 is edge-triggered. Oil other hand, the interrupt levels 1 to 6 are level

sensitive. But as soon as the status register is saved the processor updates its interrupt mask to

the same level.

The 68000 does not have any El (Enable Interrupt) or Dl (Disable Interrupt) instructions.

Instead, the level indicated by 12 1110 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, II, and 10 are modified

to contain 100 2 , then interrupt levels I to 4 are disabled and levels 5 to 7 are enabled. Note that

12 1110 = 111 disables all interrupts except level 7.

Upon hardware reset, the 68000 operates in supervisor mode and sets 12 1110 to 111 2 and

disables the interrupt levels 1 through 6. Note that if 121110 is modified to 110 2, the 68000 also

disables levels I 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 ,\3-A1 has the interrupt level. The processor sets

FC2 PCI FCO to 111 to run an lACK 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 priorities work, assume that 12 1110 in Sit the
value 011 2 . This means that levels 1, 2, and 3 arc 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 1110 in
SR with 101 2, 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 Sit 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 placing a vector number oil data bus (nonautovector),
o_.L.by indicating that no device is responding (Spurious Interrupt), if the hardware asserts
VPA to terminate the JACK 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	 II	 10

level I (— Interrupt vector $19 for 	 0	 0	 1
Level 2 — Interrupt vector $ii\ for	 ')	 1	 0
Level 3 — Interrupt vector $1 LI for	 0	 I
Level 4 — Interrupt vector SIC for	 1	 0	 0
Level 5 - Interrupt vector $11) for 	 I	 0
Level 6 <— Interrupt vector $I Ii for 	 I	 I	 0
Level 7 - Interrupt vector $1 1' for	 I	 I

During autovectoring, the 68000 asserts VMA after assertion of VPA and then completes
a normal 68000 read cycle.

In a flonautovector situation, the interrupting device uses external hardware to place a
vector number on data lines DO-D7, and then performs a DTACK handshake to terminate the
JACK 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 multiplies this vector by 4 and determines the
pointers to an interrupt address vector.

During the JACK cycle, the 68000 always checks the \'PA 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.

Another way to terminate ail 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 interrupt circuitry may initiate an JACK 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 JACK bus cycle. When there is no response to an
JACK 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 1811 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) t3,c	 I len	 Space
0	 0	 DIXI	 SF'	 tmm tnr.I ss
-	 4	 001	 SI'	 Revel Inilial PC
2	 11	 (XIII	 SD	 lu-c Error
3	 12	 nbC	 SD	 Address Error
4	 16	 [11(1	 5))	 liIi)).tI IOI,uClio,,
5	 211	 1114	 SE)	 Zero Diode
6	 74	 1)111	 S(]	 CuR Instruction
7	 211	 011:	 SI)	 1IiApv Incroction
8	 32	 (121)	 St)	 Privilege ',loIalror,

	

36	 024	 51)
tO	 40	 0211	 So	 line 101(1 In,ulato
It	 41	 (12C	 SD	 Litre Ill I Iniul,ito,

12 ,	III	 III))	 51)	 (U,,,1%sigrnt. Reserved)
il l	52	 (1(4	 51)	 Unassigned. RCSCrSLdI
1 .1 1	 51,	 1)18	 SI)	 II in.icc4)r.e-,t, Resers-etli

5	 (4)	 ((IC	 SI)	 Ur,i,,ilializett litIrIrtIpI Victor
11,-I I'	 64	 114C	 SD	 Firrassigrierl, Retarve(I4

95	 1151	 -
74	 91	 4160	 SI)	 Spurious lolerropit
25	 1(5)	 061	 51)	 level I Interrupt A,iI,,vevinr
26	 10-3	 0611	 SI)	 level 2 Interr,ipl AuI,,vrvior
27	 108	 06C	 SI)	 Level 3 Interrupt Aoloec(tor
28	 112	 070	 SI)	 Level 4 Irrlerrupt Autoveclor
29	 H6	 074	 51)	 Level 5 Interrupt AtiIoecIor
30	 1211	 11711	 SI)	 Level S Interrupt Aultiveelor
II	 123	 07C	 SD	 1es0 7 Interrupt Aalovrxlor

1247	 128	 141(0	 SE)	 TRAF' Irrslrucdon VecIors
I'll	 (((IF	 -

411-1,1 • 	 I 'Il	 ((Cl)	 SI)	 (lJrr.r,sigrreil, Rcservr'sl)
255 Of 	 -

1.4-151	 751,	 I XI	 SD	 Us-Irrte'ruI,( V,, 1-s
023 3f 	 -

Vector numbers 1 2, 13, 14, 16 through 23, and 48 through 63 are
reserved for luture enhancements by Motorola. No user peripheral
devices should be assigned to these numbers.

FIGURE 5.21 68000 exception map. 'SP' means supervisor program space; 'SD' means supervisor data space.

Vn. 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 Dl'ACK_isieceid by the 68000) have two different vectors.
Spurious interrupt occurs when the BUS ERROR pill asserted during interrupt processing.

During JACK cycle, FC2 FCI PCO = 111. A1-A3 has the interrupt level. The vector number
isgvided on the D0-D7 pins by external hardware. Note that during nonautovcctoring, if
VPA goes to LOW, the 68000 ignores it.

5.13.2 Internal Interrupts

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 execution of an illegal instruction.

5.13.3 68000 Exception Map

Figure 5.21 shows an interrupt map of the 68000. Vector addresses $00 through $2C include.
vector addresses for reset, bits error, trace, divide by 0, etc., and addresses $30 through $4C arc
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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 aijtoycctor 1. After VPA is asserted, if IPL2-0 = 110 (level 001), the

68000 automatically obtains the 8-bit vector 25, (19 16 ) and multiplies 19 by 4 to obtain the
24-bit address 000064 16. 'l'hc 68000 then loads the 16-bit contents oflocation 000064 16 and the
next location 000066 16 into PC. For example, if the user wants to write the service routine for
autovector 1 at address 271452 6, then XX27 16 and 1452, must, respectively, be stored at
000064 16 and 000066 6. Note that XX in XX27 16 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 16 and 000002, 6, and the PC high and low words, respectively, from 00000416
and 000006 16 . The assembler directive, I)efine Constant (DC) can be used to load PC and SSP.
For example, the following instruction sequence loads SSJ' with $004100 and PC with $001000:

ORG	 $000000
DC.L $00004100
DC.L $00001000

5.13.4 68000 Interrupt Address Vector

Suppose that the user decides to write a service routine starting at address $123456 using
autovector I. 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	 $000064
DC.L	 $00123456

5.13.5 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, 1/0 device I uses nonautovcctor and I/O device 2 uses autovector
interrupts. The system is capable of handling interrupts from eight devices, since an 8-to-3
priority encoder such as the 74LS148 is used, Suppose that I/O 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 FCO-FC2 HIGH. interrupt level is
reflected on AI-A3 when AS is activated by the 68000. IACK3 and 1/02 signals are used to
generate V1'A. Once the VPA is asserted, the 68000 obtains the interrupt vector address
Using autovecjQ[tpg.

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 74LS244 using IACK5. The 68000 inputs
this vector number and multiplies it by 4 to obtain the interrupt address vector.

5.14 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 hR 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 512 Autoveclor and imiautovector ktcrruLns.

At least one clock period after receiving the BR, the 68000 will enable its BG output line
to acknowledge the DMA request. However, the 68000 will not relinquish (lie bus until it has
completed the current instruction cycle. The external device must check A S (Addrcss 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 exterjL_d evice.

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.

5.15 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 exception handling capabilities of the MC68000 are

described.	 I
The 68000 exceptions 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)

Group 2 TRAP, TRAPV, CI-IK, 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
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bus cycle. This means that during an instruction fetch if there is a group 0 interrupt, the 68600
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 con tents 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 generated by situations such as division by zero, execution of

illegal or unimplemented instructions, and address error. As mentioned before, internal
interrupts are called traps.

The external exceptions are generated by bus error, reset, or interrupts. The basic concepts
associated with interrupts, relating them to the 68000, have already been described. In this
section Nye will discuss the other exceptions.

In response to an exception condition, the processor executes a user-written program. In some
microcomputers, one 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 executed in supervisor mode. Any attempt to execute thern in user mode causes a trap.

We will now discuss how the 68000 handles executions which are caused by external reset,
instructions causing traps, bus and address errors, tracing, execution of privileged instructions
in user mode, and execution of illegallunimplemented instructions, -

The reset exception is generated externally. In response to this exception, the 68000 auto-
matically !oads 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 means that there are 16 TRAP instructions. Each TRAP
instruction is normally used to call subroutines in an operating system. Note that this auto-
matically places the 68000 in supervisor state. TRAPs can also be used for inserting breakpoints
in a program. Two other 68000 instructions cause traps if  particular condition is true. These
are TRAPV ard CHK. TP.APV generates an exception if the overflow flag is set. The TB.APV
instruction can be inserted after evcryarithmetic 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 wi t hin the range 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 doesnot belong to the
devices connected to the bus. This error can be detected by asserting the BERR pin on the
68000 chip by an external tinier when no DTACK is received from the device after a certain
period of time. In response to this, the 68000 executes 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 tracc 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 rcad-modify'writc cycle for TAS.

As jientioncd before, the 68000 has some privileged instructions which must be executed
in supervisor mode. An attempt to execute 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 use the illegal instruction $4AFA as a breakpoint.

5.16 Multiprocessing with 65000 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 executed, an
indivisible read-modify-write cycle is performed. The timing diagram for this .cpccializd
is shown in Figure 5.23. During both the tcad and the write portions of the cycle, the AS
remams LOW, and the cycle starts as the normal read cycle.

However, in the normal read, the AS going inactive indicates the end of the read. 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.
Due to bus locking, only one processor at a time can perform a TAS operation in a

multiprocessor system. The TAS instruction supports semaphore operations (globally shared
resources) by checking a resource for availability and reserving or locking it for USC by a single

processor. The TAS instruction can, therefore, be used to allocate memory space reservations.
The TAS instruction execution (low 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 wl
be pointed to by (hA) of TAS (RA) instruction. In the flowcharts, (ea) first points to the first
byte of section 1. The instruction 'IAS (ca) is then executed.

The TAS instruction checks the most significant bit (N bit) in (EA). N = 0 indicates that toe
section 1 is free; N = 1 means section 1 is busy. If 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 frotn (hA) 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.
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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.

Example 5.14

Bit 0

Pori Aft KJII....V2

Poi B	

#

45v

6800016821	 LED

miocomputer
based	 ± I

i) In the above figure, the 68000/6821 based microcomputer is required to perform the
following:

If V > V2, 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 I 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 respectively
at addresses $642F14 and $251F20.

Also, initialize supervisor stack pointer at $941760.

Solution
i) BCLR.B #2,CRA	 ; AddressDDRA

MOVE.B #0-,DDRA	 ; Configure Port A an input

BsE'r.B *2,CBA
	 Address Port A

BCLR.B #2,CR.B
	 Address DDRB

MOV.B #$8O,DDRB ; Configu.rd Port B
BSET.B #2,CRB
	 Address Port B

START MOVE.B PORTA,DO
	 Input Comparator

ANDI.B *$01,1)0
	

; Check if high
BEQ START

MOVE.B PORTB,D1
	 ; Input switch

ROXR. #2,IJ]-	 Align switch status
MOVE.B D1,PORTB
	 Output to LTD

FINISH .NP FINISH

ii) Using Autovectoring Level I

+5 V

FIP _L2

IPLO

FC2

10

FCO

I'orl B

VPA

68000/6821	 L_.
based L
microcomputer

+5 V

J
LEO

Main Program

ORG $642F14
DCLR.B *2,CRB
MOVE.B #$8O,DDRB
BSET.B #2,CRB
ANDI.W #$OFBFF,SR

WAIT	 .7NP WAIT
FINISH JMP FINISH

; Address DDRB
; Configure Port B
; Address Port B
; Enable interrupts
Wait for interrupts

j HALT



ED

V2
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Service Routine
ORG $25lF20
MOVE.B PORTB,D0	 ; Input switch
ROXR.B 4#2,D0	 ; Align switch
MOVE.B t)0,PORTB	 ; Output to LED
RTE

Reset Vector

ORG 0
DC,L $00941760
DC.L $00642F14

Service Routine Vector
ORG $000064
DC.L $00253F20

Using Nona utovectoring (Vector $40)

Main Program
ORG $642P14

BCLR.B *2,CRB	 Address DDRB
MOVE.B *$80,DDRB V Configure Port B
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BSET.B #2,CRB	 ; Address Port B
ADX.W #$ 0F8FF , R ; Enable interrupts

WAIT JMP WAIT	 ; Wait for interrupts
FINISH imp FINISH	 ; Halt

Service Routine
ORG $251F20
MOVE.B PORTB,D0
ROXR.B #2,D0
MOVE.B D0,PORTB
RTE

Reset Vector
ORG 0
DC.L $00941760
DC.L $00642F14

Service Routine Vector
ORG $000100
DCL $0025120

Input switch
; Align switch
; Output to LED

Questions and Problems

5.1 Assume that [Do) = 25774411 16 . What will be the contents of DO after execution of each

of the following instructions:
i)CLR.B DO
ii)CLR DO
iii)CLR.L DO

5.2 Determine the contents of registers and the locations affected by each of the following
instructions:

1) MOVE.L —(A2), (A3)+
Assume the following data prior to execution of the MOVE:

I-

[A2] = $300504, (A3]
[$300500] = $01, [$3004FF]
[$30 04FE ]	 $72, ($3004FD]
($510718]	 $53, ($510719]

[$5107 1). ] = $31, [51071B]

$510718,
$F1,
$A1,
$20,
$27

ii)MOVEA.W Dl, A4
Assume the following data prior to execution of the MOVEA:

[Dl]	 $37158470
(M] = $F1218234

iii)MOVEA.IJ 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:
1) MOVE SR, A2)
ii) MOVE CCR, (.0)
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iii)LEA.L (A.2), AS
iv)MOVE.L A2, USP

5.4 What are the contents of register Dl after execution of the following two instructions
Assume [DI] = $34788480 prior to the execution of the instructions:

EXT.I. Dl
MOVEQ.L #$2F, Dl

5.5 Find the contents of Dl after execution of the following DIVS instruction:

DIVS (Al), Dl

Assume [Al] = $205014, [$2050141 = $Fl, [$205015] = $FIi, [I)l] = $00000005 prior to
execution of the instruction. Identify the quotient and remainder of the result in DI. 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 Dl by
an 8-bit signed number in low byte of D2. Store quotient and remainder in Dl.

5.7 Write a 68000 assembly language program to add two 128-bit numbers..Assume that the
first number is stored in consecutive memory locations starting at $605014. The second
number is stored in consecutive 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 Write 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 Dl
by a 16-bit signed numbcjit) the high word of D5. Store the result in D3.

5.10 Write a 68000 assembly program to add twenty 32-bit numbers stored 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 byte of the number.

5.11 Write 68000 assembly language to find the minimum value of a string often 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, I$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 Do not use any divide instruction. Neglect the remainder. Store quotient in the low
27-bits of DO.

5.14 Write a subroutine in 68000 assembly language to compute

100

(Xi — Yi)
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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 A I 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 ZJ100.

5.15 Write a subroutine in 68000 assembly language to subtract two unsigned eight-digit
BCD numbers. The BCD number I 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 Dl.

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 2 + Dl x 10' + DO = (D2 x 10 +

Dl) x 10 + DO).

5.17 Write a recursive subroutine (A subroutine calling itself) in 68000 assembly language to find
the factorial of ail number n by using n! = n(n - 1) (n - 2) . . . 1. Store the result in DO.

5.18 Determine the status of LDS, UDS, AS, FC2-FCO, and address lines immediately after
execution of the following instruction sequence (before the 68000 tristates these lines to fetch

the next instruction): MOVE #$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 contcnts 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.

5.20 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 even 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.

iii) 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, 6116s, and a 68230 to provide 4K EPROM, 4K RAM, and
two 8-bit I/O ports. Draw a neat schematic and determine memory and I/O maps. Assume

16.67 MHz internal clock for the 68000.

5.22 If the IPL2 11L1 IPLO pins are interrupted by an external device with the code 0012
when the interrupt mask value 121110 is will the interrupt be serviced immediately or

ignored by the 68000?
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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 $31 10728, user SP to $1F0524, and then jump
to $001000.

5.25 Assume the following stack and register values before occurrence of an interrupt:

Snick

$F12460

SF12462

$F12I64

$F 12,166

SSP-SF12463 —1 VALID

[PC] -$201546

[Sit]- $2115

If an external device requests an interrupt by asserting the IPL2 IPLI IPLO 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 5SF
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 LI (for
P1) and L2 (for P2) are connected to bits 0 and 1 of 8-bit port B to indicate whether each pump
is running. Assume that the pump can be turned ON by HIGH and turned OFF by LOW.

i) Using programmed I/O, draw a block diagram and write a 68000 assembly program to
accomplish the above.

ii) Using interrupt I/O, 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 those of 68008, 68010, and 68012.

5.28 Write a 68000 assembly language program to add a 32-bit number stored in DO (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 Dl (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, I, 2, 3) of 8 bytes each. The first byte of each 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 set 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

MOVEQ . L #-5,D2.

MOVE #2,D2

DIVS D2,D1

5.31 Write a 68000 assembly language program to divide $A5721624 by S11271. Store the
remainder and quotient onto the user stack. Assume that the numbers are signed and stored
in the stack as follows:

Low Address
usPj	

A

F271

572
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  and Z arc 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 Assume that registers DO, Dl, 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: D0.B + D1.W - D21 --> D21.

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 ->	 $10	 I Increasing
memory

$02	 1	 $07	 address
$04	 ]	 $02

$02	 $04
$1F

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	 IF	 22	 4A

$27	 14	 09	 26	 26	 4C

Assume the data pointer and data arc 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 I/O
maps. Assume a 16.67 MHz internal clock for the 68000.

x—	 —.-1csO
Al -A23 	 —c	 —jCS1

cr133	 —cjM	 D0-D7

DTACK -	 ---C RE
VlA p—	 01-07 —H E

DO-D15 F—	—IRSO
RM	 AO-Al O

HALT 01—

68000	 I	 2716 (ODD)	 I 6821 (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:

START

D0.

DATA VALID

8-bit AID

Write 168000 assembly language program to input the A/D converter and turn ON an LED
connctcd 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.

5.38 Assume a 68000/6821 based system. Write a 68000 assembly program to input 16-bit
data via Port A and Port 13, 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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5.39 A 68000/6821 based microcomputer is required to drive a common anode seven-

segment display connected to Port A as follows:

+5 V

L

Bit 0 N..	 4 26 AR	 1	 -	 a

	

Bit 1	 406-T

b

Port A t3i
t 3 7406R	 I

C
g 

	

I Bit 5	 7406R2f	 C	 IC
	B

i
t 6	 74061g	

d'

Write 68000 assembly language program to display a single hexadecimal digit (0 to F) from
address $003000. Use a look up table.

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 Viii < 11V, turn the LED OFF. Use 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
c) Non-autovector (vector $45)





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, 1/0, coproccssors
and system design.

6.1 Introduction
The MC 68020 is Motorola's first 32-bit microprocessor. The MC68020 is designed to execute
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 /' 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  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 are
included in the MC68020. The MC68020 supports coprocessors such as the MC6888 l/MC68882
floating-point and MC68851 memory management unit (MMU) coprocessors.

The following features of MC68020 are compared with those of MC68000:

68020

II CM OS

1.345" x 1.345" (square size)
169 (13 x 13 matrix; pins come out at the bottom
of the chip; 114 pins currently used)

Nanonsemory (two-level control memory)
12.5 Mllz, 16.67 MHz, 20 MID, 25 Ml ii, or
33 Miii (must he 8 MHz minimum)

Three 32-bit ALUs
32 bits; no encoding of AU required
8, 16, and 32 bits (byte, word, long word transfers

occur, respectively, via D24-l)31 lines, D16-D31
lines, and D0-D31 lines)

Instruct ions must be accessed at even addresses;
data accesses can beat any address for byte,
word, and long word

Characteristic	 68000

Technology
	 FIMOS

Size
	 X

Number of pins
	

64, 68

Control unit
	 Nanomemory (two-level control memory)

Clock
	

6 MHz, 8 MHz, tO MHz, 12.5 MI Ii,
16.67 MHz, 20 Mlii 25 MHz, or 33 Mlii
(no minimum requirements)

ALU
	

One 16-bit ALU
Address bus size
	 24 hits with AU encoded from UDS and LDS

Data bus size
	 Uses D0-D7 for odd addresses and 1)8-1)15

for even addresses during byte transfers;
for word and long word uses D0-1)15

Instruction and data
	 All word and long word accesses must he at

access	 even addresses for both instructions and
data; for byte, instruction usual be at cviii

359
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(continucil)

Characteristic 	 68000

Instruction and data	 addresses, and data can be at either odd or
access (continued)	 even addresses

Instruction cache	 None

Directly addressable	 16 megabytes
memory

Registers	 8 32-bit data registers 	 8 32-bit data registers

7 32-bit address registers 	 7 32-bit address registers

2 32-bit Si's	 332-bit SI's
I 32-bit PC (24 bits used) 	 I 32-bit PC (all bits used)

I 16-bit SR	 I 16-bit SR
I 32-bit VBR (vector base register)
2 3-bit function code registers (SFC and DFC)
I 32-bit CAAR (cache address register)
I 32-bit cACR (cache control register)

Addressing modes	 14	 18

Instruction set	 56 instructions	 101 instructions

Stack pointers	 US?, SSP	 o	 USP, MSI' (master SP), ISI' (interrupt 5?)

Status register	 T, S, IC, 11, 12, X. N, Z,V,C	 TO, TI, S,M.I0, II, 12 X. N. Z, V,C
TI TO
0	 0	 No tracing
0	 1 Trace on jumps
1	 0	 Trace on instruction execution
I	 I	 Undefined
5 
0 X US? (X is don't care; can be 0 or 1)
1	 0	 ISP
1	 1 MSP

Coprocessor	 Emulated in software; that is, by writing 	 Can directly be interfaced to coprocessor chips.

interface	 subroutines, coprocessor functions such 	 Coprocessor functions, such as floating-point
as floating-point arithmetic can be obtained 	 arithmetic can be obtained via 68020 instructions

FC2, FCO, FCI pins	 FC2, FCO, PCI = Ill means interrupt 	 FC2, FCO, PCI = 111 means CPU space cycle and

acknowledge	 then by decoding A16-A19, one can obtain
breakpoints, coproccssor 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 S = 1), two SPs can be accessed.
These arc MSP (when M = I) and ISP (when M = 0). The ISP can be used to simplify
and speed up task switching for operating systcms.The 68020 user 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+48-bit vector number.

68020

128-entry 16-bit word cache; at the start of an
instructijctch, 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 Irons the main memory

4 gigabytes (4, 294, 964, 296 bytes)
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The SFC (source function code) arid 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(AO), DO can then be used to move a word

from a location within the address space specified by SPC and (AO) to DO. The 68020

outputs [SFC] to the FC2, FCI , and FCO pins. By decoding these pins via external

decoder, the desired source memory location addressed by (AO) can be moved to DO.

Now, if this data in DO 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, (AS) outputs [DFCI

to FC2, PC I, and FCO pins which can be used to citable the chip containing the memory

location addressed by (A5). IDOl is then moved to this location.

The new addressing modes in the 68020 include scaled indexing, 32-bit displace-

ments, and memory indirection. III 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, AO	 ; Lead starting address of a
table to AO

MOVE.W #10, DO	 ; Load index value to DO

ASL #2, DO	 Scale index

MOVEA.L O(AO, D0.W), Al ; Access data

The scaled indexing can be used with the 68020 to perform the same as follows:

MOVEA.W #10, AO

MOVE.W #10, DO
MOVE.L (0, AU, DO.W*4), Al

Load starting addres of

a table to DO
Load index value to
Access data

Note that (DO) in the above is scaled by 4. Scaling 1, 2, 4, or 8 call 	 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 call used to input data from AID converters and eliminate wasting main

memory space when the A/D converter is not 32-bits

• FC2, PCI, FCO = ill 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 A19, A18, A 17, Al 6 = 0010 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 call be obtained by

connecting the Motorola 68381 floating-point coprccssor chip. The 68020's two

coprocessor chips include the 68881 (float ng-point and 63351 (nicmory manage-

merit). The MC68020 can have up to eight coprocessor chips. \Vi'cn 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.

6.2 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 (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),
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 (Ti, TO), 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 reset 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 (Ti, TO) 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.

6.3 Data Types, Organization, and CPU Space Cycle

The MC68000 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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31	 1615	 87	 0
DO
Dl
D2
D3
D4
D5
D6
D7

AD
Al
A2
A3
A4
A5
A6

31	 1615	 0
I	 I	 LI A7(USP)
31	 0
I1 Pc

	

15	 7

User Programming Model

31	 1615	 0
A7(ISP)

31	 1615	 0
II AT (MSP)

	

15	 87	 0
I	 (CCR)	 SR

31
VaR

31	 2 0

I ------------------1:1111 SFC

I ----------------- LI OFC
31

1CACR
31	 o

ICAAR

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

Supervisor Programming Model

FIGURE 6.1 MC68020 programming model.

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)

INTERRUPT	 EXTEND]

L

PRIORITYMASK

 

	
NEGATIVE

MASTER/INTERRUPT STATE	 ZERO

- SUPERVISOR/USER STATE	
OVERFLOW -

CARRY

-TRACE ENAI3LE
TO - TRACE ON CHANGE OF FLOW (BRA, JUMP, ETC.)

Ti -TRACE ALL INSTRUCTIONS

FIGURE 6.2 MC68020 status rcgistcr.

Instruction words must be aligned oil 	 byte boundaries. Figure 63 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 PCi FCO
= 111 for the MC68020 defines a new cycle called the CPU space cycle. Note that for the
MC68000, FC2, PCi, PC)) = Ill 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 ofaccess. The type of CPU access is indicated by address
bits (A19-A16) in combination with the CPU space Function code (PC2 PCi FCO = Ill).

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 ail occurs, such as ail interrupt when
control is passed to supervisor mode and the relevant exception Process ]5 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 hit (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 Register Indirect (ARI) with Index and 8-Bit Displacement
Assembler syntax: (d8, An, Xn. size * SCALE)
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Bit Data
7	 017	 07	 07	 0

Byte n-1	 {7 6541312 1 0 1	 byte ns-1	 j	 Byte n+2

+	 4
ttase	

Bit

Address	 Number
Bit

Bit Field Data	 Number

7	 07	 07	 +	 017	 0

Byte n-1	 Byte 11	 10 1 2 3	 w-1

14---- O(fsct - -

	

- -- -	 -  Otfsct----->--- width -

-3 -2 -t 0	 1	 2
t3asc

Address
Byte Integer Data
7	 07	 07	 07	 0

Byte is - I	 MSB	 Byte is	 LSB	 Byte n + I	 Byte is + 2_]

Address

Word Integer Data
7	 °17	 017	 07	 0 17	 0

Byte n - 1	 Word Integer	 Byte n + 2	 1	 Byte n + 3

Address

Long Word Integer Data
7	 07	 017	 017	 017	 017	 0

KByte n - 1	 Long Word Integer 	 Byte is + 4

Address

Packed Binary-Coded Data

017	 43	 07	 07	 0

Byte n - 1	 MSD	 LSD	 Byte n + 1	 Byte n + 2	 1

Address

Unpacked Binary-Coded Data
7	 017	 -1 :i	 0 17	 413	 017	 0

Byte n - 1	 XX	 MSD I	 XX	 LSD	 Byte n + 2

Address

FIGURE 6.3 Memory data organization.

EA = (An) + (Xn.size * scale value) + d8
Xn can be W or L.

If index register (An or Dn) is 16 bits, then it is sign-extended to 32 bits and then multiplied

by I, 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 (0, A2, D2. W*2), Dl
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TABLE 6.1 Processing State Address Space

Function code
FC2	 PCI	 UCO	 Address space

(Undefined, rcscrved)
User data space
User program space
(Undefined, reserved)'
(Undefined, reserved)'
Supervisor data space
Supervisor program space
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

CPU Space Funcliori	 Address [las
A	 It(\LLeSS iypes '-'-"-

2	 0 31	 :23	 t')	 16:	 4	 2	 0
Breakpoint 	 I I I1 000000000000 1 0000 I 00000000000 I BKPT# l 00 IAcknowledge

______ 31	 :	 6	 o
Accc'ssLcvol11111100000Contro l0000000100011000000000j MMUREG

Coprocessor 11_1_10 U 00000 U 00 OUJU 0 1 01 C,')10 C) U U U 0 U 0CtRRegisterConin

Inlerrupt [i 1	 i i	 i	 1	 i	 1	 1	 1	 1	 1	 1	 1	 1 1 1 1	 1 1	 1 	1 1 1	 1	 1	 1	 1	 1	 1 j tevel IiAcknowledge

CPU Space
Type Field

TABLE 6.3 Addressing Modes, MC68000 Vs. MC68020

	

Addressing modes available 	 68000	 68020

Data Register Direct
Address Register Direct
Address Register Indirect (AR!)
A RI with I'ostincrcment
AR! with Predecrenient
AR! witls Displacement (16-bit displ)
AR! with Index (8-bit (lisp!)
AR! with Index (Base Displ: 0, 16, 32)
Memory Indirect (I'ostindexed)
Memory Indirect (Preindexed)
PC Indirect with Displ. (16-Bit)
PC Indirect with Index (8-Bit 1)ispl)
PC Indirect with Index (Base Displ)
PC Memory Indirect (Postindexed)
PC Memory Indirect (Preindexed)
Absolute Short
Absolute Long
Immediate

Dn
An
(A
(An) +
—(An)
(d, An)
(d, An, Xii)
(bd. An, Xn)
((bd, An], Xn, od)

(I bd , An, Xn], od)
(d, PC)
(d, PC, Xii)
(bd, PC, Xn)
tbd, PC], Xn, od)

(I bd , PC, Xn], od)
(xxx).W
(xxx).L
#<data>

Yes
	

Yes
Yes
	

Yes
Yes
	

Yes
Yes	 Yes
Yes
	

Yes
Yes
	

Yes
Ycs
	

Yes
No
	

Yes
No
	

Yes
Na	 Yes
Ycs	 Yes
Yes
	

Yes
No
	

Yes
No
	

Yes
No
	 Yes

Yes
	 Yes

Yes
	

Yes
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
Data Register Direct	 Dn
Address Register Direct	 An

Register Indirect
Address Register Indirect 	 (An)
Address Register Indirect with Post Increment 	 (An)+
Address Register Indirect with l'redecrement 	 -(An)
Address Register Indirect with Displacement 	 (dl 6, A::

Register Indirect with Index
Address Register Indirect with Index (8-Bit Displacement)	 (d8, An, Xo)
Address Register Indirect with Index (Base Displacement)	 (bd, An, Xn)

Memory Indirect
Memore Indirect Post-Indexed 	 ((lx), An), Xn, od)
Memory Indirect Pro-Indexed	 ()bd, An, Xn), od)

Program Counter Indirect with Displacement 	 ((116, PC)

Program Counter Indirect with Index
PC Indirect with Index (11-Bit Displacement) 	 ((1S, PC, Xn)
PC Indirect with Index Ittase Displaccmentl	 (bd, PC, Xn)

Program Counter Memory Indirect
PC Memory Indirect Post-Indexed 	 ((lxi, PC,), Xn, 08)
PC Memory Indirect Pre-Indexed 	 ((bc) PC, Xn), od)

Absolute
Absolute Short	 xxx.W
Absolute long	 xxx.L

Immediate	 #(data)

NOTES:
Do = Data Register, DO-D7
An = Address Register, AU-A7

d8, dl 6 = A twos-complement, or sign-extended displacement; added as part of the
effective address ca leo latin; size is B (d8) or 16 (8 I 6) bits; when on: itted,
assemblers use a value of zero.

Xn = Address or data register used as an index register; form is Xn.SIZESCALE,
where SIZE is .W or .L (indicates index register size) and SCALE is 1, 2, 4, or
8 (index register is multiplied by SCALE); USC of SIZE and/or SCALE is op-
tional.

bd = A twos-complement base displacement; when present, size can he 16 or 32
hits.

od	 Outer displacement, added as part of effective address calculation alter any
memory indirection; use is optional with a size of 16 or 32 hits.

PC = Program Counter
(data) = Immediate value of 8, 16, or 32 bits.

(I = Effective Address.
El = 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 20001 $1571; then after
execution of the MOVE, [D1] 10 	, $1571, since EA = $5000 0000 + $1000 * 2 + 0 = $5000
2000,

6.4.2 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:

An 
)U-101	 Low Address

bd

Xn * SCA[.E

High Address

An example isMOVE.W ($5000, A2, Dl.W * 4), D5. If [A21 = $3000 0000,
[D1.W] = $0200, and [$3000 58001 = $0174, then after this MOVE, [D5]j,,W6b,= $0174, since
EA = $ 5000 + $3000 0000 + $0200 * 4 = $3000 5800.

6.4.3 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:

AS
	

-----2O 0 	 Low Address

CLR ([AS))

$20000500 1 X X 0 0
0 () XX

High Address

In the above, register A5 points to the effective address $2000 0501. Since CLR ([A51) 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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Ali exampleis MOVE .W ([$0004,A1] , D1.W * 2, 2), D2, lf[A1] = $2000 0000,

[$2000 00011 = $0000 3000, [D1.W[ = $0002, [$0000 30061 = 81A40, then after execution of

the above MOVE, intermediate pointer = (4 ± $2000 0000) = $2000 0004, [$2000 00041, which

is $0000 3000 used as a pointer. Therefore, EA = $0000 3000 ± $0000 0004 + $2 = $00003006;

hence, [D2) 10,.	 = SIA40.
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 all outer displacement (od) is

added to generate the effective address. The indexing, therefore, occurs before indirection.

Assembler syntax:

([bd, An, Xn.s±ze * Scale], od)
EA = (bd + An + Xn. size * Scale) + od

As an application of memory indirect prcindexed mode, consider several I/O devices in a

system. The addresses of these devices call held in a table pointed to by An, hd, 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, A2,

Dl .W * 41, 2) , D5. If [A2) = $3000 0000, [D1.W] = $0002, [$3000 000C] = $0024

1782, [$0024 17841 = $F270, then after execution of the above MOVE, intermediate pointer

= $3000 0000 ± 4 i- $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],,. =

$F270. Note that in the above, bd, Xn, and ad are sign-extended to 32 hits if one (or more)

of them is 16 bits wide before the calculation.

6,4.4 Memory Indirect with PC
In this mode, PC (program counter) is used to form the address rather than all 	 register.

The effective address calculation is similar to address register indirect,

6,4.4.a PC Indirect with Index (8-Bit Displacement)

The effective 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, D1. W * 2) . If [PC) = $4000 0020,

[Dl.W] = $0020, [02W] $20A2, then after this MOVE, EA = 2 + $1000 0020 + $0020 2

$4000 0062. Hence, [$4000 00621 = 520A2.

6.4,4.b PC Indirect with Index (Base Displacement)

'Fhis address of the operand is obtajncd by adding the PC contents, the scaled index register

contents, and the base displacement.

Assembler syntax:

(bd, PC, Xn. size * Scale)
EA = (PC) + (Xri.size * SCALE) + bd

Xii and bd are sign-extended to 32 bits if either or both are 16 bits.



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

Asan example, consider MOVE.w (4, PC, D1,W * 2) 1 D2.If(PCJ $20000004,
[D1.Wj $0020, [2000 0048] = $2560, then after this MOVE, 1D2.W] = $2560.

6.4.4.c 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 * Scale, od)
EA	 ([bU + PC] + Xn.sjze * Scale + od)

Consider another example: MOVE. W ([2, PC] , Dl. W*4, 0) , Dl. Jf]PC} $3000
0000, [Dl.W] = $0010, 1$3000 00021 	 $2040 0050, ($2040 0090] = $A240, then after this
MOVE, [Dl.Wj $A240.

6.4.4.d PC Indirect (Preindexed)

The scaled index register 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 + Xri.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, Dl 	 * 21, 4), D5. If [PC] $5000
0000, fDI.WJ = $0010, ($5000 00241 = $2050 7000, ($2050 70041 = $0708, then after this
MOVE, [D5.wJ = $0708.

A summary of PC modes is provided below:

MEMORY
INDIRECT

	

No
	

"Os.'.

	

IN I) F
	

IN 1)
	

INDEX

([ bd))

([An])

([bd,Anj)

(tbd],od)

([An],od)

X * Sc]
([bdXn*Sc])

(IAn,Xn *ScJ)

([bd,An,X:Sc])

([XnSc],od])

([bd,Xn'ScJ,od)
([An,Xn ScJ,od)

((bd,An,XnSc],0d)

((bd],Xtl*Sc)
([An],Xn*Sc)

([bd,An},XnSc)
([bcl],Xn*Sc,od)

([An],Xn *Sc,od)

([bd,An ],Xn *Scod)
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Example 6.1

Show the contents of registers A2, 1)1, A5, 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]	 =
[D4]	 =
[A5]	 =
[$35E3 EA581
[$35E3 EA591
[$35E3 E.A601
[$35E3 EA611
[$35E3 EA621

Solution

Effective address:

$0571
	

6660
$3072 8400
$7271 5554

$05
$07
$F7
$F1
$40

D4.L = $3072 8400
A2.L = $0571 6660
d	 = $0000 0000
EA	 = $35E3 EA 60

Therefore, after execution of the MOVEA instruction:

[A21 = $0571 6660
[D41 = $3072 8400
[A5) = $FFFFF7F1

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 I)cCn 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 Al, DO, D5 and the affected memory locations after execution of:

MOVE,B (0, Al, D0.W * 2), D5

Assume the following data prior to execution of the MOVE instruction:

[Al]	 $0000 2000
[DO]	 =	 $0000 0004
[D5]	 =	 $7124 8002
[$0000 20061	 =	 $51
[$0000 20071	 =	 $74
[$0000 2008]	 =	 $82
[$0000 20091	 =	 $Fo

Solution

Effective address:

= d8 + Al.L + DO.W *2
= 0 + $0000 2000 + $0000 0004 * 2
= $0000 2008

Therefore,

[Al] = $0000 2000
[DO] = $0000 0004
[D5] = $7124 8082

6.5 68020 Instructions

The MC 68020 instruction set includes all 68000 instructions, plus some new ones. Sonic of
the 68000 instructions arc enhanced.

The 68020 new instructions beyond those of the 68000 can be grouped as follows:

1.68020 new privileged MOVE instructions
2. RTD instruction.
3. Cl-IK/CHK2 and CMP/CMP2 instructions
4. TRAPcc instructions
5. Bit field instructions
6. PACK and UNPK instructions
7. Multiplication and division instructions
8.68000 enhanced instructions	 -
9. 68020 Advanced Instructions (to be discussed in Section 6.6)
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• BKPT instructions

• CALLM/RI'M instructions

• CASICAS2 instructions

• Coprocessor instructions

TABLE 6.4 MC68020 Privileged Move Instructions

Instruction	 Oper.ind size	 Oper.uion	 Notation

MOVEC	 32	 Rc -9 Rn	 MOVEC.L Re, Rn

Rn - Re	 MOVEC.L Rn, Rc

MOVES	 8, 16, 32	 Rn - destinstiou using DEC	 MOVES.S Rn, (CA)

Source usin g SEC -4 Rn	 MOVES.S(EA)RR

6.5.1 New Privileged Move Instruction

The new pr i vileged move instructions are executed by the 68020 in thc supervisor mode.

The MOVE instructions arc summarized in Table 6.4. The MOVEC instruction was added

to allow the new supcisor registers (Rc) to be accessed. Since these registers are 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, DFC),

the master, interrupt, and user stack pointers (MSP, ISP, USP), and the cache control and

address registers (CACR, CAAR). Register (Rn) call 	 either 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 (Re) can be copied to an address or data register (Rn), or vice versa. When

copying the 3-bit, SPC, or DFC register into Rn, all 32 bits of the register are overwritten and

the upper 29 bits are "0".
The MOVE to alternate space instruclion (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 or data space.

The MOVES instruction allows rcgistcr-to-mCrnOIY or mcmor
) torCgiStCr operations.

When a mcmorytO-register occurs, this instruction causes the contents of the source function

code register to he placed oil 	 external function hardware pins.

For a registerto]flCtflory move, the processor places the destination function code register

on the external function code pins.
The MOVES instruction can be used 10 MOVE information from one space to another. For

example, in order to move the 16-bit content of a memory location addressed by A0 in

supervisor data space (FC2 FC1 FCO = 101) to a men iory location addressed by Al in user data

space (FC2 FC1 FCO = 001), the following instruction oil 	 can be used:

Move source space D

Move dest space 1 tc
Initialize SFC
Initialize DFC
Move memory location

to D2
Move D2 to a memory location addressed

by (Al) and DFC

MOVEQ.L #, DO
MOVEQ.L 41, Dl
MOVEC.L DO, SFC
MOVEC.L Dl, DFC
MOVES.W (AO), D2

MOVES.W D2, (Al)

to DO
Dl

addressed by (AO)
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In the above, the first four instructions initialize SFC to 1012 and DFC to 001 2 . Since there is
no MOVES mern, mem instruction, the register D2 is used as a buffer for the memory-to-
memory transfer. MOVES.W (AU), D2 transfers [SFC] to FC2 PC! FCO and also reads the
content of a memory location addressed by SEC and (A0) to D2. The 68020 FC2 PCI FCO pins
can be decoded to enable the appropriate memory bank containing the memory location
addressed by (AU). Next, MOVES.W D2, (Al) outputs JDFQ to FC2 PCI FCO and then moves
[D2] to a memory location addressed by (Al) contained in a memory bank which can be
enabled by decoding FC2, PC!, and PCO pins.

Example 6.5

Find the content of memory location $5000 2000 after execution by MOVE.W SR, [A6].
Assume the following data prior to execution of the MOVE instruction:

[A6] = $5000 2000 [SRI = $26A].
[$5000 20001 = $02, [$5000 20011 = $F1

Also, assume supervisor mode.

Solution
SR is moved to a memory location Pointed to by $5000 2000. After execution:

[$5000 20001 = $26
[$5000 2001 = $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 2 , [A5] = $2000 0105

Solution
After execution of the MOVEC, [DFC] = 101.

Example 6.7
Find the contents of D5 and the function code pins FC2, PC I, and ECU after execution of

MOVES.B 1)5, (A5). Assume the following data prior to execution of the MOVES:

[SFC] = 101 2 , [DFC] = 1002
[A5] = $7000 0023
(D5] = $718F 2A05
[$ 7 000 0020] = $01, [$7000 00211 = $F1
($7000 00221 = A2.
[$7000 0023] = $2A

Solution
After execution of the above MOVES:

FC2 FC1 FCO = 1002
[$7000 00231 = $05
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TABLE 6.5 RTI) Instruction

Operand
Instruction	 size	 Operation

It.TI)	 Unsiy.cd	 (SP) —, 1 1c, 51 1	4 — S P

6.5.2 Return and Delocatc Instruction

Notation

RTD 4 (displacement)

Return and delocatc instruction RTD is useful when a subroutine has the responsibility to

rcmovc parameters off the stack that wcre pushed onto the stack by the calling routine. Note

that the calling routine's JSR (jump to subroutine) or I3SR (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 RTI) instruction.

The RID instruction operates as follows:

1. Read the long word from memory pointed to by the stack pointer.
2. Copy it into the program counter.

3. Increment the stack pointer by 1.

4. Sign-extend the 16-bit immediate data displacement to 32 bits.

5. Add it to the stack pointer.

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.

Solution
MOVE.L PAR1, —(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-
etcrs oil 	 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 pararn-	 off stack by adding (12) to

eters to perform the task 	 the stack pointer

I	 ()	 I	 -	 -OLD ['C	 Low Address
SI	 I'AR3	 "-___________________	 -I

t'AR2	
J

	 PAR3	 DISCARDED

'ARt	 L	 PAR2	 PARAMETERS I

['ARt	 High Address

6.5.3 CHK/CHK2 and CMP/CMP2 Instructions

The enhanced MC68020 check instruction (CI-IK) now compares a 32-bit two's complement

integer value residing in a data register (Dn) against a lower bound (LB.) value of zero and



376	 Microprocessors and Microcomptiter-Basecl System Design, 2nd Edition

against an upper bound (V.11.) value of the programmer's choice. These bounds are located

at the effective address (EA) specified in the instruction format.

The CH K 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 value 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 0-1K arc affected as follows:

If D <0 then N = 1.

If D > UB (Upper Bound) then N = 0.

If (I 5 D, !^ VII then N is undefined. X is ii naffected and all other flags are undefined and

program execution 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., VII = array size minus one). If the compared subscript

is within the array bounds (0 !^ subscript value :5 VII value), then the subscript is valid, and the

program continues normal instruction execution. If the subscript value is out of array limits

(i.e., 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 AS

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 00041 = $0150 0000

- Solution

C1-IK.L (A5),D3

A5=$0071004

ltd ore

1)3

I 015071 2(	 I

MEMORY3!
(1 I 5 1) 1) 0 01)

Operation

0!9D3.1,>S0 1500000
N-0, 'I'R/sP

Aftcr

Enter check
exception

service
routine

CCR
XN Z V C

IxIoItjIuIul

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 A5. Since

the value $01507126 contained in 1)3 exceeds the upper-bound value $01500000 pointed to by

AS, 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), Do

The 68020 CMP.S (EA), Dn (S = B or W or L) subtracts (EA) from Dn and affects thc
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 either 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.e., UB addr. = LB. addr + SIZE where SIZE
= B (+1), W (+2), or L = (+4)) as follows:

Memory

EALower Bound Low Address

Size --)P- Upper Bo	 High Address

If the compared register is a data register (i.e., Rn = Dii) and the operand size (.5) 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	 I if the contents of Dn are out of bounds
= 0 otherwise

Z = I if the contents of Dii arc 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, CI-1K2 causes exception processing utilizing
the same exception vector as the CI-IK instructions, whereas the CMI 12 instruction execution

only affects the condition codes.
In both instructions, the compare is performed for either signed or unsigned bounds. The

MC68020 automatically evaluates 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 Cl-1K2 and CM112 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 (i\2), Dl. Assume the following data prior to execution of
CMP2: jDl] = $5000 0200, [A2) = $0000 7000, 150000 70001 = $13000, [S0000 7002) = $5000.
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Before
CMP2.W(A2), DI
	

Operation	 After

Dl L500002001
	

Signcd Comparison

15 Memory 0
A2-00007000 —*	 B 0 0 0

A2+2-00007002	 5 00 0

S50005D I .W:5+S5000

-$5000sD1 .W;e+$5000

CCR

X N ZVC

l x i ? I 0 1 ? 101
X is not
afkctcd

N and V
arc undefined

In this example, the word value $13000 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 $13000 is equiva-
lent to an actual value of —$5000. Therefore, the instruction evaluates the word contained in
data register Dl ($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 Dl could contain:

$8000	 $13000	 0000 D1.W $5000	 S7FFF

I	 [*_j	 I
-32K	 -$5000	 +55000	 +32K

Range of Valid

vaIuc (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 Dl, and register A2 would point
to a range for that value. The CMP2 instruction verifies if the entry is in range by clearing the
CCR carry bit if it is in bounds and setting the carry bit if it is out of bounds.

Example 6.11

Find the effects of execution of CI-1K2.W (A2), Dl. Assume the following data prior to
execution of CHK2:

[D1] = $5000 0200, [A2] = $0000 7000, [$0000 70001 = $5000
($0000 70021 = $B000

Solution
This time, the value $5000 is located in memory as the lower bound, and the value $13000

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 vaie conaincd
in register Dl ($0200) to determine if it is greater than or equal to lower bound $5000 or less
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Instruction Operand	Operation	 Notation
Size

CMP2

	

	
8, 16, 32 Compare Rn < source - lower bound or 	 CMP2 (EA), RI

Rn> source - upper bound and set ccr

If Rn <source - lower bound or
CHK2	 0, 16,32

	

Rn > source - upper bound then TRAP 	
CHK2 (EA), Rn

FIGURE 6.4 Operation of CMP2 and CHK2.

than or equal to the uppei bound $13000. Since the compared value $0200 is less than $5000,

the carry bit is set to indicate an out-of-bounds condition and the program traps to the Cl-IK/
CHK2 exception vector service routine. Also, since $0200 is not equal to either bound, the zero
bit (Z) is cleared. The range of valid values that Dl would contain is shown below:

CHK2.W (A2),D1 0000 D1.W $5000	 $B000	 SFFFF

	

OK	
64K

Range of valid
values (unsigned)

EEHE
115 Memory Qj

A2-00007000 —3d5 000

A2+2-00007002 -)'-	 B 0 0 0

Unsigned Comparison

$5000D1.W:=000

$5000gtDl,1V*SB000

CCR

XN ZVC

(Xl?0 I? ij
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
5040, and if the two words located at (A2) and (A2 + 2) contain 40 and 49, respectively,

and register Dl contains 100, then execution 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.

6.5.4 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 (See) and the branch
on condition (Bce) 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 SIC, Vector address = VBR + offset), The trap oil instruction format is
TRAPcc (or) TRAPcc (.S) # <data>, where (.S) 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 TRAPce

CC
	

Carry clear	 C
CS
	

Carry act	 C
EQ Equal	 Z
F
	

Never true	 0	 - -
GE
	

Greater or equal	 N. V-i- N . V - -
GT
	

Greater than	 N. 	 Z-t- N. V. Z
HI
	

High	 C.Z	 -
LE
	

Less or equal	 Z + N. V -t N . V
LS
	

Low or same	 C 4- 1
LT
	

Less than	 N. V + N.y
MI
	

Minus	 N
NE
	

Not equal	 Z
PL
	

Plus	 N
T
	

Always true
VC
	

Overflow clear	 V
VS
	

Overflow set	 V

Operand
Instruction	 Size

None

TRAPcc	 16

32

FIGURE 6.5 TRAPcc operation.

6.5.5 Bit Field Instructions

Operation	 Notation

TRAPcc
If cc then TRAP	

TRAPcc.W #<data>

TRAPcc,L #<data>

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 field).

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 BPTST. C and V are always cleared. Xis always unaffected.

For all instructions: Z = I, 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 execution of the
instruction is one; N = 0 otherwise.

(EA) address of the byte that contains bit 0 of the array
offset #(0 to 31) or Dn(-2 3 ' to 231 - 1)
width #(1 to 32) or Dn (Ito 31, mod 32)

TABLE 6.8 Bit Field Instructions

Operand
Instruction	 size	 Operation	 Notation

BFTST	 1.32	 Field MSB '-) N, Z = I if all bits in field are zero; 	 IIFTST (EA)foffsct:wjdthj
Z = 0 otherwise

BFCLR	 1-32	 0's - field	 BFCLR (EA)[offsct:wjdth)
BFSET	 1-32	 I's— field	 I3FSET (EA)loffset;widthl
BFCHG	 1-32	 Field -k field	 BFCHG (EA)(offset:width)
BFEX'I'S	 1-32	 Field - Dn; sign extended	 BFEXTS (EA)[offsct:widthj, Dn
I3FEX'l'U	 1-32	 Field - Dii; zero extended	 BFEXTU(EA)[oufset:widtli), Dn
I)FINS	 1-32	 Dn -, field	 BFINS Dn, (EA) Ioffsct:widthl
IIFFPO'	 1-32	 Scan for first bit set in field 	 BFFFO (EA) loffset:widthl, Dn

'The offset of the first bit set in bit field is placed in Dn; imno set bit is found, Dn contains the offset plus field width.
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where # and Do respectively indicate immediate and data register modes.

Immediate offset is from 0 to 31, while offset in Do can be specified from —2' to 2 31 - 1. All

instructions are unsized. They arc useful for memory conservation, graphics, and communi-

cations.

As ail
	 consider BFCLIt. $5002 14:121. Assume the following memory contents:

7 6 S 4 3 2 1 0 - bit number

$5001	 1 0 1 1 1 0000 1
55002

(Base-Addrcss1 0 0 1	 1	 1	 0 0
$5003	 0 1	 1	 1 0 o o I
$5004	 0 0 0 1 0 0 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 I 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 are as follows:

	

7 6 5 4 3 2 1	 0

$5001	 I 1] 0 1 0 ul o oj i

S5002	 I 1	 0 0 I 1	 width 12

S 5003	 ui1ct 16

S.SO04	 0 0 0 1 0 0 1 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/I) converter interfaced via a 16-bit port of an MC68020-based

microcomputer. Now, suppose that one million pieces of data are to be collected from this port.

Each 12 bits can be transferred to a 16-bit memory location or bit field instructions call 	 used.

Using 16-bit location for each 12-bit;

Memory bytes required:

= 2 * I million

= 2 million bytes

Using bit fields:

12 bits = 1.5 bytes

Memory requirements = 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
BFEXTU $5004
BFINS	 D4, (A0)
BFFFO	 $5004

(D5 : 06)

(2 : 41, D5
{D5 : D6}
(D6 : 4), D5

Assume the following data prior to execution of each of the above instructions:



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

MEMORY

7 -----------0

HENUEEME
NONOUNME
UNNEEMEN
MOMOOME
OEMMEEEM
UUMENESE
UUMENNEE

A0	 100005004

-16

D5	 I 11E 1:Fl:	 J	 -8

D6	 0000 00004

CCR I 01001	 I
	 +16

+24

D4	 J 7125 1214	
+32

+40

Register contents are given in hex, CCR and memory contents in binary, and offset to the left
of memory in decimal.

Solutions
BFCHG $5004 ID5 D6}

X N 7. V C

CCR [0 0 1 0 oJ

BFEXTU $5004 12 :4), 1)5

Otiset 2, Width - 4

CCR X N Z V C

Jo 0 0 0 ol

D5	 jo 0 0 0 0 0 0 2J

BFINS 1)4, (A0) 11)5 : D61

Offset -1, Width -4

Memory

55004	 iIooI

B1PFO ssooi (D6 : 4), D5

Offset - 4, Width - 4

CCR X N Z V C

10 1 0 0

1)5	 [000000041
(Hex)

Offset -1, width - 4

Memory

ii!iI

CCR X N Z V C

0 1 0
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TABLE 6.9 Pack and Unpack Instructions

Operand
Instruction	 size	 Operation	 Notation

PACK	 16 - 8	 Unpacked source + data - 	 PACK —(An), —(An), #<data>
packed destination	 PACK Dn, Dn, $<data>

UNI'K	 8 - 16	 Packed source - unpacked	 UNPK —(An), —(An), #<data>
source.

unpacked source t # data —s	 UNPK Dn, Dii, #<data>
unpacked destination

Note: Condition codes are not affected.

6.5.6 Pack and Unpack Instructions

Table 6.9 lists the details of PACK and UNI 5 K instructions. Both instructions have three

operands and are unsized. 'I'hey 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	 1211	 87	 43	 0

Unpacked BCD: I0 0 0 0 I BCDO I 0 0 0 0	 BCD1

7	 43	 0

Packed IICD: I IICI)0	 I BCDI

- Appropriate constants can be used to translate from ASCII
or EBCDIC to BCD or irons BCD to ASCII or EBCDIC.

The PACK and UNIK 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 E3CD, 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. PACK DO, D5, # $0000

2. PACK - (Al), - (A4), # $0000

3. UNPK D4, D6, # $3030

'1. UNPK - (A3) / - (A2), # $3030

Assume the following data:



$507124131

$507124B2

$507124113

$507124134

$507124B5

$507124116

$507124117

$507124118

310
I - --- 7	 Ct

384

DO	 XXXX 3237 J

31	 0
D5	 IXXXXXX261

31o

D4	 XXXXXX 35	 I
31

1)6	 [xxxx 27

31	 o
A2	 öO500 _/t3

31o

A3	 1507124 119

3!	 0
Al	 {Q7I24 133

31	 o

	

1300500 Al	 1

Microprocessors and Microcomputer-Based System Design, 2nd Edition

MEMORY

Solution

1. PACK DO, 1)5 It S000

[DO] - 32 37
Low
word

+ 00 00

32 37

[D5] = 27

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 - (AI), - (A4), $0000

[$5071 24112} - 37	 + 3237
[$5071 24111]	 32	 +

3237

Jiicrclbre, [3005 OOAO]	 27 Pickcd BC!)

Hence, the above instruction with the specified data converts two ASCII digits to their
equivalent packed BCD.

3. UNI'K 1)4, 1)6 It $3030

[1)41 - NXXXXX 35

03 05

+ 30 30

33 35

lltcrclorc, alier this UNPK

[1)61 - XXXX 33 35

[1)4] - XXXXXX 35

Therefore, this instruction with the assumed data converts from packed BCD 35 to
ASCII 33 35.
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4,	 UNI'K . (A3), - (A2), 4 $3030
[$5071 24B8) - 27

02 07
30 30
32 37

[$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:

MtTLS.W (EA), Dn 16 x 16 -4 32, (EA) 16 * Dn16 -4 Dn32

or
MULU

MULS . L (EA), Dii 32 x 32 —* 32, (EA) *	 4

	

or	 Holds low 32 bits of the result

	

MtJLtJ	 after multiplicationj upper 32 bits
of the result are discarded

METLS . L (EA),	 n: Dii 32 X 32 -4 64, (EA) * D . -4 Dm • Dii

	

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 mtiplicand are
both 32 bits and the result is either 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 (an), Dii 32/16 —* 16r:16q
or

DIVU

DIVS.L (ea), Dii 32/32 — 32q (no remainder is

	

or	 provided)

DIVU
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DIVS.L (ea), Dr:Dq 64/32 -4 32r:32q
or

DIVU

DIVSL.L (ea), Dr:Dq 32/32 -4 32r:32q
or

DIVTJL	 '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 Dri 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:Dq
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:

1. MULTJ.L * $2, D5 if [D5J =
2. MULS.L * $2, D5 if [D5] = $FFFFFFFF
3. ML. i1 # $2, D5:D2

if [D5] = $2ABC 1800
and D2]	 $FPFFFFFF

4. DIVS.L * $2, D5 if [D5] = $FFFFFFFC
5. DXVS.L * $2, D2:D0

if (D2] = $FFFFFFFF
and [DO] = $FFFFFFFC

6. DIVSL.L # $2, D6:D1 if [Dl] = $0004 1224
and [D6]	 $FFFFFFFD
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Solution
1.MULU.L # $2, D5 if [D5] = $FFFFFFFF

SFF}1FF

* $00000002
00000001 1:1:1:FFFI:E

-
V 1	 Low 32-bit
since	 result in 1)5
this is

nonzero

Therefore, [D5] = $FPFFFFFE, 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] = $FFFFFFFF

SFFFFFFFF ( A)
* $00000002 (+2)

	

SIFFIFFFI-	 (-2)

m
Result in D5

Therefore, [D5J = $ FFFFFFFE, X = unaffected, C = 0, N = 1, V = 0, and Z = 0.

3.MJLU.L # $2, D5:D2 if [D5] = $2ABC 1800 and [D2] = $FFFFFFF

s1:l;1I1F

• S00000002

00000001	 1:1:FPFF1:E

1)5	 D2

N = 0, Z = 0, V = 1 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]	 $FFFFFFFC

-2

FFFF FFFE

00000002 I	 iiFi I:1:1:c

+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] = $FFFF FFFF and (DO] = $ FFFF

FFFC

Q = FFFF F1FE, R 0000 0000

00000002	 FFFF lFlF FFFF FFFC

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 610 Enhanced Instructions

Instruction	 Operand size	 Operation

BRA label	 8, 16,32	 PC -F d -+ PC
11cc label	 8, 16, 32	 If cc is true, then PC + d --4 PC; else next instruction
BSR label	 8, 16,32	 PC —* - (SP); PC + d -9 PC
CMPI.S #	 8, 16,32	 Destination - # data -* CCR is affected
data, (EA)

Tsr.s (EA)	 8, 16,32	 Destination —0 - CCR is affected
LINKS An, #—d 16,32 	 An—--(SP);SP-- An, SP+d-95P
EXTB.L Dn	 32	 Sign extend byte to long word

Note: S can be B, W, L. In addition to 8-and 16-bit signed displacements for BRA, Bce, 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
CMPLV#S2000, (STARI, J'C). In addition to EXT.W Dn and EXT.L Dii as with the 68000,
the 68020 also provides the EXTB.L instruction.

6. DIVSL.L # $2, D6:D1 if [Dl] = $0004 1224 and [D6] = $FFFF
FFFD

Q -	 -1
0000 0002	 FFFFPF1)	 R —FFFFFFFF

[D6j $PFFFFFFF = remainder, EDII = $ 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 thc'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
D3 is offset in bits
Contains the first bit
number set

[D2]	 number of searches
Decrement D2 by 1 for use
in DBNE later

Load field width into D5
Search for one in 16 bits
Decrement branch if not
equal

CLR.L D3

DIVU #16, D2
SUBQ.W #1, D2

MOVEQ.L #16, D5
START BFFFO (A2) (D3:D5}, D3

DBNE D2, START
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BNE FINISH
	 ; If no ones found, stop

CLR.14 D3
	 ; Store 0 in P3

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 rnemow location SF1002004. The data bytes start at
$5000.

Solution

MOVA.L * $5000, AS

MOVEA.L # $F1002004, AG

MOVEQ.L #19, P2
START MOVE.B (A5) +, P3

UNPK P3, P3, * $3030
MOVE.W P3, (A6) +

DBF D2, START

FINISH JMP FINISH

Load starting address of

I
	 the BCD array into AS

I Load starting address
of the ASCII array

I
	 into A6
I Load data length to P2
I Load BCD value
I Convert to ASCII
I Store ASCII data at

address pointed to by
I
	 A6
I Decrement and branch if
I
	 fal s
I Otherwise STOP

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 Dl 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 Dl and 32-bit quotient in DO.

Assume dividend .and divisor are already in DO and Dl, respectively.

Solution

1. EXTB.L Dl
DIVS.L Dl, DO

FINISH	 71P FINISH

2. EXTB.L Dl
DIVSL.L Dl, D1:D0

FINISH	 JMP FINISH

Sign extend divisor to 32-bit
32-bit quotient in DO and
remainder is discarded and
halt
Sign extend divisor to 32 bits
32-bit remainder in Di. and
32-bit quotient in DO

I Halt

Example 6.18

Write a 68020 assembly language program to compute the following:

D2.L:D1.L = (INTEGER + D1 . L)*(D1 . L - DOJ3)
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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
ADD. L
EXTE . L
SUB.L
MULS . L

FINISH JMP

INTEGER, D2
Dl,D2

DO
DO, Dl

D2, D2 :Dl
FINISH

compute sum
compute sum

compute (Dl.L—DO.B)

perform multiplication

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,t3SP]),DO
EXTB.L DO

MOVE.L ((6,USP]),Dl
MULS.L DO,D2:Dl

FINISH JMP FINISH

Move first data
sign extend to
Move second dat

Stczt result in
Halt

32 bits

D2 Dl

6.6 68020 ADVANCED INSTRUCTIONS

This Section provides a detailed description of the 68020 advanced instructions including
BKPT, CAS/CAS2, TAS, CALLM/RTM, and coprocessor instructions.

6.6.1 Breakpoint Instruction

A breakpoint is a debugging tool that allows the programmer to check or pass over an entire
section of  program. Execution of  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#O
thru BKPT#7). The operating systenh exchanges the operation word with one of the eight
breakpoint instruction as follows:
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Breakpoint number	 Instruction	 op code

0	 BKVr#o	 $4848
1	 1IKVI'#1	 $4849
2	 IIKI'T#2	 $484A
3	 LtK PTO 3	 $48411
4	 UKI'T4	 $484C
5	 LIK1'T#5	 $484D
6	 BKI'T#6	 $484E
7	 1KPT#7	 S484F

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 PCi FCO = 111) each 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 oil 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 SiC 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 executed, 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 dccrementcd by one, and the appropriate DSACKX lines are asserted
by the external hardware. The MC68020 reads this op word and executes it. lithe 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

111
	

0	 0	 0000	 0 .	 •	 0 BKPT #00j

CPU Space	 Space #0

FIGURE 6.6 BKPT instruction format.
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020 executes	 I
I of 8 BKPTs

	

020 generates 	 I

	

CPU space	 I

	

cycle identifies	 I
BKPT#

^COUNTER

no

	

External logic	 I	 I

	

decrements its	 I	 I	 Externajc

	

counter for this	 I	 I	 asserts BERRBKPT	 I	 I

	

External logic	 I
Outputs	 I	 I	 020 takes illegal

	

replacement	 J	 inst. exception

	

OP & DSACK's I	 I

020 reads
OP word &
executes it

FIGURE 42 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 74LS13$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 74LS138
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
code is 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 tliis type of hardware, operating system support is not required until the



393Motorola MC68020

CPU Space 0

31	 15

MOVE.L DO, A5	 0000

MOVE.L Dl, 02	 0004

BKPT #4 - -* ADD.L 02, D3	 0008
MOVE.L (A5). 03	 000c

I	 . 0010 ADD.L 02. 03	 COUNT

001431	 y	 1615 

Step 2 0010 1 6 [6D.L 02, D3	 COUNT	 0018

001C	

T

__________ _______

CPU Space	
...

Execute COUNT number of time
What happens if:

COUNT = 0
COUNT 0

BKPTO

BKPT7

FIGURE 6.8 Executing a IIKIT instruction.

A16-Al

AO-A31

L
A3

741 ' I
13

CPU Space

MC68020

ECO

74LS	 FC1
138	 FC2

TS

+5v

K()
IDSACK1

Breakpoint
Memory
Counter Data

DO - 1331	 [--\f^Vatchdog

FC2 FCI FCO A31	 A20A19A16A15	 AS A4 A2 AO

ri 	 -OU 0 0 OjO	 OIBKPT# 0__9]

CPU	 Space f0
Space

FIGURE 6.9 Brcakpoint block diagram.

TABLE 6.11 Function of the Break;iuint

Operand

Instruction	 siec
	 Operation 	 Notation

IIKPT	 None	 If breakpoint cycle acknowledged then	 BKPT # data

cxccute returned op word, else trap

as illegal instruction
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Fetch OP WORD
insert in pipe and

execute

I Generate CPU
I space cycle #0 Mlh

BKPT #onL A4A3,A2

DSACKs	 Which	 BERA	 T̂ale

	

al 

S)	
instruction

	

signal(s)	

'one

'x

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.

6.6.2 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  module descriptor (in the
effective address) which contains control information for the entr y 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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Create
Stack
Frame

CALLM #ARG, (EA)

NEXT
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TABLE 6.12 CALI.M and RIM Instructions

Operand
Instruction	 size	 Operation	 Notation

CALLM	 None	 Save current module state on stack; 	 CALLM data, (EA)
load new module state 1mm
destination

RIM	 None	 Reload saved module state in stack 	 RTM Rn
frame; place module data area
pointer iii 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 RTh1 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 RIM 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 (GAS 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 Call
Slack Frame	 RTM Rn

A.-Read/Restore
Stacked Into

FIGURE 6.11 Ovcmvicw 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 Do, Du, (EA)
1. (EA) - Dc -3 CC
2. IF (EA) =Dc

THEN Du —3 (PA)
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, BEAD

But in a multiuser/niultitask 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	 I	
EntryEntry	 I

Al	
Now	

Nextl	 NexJEntry
ext I	 J	 !NULL

HEADNeWEntry

Next
NULL

Queue
Before

Entry
To Be
Added

Queue
After

FIGURE 6.12a Inserting a new entry in queue (single user/single task).
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Existing Queue
HEAD )- --

	

)- E=

NULL

New Entry
Al	 New Entry

L
+ Next

User 2

FIGURE 6.1 2b Two users attempting to insert a new entry into an existing space.

existing queue. Suppose that after user 1 executes 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,12c. 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 6.12c, the HEAD (known to user I at the start) gets changed between the time user

established the forward link by the time user 1 updated HEAD.
The following instruction sequence uses GAS to insert a new entry in a queue in a multiuser/

multitask environment:

MOVE. L

MOVE. L

LOOP MOVE.L

HEAD, DO

Al, D.

DO, (NEXT, Al)

User 1

Capture current HEAD

Need value in Du for CAS
Establish forward link

FLGURE6.12c Insertion of entries i"t00n, existing queue in a muhiuser environment using MOVE (situation

to avoid)
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HEAD = DO

SO Dl - - > HEAD
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Case 1: No Intervention

FIGURE 6.12d Inserting an clernent in a queue using CAS without intervention.

CAS.L DO, Dl, HEAD	 ; If HEAD unchanged, update
BNE LOOP	 ; You have new HEAD in DO, try

again

Figures 6.12d and 6.12e illustrate the use of CAS in the above instruction sequence, respec-

tively, in a system with no intervention and simultancou ::rtion by multiusers.

The GAS instruction cannot be interrupted. This ensures sec ire 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'

HEAD DO

SO HEAD— — )- DO

The program tries again, from loop. First instruction not necessary as CAS did it.

FIGURE 6.12c Simultaneous insertion of elements.
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store operations are performed while the bus is locked. This prevents other prOCCSSOrS from

interfering with the instruction while it performs its compare and swap bperation.

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:Dc2, Dul:Du2,

(Rn I ):(Rn2). With the CAS2 instruction, both comparisons must show a match ....the

contents of the update registers Dul and Du2 to be stored at the operands' deinauon

addresses in memory pointed to by the registers Rn 1 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 indirect addressing with either a data or address register used

as a pointer to memory.

The condensed version of CAS2 Dcl :Dc2, Dul :Du2, (EA I ):(EA2) operation is given below:

If (EA1) = Dcl and (EA-2) = Dc2, then
Dul -* (EA1) and Du2 -3 (EA2);
else (EM) -3 Dul and (EA2) -4 Du2

Example 6.21

Write a 68020 instruction sequence to delete an clement from a linked list using the CAS2

instruction.

Solution
LEA HEAD, AG

MOVE.L (AO), DO

LOOP
	

TST.L DO
BEQ EMPTY
LEA (NEXT, DO.L), Al

MOVE.L (Al), Dl

CAS2.1, DO:Dl, Dl:Dl,
(AG) : (Al)

BNE LOOP
EMPTY - -

Load address of head pointer
into AO

Move value of head pointer
into DO

Check for null pointer
Ifempt-y-i rno.dletion required
Load address forward of link
into Al

Put value of forward link
in Dl

If no change, update head
and forward pointer

DO has new head, try again.

Entry Next[ Entry + NextH"Entry

HEAD 

After deleting an element:

Entry	 Entry	 Entry

HEAD
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TABLE 6.13 Summary of the TAS, CAS, and CAS2 Instructions

Instruction

TAS

CAS

CAS2

Operand
size	 Operation

8	 Destination -O - CCR
I •-+ bit 7 of destination

8,16,32	 Destination -Dc -s CCR if Z, then Du -s destination; else
destination -+ Dc

16,32	 dcstl - Dc  -4 CCR; if Z, dcst2 - Dc2 - CCR; if Z, DU  -
dest I; Du2 -> dcst2; cisc Dcst I -s DC 1, dest 2 -s Dc2

Notation

TAS (EA)

CAS.S Dc, Du, (EA)

CAS2.S
Dcl :Dc2,Du I:
Du2,(RnI ):(Rn2)

Note: S = B. W, or L

Table 6.13 summarizes the operation of the CAS, CAS2, and TAS instructions.

6.6.4 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
execution of the instruction

Co-Processor F-line Instruction
15	 1211	 98

	 65
CPID 4 Type	 Type

000-101 Reserved
110- 111 User Definable

000 =68851
(Paged MMU)

001 = 68881
(Floating Point)

000 = General
001 = Conditionals

010= Short Branches
011 = Long Branches
100 = Save
101 = Restore
110 = Reserved
111 =Not Used

<Effective Address>
Scc	 = <Effective Address>
DBcc	 = 001 <Register>
TRAPcc = 111 <Opmodes>
<Conditional Predicate>
<Conclitiortal Predicate>
<Effective Address>
<Effective Address>
Not Used
User Defined

The F or P provides 'he 3-bit cp-id in the instruction. The GEN is replaced by the specific
operation. For cxampk, iMOVE 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 specifics the general data processing and movement in-
stuctions. 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
111 12. 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

cpGEN	 User defined	 Pass command word to coprocessor and respond
to coprocessor primitives

cpBcc	 1632	 If cpcc true, then PC + d —s PC
cpDBcc	 16	 If cpcc false, then (On - I —s On; if On * 1,

then PC + d —* PC)
CpSCC	 8	 If cpcc true, then Is - destination, else Os —*

destination

Notation

cpGEN (parameters
defined by coprocessors)

cpBcc (label)
cpDBccDn, (label)

cpScc (EA)

epTRAPcc	 None	 If CCC true, then TRAP	 cpTRAPcc
16,32	 cpTRAPcc # (data)

cpSAVE	 None	 Save internal state of coprocessor 	 cpSAVE (EA)
cpRF.STORE	 None	 Restore internal state of coproccssor 	 cpRES'I'ORE (EA)

Privileged instructions for operating system context switching (task switching) support.
The 68020 (MAIN) and the coprocessor (CO) each do what they know how to do best

MAIN:	 Tracks instrucLiort stream
Takes exceptions
Takes branches

CO:	 Does graphics manipulations
Caictilates transccndentals, floating point
Does matrix manipulations

its instruction set, The condition codes may be modified by the coproccssors. An example of

a cpGEN instruction for the MC68881 is

FMOVE.L (AD) +, FPO

In this instruction P 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; A0 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 (ea).

The instruction FMOVE.L (AD) +, FPO contains two words in memory as follows:

$F218	 Machine Code (2 Words)

15 14 13 12 11	 10	 9	 8	 7	 h	 S	 .t	 5	 2	 1	 fl

First \Vorcl

F-Line	 CP.id	 Inst.	 Indirect	 Register

	

001 for	 type (100	 with	 A0
MC6813t3I	 far G[N Postincrement

mode

OP WORD

$4000

	

Op class - Source Destination 	 IMOV[

	

data	 Register	 Instruction

	

format	 F1'O
I	 000=.I

-	 COMMAND
010—-	 WORDsize (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 "cpBcc 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 cpcc is false, then Dn - 1 - Do and if
Dn # — 1, then PC + d —* PC, or if Do = —1, then next instruction is executed. On the other
hand, if cpcc 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.13 (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, 016, PC),
(d8, PC, Xn), (bd, PC, Xii), 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 uscr-dcfined 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

FTRPEQ

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) call 	 predccrement on all alterable control addressing
modes. This instruction is used by all 	 system to save the context (internal stale) 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) call
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.

6.7 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 MC68020 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, one of 61 entries is selected by using the index field (A2—A7) of
the access address as all into the cache. Next, the 68020 compares address bits All—AS
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 oil word address bound-

aries. Hence, each 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 prefctch will find the bus controller still holds the two instruction words and

call 	 the prefetch, again saving the related bus cycle. The bus controller provides an
instruction hit rate of up to 50% even 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 pill 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

FO 0FE

FIGURE 6.14 Cache control register format. C clear cache, CE = clear entry, F = freeze cache, and E =

enable cache,
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TAG	 [)EX	 BLOCKJ

FIGURE 6.15 Cache address register format.

The clear cache (C) bit of the CACR is used to invalidate it[] entries in the cache. This is

termed as "flushing the cache", Settin'g the (C) bit causes all valid bits (V) ill 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 (1) bit of the CACR keeps the cache enabled, but cache misses are not

allowed to update the cache entries. This bit call 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 all 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 microniachine of the MC68020 is highly pipelined, the predominant pipeline

mechanism is a three-stage instruction pipeline. Figure 6.16 shows the MC68020 pipeline
organization. l'hc pipeline is completely internal to the processor and is used as part of the

Instruction Fetch and Decode

FIGURE 6.16 MC68020 pipeline.
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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 UI) to three consecutive one-word instructions.

Therefore, the performance benefits of a pipeline are maxim ized during the execution of in-

line code.

6.8 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 MC6$020 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 ph ysical m callthat ca 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 mccess 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 arc fetched from secondary storage and

placed into physical memory. Page faults force a trap to the bus error exception vector.
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Attempt fetch
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not in main
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error	 exception	 Bring in H	 from
Bus	 Bus error	 I 	 Return

occurs	 processing	 new pageexception
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fetch from

page which
is now in

main
memory

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 I/O devices in memory-mapped I/O systems. To handle instruction continu-

ation properly, the processor must save certain internal piocessor information on the stack prior

to running the exception code and return this information to t" 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.

6.9 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 executes bus cycles in CPU memory

space to access a set of Coprocessor Interface Registers (CIRs). Table 6.15 shows the separate

TABLE 6.15 Copocessor Interface Register

Register	 Function	 it W

Response	 Requests action from CPU	 R
Control	 CPU directed control
Save	 Initiate save of internal state	 R
Restore	 Initiate restore of internal state 	 R/ W
Operation word	 Current coprocessor instruction 	 W
Command word	 Coprocessor specific command 	 W
Condition word	 Condition to be evaluated	 W
Operand	 32-bit operand	 R / W
Resister select	 Specifies CPU register or mask 	 It -
Instruction address	 Pointer to coprocessor instruction	 It / W
Operand address	 Pointer to coprocessor operand	 R/ \V
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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 are 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 2 ). Thus, the CIR set is mapped into CPU space the same way

that a peripheral interface register set is generally 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-ID field oil address bus, up to eight 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 field (address lines A16—A19) encoded

within the coprocessor instruction, so that the MC68020 communicates with the relevant

register set in CPU space.

CPU Space Address

20000

2001 F

22000

2201 F

24000

Interface Register Set

Reserved

Interface Register Set

Reserved

Address Space for
Coprocessor with
Cp-lD = 0

Address Space for
Coprocessor with
Cp-ID I

2(000
Interface Register Set	 Address Space for2E01 F	

Coprocessor with
Reserved	

J 
Cp-lD = 7

FIGURE 6.20 Coprocessor address map in CPU space.
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Function	 Address Bus
Code

31	

Ii9ooio	
CPID 12 00000000

Indicates	 Indicates Indicates
CPU space

	

	 coprocessor coprocessor
access in Identification

CPU space number

FCO-FC2	 COPR0
A16 A19	 Coprocessor	 COPR1	 CoprocessorDecoding
A13-A15	 Logic	 COPR7

0

CS
Coprocessor

FC2- FCO- 11 1 —* CPU space cycle
Al 9 A16 - 00 1 0 —* Coprocessor access in CPU space	 i	 A A A I
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FIGURE 6.21 68070 interface to coprocessors. Coprocessor comnlunicaiion address bus encoding and
multicoprocessor address decoding example.

6.9.1 MC68881 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 operations. The MC68882 is an

upgrade of the MC06888 I and provides in excess of 15 times the performance of the MC6888 I.

It is a pin and software compatible upgrade of the MC6888 1.

The 68882 provides higher execution speed than the 68881. The 68882 contains a special

on-chip hardware that converts belwccn binary and extended floating-point numbers at a

much higher speed than the 68881. Untli chips are packaged in 68-pin PGA( Pin Grid Array).
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FIGURE 6.22a MC6888I programming model.

A summary of the Mç6888 I 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 it, c, and powers of 10

The MC68881 is a non-DMA-type coprocessor which uses a subset 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 (F1 1 0-17P7). (These general-purpose registers are
analogous to the MC68020 D0-D7 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 instruction 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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I Address	 MC6BB81	 I
Decode	 Floating Point I 	 I	 i/OCoprocessor

ft ft	 ft ft Function ftCodes

H Address
MC68020 _______ L-1	 Bus
Processoi 

	 Data Bus- 11

FIGURE 6.22b Typical coprocessor configuration.

Memory

Bus
Extension

instruction to the memory-niappcd command dR and reads the response OR. 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 (5)
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 ill
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 all 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 hits 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 all 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 FPO, 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 rcprescntatioi) 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- precisiondata 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 ane,

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, the I in I 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 an*'éto
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 FPO-FP7 always contain extended-precision values. Also, all
data used in an operation are converted to extended precision by the MC68881 before the
operation is performed. The MC6888 I provides all results in extended precision. 'I'hc MC6888 I
instructions can be grouped into six types:

I. MOVE instructions between the MC68881 and memory on the MC68020
2. Monadic operations
3. Dyadic operations
4. Branch, set, or trap conditionally
5. Miscellaneous

6.9.1.a 68881 Data Movement Instructions

The 68881 floating-point data movement instructions include FMOVE, FMOVEM, and
FMOVECR.

Some examples of FMOVE instruction include:

• FMOVE.B LOG, FP3 transfers an 8-hit integer from memory address LOG to FP3.

• FMOVE.X FP4, FPO transfers the extended-precision floating-point number from FP4
to FPO.

• FMOVE.S FP3, Dl moves a single precision floating-point number from FP3 to Dl.
• FMOVE. p FP5, (A0) transfers a BCD floating-point number from FP5 into 12

consecutive bytes of memory starting at the address pointed to by A0.

FMOVE.X FPO, -(USP) subtracts 12 from USP and transfers the extended precision
floating-point number from FP6 to the user stack.

When data arc 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 instrVction 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 are always moved as 96-bit extended data with no conversion.
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Any combination of FPO-FP7 can be moved. (EA) can be control modes, predecrement or
postincrement mode. For control or postincrcnient mode, the order of transfer is from FP7-
FF0. 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 precision constant from
an ROM within the 68881/68882 into a floating-point register. The numeric values of some
of the constants are selected from the following:

Smn	 Constant

$00	 IT:

SOB	 Log,02
SOC
SOD	 Log2c
SOE	 Log,0c
$30	 Log.2
$31	 Lo&I0
$32	 100
$33	 10'
$34	 102
$35	 104

$36	 10'

and so on.
For example the instruction FMOVECR .X #$OC, FP6 moves the extended precision value

of e into FP6.

6.9.1.b 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 FPzn, FPn

or

FTAN . X FPri

The FFAN instruction converts the source operand to extended precision (if nccessary),
computes the tangent of that number, and then stores the result in the destination floating-
point data register.

Table 6.16a flowcharts the monadic function. Tables 6.16b and c list all MC68881 monadic
instructions.

TABLE 6.16a Monadic Functions

Source	 -,	 Function

Memory or

............. T
MC68020 Register or
MC68881 Register

Destination

MC6888I FP Register
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TABLE 6.16b MC68881 - Monadic Instructions

Trascendc,taI functions

FACOS
PASI N
FATAN
FATANU
FCOS
FCOSFI
FETOX
FETOXM I
FLOG 10
FLOG2
FLOG N
FLOGNPI
FSIN
PSINCOS
PSINI I
EFAN
ETANII
FTENTOX
vrwoiox

ARC COSINE
ARC SINE
ARC TANGENT
I IYPERBOI.IC ARC TANGENT
COSINE
IIYPERIJOLIC COSINE
E TO THE X POWER
E TO THE (X - I) power
LOG TO THE BASE 10
LOG TO THE BASE 2
LOG BASE c OF X
LOG BASE e OF (X + I)
SINE
SIMULTANEOUS SIN/COS
HYPERBOLIC SINE
TANGENT
I IYPERBOLIC TANGENT
TEN TO THE X POWER
TWO TO TI 11 : X POWER

TABLE 6.16c MC68881 - Monadic Instructions

Nontransccndccstal f'nciioii

FABS	 ABSOLUTE VALUE
PINT	 INTEGER PART
FNEG	 NEGATE
PSQRT	 SQUARE ROOT
FNOP	 NO OPERATION (SYNCHRONIZE)
FGETEXP	 GE  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. '('he second input is also the destination floating-point data
register. Typical examples include:

FCMP.L (fmt) (EA), FPn
or

FCMP.X FPxn, 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
MC6888I F!' Register or
Memory Function

Destination

MC68881 F!' Register



Motorola MC68020
	

415

TABLE 6.17b MC 68881 Dyadic Instructions

FA 1) 	 1\DL)
ICMI'	 COMPARE
FDIV	 DIVIDE
F\IOI)	 MOD
I\IUI 	 MULTIPLY
ITEM	 IEEE REMAINDER

CE	 SCALE EXPONENT
FSU1I	 SUIITRACT

6.9.1.d BRANCH, Set, or Trap-On Condition
These instructions arc 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 MC6888 I for perform-
ing the necessary condition checkup. The MC68881 then checks the condition and tells the
MC68020 whether the condition is true or false, The MC68020 then takes the appropriate
action.

The MC68381 conditional instructions are

FBcc .W
	

dispi Branch
or ,L

FDBcc .W
	

dispi Decrement and branch

or .L

FScc.W	 dispi Set byte according to condition

or .L

FTRAPcc.W disp]. Trap-on condition
or

All the above instructions can have 16- 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 Specifiers

1t nctssonk	 Definition

F	 False
EQ	 Equal
NE	 Not equal

True
SF	 Signaling false
SEQ	 Signaling equal
GT	 Greater than
GE	 Greater than or equal

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)
N G E	 Not (greater orequal)
NGT	 Not (greater 1fi.111)

S  E	 Signaling not equal
ST	 Signaling, true
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Instruction: FADD.X FPO, FP1

MC68881
MC68020 Write Instruction to
MC68881 Command Register

Accept Command

Read Response Register 	

Release Processor
Start Add Operation

Continue In-Line Execution
Fetch Next Op-Code

FIGURE 6.241 MC68020/MC6888 1 concurrence cxamplc.

6.9.1.e 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

ENOVE FPcr, (EA)

FRESTORE (EA)

FPcr 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 MC6888 1 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, (AO)-s-

MC68881
MC68020 Write Instruction to
MC68881 Command Register

Accept Command

Read Response Register

Respond Evaluate (EA)
& 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.

Release Processor

Continue In-Line Execution
Fetch Next Op-Code

FIGURE 6.24b MC68020/MC6888I nonconcurrence example.
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FIGURE 6.25 MC6388 I pins and signals.
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Figure 6.25 shows the MC68881 pins and signals.
The 68881 is included either in a 64-pin DIP or in a 68-PGA (Pin Grid Array) package.

There arc 7 Vcc (+5V) and 13 grounds for powcr 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 AD 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 AU and SIZE pins are used, according to Table 6.20. The SIZE and A0
pins arc used to conflgre the MC68881 for operation over 8-, 16-, or 32-bit data buses.

The address strobe AS goes LOW to indicate that there is a valid address on the address bus,
and both CS and RI \'V 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 DSACK1 and

DSACKO to indicate that the information on the data bus is valid, lithe bus cycle is a
MC68020 write to the MC6888 1, I)SACK 1 and 6S 66 are used to acknowledge acceptance

of the data by the MC688$1__
The MC68881 also uses DSACKO and DSACKI to dynamically indicate the device size on

a cycle-by-cycle basis as discussed in Section 6.10.

TABLL6.19 Coprocessor Interface Register Selection

A4-A0	 Offset	 Width	 1ypc	 Register

0000x	 $00	 16	 Read	 Rcsponsc

000Ix	 $02	 16	 Write	 Control

0010x	 $01	 16	 Read	 Save

001 IX	 $06	 16	 R/ %V	 Restore

OlOOx	 $OS	 16	 (rcs'èrved)

OlOIx	 $0\	 16	 Write	 Command

01 lOx	 SOC	 16	 -	 (reserved)

011Ix	 SOE	 16	 Write	 Condition

lOOxx	 $10	 32	 R/ W	 Operand

1010x	 $11	 16	 Read	 Register select

101ix	 $16	 16	 -	 (rcscrvcd)

I IOxx	 $15	 32	 Read	 Instruction address

III xx	 sic	 32	 R/ W	 Operand address
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TABLE 6.20 Data Bus Configuration

AU	 Size	 Data bus

-	 Low
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 Vcc is within tolerance. After Vcc is
within tolerance for more than the initial power-up limc, the RESET pin must be asserted for
at least two clock cycles.

The MC68881 clock input is a '171--compatible sinal 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 from-a 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 Vcc for 32-bit operation. Note that A19, A 18 ) A17, A16

= 00102 (indicating coprocessor function), FC2 PCi FCO = 111 2 (meaning CPU space cycle), and
A15 A14 A13 = 001 2 (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 002.

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  sphere = 4/3*itr3 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
FMOVE.X FPO, FP1
FSGLMtJL.X FP1, FP1

FSGLMt3L.x FPO, FP1

FMOVE.S #4O, FP2
FDIV.S #3E0, FP2
FNOVECRX #0, FP4
FSGLMtJL.X FP2, FP4
FSGLMtflX FP1, FP4
FMOVE.S FP4, DO

FINISH JMP FINISH

Example 6.23

; MOVE r to FPO
; Make another copy of r
; Compute r2 by single precision
; multiply
; Compute r3 by single precision

multiply
Load constant 4
Compute 4/3
Obtain it.

Compute (4/3)rc
Compute volume
Store volume in DO.

For the following figure, write an MC68020 assembly program using floating-point coprocessor
instructions;	 'nc X and 0.
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FIGURE 6.26 MC680201MC68881 32-bit interface.

X =	 + z2

= ARCTAN (YIX)

Assume Y and Z are 32 bits wide.

Solution
MOVE.L Y FP2	 ; MOVE Y TO FP2
MOVE.IJ Z, FP3 ; MOVE Z TO FP3
FMOVE.X F22, FPO ; MOVE Y TO FPO
FMOVE.X FP3, PP1 ; MOVE Z TO FP1
FMUL.X FPO, FPO	 ;
FXUL.X FP1, FPi.	 ) Z2
YADD.X FPO, FP1	 ; Z2 +

FSQRT.X FP].	 ;

FDIV.X F23,PP2	 0 is
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FIGURE 6.27 MC68851 translation table tree structure.

Pointer
Tables
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FATAN •X FP2	 ; ARCTAN (Y/Z)
FINISH JMP FINISH

6.9.2 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 either 12.5 or 16.67 MHz.

The main functions of the 68551 are 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), FCO-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 lockup normally uses
the function codes as the index, but they may be suppressed. The 68851 includes the 4-bit

bidirectional function code pins, FCO-R.3, which indicate the address space of the current bus

cycle. The 4-hit function code consists of the three function code outputs (FCO-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 hierarchical protection mechanism monitors and enforces the protection/privi-

lege mechanism. These may be up to 8 levels with privilege hierarch y, 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 fiult.

In the 68851 protection mechanism, the privilege level of  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 63851 decodes this address and responds by

either providing a replacement op code for the breakpoint op code and asserting DSACKx

inputs or by asserting 68020 BERR input to execute illegal instruction exception processing.

The 68851 can be programmed to provide (1) thplacement op code n times (1 !^ n 255)

in a loop and then assert BERR or (2) assert BERR on cyery breakpoint.

The 68351 instructions provide an extension to the 68020 instruction set via the coprocessor

interface. These instructions provide:

I. 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 63351 registers using all

68020 addressing modes. PVAI.ID compares the access level bits of an incoming logical

address with those ofthe Valid-Access Level (VAL) register and traps if the address bits arc less.

PTEST searches the ATC and translation tables for all 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 ITEST 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. PFLUSI I and its variations clear the A'I'C of either all entries, entries
with a specified function code, or those limited to a particular function code and logical
address.
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FIGURE 6.28 A 68020-based microcomputer with coprorcssors.

PSAVE saves the contents of an) , 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, PDJ3cc, P5cc, and PTRAPcc instructions have the 'me meaning as those of the
68020 except that the conditions are based on the 68851 conditi.m 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 menlory, disk controller, and serial I/O devices to the 68020.

6.10 MC68020 Pins and Signals
Figure 6.29 shows the MC68020 functional signal groups. Tables 6.21 lists these signals along
with a description of each.

There are 10 VCC (+5V) and 13 ground pins to distribute the power in order to reduce
n oise.

Both the 32-bit address (A0-A31) and data (D0-D31) buses are nonmultiplexed. Like the
MC68000, the three function code signals FC2, FCI, and FCO identify the processor state
(supervisor or user) and the address space of the bus cycle currently being executed as
follows:

FC2	 PCI	 FCO	 Cycle type

o	 o	 0	 (Undefined, rcscrvcd)'
o	 o	 I	 User data spare
o	 1	 0	 User program space
o	 1	 1	 (Undefined, rcaervcd)
1	 0	 0	 (Undefined, rcservcd)
1	 0	 1	 Supervisor data space
I	 1	 0	 Supervitor program apace
I	 I	 I	 CPU space

Address space 3 is reserved for user definition,
while 0 and 4 arc reserved for future use by Motorola.
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Cache ControlF unci ion Codes

tnte 1.1 1 pt Prio tyri	 IPLO-lI'L2 1
3 .2uia J	 Microprocessor	 I l'EN F)	 Control

Address Bus	 I
'sIC0002O

	

	 Interrupt

)-5.3ma
375x35Qmil	 AVI-C

Data Bus

	

Translcr I 	-

	

SIZO	 HR

	

SizeSi.1	 BC	 )- 3.2ma	 Arbitration
BCACK	 J Control

2.0rna	 0(3	 A	 1 0.7iiia 'I Bus{

1 0.7nia ExceptionControl
HERR

-

	

Asynchronous J	 I	 AS-

	

RAN'	 12., 16.67, 20,
5.3tssa	 -

Bus Control	 I	 DS	 CLK

	

DBFN	 'CC (1 0)_	 2533 MHz V rsions'4

	

	 GND(1 3)	 (8 MHz loin)
DSACKO
DSACKt

• 2 micron t-ICMOS process
• 200,000 transiSlorS
• 114 lead PCA pk0
• Pd = 1.75W (max)

FIGURE 6.29 MC68020 functional signal groups.

1,\1ILE 6,21 Hardware Signal Index

Siinal name	 Mnemonic	 Function

Address bus	 A0-A31	 32-bit address bus used to address-in) of 1,294,967,29t bytes
Data bus	 DO-D31	 32-bit data bits used to transfer 8, 16, 24, or 32 bits of data

per bus cycle
Function codes	 FCO-FC2	 3-hit function code used to identify the address 5itCC of each

bus cycle
Size	 SIZO/SIZ I	 indicates the iu usher of b ytes remaining to be transferred for

this cycle; these Signals, together with AO and A I define the
-	 active sections oft lIe data bus

Read-modify-write cycle	 EthiC	 Provides an indicator that tile current bus cycle is part of an
indivisible read-zuodifi-write operation

External cycle start	 ECS	 !'ioviks 111 iidics;iun that .1 bus cyelc is beginning
Operand cycle start -	 OCS	 Identical opelation to that of EC 's except that OCS is asserted

Only du ring the first bus cycle of an Operand transfer
Address St robe	 AS	 indicates that ;I 	 address is on t lie bus
Data strobe	 DS	 Indicates that s-slid usC_h is to be 1110CCLI on the data bus by 511

external device or lis been 1)1.1 ced on the dat_i bus by tile
MC6SO2O

Read/write	 11./W	 Defines the bus transfer as all 	 read or write
Data buffer enable 	 DIIEN 	 Provides ;III 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 sice of the external bus port oil cycle-by-cycle
basis
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TABLE 6.21 Hardware Signal index (con tin ne(j)

Signal name

Cache disable

Interrupt priority level

Autovector

Interrupt peiiditig

Bus request

Bus grant

Bus grant acknowledge

Reset

Halt

Bus edror

Clock

Power supply

Ground

Mnemonicisernonic	 Pu diction

CDIS	 Dynamically disables the on-chip cache to assist ctttiilator

support

IPIO-IP.'.2	 Provides art 	 interrupt level to the processor
AVEC	 Requests an autovector during an interrupt acknowledge

Cycle

WEND	 Indicates than an interrupt is pending

BR	 lildicales than an external device requires bus mastership
JIG	 Indicates than an external device ma y assume bus mastership
IIGACK	 111 d  ica ten than an external device has assumed btis control
RESET	 System reset

hALt'	 Ilillicates that the processor should suspend bus activity

ItElR	 Indicates an invalid or illegal bus operation is being

cup ed

CLK	 Clock input to the processor

\'CC	 15 volt ± 5i power supply

GNI)	 Ground conitn'ctiou

Note that in MC68000, PC2, PC!, FCO = I 11 indicates interrupt acknowledge cycle. In the

MC68020, this mcans CPU space cycle. Its this cycle, by decoding the address lines Al 9-A 16,

the MC68020 can perform various types of functions such as coprocessor communication,

breakpoint acknowledge, interrupt acknowledge, and module operations as follows:

A 19	 A18 	 A 17	 Al 6	 liiiictioii ocriurined

o	 ()	 0	 0	 ltrc.ikpoiiit •ickrtowledge

o	 ti	 ti	 I	 '.lidlllilC operations

o	 t	 I	 0	 Coprocessor communicat;on

I	 I	 I	 Interrupt ackiwnvlcshi;e

Note that A19, i\18, AP, A16 = 0011, to 1] 10 2 is reserved by Motorola. Its the coprocessor
communication CPU space cycle, the MC68020 determines the coprocessor type by decoding
Al 5-A 13 its follows;

AS	 All	 A13	 Coprocessor type

NE C6885 I h 1a tlC1 i itiertioty nrsnsge lie It unit

NIC6888 I floating-point coprocessor

The MC68020 ofl'crs a feature called dynamic bus sizing which enables designers to use 8- and

16-bit memory and I/O devices without sacrificing system performance. The key elements

used to implement dynamic bus sizing are the internal datamulli j excr, the SIZE output (SJZO
and SIZI pins), and the DSACKX inputs ( DSACKO and DSACK1). 'l'hc MC68020 uses these

signals dynamically to interface to Else various-sized devices (8-, 16-, or 32-hit) oil cycle-by-

cycle basis. For example, if the MC68020 executes all 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 I/O size to be 32 bits when starling the bus cycle. Hence, it always

transfers the maximum amount of data on all bus cycles. Jfthe device res1 yonds that it is 32 bits,
the piocessor latches all 32 bits of data and continues 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

each 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 example,
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TABLE 0.22 Dynamic Sizing Control Signals

-	 I)SACK Codes and Results
DSACK I
	

l)SA(.K I)	 Result

II	 Inscit lviii Niates in current bus cycle
I,	 Complete cycle - port size is it U is
It	 Complete cycle - port site is lb bits

Loinplctc cycle - port sue is 32 bits

SIZE output Encodings
S171
	 SI/I)	 Sue

I	 byte
\Vuril
3 bytcs

()	 Ion word

Iuailjust t!iesi,cvtltctihysic:tlhiis interface, xtc:t;.il circuitsituist
issue strobe Signals to l;atc diii bus butlers. Ity using d.it.i strobe control,
external logic can cnalile the proper section of the data lists.

the 8-bit devices transfer data via 1)3] -1)24 pins, the 16-hit devices via D31-1)1 6 pins, and the

32-bit devices via 1)3] -1)0 pins.
A routing and duplication multiplexer takes the four byte of32 hits and routes them to their

required positions; depending oil 	 bus size, the positioning of bytes is determined by SIZI

SIZO, and Al and AU address output pins.	 --

The fbur signals added to support dynamic bus sizingr 	 SACK0,_1SACK I , SIZO, and

SIZ 1. Data transfer and device size acknowledge signals ( DSACK U and DSACK 1) are used to

terminate the hus 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 (SIZO and SI]) indicate how many bytes are still to he transferred duringa given bus

c ycle (Table 6.22).
The multiplexer routes and/or duplicates one or more bytes ill the 32-hit 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 SIZU and SIZ1

outputs. The address lines AU and Al defIne the byte position ill 6.30. For example,

Al AU = 00,, A lAO = U I,, Al AU = 10,, and Al AU = 11, indicate byte 0 (Ol'O), byte 1 (OP 1),

byte 2 (0P2), and byte 3 (01)3), 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 SIZI, S!7.U, Al, and AU of the MC68020's

internal multiplexor to the external data bus 031-1)0.

In each cycle, the MC68020 outputs to the SIZ1 SIZO_pi ll s tJytdieatp to the external device

the number of b ytes remaining to be transferred. 'I'ltc 1)SACK 1 and DSACK 0 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 At) output address pins to the device from the MC68020

indicate which data pins are to he used in the data transfer. For example, an 8-bit device

always transfers data to MC63020 via 031- 1)24 pins for all combinations of Al AU (00,, 01,,

10., 1 1.). Ott the other hand, the 16-bit device always transfers data via 031-1)16 pins.

However, ill first cycle, if the address is even (Al AU 00 ) or 10), 16-hit data transfer

takes place using 1)31 -Dl 6 pins with the data byte addressed by the odd address via 1)23-

016 pins. On the other hand, if the starting address is odd (.'\ 1 AU = U 1 or 11 ) ) for a 16-hit

device, only a byte is transferred i ll the fi rst cycle via D23-D16 pins. For a 32-bit device, in

the first c ycle, if Al AU = 00,, all 32-bit data are transferred via DO-D31 pins; if A lAO = 01,,

three by tes are translerred via D23-D0 pills; ifA I AU = 10,, two bytes are transferred via 015-

DO pins; ifA I AU = 11, onl y one byte is translerrecl via D7-D0 pins. Note that the MC68020'
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Long, Word Opraod

	

Internal Source/Destination I	 OPO	 I	 Ol'l	 I	 0P2	 I	 0P3

	

Multiplexer	 I	 Routing and Duplication

External Data Bus I D31-D24 	 D23.D16	 Dl 5 . 08	 07-DO

Address xxxxxxx0 I 	 B yte 0	 1	 Byte I	 I	 Byte 2	 1	 Byte 3	 I 32-Bit Port

Increasing	 Word Memory	 Long Word Transfer to Word Bus
Memory

Addresses	 MSlt	 [Stl	 SIZ I	 SIZO	 Al	 A0	 DSACKI DSACKO

	

xxxxxxx0 I	 OF'O	 Opt	 I	 0	 (1	 0	 0	 1.	 H

	

2	 Opt 0	 1	 0	 L	 IIOPO 

af b	 _____Long Word Transfer to Byte Bus
t3te Memory

	

16-Bit Port 	 SIZ1	 SIZO	 Al	 A0	 DSACK1 DSACKI)

	

xxxxxxx0	 OPO	 0	 0	 0	 0	 H

	

oM	 1	 1	 0	 1	 H	 L
8-Bit Port	 1	 0	 1	 0	 H	 L

	

21	 0P2	 0	 1	 1	 1	 H	 L

	

3	 OF'3

FIGURE 6.30 Dynamic bus sizing interface to port sizes.

TABLE 6.23 Internal to External Data tIns Mulliolexor

MC61IO20 Register
llytc 0 I [lyle 0 I 13Yteo I [lyle 0

Mutt iplexor

External Data Pins

4 023-Dt6 D15-Dt D7-D0

Byte 3 1 Byte 3 1 Byte 3 1 Byte 3

	

Byte 2 1 Byte 3	 Byte 2	 Byte 3
Transfer

	

Byte 2	 Byte 2j Byte 3	 Byte 2
size	 SIZI	 SIZO	 At	 AO___

	

Byte I	 [lyle 2	 Byte 3	 Byte 0
Byte	 0	 I	 X	 X
Word	 1	 0	

>Byte I
__lel	

Byte 2 
J 

Byte 3

	

1	 0	 x	 i	 Byte t f_lyle 2 J_Byte I	 Byte 2

3 bytes	 I	 I	 0	 0	 Byte 1 
J Byte I	 Byte 2 [t

	

1	 0	 1

	

Byte 0	 Byte I	 Byte 2 L llyte3

	

1	 1	 0

	

[lyle 0	 Byte 0	 Byte I	 Byte 2

Long word	 0	 0	 0	 0	 [Byte 0	 Byte I	 Byte 0 rI

	

0	 0	 0	 I	 title 0 11 St lc 0	 [lyle P	 byle 	 1

	

0	 0	 1	 0

	

0	 0	 I

Ni; X don't arc; = hyic ignored on icad, this byte outpu: on write.
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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, $50005 170. Since the address is even, this is an aligned transfer

from the 32-bit data register 1)3 to an even memory address. In the first bus cycle, the

MC68020 does not know the size of the external dcvke 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 OPO, OH, 01 1 2, and 01 1 3, respectivel y, on D31-D24, D23-D16, D15-D8,

and D7-D8 pins. If the device is 8-bit, it will take the data OPO from the D3 1 -D24 pins and

write to locations $50005 170 in the first c ycle. However, b y the second cycle, the device asserts

DSACK1 and DSACKO as 10, indicating an 8-bit device; the MC68020 then transfers the

remaining 24 bits via D3 I -D24 in three consecutive cycles. If the device is 32-bit, it obtains data

bytes 011 0-011 3 in one cycle. Now, let us consider a 16-bit device. During the first cycle, the

MC68020 outputs Al i\0 = 00 2 indicating an aligned transfer, and SIZ I SIZO = 002 indicating

32-bit transfer. Therefore, in the first c ycle, the device o bta ins OPO and ON from D31-D24

and D23-D16, respectively, The device then asserts DSACK 1 and DSACK 0 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 Al AU as 10,, indicating that 16-bit data to be obtained by the device via

D3 1 -D 16 pins and SIZI and S]ZO as 10,, indicating that two more bytes remain to be

transferred. The MC68020 places the low two bytes (0P2 and 0P3) from register D3 via the

multiplexer on D3 I -D 16 pins. The device takes these data and places them _into locations

$5000 5172 and $5000 5173, respectively, by activating DSACKI and DSACKO as 012

indicating completion of the cycle.

If [D3} = $031-- 1 2517 (OPO = $03, 01 1 1 = $F1, 0P2 = $25, and 0P3 = $17), then data

transfer for MOVE.L D3, $5000 5170 takes place as shown in the following:

31	 0

1)3 103	 Fl	 25	 171

1);V1A PINS

31	 16

Word \lcinorv

	

MC65020	 16-bit Mctiiorv
1)31	 1)16	 SIZI SIZO A t A0	 DSAC} DSACKO

First cvck	 03	 01	 0	 0	 0	 0	 0	 1

Sond cycle	 25	 17	 1	 I)	 1	 0	 1)	 1

Now let us consider a misaligned transfer to a 16-bit device. For example, consider MOVE.L

D4, $6017 2421. Assume [D4 S7126E214, that is, OPO = $71, 011 1 = 26, 0P2 = $E2, 0P3 =

$14. Now, suppose that the device is 16-bit. In the first cycle, the MC68020 outputs S717126E2

via the multiplexor; the multiplexor places these data on D31 -DO pins considering that the

device may be 8-, 16-, or 32-hit as follows:

D31 :1)24	 D23 1)16	 1)15: 1)5	 1)7: DO

71	 71	 26

This is because the device accepts $71 if it is 8-bit via D31 -D24 pills, $71 via D24-D16 pins if

it is 16-bit, and 21-bit data $712613-2 via D23-DO 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 its consider the 16-hit device for this example in detail.

In the first cycle, the MC68020 outputs SIZ1, SIZO as 00,, indicating a 32-bit transfer, and

A lAO as 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

DSACKI DSACKO as 01,, indicating to the MC68020 that it is a 16-bit device. In the second

cycle, the MC68020 outputs SIZ] SIZO as I 1, indicating that three more bytes remain to be

transferred, and A lAO as 10,,	 is to take place via 1)31 -D16.

The memory device activates DSACK1 DSACKO as 01 2 to write $26E2 to locations

$60172422 and $60172423. The MC63020 then terminates the cycle.

In the third cycle, the MC68020 outputs SIt SIZO as 01 2 , indicating a byte remaining to be

transferred, and A I A0 as 00,, indicating that the remaining byte transfer is to take -place vLi

1)3 -l)24. The MC6802() then outputs $ 14 to D3 1 -D24 pins. The device activates DSi\CK 1

DSACKO as 012 and writes $ 11 to location $60172-424. The MC68020 then terminates the

cycle.

Note that the MC6020 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-hit device

transfers data via D 16-D23 for ail memory address and it transfers data via D3 1-1)24 for

an even memory location. Therefore, SIZ1, SIZO, Al, and AU must he used as inputs to the

address decoding logic. This is discussed later.

The data transfer for the above example takes place as follows:

31

D4	 71 20 62

'V

	

Data	 I)ala
1-1)2-I DI 3-1) t

'l'
\'Vord

tvCnR)ry

First Cycle	 71

Second Cycle	 26	 E2

Third Cycle	 14

	

MC68020	 1643it Memory

	

SI/i SI/i) At	 AU	 DSACK1 DSACKO

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 MC6802() pins.
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SIZI

Sizo

Al, AD

DSACK1 (

DSACKO •

A31-A0

MC6802 B
MPU

A

rD3lDO

DS

31 24123 16115	 31

13E21	 I
32

Byte	 Brr	 BEll	 I	 I	 I
Enable	 BEol	 1	 I	 I
Logic

16
Bit

Long Word Port

j^"
CE11

31 ''24I23+ 16
Is	 U

Word Port

D31-D.1 611

31	 24
7	 0

429

01

DSi\CKI DSACKOI Meaning 	 Byte
Port

Hi	 Hi	 Insert Wait State

11241Hi	 Lo	 I Complete Cycle, Port Size = 8 Bits
Lo	 I	 Hi	 Complete Cycle, Port Size = 16 Bits
Lo	 Lo	 I Complete Cycle, Port Size = 32 Bits

FIGURE 6.31 MC68020 dynamic bus sizing block diagram.

The ECS (external cycle start) pin is a MC68020 output pin. The MC68020 asserts this pits

during the first one half clock of every bus cycle to provide the earliest indication of the start

of  bus cycle. The use of ECS must be validated later with AS, since the MC68020 may start

all fetch c ycle and tlsct abort it if the instruction is found its the cache. In the case

ofa cache hit, the MC63020 does not assert AS, but provides A3 l - AO, SIZ1, SIZO, and FC2-

PCO outputs.
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MC68020 [ Byte 0 1 Byte 1 1 Byte 2Register	 I	 I
Alignment: LONGWORD port - Al = 0 and
A0 0 (mod 4) or WORD port - A0 0
(mod 2)

Routing & Duplication MUX

CPU Data 1D31 -D24jp3 D161 D15-D8 D7-D0Pins

32-Bit Slave L ByteOByte 1	 Byte 2	 Byte 3

Signal States on Every Bus Cycle

SIZ1 ISIZ01 Al A0 DSACK1

0 F 0_1 0	 01	 Lo	 Lo

16-Bit Slave
PBSt,2 E163te 1

	 - - - - - - - -	 0 0 0 -

 te 3	 - -- - L -	 - L 	 - 
Y	 _L____1 ____,I

Byte 	 I	 0	 0	 0

8-Bit Stave	
Byte 1	 1	 1	 0
Byte 	 I	 1	 0	 1
Byte 	 -	 -	 Jo	 1	 1 -

ZlSLOytes
o	 i	 i
1	 0	 2
1	 1	 3
0	 0	 4

Size pins indicates number of bytes remaininq to complete the operand transfer.

01	 Lo	 Hi

0J	 Lo	 Hi

----------
I	 Hi	 Lo

Hi	 La

a
	

Hi	 Lo

Hi	 Lo

FIGURE 6.32 Ali5ncd loin-word tr,ia.tcr.

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-niodify-writç)pjn 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 operations such as 'I'AS 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 oil 	 data bus,

DEN (data buffer enable) is output by the MC6020 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( ll'END ) input pin indicates that the value ofthe inverted IPL 2- IPLO

pins is higher than the current 121110 in SR or that a nonmaskable interrupt has been recognized.

The MC68020AVEC input is activated by an external device to service an autovector

interrupt. The AVEC has the same function as the MC68000 VPi\ -

The functions of the other signals such as AS, R-/W, IPL 2- IPLO, BR, BG, and BGACK

are similar to those of the MC68000.

The MC68020 system control pins are functionally similar to those of the_jC680O0,
However, there are some minor (!ifferen(cs. For example, for hardware reset, RESfI arid

HAUl pins need not be asserted simultaneously. 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 arc

required), and their functions are independent.
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Longword (32-Bit) port
A1,AO=	 00	 0 	 10	 11
(Offset)

It	 24 '1	 16- 15	 57	 0'
A31 -A2 1	 I	 2	 Byte 3
(4-byte 

	 I

	

SIZX = # of bytes! Byte
	 lyte	 y  6	 Byte4 	 I	 5	 B

Example:

	

if: SIZ I = 0	 then: 1st bus cycle, bytes 2,3

	

SILO = I)	 will be OCCCSSCd

	

Al = 1	 2m] bus cycle, bytes 4,5

	

AU = 0	 will be accessed

Word (16-Bit) port
A0=	 U	 1
(offset)

.11	 24: 23	 16'
A31-i\1	 )	 Byte U	 Byte 1
(4-byte block)	 Byte 2	 Byte 3
SIZX = # of bytes	 Byte 4	 Byte 5

	

Byte 6	 Byte 7

Exampib:

	

1: SILl = 0	 then: 1st bus cycle, byte 1

	

SILO = U	 will be accessed

	

AU = 1	 20(1 bus c ycle, by tes 2.3
will be accessed'
3rd bus cycle byte 4
will be accessed

Byte (B-Bit) Port

'it	 24'
A3 1-AU	 )	 Byte U

Byte I
S1LX = # of bytes	 Byte 2

Byte 3
Byte 4

Byte 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/ \V line, and function code lines remain driven with last bus cycle

information.

• All bus activities stop alter current bus cycle completion.

Assertion of HALF stops only external bus activities 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 -req ui red.

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

I3ERR 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 [ Byte 0	 Byte 1 1 Byte 2 1 Byte 3Misalignment: LONGWORD port - Al =
or AO = I (not mod 4)01 WORD port -AO =Register	
(not mod 2)

Routing Duplication MUX

CPU Data [031 - D24 D23 - D16 D15 - D8 I D7 - DO	 Signal States on Every Bus CyclePins I ______	
4' I SIZ1ISIZOJA1 AO DSACKI I DSACKO

32-Bit Stave ________	 Byte 0 1 Byte 1	 Byte 2	 0 I 0	 i	 Lo	 I	 Lo
Byte  J	 I	 L -0- TJJ

I	 I	 I	 I
I---------------------	 -

______ ByteO	 I	 I	 Q	 0	 0	 1	 Lo	 Hi
16-Bit Stave	 Byte 	 Byte 	 1	 1	 1	 0	 Lo	 Hi

Byte 3 __________	 I	 I	 0	 1	 0	 0	 Lo	 Hi
I	 I
-----I-

Byte 	 I	 I	 o	 0	 0	 1	 Hi	 Lo
Byte 1 	 I	 I	 1	 1	 1	 0	 Hi	 Lo8-Bit Stave	 I	 IByte2	 1	 0	 1	 1	 Hi	 Lo
Byte 3 ----I------------------ljO 	 0	 Lo

• These bytes must not be ove'written. Therefore, individual data strobes must be generated by external
hardware either at the phone or at the 68020.

FIGURE 6.34 Misaligned tong-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-dircctional 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 are loaded to the most significant byte of thc ISP and so on)

• Reads the 32-bit contents of address $00000004 into the PC (contents ($00000004 td
most significant byte of the PC and so on)

• Sets 121110 bits of the SR to 111, sets S-bit in the SR to I, and clears TI, TO, M bits in the SR
• Clears the VBR to $00000000
• Clears the cache enable bit in the CACR

All other registers are unaffected by hardware reset

When the RESET instruction is executed, the MC68020 asserts the REST.pjn 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 all

resistor-capacitor network as its timing elements. Like the MC1455 timer used in the 68000

	

reset circuit, the MC456 includes conjparators and all 	 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 = Li R C, seconds) where R = resistor connected at the TSI-1 = 1 Mohm, and C, =
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SLut

5=1, M = O
TO, TI =0
VBR = 0
Mask Hits = 7
CACR = 0
Cache Entries Invalidated

Fetch Vector
No. U

Contents of
Vector No. 0

— Stack-Ptr.

Fetch Vector
No. 1

Vector Table

	

Offset 31	 0 Number

$0 ISP	 0
PC	

ji

Bus

Error	 Yes nd
Occu rs _

JNo ___ Yes

Error \5___J
Bus \ Yes I	

<"rro>" No
Occu>,/	 Address

r rEro /
End

No

Contents of	 HPrefetch
Vector No. 1	 4 Words

—k Stack-Pir.

FIGURE 6.35 MC68020 reset characteristics (higher level exception).

capacitor connected at DIS = 0.47 p.F. This means that OP will be HIGH for 517 msec (1.1
M *0•47 iF); 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 theMC3456 at the MC68020 RESET pin.
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+5	 +5 +5

1K	 1K	 1K

DIS
Motorola
	 0.47tF

MC3456
Dual Timing	 OC INV

Circuit	 7406
OP
	 TN.. 2

0.1uF	
0,IF

1+51+5

1K	 1K	
NAND

Bu
Push

Button 2 74LS00

NAND
74LS00

FIGURE 6.36 MC68020 reset circuit.

+s Pull-Up
Resistor

1K
020

RESET Pin

 TSH = Threshold
DIS = Discharge
K	 = Reset

L>1 CU	 Control Voltage
OP = Output

OC INV
7406

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 j.is (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, AD, SIZ 1, and SIZO pins that would occur when the instruction MOVE.L Dl, (AU) with
[DI] = $5012 6124 and [AU] = $2000 2053 is executed by the MC68020.
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Assume	 1. 32-bit memory
2. 16-bit memory
3. 3-bit memory

Indicate the bus cycles in which OCS is asserted.

Solution

1. 32-bit memory; misaligned transfer since starting address is odd

MC68020 1)31-DO pins

D31- 1)21- 1)15- 1)7-
Al AO SIZ1 SIZO D24 D16 1)8 DO

First bus cyck	 1	 1	 0	 0	 50

Second bus cycle 	 0	 0	 1	 1	 12 1 61	 24

OCS is asserted in the first bus cycle.
2. 16-bit memory

MC68020 D31-D16 pins

	

Al AO SIZ1 SIZO D31-D24	 1)23-1)16

First bus cycle	 1	 1	 0	 0	 50

Second bus cycle	 0	 0	 I	 1	 12	 61

Third bus cycle	 1	 0	 0	 1	 24

OCS is asserted in the first bus cycle,
3. 8-hit memory

.-\l	 A0 SIZI SIZO

First bus cvdc	 1	 1	 0	 0

Second bus cycle	 0	 0	 1	 1

Third bus cycle	 0	 1	 1	 0

1oorth bus cvle	 I	 C)	 0	 1

MC68020

1)31-1)24 PINS

so

12

61

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	 1
IS? EI $61711420

PC	 $35261271	 I
SR	 $0301

Solution
After hardware reset, the following are the memory and register contents:

MEMORY

$00000000	 $50001234

$00000004 [
	

$72152614

REGISTERS

MSP	 $27140124

ISP	 J	 $50001234

PC	 L	 $72152614

SR	 $2701

15 14 13 12 11 10 9 8 76 5 4 3 2 1 0

Note that [ SR ] =$2701= JOI0I1foIoIi(iJiJoIoIoIoIo1oJoiJ
T1TOSM 12 11 10	 XNZVc

Therefore, T1TO = 00, S = 1, M 0, and 121110 = 111. Other bits are unaffected.

6.11 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 a ynchronous_inputs.IIis operation requires utilization of
only the bu s jandshake signals (AS, DS, DSACKX, BERL 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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6ONS

CLK

5 N S -	 15NS

External
Signal

•1
Internal	 I

Signal	 I Sync Delay

FIGURE 6.37a Synchronizing asynchronous inputs.

S2	 53	 54	 55

CLK	 I	 I

(Es) SNS -
	 I 5N5

Asserted

Unknown

Illegal

Negated

In gereral, signal level must be maintained from 52 into S5 or results will be
unpredictable. An exception to this rule is bus error.

FIGURE 6.37b Asynchronous input recognition.

The SIZ1, SIZO, 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 ky 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
inputs.

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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CLK

Asserted I DSACKx
32 - Bit	 ________

Fort l DSACKy

DSACKx
Unknown

OSACKy

(5NS— H
4-15N5 (\

(3ta)\__J 15NSI—^l I

I r)SACKx
Negated 

DSACKy

• But if asserted and if DSACKY ssrrtcd witlitir I5NS, then 32-bit port

FIGURE 6.38a DSACKX input rect gtsitiori.

52
53 J

5N5
1E15NSO

a31

	

SONS MAX	 )I

I	 -*1
 1*- 0 MIN

	

cI	 0-IONS

CLK

flSACKx
Asynchronous

Data

DSACKx
Fully

Asynchronous

Data'

us, ITS

FIGURE 6.3815 Protocol for reading data.

54

Note that if the BERR is asserted during an instruction prcfctch, 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 parameters provided in Motorola manuals.
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L_ sw	 sw f1	 insertedten
S2 and S3

CLOCK	 _______	 50	 51	 52	 53	 ss

A0-A31	
(4(030)	 60 nsec

FC0-C2
sIz0,S)zI

(0 min)

(310)	
-

4— )0-0)
(write)

(rest)) 	 -	 —)	 (0-30)

(write)

	

(0.30)	 i• )030)

FIGURE 6.39a Asynchronous bus cycle timing. All time is in nanoseconds.

In Figure 6.38b (synchronous operation), assertion of DSACKX is recognized on the falling
edge of S2; 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 S2,
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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SO	 51	 52	 53	 S4	 55

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, c, 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 S1ZO SIZ1,
DSACKX, DO-D31, Al, and AO, which precisely distinguish data transfers between 8-, 16-,
and 32-bit devices, are kept in general form.
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So	 Si	 S2	 S3	 54	 55

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 range 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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Num.	 Characteristic
12.5 MHz	 167 MHz	 20 MHz	 25 MHz

Unit-
Mm	 Max Mm	 Max Mm	 Max Mm	 Max

6	 Clock High to Address/FC/5izeI	 Valid	 0	 40	 0	 30	 0	 25	 0	 25	 flS

6A Clock High to E, OM asserted	 0	 30	 0	 20	 0	 15	 0	 15	 ns

7	 Clock High to Address/Data/FCIMISize High 	 0	 80	 0	 60	 0	 50	 0	 40	 ns
Impedance

8	 Clock High to Address/FCfSize/M Invalid 	 0	 -	 0	 -	 0	 -	 0	 -	 ns

9	 Clock Low to A, DS Asserted	 3	 40	 3	 30	 3	 25	 3	 20	 ns

9A 1 Ato 	 Assertion (Read)(Skew) 	 -20	 20	 -15	 15	 -10	 10	 -10	 10	 ns

10 Ea Width Asserted	 25	 -	 20	 -	 15	 -	 10	 -	 ns

10A t5	 Width Asserted	 25	 -	 20	 -	 15	 -	 10	 ns

Width Negated	 20	 -	 15	 -	 10	 -	 5	 -	 ns
116 AddressiFC/SizeIJc4 Valid to A-9 Asserted (and	 20	 - . 15	 -	 10	 -	 5	 -	 ns

Asserted, Read)

12 Clock Low to A, n Negated	 0	 40	 0	 30	 0	 25	 0	 20	 na

12A Clock Low to EM, On Negated	 0	 40	 0	 30	 0	 25	 0	 20	 ns

13 1 AS, OS Negated toAddessIFC/Size/M Invalid 	 20	 -	 15	 -	 10	 -	 5	 -	 ns

14	 (and M Read) Width Asserted 	 120	 -	 100	 -	 85	 -	 65	 -	 ns

14A M Width Asserted, Write 	 50	 -	 40	 -	 38	 -	 30	 -	 ns

15 M,158 Width Negated	 50	 -	 40	 -	 38	 -	 30	 -	 ns

15A6 M Negated toAssefledd	 45	 -	 35	 -	 30	 -	 25	 -	 ns

16 Clock High toA//R1W/D8EN High Impedance 	 -	 80	 -	 60	 -	 50	 -	 40	 ns
176 A. 0 Negated to RIW High 	 20	 -	 15	 -	 10	 -	 5	 -	 os

18 Clock High to A/W High	 0	 40	 0	 30	 0	 25	 0	 20	 ns

20 Clock High to R/WLow	 0	 40	 0	 30	 0	 25	 0	 20	 ris

216 R/WHigh to AS Asserted	 20	 -	 -	 -	 -	 OS

226 R,W Low to M Asserted (Write) 	 90	 -	 -	 -	 -	 ns

23 j Clock High to Data Out Valid	 -	 -	 -	 -	 ns
256 A, US Negated to Data Out Invalid	 20	 -	 15	 -	 10	 -	 5	 -	 ns

25A9	Negated to MON Negated (Write)	 20	 -	 15	 -	 10	 -	 5	 -	 ns

266 Date out Valid to M Asserted (Write)	 20	 -	 15	 -	 10	 -	 5	 -	 ns

27	 Data-In Invalid to Clock Low (Data Setup)	 10	 -	 5	 -	 5	 -	 5	 -	 ris

27A Late	 FvFiAti5 Asserted to Clock Low Setup Time 	 25	 -	 20	 -	 15	 10	 -	 os

28 AS, 	 Negated toDSACKxJR/lRAETfAVt 	 0	 110	 0	 80	 0	 65	 0	 50	 ns
Negated

29	 D9 Negated to Data-In Invalid (Date-In Hold Time) 	 0	 -	 0	 0	 -	 0	 -	 Os

29A US Negated to Data-In (High Impedance) 	 -	 80	 -	 60	 -	 50	 -	 40	 Os

312 DSACKx Asserted to Data-In Invalid 	 -	 60	 -	 50	 -	 43	 -	 32	 os

31 A3	Asserted to DSACKx Valid CAR Asserted	 -	 20	 -	 15	 -	 10	 -	 10	 ns
Skew)

FIGURE 639d Read and wilte 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, R'I'E, Dlv, 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.



Motorola MC68020 	 443

	12.5 MHz	 16.67 MHz	 20 MHz	 25 MHz -
Num.	 Characteristic	 ---Unit

Mm Max Min Max Min Max Min Max

32	 ET Input Transition Time	 -	 1.5	 -	 1.5	 -	 1.5	 -	 1.5	 Chks

33 Clock Low to 63 Asserted 	 0	 40	 0	 30	 0	 25	 0	 20	 ns

34 Clock Low to UG Negated	 0	 40	 0	 30	 0	 25	 0	 20	 ns

35	 OR Asserted to 66 Asserted (AMC Not Asserted) 	 1.5	 3.5	 1.5	 3.5	 1.5	 3.5	 1.5	 3.5	 Chks

37	 ACKAsser1edto O Negated	 1.5	 3.5	 1.5	 3.5	 1.5	 3.5	 1.5	 3.5	 Chks

37A BGACKAsserled to BR Negated 	 0	 1.5	 0	 1.5	 0	 1.5	 0	 1.5 Chhs

39 8G Width Negated	 .	 120	 -	 90	 -	 75	 -	 60	 -	 rio

39A 66 Width Asserted 	 r12 	 -	 90	 -	 75	 -	 60	 -	 nS

40 Clock High to 8N Assorted (Read) 	 40	 0	 30	 0	 25	 0	 20	 ns

41	 Clock High to 0EN Negated (Read) 	 40	 0	 30	 0	 25	 0	 20	 no

42 Clock Low to DBEN Asserted (Write)	 40	 0	 30	 0	 25	 0	 20	 no

43 Clock Low to	 EN Nergated (Write)	 40	 0	 30	 0	 25	 0	 20	 ns

446 RIW Low to URN Assorted (Write)	 20	 -	 15	 -	 10	 -	 5	 -	 no

456 bEN Width Asserted 	 Read 80	 -	 60	 -	 50	 -	 40	 -	 ns

	

Write 160	 120	 100	 80

46 RW Width Asserted (Write and Read)	 -	 -	 -	 -	 no

47A Asynchronous Input Setup Time 	 180	 -	 150	 -	 125	 -	 100	 -	 ns

478 Asynchronous Input Hold Time	 10	 -	 5	 -	 5	 -	 5	 -	 ns

48	 ACKs Asserted to BERRJHALT Asserted 	 -	 35	 -	 30	 -	 25	 -	 20	 I's
53 Date Out Hold from Clock High	 0	 -	 0	 -	 0	 -	 0	 -	 ns

55 R/W Asserted to Data Bus lnpedance Changes	 40	 -	 30	 -	 25	 -	 20	 -	 no

56	 Pulse Width (Reset Instruction)	 512	 -	 512	 -	 512	 -	 51	 -	 Chks

57	 Negated to HALT Negated (Rerun)	 0	 -	 0	 -	 0	 -	 0	 -	 no

5810 BGACK Negated to Bus Driven 	 1	 -	 1	 -	 1	 -	 1	 -	 Chks

Negated to Bus Driven 	 1	 -	 I	 -	 1	 -	 1	 -

Notes:
1. This number can be reduced to 5 nanoseconds U strobes have equal loads.
2. If the asynchronous setup lime (#47) requirements are satisfied, the DSACKx low to data setup time (#31) and DSACKx low to

BERR low setup time A) can be ignored. The data must only satisfy the data-in to clock tow setup time (#27) for the
following clock cycle. BERR must only satisfy the late BERR low to clock low se1p..)Lme (#27A) for the following clock9ycle.

3. This parameter specifies the maximum allowablek between DSACKO to DSACK1 asserted or DSACK1 to DSACKO asserted,
specification #4? 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 write cycles.
6. Actual value depends on the clock input waveform.	 --
7. This is a new specification that indicates the minimum high time br ECS and OCS in the event of an internal cache hit followed

	

immediately by a cache miss or operand cycle.	 -
S. This is a new specification that guarantees operation with the MC6688I, which specifies a minimum time for DS negated to AS

asserted (specification #13A). Without this specification, incorrect interpretation of specifications #9A and #15 would indicated that
the MC68020 does not meet the M068881 requirements.

9. This is a new specification that allows asystem designer to guarantee data hold times on the output side of data butlers that have
output enable signals generated with URN.

10.These are new specifications that allow system designers to guarantee that an alternate bus master has stopped driving the bus
when the MC68020 regains control of the bus after an arbitration sequence.

FIGURE 6.39d (co,itinrwd)

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, all 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.
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TABLE 6,24 Exception Priorities and Recognition Times

Exception priorities	 Time of recognition

Group 0	 .0	 Reset	 End of clock cycle
Group 1	 .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
Group 3	 .0	 Illegal instruction, unimplemented LINE F, 	 Before instruction cycle begins

LINE A, privilege violation, cp preinstruction
Group 4	 .0	 cp post-instruction	 End of instruction cycle

	

.1	 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 either
the exception requesting peripheral (nonautovector) gLinjernally upon assertion of the
AVEC (autovector) input. Note that in the MC68000, VPA is asserted for autovcctoring.
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 S = I, 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 ,	 skid asycronous_supervisor 1/0 tasks.

IPL 2, IPL 1, IPL 0, AVEC, and IPEND pins are used as the MC68020 hardware interrupt
control signals (Fig e6.4)TheMC6802o supports seven levels of prioritized interrupts
encoded by using IPL2, IPLJ, IPLO pins like the 68000.

In Figure 6.40, when an interrupting priority level I 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 excepjQais also _not currently valid. The DESKEW
logic in Figure 6.40 continuously samples the IPL2- IPLO pins on every falling edge of the
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MC68020

Status Register

Comparator F—I >-	 I WEND

-	 DESKEW
I	 Logic	

AVEC

PLO

IPL2

FIGURE 6,40 Interrupt control signals.

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 (lACK) with FC2 FC1 PCO = 111 2 and A19 A18 A17 A16 = 111 12.

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 I3ERR; otherwise it will execute wait
statesuntil one of these input pins is activated externally.

If AVEC is asserted, the MC68020_automatically obtains the vector address internally
(autovectored). If the MC68020 DSACI(X pins are asserted, the MC68020 takes an 8-bit
vector from the appropriate data lines (DO-D7 for 32-bit device, D16-1323 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 VI3R with 4 * (8-bit vector).

Figure 6.43 shows an example of autovcctorcd and nonautovectored interrupt logic. FinaUy,
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

CLOCK 1JTJLJTJLJLJLJ'LJ
FP —L0

FP —Li

Level Sampled:

FP —L2

 7	 5	 5	 5	 7	 7	 7	 7

Level Deskewed: No Interrupt	 .	 S	 r—U.-*juc	 7

FIGURE 6.41 MC68020 interrupt dcskewing logic.
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Set Appropriate	 .	 ls
Interrupting Devices	

F-"K 
ntIPLXLeve,

PLO - IPL2 Lines	 >Mask or
-	 -	 NMI?

Continue In
Current Program

Yes

MC68020 Finishes
-	 Current InstructionNormal rrocessing - -

Exception ProcessingProcessing 	
I	 Responds with lACK	 I

and Interrupt Level
Auto Vector	 Spurious I Vector	 User Vector

Continuation of
Exception Processing

FIGURE 6.42a MC68020 basic hardware interrupt sequence.

PROCESSOR

Acknowledge lntbrrupt

1) Compare Interrupt Request Level with
Interrupt Mask

2) Set R/Wto Read
3) Set Function Code to CPU Space to I 1
4) Place Interrupt Level on Al, A2, and

and A3. Type Field = tACK = Al 9-Al 6 till
5) Set Size to Byte
6) Assert Address Strobe (AS) and

Data Strobe (DS)

INTERRUFING DEVICE

Request Interrupt

Provide Vector Information

I) Place Vector Number of Least Significant
Byte of Data Port (Depends on Port Size)

2) Assert DSACKX
- or -

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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h
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Vector
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Port f_* 110

Auto-Vectored
Interrupt

PC2PC1PCO A31	 A20A19	 A16A15	 A4 A3	 Al '0II Ii jJ 1	 lii 1 1 11	 11 INT LVL 1

CPU	 Space 4$F
Space	 (IACKI

FIGURE 6.13 Autovcctorcd and nonautovectorcd interrupt Logic.

of memory available for use. Data I/O port space is appended to either user or supervisor data
spaces (see MEMORY MAP); this is done by decoding the user/supervisor data space and
address line A17.

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 DO-D7). To
manipulate this memory configuration, 32-bit data bus control byte enable logic is incorpo-
rated to generate byte strobes (DBBEE44, DBBEE33, DBJ3EE22, and DBBEE1 1) (Table 6.25).

The control byte enable state table shows the necessary individual byte strobe states as
dictated by the MC68020's size (SIZ1, SIZO) and address offset (Al, AO) 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

SIZI	 SIZO	 Al	 AD	 DBDEII	 DBBE22	 D013E33	 D13l3E44

0	 1	 0	 0	 1	 0	 0	 0
0	 1	 0	 1	 0	 0
1	 0	 0	 0	 1	 0
1	 1	 0	 0	 0	 I

1	 0	 0	 0	 I	 I	 0	 0
o	 1	 0	 I	 1	 0
1	 0	 0	 0	 1	 1
1	 1	 0	 0	 0	 1

1	 1	 0	 0	 1	 1	 1	 0
o	 i	 0	 1	 1
1	 0	 0	 0	 1	 1
1	 1	 0	 0	 0	 1

o	 o	 0	 0	 1	 1	 1	 1
o	 i	 o	 1	 1
I	 0	 0	 0	 I	 I
1	 I	 0	 0	 0	 1

Hardware Design
68020 System with 128K x 32-13it Memory and 8-Bit 1/0 Port

MEMORY

MAP
(PC2 . PCO)	 (PC2.PCO)	 (Pcl-FCO)	 (PC2-FCO)

-0013	..OlOj	 -1013	 -1001

A RAM I	 A ROM	 A 
1 MM I	 I ROM$000001	 $00000

I	 USER I	 I USER I	 I I SUPER. I	 I SUPER-
DATA	 PROGRAM

I
VISOR I	 I I VISOR I

I	 I	 i	 I	 I DATA I	 I IpOGpJ4I
MEMORY I	 I MEMORY I	 I

 MEMORYI	 I 1 MEMORY I

	

SPACE
l S I 	 I  

SPACE I	 SPACE	 I	 I I SPACE

32Kz 32	 32Kx 32 I	 32K  32 I	 J 3J( 32SIFFFF

5	 5 I/OPORJ
$30000 DATA I	 $30000

I/OPOR 
	

J 
DATA

SPACE I	 SPACE I
$3001	 00lP

Assume all don't cares to be zeros.
Al 7=0 for memory, 1 for I/O.

TABLE 6.26 K Maps for Strobe Signals for 32-Bit Devices

033EI1 =A1 • AD
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TABLE 6.26 K Maps for Strobe Signals for 32-Bit Devices (continued)

Al	 DBBE11
A0 DS

A17=0

DBI3E22 SIZ1 .M +M • A0 1-SIZO'A1

D13BE33 Al • AU + SIZI .Al -AO + SIZ1 . SIZO •Al + SIZI .SIZO•Al



SIZI \ A0

SIZO \\ 00	 01	 , 11	 10

00

01

11

10

K-MAP4

D13BE44 = SIZI • SIZO + Al • A0 + SIZI -Al + SIZ1 •SIZO•A0

DB B E3
DBBE3

D1513E44 

5

Sizi
SIZO

A0

Al

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

TABLE 6,26 K Maps for Strobe Signals for 32-Bit Devices (coutinued)

CMOS SRAM with 120 as access time) user/supervisor data RAMs, the 270256 (3210(8

CHMOS EPROM with 120 ns access time) user/supervisor program EPROMs, the 32-bit port

control logic, and the MC68230 parallel 1/0 interface.

Since each memory is 32 KB x 8, only MPU address lines A2-A16 are connected. The

74LS138 selects memory banks to enable, as dictated by the decoder FC2-FCO signals. Control

logic-gcncratcd data strobes (DBBE4- DBBE1) select which byte-wide portion of the data bus

to activate. The 8-bit parallel I/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 DI3BE1-DBBE4 is shown in Figure

6.45.

The enable logic uses A0, Al, SIZO, and SIZ1 to decode DBBE1 - D13BE4. The memory is

separated into four address space spaces: user data, user program, supervisor data, and

super-visor program. The 68020 address pin A17 is used to select memory or I/O (A17 = 0 for

memory, A17 = I for I/O). The 68020 1)SACK I and DSACKO pins for 32-bit memory ( DSACK1

0, DSACKO =0) are asserted by D1313E1 - D1([)E4 via appropriate logic shown in Figure 6.44.

For the 68230 8-bit I/O chip, the 68020 F)SACKI and DSACKO pins must be asserted as

DSACK1 = 0 and DSACKO = 1 for I/O transfer. Note that DSACKI = 1 and l)SACKO= I mean

insert wait states.
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The data enable signals (DIIBEI - 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 DSACK1 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 us for 8 MI-Tx). Ifthe 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 S4).
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 (DI3BEI - D1IBE4) are derived from the 68020 DS and some other signals as

shown in Figure 6.45. Among these signals, 5S 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 DBBEI - 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 states, appropriate delays for assertion of

DSACKX along with at least 20 uS window must be provided. A delay 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 I/O.

Note that DSACK1 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 a 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_DSACKI 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 (DI3BE1_— DBBE4) are all HIGH.

The output of AND gate 1 and inverted D1'ACK will drive DSACKO to a HIGH. Also, the

output ofAND 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

iii) ADDA.L A2, A4

Assume the following data prior to execution of each of the above instructions:

[D2) = $01F462F1
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[D2] = $01F462F1
[D3] = $01001110
[D5] = $00008210
[D6] = $00001010
[A2] = $71240010
[A4] = $21040100

6.2 1) 1-low 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
TRAPEQ START

when Z = 1?

6.4 Determine the number of bus cycles, the bytes written to memory (in Hex), and signal
levels of Al, AD, SIZI, and SIZO pins that would occur when the following 68020 instruction

MOVE.W D2, (A5) with
[D2] = $20161462 and
[A5] = $10057012

is executed. Assume:

1) 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, AS, D3.W *4), Dl

Assume the following register and memory contents prior to execution of the above instruc-
tion:

[A5] = $0000F210
[D3] = $00001002
[Dl] = $F125012A
[$00013318] = $4567
[$0001331A] = $2345

6.6 Show the contents of the affected 68020 registers and memory locations after execution
of the instruction:

HOVEB ([$102, A2, D0.W * 2],$206), Dl

Assume the following register and memory contents prior to execution:

[A2] = $0000 0100
[DO] = $0000 0020
[Dl] = $0000 0300
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50000 0240

$0200 0500

1567 0200

0300 1500

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:

15	 0
AT 500002000 —*

$000020002	 —	 PC

$00002004	 SR

500002006	 PA RAM ETER

Write a 68000 istruction 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 searches a table of 10 32-bit elements for a
match. The address register A5 points to clement 0, D3 contains the length (10) to be
searched, and D2 contains the number to be matched. Find the 68020 single instruction which
call 	 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 0(A5, D5.L), D2

6
	

DBEQ D3, START

6.9 Find the contents of Dl, D), A4, CCR and the memory locations after execution of the
following 68020 instructions:

i) BFEXTS $5000 {8:16}, D4

ii) BFINS D2, (A4) {D1:4}

iii)BFSET $5000 {D1:10}



7	 0

16

-8

$5000
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Assume the following data prior to execution of each of the above instructions:

[Dl] = $0000 0004	 [D4) = $0000 3000
[D2] = $1234 5678	 [A4] = $0000 5000

6.10 Find the 68020 condition codes alter execution of CMI'2,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:

	

lower bound	 upper bound

Assume the following data prior to execution:

[D7] = $F271 1020

Mcinory

15	 0

A2+2

6.11 Find the 68020 condition codes and also determine if an exception occurs due to
execution of

CHK2.W $5002, Al

Assume the following data prior to execution:

[Al] = $0000 F200

Memory

1 15	 0

	

$5002	 1:000

S5004

6.12 Fill in the missing hex values for the following 68020 instructions:
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Address	 Instruction	 Label
	

Mnemonic

$02000200 $60 - - START 0
	

BRA.B START2

$02000206 $60 - - START. I
	

BRAN STARTO

$000 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

iii)CHX.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, A5

Assume the following data prior to execution of each of the instructions:

[D3]-$0200 1740
$2000

1A51 - $ 0000 2004

Memory

15	 0

3400

0701

1800

2004

I E21

6.15 Write a 68020 assembly language program to compute

Y=	 Xi2IN

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.
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6.17 What are the minimum times for a read bus cycle and a write bus cycle fora 16.67-MHz
68020?

6.18 What are the functions of the 68020 VBR, CACR, and CAAR?

6.19 Determine the values of FC2, FCI, FCO, SR, MSP, ISP, PC, A31-A0, D31-D0, SIZ1,
SIZO, and RI W of the 68020 upon hardware reset for the first 3 bus cycles. Assume the
following memory contents prior to reset:

Mctnory

J31	 0

$0000 0000 L 2000 0100

S0000 0004 [200 9002

50000 0008	 7001 2000

$5000 9000
	

2100 3600

S5000 9004
	

0100 F000

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 1-IALT 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 68000?
ii) What is a throwaway stack frame? When is it created?

iii) List two 68020 instructions which may cause a format error 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 1/0 ports. Use 2716,
6116, 68230, and a 68020. Determine memory and 1/0 maps.

6.24 Assume a 68020/68881 system. Write a program in 68020 assembly language to find the
area of a circle, A = tr 2 , where r is the 32-bit radius of-the circle, in single precision.

6.25 What are the purposes of the 68020 CALLM and RIM 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, (AU), Assume the following data prior to execution
of the instruction:

[DO] = $0000 0000

[D5] = $AA,AA AA.AA

[D6] = $0000 3AAB
[Dl] = $0000 0001

6.27 Determine the contents of the 68020 registers and memory locations after execution of
CAS2.W D5:D6, DODO, (A5):(A6). Assume following data prior to execution:

[DO] = $0000 0000

[D5] = $AAAA AAAA

[D6] = $0000 3AAB
[Dl] = $0000 0001

Memory

15

A5 ----- - *'- A A A A

A6 ------ )1-	 3 A A A

6.28 i) Name two exception vectors for the MC68851 and the MC68881.
ii) What is the size of the 68020 on-chip cache?

iii) What is the 68020 cache access time?

6.29 What are the values of SIZ1, SIZO, FC2, FC1, FCO, RIW, and A31-A0 pins after
execution of the 68020 BKPT #3 instruction?

6.30 Determine the values of FC2, FC1, FCO, 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 =

Assume X and Y are 32-bit integers.

6.32 Determine the effects ofexecuting CAS.B D3,D5,(A0). Assume the following data prior
to execution:

[D3] = $2512 2551
[D5) = $7015 2652
[Al] = $5000 0004
[$5000 00041 = $5312 and
[CCR] = $0000 0010.
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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 8000
(A6] = $5000 0200
[D63 = $0000 9000

6.35 Write a 68020 instruction sequence using CAS2 to insert an clement 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, SIZI, SIZO and DS signals in minimized form. Note that
for each expression, all 68020 signals mentioned above may not be necessary.
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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.

7.1 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:

MC68020	 MC68030

256-byte instruction	 256-byte instruction cache and 256-byte data cache
cache

On-chip Memory Managcment 	 None	 Paged data memory management (demand page of
Unit (MMU)	 the MC68851)

Instruction set 	 101	 103 (four new instructions arc 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, arc described in the
following section.

7.1.1 MC68030 Block Diagram

Figure 7.1 shows the MC68030 block diagram and includes the major sections ofthe 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.

Characteristics

On-chip cache

461
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Data	 Instruction
Cache I I Cache

CPU
r	 Execution Unit	 'Address

Sequencer	 Control Unit

Prektch and	 Nanororn

	

Decode J Micrororn	 Data

Bus Controller

FIGURE 7.1 MC68030 block diagr.iin.

Address
(32)

Data
(32)

Control
Bus

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 simultaneous access. 13oth the caches are organized as 61 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 oil 	 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 oil 	 Mast recently used descriptors are
maintained in a 22-entry fully associative cache called the Add. Translation Cache (ATC)
in the MMU, permitting address translation and other MC68020 fun:tions to occur simulta-
neously. The MMU utilizes the ATC to translate the logical address generated by the MC68030
into a physical address.

7.1.2 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 (IC)
• 64-bit CPU root pointer (CRP)

64-bit supervisor root pointer (SRP)
• 32-bit transparent translation registers 'ITO and '11' I
• 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 oISRP for the supervisor address space, and select
or ignore the function codes in translating addresses. Other IC 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 'I-TO and 'IT1 can each 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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6 15	 117	 1
-	 DO

DI
02

___ 03	 Data Registers
D4
05
D6
07

31	 1615	 0
I AO

Al
A2I A]	 Address Register
'>4

I 
I	 AS
I	 Al

31	 16 I s	 User Stack
I	 1s7 ( USP)	 Pointer
31	 0

_____ ['C	 Program Counter
31	 16 IS	 I)

,'>	 (151 )	 Interrupt
Stack Pointer

IT	 16 15	 Master
I	 I	 (MSI>) Stack Pointer
31	 11>15	 87	 0

I	 I	 SR	 Stabs Pointer

31	 Vector Rise Register
I____________________________________________ VEIR
31	 -70

SFC	 Alternate Function
DIC	 Code Registers

31	 0	 Cache Control
1 .
	I CACR	 Register

31	 0	 Cache Address
1 CAAR	 Register

31	 0	 f
TranslationI TC	
Control

3'

CR1'	 CJ'U Root
 Pointer
31	 0	 NAM 

SRI'	 Supervisor	 ControlI______________________________________ 	 Root Pointer
1	 0

no	 Transparent
Translation 0

.11	 0
	 Transparent

I Ut	
Translation I

1.5	 t)
6IMUSR	 MMU Status 

FIGURE 7.2 MC68030 programming model.

for memory access.. Therefore, registers '[-TO and Tll provide last movement of larger blocks

of data in memory or I/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 memor y management status information resulting from a

search of the address translation cache or the translation tree for a particular logical address,

7.1.3 MC68030 Data Types, Addressing Modes, and Instructions

Like the MC68020, seven basic data types are supported on the MC68030:

Same
as

68020

New
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TABLE 7.1 MC68030 New Instructions

Instruction	 Operand syntax	 Operand size Operation

PFLt.JSH	 (FC),#mask	 None	 Invalidate iVI'C entries at effective address
[(EA)J	 -

PLOAD	 (FC),(EA),Jl&/ 'NJ	 None	 Create ATC entry for effective address
I'MOVE	 Rn,(tiA)	 16, 32	 Register ii - destination

(EA),Rn	 -	 16, 32	 Source - register n
PTEST	 (FC), (EA),#kvcl, I R/ 'N JAn	 None	 Information about logical address - PMMU

status

• Bits

• Bit fields

• BCD digits

• Byte integers (8 bits)

• Word integers (16 bits)

• Long word integers (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 arc 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.

7.1.3.a 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)

	

TC, TT	 Long word (32—bit)

	

MMUSR	 Word (16—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 (A5), SRI'. This instruction moves a 64-bit word pointed
to by A5 to the supervisor root pointer.

7.1.3.b PTEST

The PTEST has four forms:

PTESTR (function code),
PTESTR (function code),
PTESTW (function code),
PESTW (function code),

(EA), #leveJ.

(EA), #leve].,An

(EA), #level

(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 PTES'I 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
searched. Level 0 means searching ATC only while levels 1 to 7 indicate searching the

translation tables only.

When the address rcgister, 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, A5

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.

7.1.3.c 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

PLODR (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 PLOADJnstruction searches the
ATC for (EA) and also searches the translation table for the descriQr 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

SFC. 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 entries. The forms of PFLUSH are

PFLUSHA
PFLUSH (function code), mask
PFLUSH (function code), mask, (F.A)

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 PFLUSI-IA instruction invalidates all A1'C entries. When (function code) and mask are

specified in the PPLUSH instruction, the instruction invalidates all entries for the specified
function code or codes. When the PFLUSI-J instruction also specifies (EA), the instruction
invalidtcs 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 ail consider PFLUSH #1,4. The
mask operand of 1002 causes the instruction to consider only the most significant bit of the
function code operand. 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 direct-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 i31 along with
FC2.

A0 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 each

long word) for the selected entry is set. If ail 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 entries and enable or disable the caches. The system
hardware can disable the on-chip caches at any time by asserting the C1)lS 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 tine hit. The data cache can be updated for both read and write. If the data cache
is disabled, no hits or updates will occur. I Iowcvcr, 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 oil write cycle, both the data cache and the external device



Word Select

Long Word Select

LWO I LW1 I LW2 I LW3

Data from
Instruction
Cache Data Bus

Motorola MC680301MC68040. Intel 80486 and Pentium Microprocessors 	 467

Access Address

	

TF F FA	 AAAAAAAAA

	

C C C 3	 000000000

	

2101	 876543210

Data To
Instruction

Entry Hit 

L_IIIIIlIIIIT!IIIlI

Cache
Outøut Register
Cache ControlLtne Hit

• Cache size = 64 longwords
• Line size = 4 longwords
• Set size = I (direct mapped)
• For an entry hit to occur

- The access address tag field (AB-A31 and FC2) roust match the tag field selected by the index field (A4-A7)
—The selected longword entry (A2-A3) must be valid
- The cache must be enabled in the Cache Control Register

FIGURE 7.3 MC8030 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(AI) instruction with op code 425116

at PC = 11CCA29E 16 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 16 on its address pins. Assume that the instruction cache is

enabled. Since A3-A0 is 1110 2 , the address bits A3-A2 are 11,. This means LW3 in cache is
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Access Address

F1

FFFA  AAAAAAAAA

c3 000000000

	

01	 876543210

4

• Cache size = 64 longwords
• Line size = 4 longwords
• Set size = t (direct mapped)
• For an entry hit to occur

- The access address tag field (A8-A3 I and rCa-f C2) must match the tag field selected by the index lick] (A4-A7)
- The selected Iongword 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 I 1CCA2 16 which is used as the tag field with A7 through A4 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 16 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(A 1)

stored at the PC value of 276F I A64 6 in supervisor space (FC2 = 1) is to be accessed. The 68030

outputs one on the FC2 pin and 276F1A64 16 on the A31-A0 pins. A miss occurs since the tag

in line 6 (057CD2 16) does not match the address bits A3 1-AS (276F1 A 16 ) 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 425116 into LW1 from external memory and updates
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User Space

__* J4 2 5CLR.W (Al)	 PC [$11 CCA29E

Access Address	 1 1 1 0

F2C
A AAAAAAAAA

CC

0

 3 000000000
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l- k-
Tag.	 I L
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Word Select

Valid Bits

Tag	 0 1 2 3
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1 0 7 6 5 F 1 1 1
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0 7 6 SF i 0 0 C

0 7 6 5 F 01010  1

1 1 C C A 2 1 11 J
1 1 C C A 2 1 1 11

11 C C A 2 1 1 1 1

11 CC A 21 1 1 1

11 C C A 2 1 1 1 1

1 1 C C A 2 1 1 1 1 1

11 C C A 2 1 1 1 1

11 C C A 2 1 1 1 1

11 C C A 2 11 0(

0
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7
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=
=

=

FIGURE 73 Instruction cache hit entry cxainpk.

the FC2 field and tag field with I and 276P1A 16, respectively. The valid bits are updated as

01002.

Figure 7.7 shows an example ofa data cache hit. The 68030 executes MOVE.W(A I), DO to read

data C28F, 6 at address 75134A I76 pointed to by Al in user data space FC2 PCI FCO = 001. Note

that the most significant column shows the value oil function code pins. Since A3A2 = 01,

LW! is accessed with tag value of 75134A I, 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 FCO = 001) match the function code field value of I in the cache, a cache hit occurs.

The valid bit I is set to one and datum C28F 16 is placed in the cache output register. Figure 7.8

shows an example of data cache miss. The 68030 executes the instruction MOVE.W(AI), DO to

read the contents ofO 1F376138 16 pointed to by Al into DO in the supervisor data space (FC2 FC I

FCO = 101 2). Since A3A2 = 10, LW2 in the cache is accessed. Assume the cache is enabled but
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Supervisor
___________

j	
- Space

CLR.W (Al)	 PC [76F1 	 ---------*	 2 5 1

Access Address
FFFA
C C C 3
2101

0 1 0 0
A A A A A A A A A
000000000
876543210

Tag
0	 276F1A

276F1A
2	 276F1A
3	 2 7 6 F 1 A

276F1A
5	 276F1A

05 7 C D 2
70 05 7 CD 2
80 05 7 C D 2
90 05 7 C D 2

10 0 0 5 7 C D 2
11 0 0 5 7 C D 2
12 0 0 5 7 C 0 2
131 2 7 6 F 1 A
14 1 2 ? 6 F I A
15 1 2 7 6 F I A

Replace -	 I

howl ------

mmii
iiimm
01100 -----
11111111
10111111 -_- — tsPkKF]— - --
mimi
iuiumi
mmiii
timuu ---
1111011 L___1_I_
huhløfl
It1uhuii
IMBED

=0-r arator f-.--!	 try Flit	 I
I	 LineHit

" After

61112 7 6 F I A10f110101 I --	 14251-- I	 --	 -- I

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 16 from external memory into
low word of DO and then updates the function code and tag fields of the cache. The 68030 thn
invalidates LWO, LW I, LW3 and validates LW2 by writing 0010 2 in the valid bits.

7.1.5 68030 Pins and Signals

The 68030 is housed in a 13 x 13 PGA package for 16.67 Ml-1z and RC Suffix Package for 2Q MHz.

1 4251 x---xJ
Cache Data

Bus
MISS
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User Data
Space 1

	

MOVE. W(A1),D0	 PCI_75B4A[	 - , C 2 8 F

Access Address	 0 1 1 0

	

F F FA	 A	 A A A A A A A A
C C C 3	 000000000
2101	 876543210

44
Byte Se ect

	

Index = 7	 Word Select

	

Valid Bits

	

IIIIIIIIIIIIIIIL___________....
Tag	 0 1 2 3	 LWO	 LW1	 LW2	 LW3

	

0 50001411111	 --	 --	 --	 --

	

5 00014F 1111	 --	 --	 --	 --

	

2 50001 4FIu11	 --	 --	 --	 --

	

3 50001 4F 1000	 --	 --	 --	 --

	

4 1 75134A1 1111	 --	 --	 --	 --

	

5 1 7584A1 I 111	 --	 --	 --	 --

	

1 75134A1 I I 11	 --	 --	 --	 --
7 1 7 554A	 I	 - -	 - - C28F	 - -	 - -

	

5 1 7584A I 1 I 11	 --	 --	 --	 --

	

9 175134A 1 1 111	 --	 --	 --	 --

	

10 175134A I I 111	 --	 --	 --	 --

	

11 17B4A I 1-i—L—L	 --	 --	 --	 --

	

12 1 7 5 B 4 A I I 111	 --	 --	 --	 --

	

13 1 70 B 4A I 1 1 1 1	 --	 --	 --	 --

	

14 500014F 0 001	 --	 --	 --	 --

	

15 500014F 1111	 ---	 --	 --	 --

I
	

olacct	 I	 I	 I

Entry Hit

Line Hit

1- -- —C-2 87
Cache
Output
Register

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 ways 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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Supervisor
Data Space

__ ------

	

_	 1
	MOVE.W(A1), DO	 All_OlF37	 ---------	 l 5 7 6
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FF-F fAAAAAAAAAA
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3
	 000000000

2101	 876543210
J4	 4'	 + ++ l

Tag' 

	

Index = B	 Word Select
Long Word Select

Valid Bits
Tag	 0 1 2 3	 Iwo	 LWI	 1W2	 LW3

128F1DDI11I	 --	 --	 --	 --
528 E 1DD111I	 --	 --	 --	 --
528 E 1DD111I	 --	 --	 --
528 1 1 D D 1 1 1 1	 --	 --	 --	 --
'28 _1DO''''	 --	 --	 --	 --

28E1DD
01F376
01F376
01F376
01F376
01F376
01F376
28ElDD
28E100
28FlDD
28 El DD

LNComparator !-

	

I	 Line Hit
... Alter

111510_1F376 10 1.011_0 1
 I_-_-_-_-

11576—-_ I

2
3
4
5
6
7

9
10
11
12
13
14
15

===	 ==	 ===
==

Cache Data
Bus

MISS

FIGURE 7.8 Data cache miss.

the handshake lines AS, DS, DSACKX, BERR and HALT. The asynchronous bus cycles of
the MC68030 arc similar to those of the MC68020. The MC68030 cantransfer 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.

Synchronousbus 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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	Function Codes	 FCO.FC2	 [Q

	Address Bus AO-A3t	
interrupt

___________	

i Control

	

Data Bus	
WEND

AVEC

FIGURE 7.9 MC68030 functional signal groups,

The synchronous cycles terminated with STERM arc for 32-bit devices only, while the

synchronous cycles tcrminat_eljy_DSACKx can be for Jor 32-bit ports. The main

difference between the use of STERM and DSACKx is that STERM can be asserted and data

can be transferred earlier than for asynchronous cycle terminated with DSACKx , Wait cycles

can be inserted by delaying the assertion of S'l'ERM 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 each of its cycles. BURST mode is enabled by bits in the cache control register (CACR).

As an illustration of 68030 read/time timing diagrams, 68030 longword read and write cycles

for asynchronous operation will be considered.
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50	 52	 54	 SO	 52	 54	 50	 52	 S4	 SO	 52	 Sw	 Sw	 S4

A2-A31 

Al
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FCO-FC2

	

SILl	 \

Long Word

	

SILO	 \

ECS

DSACKI

DSACKO

DBEN

00-031
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FIGURE 7.10 Asynchronous read-write cycles - 32-bit device.

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:

The read cycle for an instruction such as MOVE.L (AU), DI starts in state 0 (SO). 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  read operand, the MC68030
outputs low on the operand cycle start ( OCS) pin. The MC68030 then places a valid
address (content of register AU in this caw) on A0-A31 pins and valid function codes on
FCQf2 pins. The MC68030 drives RI N HIGH for read and drives data buffer enable
(DBEN) inactive to disable data buffers. SIZO and SIZ1 signalskcme valid, indicating
the number of bytes to be transferred. Cache inhibit out ( ClOUT) becomes valid,
indicating the state of the MMUCI bit in the address translation descriptor or in the
selected TTx register.
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Function

3-bit function code used to identify the address pace of each bus
cycle

32-bit address bus used to address any of 4,294,967,296 bytes
32-bit data bus used Co transfer 8, 16, 24, or 32 bits of data per bus

cycle
Indicates the number of bytes remaining to be transferred for this

cycle; these signals, together with AO and Al, define the active
sections of the data bus

Identical operation to that of }tCS except that OCS is asserted
only during the first bus cycle of an operand transfer

Provides an indication that a bus cycle is beginning
Defines the bus transfer as an MPU read or write
Provides an indicator that the current bus cycle is part of an

indivisible read -mod ify-write operation
Indicates that a valid address is on the bus
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

DBEN
	

Provides an citable signal for external data buffers
DSACKO/ DSACKI

	
Bus response signals that indicate the requested data transfer

operation is completed; irs addition, these two lines indicate the
size of the external bus port on a cycle-by-cycle basis and are used
for asynchronous transfers

CIIN
	

Prevents data frons being loaded into the MC68030 instruction and
data caches'

ClOUT
	 Reflects the Cl hit in A1C entries; indicates that external caches

should ignore these accesses
CIIREQ
	

Indicates a burst request for the instruction or data cache
CBACK
	

Indicates that accessed device can operate in burst mode

IPLO- IPL2
	

Provides an encoded interrupt level to the processor

IPEND	 Indicates that an interrupt is pending
AVEC	 Requests an autovector during an interrupt acknowledge cycle
BR	 Indicates that-an external device requires bus mastership
BC,	 Indicates that an external device may assume bus mastership

I3GACK	 Indicates that -,in externalexternal device has assumed bus mastership

RESET	 System reset; same as 6,9020
I1ALI 	 Indicates that the processor should suspend bus activity
lthltR	 Indicates all 	 or illegal bus operation is being attempted
STERM	 Bus response signal that indicates a port size of 32 hits and that

data may be latched on the next failing clock edge
COtS	 Dynamically disables the on-chip cache to assist emulator support
MMUI)IS	 Dynamically disables the translation mechanism of the MMD

CIK	 Clock input to the processor
Vcc	 +5 volt ± 5% power supply
C ND	 on rid colt n cet on

TABLE 7.2 Signal Description

Signal flatnL	 Mnemonic

Function codes	 PCO.FC2

Address bus	 AO-A31
Data bus	 DO-D31

Size	 SIZO/SIZI

Operand cycle start 	 OCS

External cycle start 	 ECS
Read/write	 R/W
Read-modify-write 	 RMC

cycle	 -
Address strobe	 AS
Data strobe	 DS

Data buffer enable
Data transfer and

size acknowledge

Cache inhibit in

Cache inhibit out

Cache burst request
Cache burst

acknowledge
Interrupt priority

level
Interrupt pending
Autovector
Bus request
Bus grant
Bus grant

acknowledge
Reset
Halt
Bus error

Synchronous
termination

Cache disable
MMU disable
Clock
Power supply
Ground

During Si, the MC68030 activates AS LOW, indicating a va.lidddress on AO-A31. The
MC68030 then activates DS LO\V and..n.giites ECS and OCS (if asserted).
During S2, the MC68030 activates the DBEN phi to enable external data buffers. The
selected device such as a memory chip utilizes DS, SIZO, SlZlijJ W, and ClOUT to
place data on the data bus. The MC68030 outputs LOW on CIIN if appropriate. Any
or all bytes on DO-D31 are selected by S1ZO, SIZ1, AO, and Al. At the same time, the
selected device asserts the !i ACKx signals. The MC68030 samples DSACKx at the
falling edge of the S2 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 S2 (satisfying
the asynchronous setup time requirement), the MC68030 latches data on the next
failing edge of the clock and ends the cycle.

If DSACKx is not recognized by the MC68030 by the beginning of S3, the MC68030
inserts wait states and DSACKx must remain HIGH throughout the asynchronous
input setup and hold times around the end of the S2. During the MC68030's wait states,
the MC68030 continuall sijies DSACKx oil falling edge of each of the subse-
quent cycles until one DSACKx is asserted.

4. With no wait states, at the end of 54, the MC68030_latches data.
5. During S5, the MC68030 negates AS, DS, and DI3EN. The MC68030 kccp.s the address

valid during S5 to provide address hold time for memory systems. R/ W, SIZO, and
SIZI, and FCO-FC2 also remain valid during S5.

The timing diagram in Figure 7.10 for write is explained as follows:

1. The MC68030 outputs LOW oil 	 ECS and OCS and places a valid address and
function codes oil 	 and FC2-FCO, respectively. The MC68030 also places LOW
on RI W and validates SIZO,JZi, and_ClOUT.

2. In Si, 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 52. 	 -
4. During S3, the MC68030 outputs 1.0W on DS, indicating that the data are stable on

the data bus. As long as at least one of theDSACKx inputs is recognized by the end of
S2, the cycle terminates after one cycle. If DSACKx is not recognized by the start of S3,
the MC63030 inserts wait states. If wait states are inserted, the MC68030 continues to

iiipiihe DSACKx signals oil subsequent falling edges of the clock, until one of the
DSACKx inputs is recognized. The selected device such as memory utilizes RI W, DS,
SIZO, SIZ1, and A0 and Al to latch data from the appropriate portion of D0-D31 pins.

The MC68030 generates no ne w 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
RI W, SIZO, SlZl, FCO-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 physical 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 oil 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 MMLJ 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.



Start of Translation Table

Page Number = Offset

Start of Translation Table

Page Number = Offset

• Other TCB information

Task A translation table pointer

onirol Block

Page Frame Number

Status

t;e Descriptors

Task B translation table pointer

ontroi Block
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Micioproccssor

	

	
4ciuiory

AU-A 7

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 levcl translation. The TCB contents $00010000

contain the starting address of the translation table. The 12-bit page offset ($C5E for 112)

replaces the low 12 bits of the physical address directly. The logical address for 1 1 2 is translated

by accessing the translation table at the location

FIGURE 7.12 Table translation of pages.
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Logical Address, Page Size = 4K Bytes
31	 1211	 0

Page Number	 I	 Page Offset

Example

Fj I	 Task
Other TCB information	 0 0 0 1 0 0 0 0 Control

Block

Translation Examples

Logical	 Physical

$0123	 $745A7123

$1C5E	 $3627105E

$5678	 $2BE49678

• If a task has only 2 pages, 0 and $FFFFF, the page descriptor table must be the
same size as if the task used all pages. Size 220 x 4 bytes 1048576 x 4 =
4194304 bytes.

• Each task has a translation table.

FIGURE 7.13 Single-pointer level translation.

$10000 + (Page number * entry size)I $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 SC5E is concatenated with the page
frame number to obtain the physical address in page P2 as $3627 IC5E.

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 I translation table. Level I descriptors contain
pointers to level 2 page descriptors.

A logical address is translated in two steps:

1. A pointer is obtained from level 1 translation table as follows: pointer from TCB =
starting address of level I translation table + (level 1 * entry size of level I 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).

Fq

The location in table 2 thus obtained contains the page frame number; Consider the logical
address:



Pointer I

Level
OFFS

Level 2
Page
Descriptors

Other TCIJ information

Start of level 1 pointers

Leve'
OFF1

Pointer 0

Level
OFFS

Page
Frame

atus
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Page Number

31	 22,21	 12,11	 0

ABC

level I	 lcvcl 2	 Page Sic

(10 bits) (10 bits)

Level 1=0000000001 2	Level 2=00000000112
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

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	 2221	 1211	 0

Level I	 Lcvel 2
Page Number	

Page Offset

FIGURE 7.14 Double pointer level tra ns1. on.
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= $21000 + ( 310 * 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 I and level 2 page numbers
of 0. This means that level I location

= $00780000 + 0 * 4
= $00780000

Therefore, t$007800001 points to the starting address of the level 2 table; then the accessed
location in table 2

= $00800000 + 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 2 ) define
the level 1 page number as one. The next 10 bits (0000 000001 2 ) define the level 2 page number
as one. The page size is $A59. Level I location

= $7800 0000 + ( * 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
= $0080 1004

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. I lowever, multiple memory accesses (two in the example of two-
level translation) arc 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.e., 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.

7.1.7.b 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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31	 2221	 1211	 0
I	 Page Number '	 I Page Offset

Level I	 Lvel 2	 I

• Other TCI3 I ri1orniaion TaskJ
0 0 7 8 0 0 0 0 I Control

________________ 
Block

- - S7B0000 0 0 8 0 0 0 0 0
400801000

:::::::	 00802000 LevelTable
C 0 0 1 0 3 0 0 0 Descriptors
10 () (3 1 () 4 0 0 0
1 0 0 1 (t 5 0 0 0

Page
1) $800000 1 7( A 5

1	 4249311
28 763 2 A	

Level 2
Page

3	 C	 A C D	 Desc riptors
4	 10 79 :t 8 o
5	 14 2718 El

$400	 OOIOOOT 5 7 9 A B
401	 4191(3241

402 3I 3 0	 ( 7	
Level 2

age
40 1	 C1 1 0 3 5	 Descriptors

404	 10) 2 0 4 3 3
405	 141 A C DE:

Double-txii ittir l eve l trrrisIa toll

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.
The pins used by the 68030 on-chip MMU arc A31-A0, ClOUT, 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 A_QpJns. The MMU

asserts the ClOUT pin for pages which arc defined as noncachcable. The MMUDIS pin, when
asserted by an external emulator, disables the MMU.

The 68030 executes 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 executes
additional bus cycles to obtain the desired address translation information.

Data	 Instruction
Cache	 Cache

1

FIGURE 7.15 MC68030 on-chip MIcIU block diagram.
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31	 1615	 0
Limit	 Status	 CPU

Root
Table Address	 Reserved Pointer

43	 0
31	 1615	 0

Lhiit	 Status	 Supervisor
Root

Table Address	 Reserved Pointer

43	 0
31	 0

1 Translation
L	 I Control

31	 0
Transparent
Translation 0

31	 0
Transparent
Translation)

15	 0
MMU
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 PFLUSH
- 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 arc the
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Level I	 Level 2	 Level 3	 Level 4	 Level 5
Table	 Table	 Table	 Table	 Table

Descriptors	 Descriptors	 Descriptors	 Descriptors	 Descriptors

FIGURE 7.17 MC68030 MMU live-level translation schcmc.

valid bit field (bit 27), function code field (bits 26-24), and 24-bit 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 (FCO-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 ofa 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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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 early 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 shod and long forms. They contain the physical
address of  page descriptor and two descriptor-type bits which identif'n 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 Descriptor
27	 23	 027	 23	 0

IV I FC I	 Logical Address	 Status	 Physical Address

Table Descriptors
Short

Table Address	 Status
31	 43	 0	

Long	

031	 1615	 031

Limit	 Status	 Table Address	 Not Used

Page Descriptors
Short

31	 87	 0	
LongPage Address	 Status

31	 1615	 031	 87	 0

Unused	 Status	 Page Address	 Unused

• Early Termination Page Descriptors
• Invalid Descriptors
• Indirect Descriptors

FIGURE 7.19 Page deseript or suni nary.

The limit field in the CR1' 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 are assigned to the limit. These are I. / U and limit, LI U = 1 means
a lower rattgclimit , while I. I U = 0 indicates an upper range limit. If L / U = 0 and limit =
S7FFP or L / U = I and limit t), the limit function is suppressed. The translation control
register ('I'C) 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 SRI) is similar to the CRP except that it is used only for supervisor access. This register
must be enabled in the l'C before use, lhe furmat of SRI) is shown in Figure 7.22.

'lAtHE 7.3 05030 On-Chi p M St U vs. 65551

t:enures of the 68851 nut indukd on the 68030 btNlU:

No access level (no CA l.LNI or Rib t instructions)
No breakpoint registers
No l)b1\ root pointer
No task ;iliasing
22 en ty AIC instead ol 6!
No lockable content-address:ihle memory (CAN!) entries
No shared globally cit des
Instructions supported

l'Pi_USI IA, PFI.USF1, l'hIOVE, PTEST, l'l.OAI)
Instructions not supported (i•-Iine trap)

IvAilt), t'tLLISI iR, P11.081 IES, P15cc, I'i)iIce, P8cc,

Vl'RAi.c, SAVE, lItESIORE

Control aItc,It,l.,' etlectve ,IdLlre.sscs univ for the
81 '.1 U just u:ci jul15
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31 30	 16 15	 0
LJU I	 Limit	 I	 Status	 CR1'

Table Address	 I Unused
31	 43	 0

• Status Field

15	 21	 0
lo	 o  oil

• Di Vlucs

00 Not allowed. If loaded with this value, an MMD
Configuration Error exception occurs.

01	 Table address fictd i s . F)l C descriptor.

tO Table address held points to descriptors which
are 4 bytes long.

II	 T,iI,lc address Odd points to descriptors which
are B bytes long.

FIGURE 7.20 CR1' details.

31 30	 21 2524 23	 2019	 15 1211	 87	 43	 0

F 0-----0	
S
R C	 PS	 IS	 TIA	 Tilt	 TIC	 TOTC

 ^	 E I.

F

p.
F	 Disables MMU	 Enables MMU

• SRE	 Disables SRI' 	 Enables SRP

• ICL	 Disables function	 Enables function
code lookup	 code lookup

• I'S Page Size 1000 . 256 bytes
1001 •Sl2byles
1010- 1K bytes
1011 2K bytes
1100 - 4K bytes
1101 -8Kbytes
1110- 16K bytes

1111 - 32K bytes

• IS	 Initial shift
The number of upper address hits which are to be ignored during a table search.

• TIA, T113, TIC, TO Table index fields
Specifies the number of bits of logical address to be used as an index into the table
at each level

FIGURE 7.21 'I'C details.

31	 30	 16, 15	 0

i/U I	 Limit	 Status
Table Address	 Unused

31	 4,3	 0

FIGURE 7.22 SRP form.
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•RM/

• RWM

• CI

• FC BASE

• FCMASK

0

Register disabled

Match writes

Force matching of the RIvV bit

Cache the data

Function code value to be matched

0 - force caring of this 1)1
• (font care this bit

Register enabled

Match reads

Don't - care the FW bit

Don't cache the data;
assert ClOUT

• LOGICAL ADDRESS BASE
Base field of logical addresses to be transparently translated.
A24-A31 must be matched.

• LOGICAL ADDRESS MASK
Allows don ' t-ca ring of bits in the Logical Address Base
U - force caring of this bit
1 - don ' t - care this bit

FIGURE 7.23 TTO and UI details.

If  task is required to access physical memory directly, such as in graphics applications '170
or Til can be used to specify the physical areas of memory to be accessed.

Figure 7,23 provides formats for 'FF0 and 'Fri.
The MMUSR includes the results ofexecution ofthc 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 status register is the result of executian of the
('TEST instruction.

- Level = 0 Search the ATC only
- Level 0 Search t1nslation tables only

1514131211109B76543	 0
lI LSj0WI I I M I O J O I T I O ! 0 1 0 1 N

[lii Meaning	 Level = 0	 Level ;t t

13 Bus error	 Bus error is set in	 Bus error occured
Matching ATC entry	 during table walk

I Limit bit	 Always cleared	 An index exceeded
the limit

S Supervisor	 Always cleared	 Supervisor hit is set
viol,ttiuii	 in descriptor

'N Write protect	 Address is write protected	 Address is write protected

I	 Invalid bit	 No entry in ATC or 13 is set 	 No translation in table,
or 3 or L is Set

M Modified bit 	 ATC entry has M bit set	 Page descriptor has
M Bit set

T Transparent	 Address is within range of 	 Always cleared
ff0 or 111

N Number of tables 0 	 Number of tables used
in translation

FIGURE 7.24 MMUSR details.

27 26 24 23	 0	 27 26 25 24 23	 0
V I rc I LOGICAl. ADDRESS I 113 I	 I WI' I M I t'HYSICAI. ADDRESS

lIlt	 Meariin	 I)

V	 Valid	 Invalid

II	 Bus error	 No bus error

Cl	 Cache inhibit	 ClOUT is negated

WP Write protect	 Page is not write
protected

M	 Modified
	

l'age has not l,eez,
modified

• IC tunctton Code

FIGURE 7.25 ATC entry structure.

Valid

Error occu red when entry was
formed. Ifthis logical address
occurs, a bus error exception
will occur.

CIOU F is asserted disabling
internal and external cache.

Page is write protected. If a
write is attempted, a bus error
exception occurs.

Page has [)cell
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Page
Tables

FIGURE 7,26 MC68030 MMU trins]ation tabk Ircc structure.

• Bus error
• F-line

• Privilege violation

• Configuration error

Example 7.1

Assume user program space. The MC68030 executes CLR.W(AI) with PC contents and
instruction cache contents as follows.

Given the op code for CLR.W(Al) is 4251 16, [PC] = $02513080.

Instruction Cache Contcnts

Function Codes - 0102

hides
	 valid bits

0 1 2 3	 LWO	 LW! I.W2 I.W3
7 2 025130 Ii 1 1 4251xxxx - 	 -	 -
8 2 025130 O 1 1 1 4251xxxx - 	 -	 -
9 2 1 025130 1 1 1 1	 -	 -	 -

When the instruction CLR.W(Al) 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

ECLR.L #O,D1

BSET.L #9,Di.
MOVEC Dl, CACR

Get current
CACR
Disable
instruction
cache
Freeze data cache
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:

I'.lgC

0	 $002000	 12345	 Pagc

I	 $002004	 7A812	 Dcscriptor

2	 $002008	 1BCA7	 Tabk

Logical addresses to be translated are $00000 lAS, $00002370.

Solution
Prom 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 12 = 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 SRI' is

31 30	 16,15	 2,1 0

- L / U	 Limit	 0---- I DT

Table Address	 j Umiscd

31	 3	 0

L /U is 0 for upper limit range. LIMIT is $7000. Di must be 01 for page descriptor. Table
address is $05721050. Hence, SRP is

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 translatioii tables only. Bit 14 defines the limit bit

and bits 0-2 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.

7.2 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.

7.2.1 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 arid 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-
tanco usly

• 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.

7.2.2 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 (DO-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	 FPtJ	 Integer Throughput

6040	 32/32 Bit	 25-50 MI-ti	 On-Chip	 On-Chip 22 MIPS
80486	 32/32 Bit	 25-6 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-ITTO), and two for data
access (DTT1-13TFO), 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: eight 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 aetting 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

o	 79	 o
I	 IFPO

lotI	 ____________ _Iri
i.4D2 I	 _________

I FP3Data	 j 03	 I	 [Floating-Point	 I FF2
Registers	 04	 I	 Data Registers	 I FP4

405	 IFPS
1 06	 I	 IFP6
ni	 I	 !FP7

I AO
At	 31	 0AZ

_______ I
i—IAddress	 j	 Fr' control Register'	 I FPCR

Registers	 H A4	 Fr' Status Register I	 FPSR

	

Fr' Instruction Address Register I	 I FrIAR
I A6
A7,%JSP User Stack Pointer
PC	 Program Counter

- -	 CCR	 Condition Code Register
User Programming Model

Interrupt Stack Pointer
Master Stack Pointer
Status Register tCCR is also shown in the User Programming Models
Vector Base Register
Source Function Code
Destination Function Code
Cache Control Register
User Root Pointer Register
Supervisor Root Pointer Register
Translation Control Register
Data Transparent Tran1ation RegIster 0
Data Transparent Translation Reg Ister 1
Instruction Transparent Translation Register 0
Instruction Transparent Translation Register 1
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

pipelincd FPU can concurrently execute two instructions. This pipelincd supersca!ar 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 EPU supports the game data as the 68881/68882. The MC68040 supports the same

addressing mode as the 68020/68030.

7.2.3 Instruction Set/Data Types

The instructions provided by the MC6800 are listed in Table 7.5.

FABLE 7.5 63040 Instruction Set Summary

Mnemonic

ALtCI)
ADD
ADDA
A DI)I
ADDQ
ADI)X
AND
ANDI
ASL, ASR
itec
BCI-IG
I3CLR
tIF Cl-IC
BFCLR
BFEXTS
13 FEXTU
B I FF0
13 FINS
BPSET
BflSi
BRA
BSET
BSR
fIrst
CAS
CAS2
CIIK
CIIK2
CINV'
CLR
CMP
CM PA
CMPI
CMPM
CMP2
Cpus''.
1)11cc
DIVS, DIVSL

Description

Add Decimal with Extend
Add
Add Address
Add Immediate
Add Quick
Add with Extend
Logical AND
Logical AND Immediate
Arithmetic Shift Left and Right
Branch Conditionally
Test Bit and Change
Test Bit and Clear
Test Bit Field and Change
Test Bit Field and Clear
Signed Bit Field Extract
Unsigned Bit Field Extract
Bit Field Fine First One
flit Field Insert
Test flit Field and Set
Test Bit Field
Branch
Test Bit and Set
Branch to Subroutine
Test Bit
Compare and Swap Operands
Compare and Swap Dual Operands
Check Register Against Bounds
Check Register Against Upper and Lower Bounds
Invalidate Cache Entries
Clear
Compare
Compare Address
Compare lmniediate
Compare Memory to Memory
Compare Register Against Upper and Lower Bounds
Push then Invalidate Cache Entries
Test Condition, Decrement and Branch
Signed Divide
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TABLE 7.5 68040 Instruction Set Summary (continued)
Mnemonic	 Description

DIVLJ, DIVUL
EOR
EORI
EXG
EXT. EXTO
FAllS'
FADD'
FBcc
FCMP
FDI3cc
FDIV
FMOVE'
FMO\'EM
FM UL*
FNEG'
FRESTORE
FSAVE
P5cc
FSORT
PSUII'
FTRAPcc
FTST
ILLEGAL
IMP
JSR
LEA
LINK
151., LSR
MOVE
MOVE 16'
MOVEA
MOVE CCR
MOVE SR
MOVE USP
MOVEC
MO V EM
MOVEI'
MOVEQ
MOVES'
MU IS
MULU
NBCD
NEG
NE(;X
NOI'
NOT
OR
OR'
PACK
PEA
PFLUS!I'
PTEST'
RESET
ROL, ROR
ROXL, RORX
RTI)
RTE
RTR

Unsigned Divide
Logical Exclusive OR
Logical Exclusive OR Immediate
Exchange Registers
Sign Extend
Floating-Point Absolute Value
Floating-Point Add
Floating-Point Branch
Floating-Point Compare
Floating-Point Decrement and Branch
Floating-Point Divide
Move Floating-Point Register
Move Multiple Floating- point Registers
Floating-Point Multiply
Floating-Point Negate
Restore Floating-Point Internal State
Save Floating- point Internal State
Floating-Point Set According to Condition
Floating-Point Square Root
Floating- point Subtract
Floating- point Trap-On Condition
Floating-Point Test
Take Illegal Instruction Trap
Jump
Jump to Subroutine
Load Effective Address
Link and Allocate
Logical Shift Left and Right
Move
16-Byte Block Move
Move Address
Move Condition Code Register
Move Status Register
Move User Stack Pointer
Move Control Register
Move Multiple Registers
Move Peripheral
Move Quick
Move Alternate Address Space
Signed Multiply
Unsigned Multiply
Negate Decimal with Extend
Negate
Negate with Extend
No Operation
Logical Complement
Logical Inclusive OR
Logical inclusive OR Immediate
Pack BCD
Push Effective Address
Flush Entry(ics) in the ATCs
Test a Logical Address
Reset External Devices
Rotate Left and Right
Rotate with Extend Left and Right
Return and Deallocate
Return front
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
Scc	 Set Conditionally
STOP	 Stop
SUB	 Subtract
SUBA	 Subtract Address
SUB!	 Subtract Immediate
SIJBQ	 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 MC6888I/
MC66882 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 arc 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 6888 1/68882 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 underfiow 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 eliminated. 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 it is not directly supported by the
68040. Constant it can be indirectly loaded by using the MOVECR instruction (MOVECRX#O,
FPn). See table on page 413.

The MC58040, 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
FASINI	 I:Ioiting_l1oiii1 Arc Sine
FA1'AN	 Floating-Point Arc Tangent
FA1'AN U	 Floating-Point Hyperbolic Arc Tangeist
FCOS	 Floating-Point Cosine
FCOSH	 Floating-Point Hyperbolic Cosine
Plfl'OX	 Floating-Point c'
FE'IOXL	 Floating-Point c' -
FG ETLX P	 Floating-Point Get Exponent
FGLrLMAN	 Floating-Point Get Mantissa
F NT	 Floating-Point Integer Part
Fl NTRZ	 Floating-Point Integer Part, Round-to-Zero
FLOGIO	 Floating-Point Log
FLOG 10	 Floating-Point Log2
FLOGN	 Floating-Point IA)g,

 Floating-Point Log, (x + I)
FSQRT	 Floating-Point Square Root
PMOI)	 floating-Point Modulo Remainder
PMOVECR	 Floating-Point Move Constant ROM
FREM	 Floating-Point IEEE Remainder
FSCALE	 Floating-Point Scale Exponent
PSGLDIV	 Floating-Point Single Precision Divide
FSFLMUL	 Floating-Point Single Precision Multiply
FSINI	 Floating- Point Sine
FSINCOS	 Floating-Point Simultaneous Sine and Cosine
PSI Nil	 Floating-Point Hyperhqlic Sine
VI'AN	 Floating-Point Tangct
V1'ANH	 Floating-Point Hyperbolic Tangent
IFENTOX	 Floating-Point to'
PTWOTOX	 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 fields, 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	 Sire	 Supported By: Noics

Bit	 I Bit	 lU	 -
Bit Field	 1-32 Bits	 IU	 Field of Consecutive Bit
BCD	 8 Bits	 IU	 Packed: 2 Digits Byte

Unpacked: I Digit Byte
Byte Integer	 8 Bits	 IU, FPU	 -
Word Integer	 16 Bits	 I U, FI'U	 -
Long-Word Integer 	 32 Bits	 LU, FPU	 -
Quad-Word Integer	 64 Bits	 IU	 Any Two Data Registers -
16-Byte	 128 Bits	 IU	 Memory-Only. Aligned to 16-Byte Boundary
Single-Precision Real	 32 Bits	 FPU	 I-Bit Sign. 8-Bit Exponent, 23-Bit Mantissa
Double-Precision Real 	 64 bits	 FPU	 I-Bit Sign, I I-Bit Exponent, 52-Bit Mantissa
Extended-Precision Real	 80 Bits	 FPU	 I-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 = 413 * in where r is the radius of the sphere.

Solution

ORG $1000

MOVE (A7),fp0

FNOVE (A7),fpl
FMUL fpl,fp2.
FMUL fpo,fpl
FNOVE #4,fp2	 I

FDIV #3,fp2
FMOVE #22,fp4 ;

FDIV #7,fp4
FMUL fp2,fp4
FMtTL fp4,fpl

FINISH JMP FINISH

initialize program at location hex
1000

move radius value from user stack
to fp register 0

and into fp register 1
obtain r squared, store in fpl
obtain r cubed, store in fpl
load decimal constant 4 into fp
register 2

obtain 4/3, store in fp2
load decimal constant 22 into fp
register 4

obtain it store in fp4
obtain (4 * 7t)/3, store in fp4
obtain ((4 * j)/3) * r cubed, store
in fpl

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  right angle triangle
by using

= +

Solution

The following program requires software emulation 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
FMOV (A7)+,fpO

FMUL fpo,fp0
FNUL fp2,fp2
FADD fp0,fp2

FSQRT fp2

FINISH JMP FINISH

initialize at hex location 1000
load adjacent side length into fp
reg 0

square side 1, store in fpo
square side 2, store in fp2
sum the squared side lengths and
store in fp reg 2

calculate length of hypotenuse
and store in fp 2

halt
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FIGURE 7.28 MC68040 block diagram.

7.2.4 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 lU 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 729 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 lU 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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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 base address to a logical page. The system software then transfers data between

secondary storage and memory, one 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 MC68010 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 search 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 (DO-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 ill 	 near future due to locality characteristics of the executing task.

Each memory unit access by the integer 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) are 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 PA3 I -
1'Al2 from the MMU and bits PAll and PA 10 of the untranslated page offset. The cache has
a hit, if aty 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 call 	 invalidated during the
alternate master access to memory, or memory call 	 inhibited to allow the MC68040 to
respond to the access as a slave. By intervening in the access, the processor Carl its
internal caches for an external write (destination data) or supply cache data to the alternate
bus master for au 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 coherency 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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7.2.6 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-cod Macintosh computers such
as the Quadra series and aftermarket Macintosh accelerator boards such as-the Radius Rocket.
The EPU pipeline and interface overhead reduction have resulted in an 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 benefit 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.

7.3 Intel 80486 Microprocessor
Intel 80486 is an enhanced 32-bit microprocessor with an on-chip floating-point hardware.

7.3.1 Intel 80486/80386 Comparison

Table 7.8 compares the basic features of the 80486 with those of 80386.

TABLE 7.8 80386 vs. 80486

80386

985: 386SX in 1938

Adds paging 32-bitit extension,

on-chip address ra ttslat ion, and

greater speed to 30286 functions.

32-bit microprocessor

16-. 32-hit

None

32-hit

70%

275,000

4 Gigabytes

64 Tet rahytes

Divides the external clock input

by 2

25 MI Ic to 50 MI Ic

100 for 80386SX and ItiS for other

80386's

non - multi pkxcd

4.5 clocks

S 32-bit general purpose registers

32-bit ElI' and Flag register

C, 16-bit segment registers

6 61-bit sognient descriptor

I egis!ers

4 32-1)it system	 iit ol registers

(ClOt-C113)

S01S6

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 Tctrahytcs

Same as external clock input

25 MIIz to 66 MHz

168

non- multiplexed

1.3 clocks

All registers listed under the 80386

plus the following registers:

8 SO-hit

8 2-hit

S 16-bit

3 16-bit

2 48-bit

Cbs ractcist ic

Introduced in

Principle features

Data bus size accommodated

Parity

Address bus size

BUS utilization with zero ss'-nt

states

On-chip transistors

Directly addressable memory

Virtual memory size

Internal clock

Clock

Pins

Address and data buses

Instruction  Execution speed

Registers
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TABLE 7.8 80386 vs. 80486 (continued)

Characteristic

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

80386

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/lO#, D/C#, and W1R# pins

l)cflned by A2-A31
ltL0#-ltE3
Indicated by the RDY# pin
ltl)Y# input indicates that iit

external device has presented valid
data on the data bus or that [lie
external device has accepted data

Two pins are used:
I-lOLl) input pin
ILDA output pin

l.00K# output pin allows the
processor to complete multiple
bus cycles without interruption
via the HOLD pin

Not available

Not available

80486

5 Test registers
8 Debug registers for testing
control ltOMs, TLIt, cache, etc

Defined by activation of ADS
output pin by the 80486

Bus cycle is defined in the sanie
way except that the encoding of
M/IO#, DIC#, and W/R# are
different on the 80386 and 80486

Same as the 80386	 V

RDY# and IIRDY# pins
The lWY4 pin has the same

mea ni tg as the 80386 except that
the 13RDY0 input is used during a
burst transfer. A niaxinluni of 16
bytes can be transferred during
the burst. The 80186 asserts the
IILAST# output pin to cod the
burst

Three pins are used:
HOLD input pin
ULDA 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-
hit data including floating-poin t

The ttOFP# input pin indicates that
another bus master needs to
complete a bus cycle in order for
the 80486's current cycle to
complete

The Al lOLl) input pin causes the
80,186 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-

Yes
All 80386 instructions including the

floating-point instructions for the
on-ship floating-point hardware
plus six new instructions

Yes

Yes. Does not support maximum
or minimum mode like the 8086

No	 V

Listed in Chapter 4 including the
floating-point instructions where
the 80386 is interfaced to the
80366
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7.3.2 Special Features of the 80486

Intel 80486 is a 32-bit microprocessor like the Intel 80386. It executes the complete instruction
set of the 80386 and the 803871)X 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 80 ,186 has an internal 8K byte cache memory, which provides fast
access to recently used instructions and data. The internal 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 all 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 IEEE standard, and is object-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, execution, and address translation of instructions is overlapped

within the 80,186 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 reset or power up, the 80 ,186 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 804 y 6 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 80 ,186 processor applications.

The 80,186 is provided with a bus hackoff 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 models, the Intel 386 DX or SX has very few differences with the
80486 processor. The 80486 processor defines new bits in the EFLAGS, CR0, and CR3
registers, and in entries 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 80 ,186 EFLAGS
register. All other flags in the 80486 EFLAGS arc same as the 80386. The 80486 AC flag can

be used in conjunction with all (Alignment Mask) bit in the 80486 CR0 control register

to control alignment checking. The 80486 performs alignment checking when both the AC

flag and AM bit are set to one. This checking is disabled when AM bit is cleared to zero. An

alignment check exception is generated when reference is made to all operand such

as a word at an odd byte address or a doublcword 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 set.

The following control register bits in CR0 and CR3 have been added beyond those of the
80386:

1. Five new bits have been defined in the CR0 register. These are NE (Numeric error), WP

(Write Protect), AM (Alignment Mask), NW (Nat Write-through) and CD (Cache

disable). The NE bit enables the standard niecha ii ism for reporting floating-point

numeric errors when set. The \VP bit, when set 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 PW'T (Page-level Writes Transparent) bit. The state

of the PCD bit is driven oil PCD pin during bus cycles which are not paged, such

as interrupt acknowledge cycles, when paging is enabled. The state of the PW'I' bit, on

the other hand, is driven oil PWI' 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 set 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

\VI3INVD Instruction

• INVLPG Instruction

The 80386 can execute all its floating-point instructions when the 80387 is present in the

system. The 80486, oil other hand, can directly execute all its floating-point instructions

(same as the 80386 floating-point instructions) since it has the on-chip 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 80,186 are listed below:

1. BSWAP reg32 instruction reverses the byte order of a 32-bit register, converting a value

in little/big endian form to big/little cndian form. That is, the BSWAP instruction

exchanges bits 7...0 with bits 32...24 and bits l5...8' with bits 23...l6 of  32-bit register.
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Executing 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/mam8, reg8

reg16/niem16, reg16

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] = 01231-1, [BX] = 9876H, then after XADD AX, DX, the contents of AX and BX

arc respectively 9999H and 01231-1.

3. CMPXCHG dcst, source

regB/inem8, reg8

reg16/mem16, 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] = 45321-1, then after CMPXCHG BX, DX, the ZF flag is set to one and

[BX] = 43241-1.
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 30486 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 80186 TLB (Translation Lookaside buffer) accessed through the test register has

changed. Note that the TLB in 0486 is a cache for page table entries.

7.4 Intel Pentium Microprocessor
Table 7.9 summarizes the basic differences between the basic features of 486 and Pentium

processor families:
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TABLE 7.9 Basic Differences Between 80486 and Pentium Processor Families

Feature	 486 Processor	 Pentium Processor

Clock
Address and data buses

Pipeline model
Internal cache

Cache type
Number of transistors
Performance at 66 MHz in MIPS

(Millions of Instructions Per
Second)

Number of pins

25 to 66 MHz
32-bit data bus
32-bit address bus
Single
8K for both data and instruction

Write-through
1.2 million
54 MIPS

168

60 to 100 Mlii
32-bit address bus
64 bit data bus
Dual
8K data
8K instruction
Write back
3.2 million
112 MIPS

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 engineers to design for low power usage. SMM is
entered through activation of an external interrupt pin (System Management Interrupt,
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 We 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 I'cntium" 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) x (3,145,727)
is zero. The Pentium provided a wrong answer of 256. IBM claimed this probleni 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 already 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 appoximatcly $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 Liflit 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 commonoperations 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 prcfctched 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 81(byts 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.

The block 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 prefetchcd instructions so that the Pentium can
execute them. The control ROM includes the microcode for the Penituin processor and has
direct control over both pipelines.

A barrel shifter is included in the chip for fast shift operations.

7.4.2 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  program to set or clear the ID flag indkatcs that the processor supports the
CPUJD instruction. The CPUID instruction provides information about the family member
and model of the microprocessor on which it is executing.

7.4.3 Pentium Addressing Modes and Instructions

The Pentium includes the same addressing modes as the 80386/80486.
The Pcnitum 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,r32andMOV r32,CR4
ii) RDMSR

iii) WB1dSR

iv) RSM
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The details of RDI'SC instruction is considered proprietary and confidential by Intel and is

not provided ill manuals. Detailed information oil may be obtained from Intel upon

signing a non-disclosure agreement.
(IvIPXCI-IG8B rcg64 compares the 64-bit value in EDX:EAX with the 64-bit contents

or
mexa64

of reg 64 or mem64. If they are equal, the 64-bit value in EX:EBX is stored in reg64 or

mcrn64; 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 80 ,186 instruc-

tions. For example, a 66M l-lz Pentium microprocessor provides about three times the float-

ing-point performance of  66M1 lx Intel 80 ,186 DX2 microprocessor.

7.4.4 Pentium Vs. 80486 Basic Differences in Registers, Paging, Stack
Operations, and Exceptions

7.4.4.a 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 Writi-through) in the

control register, CR0 are redefined in the Pentium. The values of zero in both CD and NW

in CR0 implement a write-back strategy for the data cache in the Pentium. Oil 80486, these

values implement a write-through strategy.

One new control register, CR4 is included in the Pentium. 0R4 contains bits that enable

certain extensions to the 80186 provided in the Petit ium processor. These extensions include

functions such as debugging extensions that support I/O breakpoints and machine check

exceptions for handling certain hardware error conditions.

The Pentium processor defines the type of breakpoint access by two hits in DU to perform

breakpoint functions such as breakpoint on instruction execution only, break oil 	 writes

only and break oil 	 reads or writes but not instruction fetches.

The implementation of test registers oil 	 80486 used for testing the cache and TlB has

been redesigned using model specific registers in the Pentium processor.

7.4.4.b Paging

The Pentium processor provides an extension to the memory management/paging functions

of the 80486 to support larger page sizes.

7.4.4.c Stack Operations

The Pentium microprocessor, 30486 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 alter it is decremented.
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7.4.4,4 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 oil 	 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 all 	 in the u-pipe. When
the two instructions complete execution, the interrupt is then serviced. Therefore, the LIP
pushed onto the stack when servicing the interrupt oil 	 Pentium processor may be different
than that for the 80486 (i.e. it is serviced later).

The priority of exceptions is the same on both the Pentium and 80486.

7.4.5 Input/Output

The Pentium processor handles I/O in the same way as the 80486. The Pentium can use either
standard I/O or memory mapped I/O. Standard I/O is accomplished by using IN/OUT
instructions and a hardware protection mechanism.

When memory-mapped I/O is used, memory-reference instructions are used for input/
output and the protection mechanism is provided via segmentation or paging.

The Pentium ca ll
 8-, 16- or 32-bits to a device. Like memory-mapped I/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 ill
Standard I/O should he aligned to address which are multiples of uu,. The Pentium supports
I/O transfer to misaligned ports, but there is a performance penalty because all 	 bus cycle
must be used.

The INS and OUTS instructions move blocks of data between I/O Ports and memory. The
INS and OUTS instructions, when used with repeat prefixes, perform block input or output
operations. The string I/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, I/O operates as in real address mode with
additional protection features as follows:

References to memory-mapped I/O ports, like any other memory reference, are subject
to access protection and control by both segmentation and paging.
Using standard I/O, execution of a ll 1/

0
 instruction is subject to twoprotection mecha-

nisms:
a. The IOPL field in the EFLAGS register controls access to the I/O instructions,
b. The 1/0 permission bit map of a TSS (Task State Segment) controls access to

individual port in the 1/0 address space.

7.4.6 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 F1'U 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 call 	 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 efficiently be performed by the hardware trigonometric

support provided by the FPIJ. 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 areas 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?

ii) 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(Al) with [Al] =

$20507002 and [$20507002) = $1234 with the following information in the data cache:

Valid
hits

Tag	 0 1 2 3	 I.W0	 1.\V1	 I.W2	 1.W3

0	 1 205070 1 1 1 1	 12345124 00121234	 70001111	 01112222

I	 1 205070 01 1 1 77777777 12121212	 110011EL AAAA1111

2 I 51:1236 1011) 72101231 25252020 FEEEEEEE 00110011

3 1 021472 0001 11223344 IIIIIIISAAAA 71171625 00200000

Assume all numbers in lie.

Will a cache hit occur? Why or why not?

7.6 What arc the functions of 68030 EItREQ 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

$001000	 0020 0000J
$001004	 0020 0010
$001008	 0020 0020

1•C11

Lcvcl I
Descriptors

	

1ge 0	 20000	 7A237	 I.evcl 2

	

1	 20004	 8F1 C2

	

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?

7.11 Assume the following data contents in the 68030 CRP:

31	 0
010 1 00	 (1003

	

2A67	 112(4
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?

iii) What is the allowed range of logical addresses for the next table?

7.12 Determine the contents of the 68030 'rc 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 ofthe 68030 TTh 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 Write a 68030 instruction sequence for initializing the IC, 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 68030?

7.18 
Ill

	 68030 MMU (demand paging system), what happens when a task attempts to

access a page not ill 	 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 floating-point coprocessor and

the 68040 on-chip floating-point hardware?

7.21 Write a 68010 assembly language program to compute the area ofa circle, A = itr 2 where

r is the 32-bit radius of the circle ill

7.22 Write a 68010 assembly language program to compute:

201-og 11 ( V /V,)

where V 1 and \', are 32-hit single precision numbers stored ill 	 and Dl respectively. Store

the result ill

7.23 Write a 68010 assembly language program to conipute the quadratic formula:

—h±\rh—_lac

2a

where a, b, and c are 32-bit integers.

7.24 Compare the on-chip hardware features of the 80 ,186 and Pentium microprocessors.

7.25 What are the sizes of the address and data buses of the 80 ,186 and Pentium?

7.26 Identify the main differences between the 80 ,186 and Pentium.

7.27 What are the clock speed, pipeline model, number of on-chip transistors and number

of- pins oil 	 80186 and Pentium processors?

7.28 Discuss the application areas in which the Pentium-based PC's will be used.

7.29 Identify the main differences between the Intel 80386 and 80186.

7.30 identify the pins oil 	 80336 and 30436 by which the bus cycle is defined.

7.31 What are the functions of the $0186 ) RDY# and URDY# pins? ii) LOCK and

PLOCK?

7.32 What is meant b y the 80-18() BUS bACKOI:I: 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? I-low is it handled in the 80486?

7.35 How many new control bits have been added to control registers CR0 and CR3 by the

80486 beyond those of the 80386?

7.37 How many new instructions arc added to the 80486 beyond those of the 80386? 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
SWAP ECX

BSWAI ECX
BSWAP ECX
BSWAP ECX

7.39 If [EBX} = 0123A212H, and [EDX] = 4613123101-1, then what are the contents ofEBX

and EDX after execution of the 80486 instruction XADD EBX, EDX?

7.40 If [BX] = 271AH, [AXJ = 7I2EH and [CXI = 12341-I, what are the contents ofCX after

execution of the 80 ,186 instruction CMPXCIIG CX, BX?

7.41 What is the purpose of each of the 80486 ]NVD, 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

80486? Discuss them.

7.48 How many new application and system instructions are added to the Pentium beyond

those of the 80486? 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/O and Memory-

mapped I/O of the Pentium? Discuss each.

7.52 Discuss two applications of the Pentium processor. Why is the Pentium an ideal

candidate for these applications?


