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[57] ABSTRACT

A data prediction structure is provided for a superscalar
microprocessor. The data prediction structure stores base
addresses and stride values in a prediction array. The base
address andthe stride value from a location within the data

prediction structure indexed by an instruction address are
added to form a data prediction address which is then used
to fetch data bytes into a reservation station storing an
associated instruction. If the data associated with an operand
address calculated by an associated functional unit resides in
the reservation station, the clock cycles used to perform the
load operation have occurred before the instruction reached
the reservation station. Additionally, the base address is
updated to the address generated by executing an instruction
each time the instruction is executed, and the stride value is
updated when the data prediction address is found to be
incorrect.

8 Claims, 42 Drawing Sheets
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STRIDE-BASED DATA ADDRESS
PREDICTION STRUCTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the field of superscalar micro-
processors and, more particularly, to data prediction mecha-
nisms in superscalar microprocessors.

2. Description of the Relevant Art
Superscalar microprocessors achieve high performance

by simultaneously executing multiple instructions in a clock
cycle and by specifying the shortest possible clock cycle
consistent with the design. As used herein, the term “clock
cycle”refers to an interval of time during whichthe pipeline
stages of a microprocessor perform their intended functions.
For example, superscalar microprocessors are typically con-
figured with instruction processing pipelines which process
instructions. The processing of instructions includes the
actions of fetching, dispatching, decoding, executing, and
writing, back results. Each action may be implemented in one
or more pipeline stages, and an instruction flows through
each of the pipeline stages where an action or portion of an
action is performed. At the end of a clock cycle, the
instruction and the values resulting from performing, the
action of the current pipeline stage are moved to the next
pipeline stage. When an instruction reaches the end of an
instruction processing pipeline, it is processed and the
results of executing the instruction have been recorded.

Since superscalar microprocessors execute multiple
instructions per clock cycle and the clock cycle is short, a
high bandwidth memory system is required to provide
instructions and data to the superscalar microprocessor(ie.
a memory system that can provide a large numberof bytes
in a short periodof time). Without a high bandwidth memory
system, the microprocessor would spend a large number of
clock cycles waiting for instructions or data to be provided,
then would execute the received instructions and/or instruc-

tions dependent upon the received data in a relatively small
number of clock cycles. Overall performance would be
degraded by the large number of idle clock cycles. Super-
scalar microprocessors are, however, ordinarily configured
into computer systems with a relatively large main memory
composed of dynamic random access memory (DRAM)
cells. DRAM cells are characterized by access times which
are significantly longer than the clock cycle of modern
superscalar microprocessors. Also, DRAM cells typically
provide a relatively narrow output bus to convey the stored
bytes to the superscalar microprocessor. Therefore, DRAM
cells provide a memory system that provides a relatively
small numberofbytesin a relatively long period oftime, and
do not form a high bandwidth memory system.

Because superscalar microprocessors are typically not
configured into a computer system with a memory system
having sufficient bandwidth to continuously provide instruc-
tions and data, superscalar microprocessors are often con-
figured with caches. Caches include multiple blocks of
storage locations configured on the samesilicon substrate as
the microprocessor or coupled nearby. The blocks of storage
locations are used to hold previously fetched instruction or
data bytes. The bytes can be transferred from the cacheto the
destination (a register or an instruction processing pipeline)
quickly; commonly one or two clock cycles are required as
opposed to a large numberof clock cycles to transfer bytes
from a DRAM main memory.

Unfortunately, the latency of one or two clock cycles
within a data cache is becoming a performance problem for
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superscalar microprocessors as theyallempl to execule more
instructions per clock cycle. The problem is of particular
importance to superscalar microprocessors configured to
execute instructions from a complex instruction set archi-
tecture such as the x86 architecture. As will be appreciated
by one skilled in the art, x86 instructions allow for one of
their “operands” (the values that the instruction operates on)
to be stored in a memorylocation. Instructions which have
an operand stored in memory are said to have an implicit
(memory read) operation and an explicit operation which is
defined by the particular instruction being executed (ie. an
add instruction has an explicit operation of addition). Such
an instruction therefore requires an implicit address calcu-
lation for the memory read to retrieve the operand, the
implicit memory read, and the execution of the explicit
operation of the instruction (for example, an addition).
Typical superscalar microprocessors have required that
these operations be performed by the execute stage of the
instruction processing pipeline. The execute stage of the
instruction processing pipeline is therefore occupied for
several clock cycles when executing such an instruction. For
example, a superscalar microprocessor might require one
clock cycle for the address calculation, one to two clock
cycles for the data cache access, and one clock cycle for the
execution of the explicit operation of the instruction.
Conversely, instructions with operands stored in registers
configured within the microprocessorretrieve the operands
before they enter the execute stage of the instruction pro-
cessing pipeline, since no address calculation is needed to
locate the operands. Instructions with operands stored in
registers would therefore only require the one clock cycle
for execution of the explicit operation. A structure allowing
the retrieval of memory operands for instructions before
they enter the execute stage is therefore desired.

SUMMARY OF THE INVENTION

The problems outlined above are in large part solved by
a data prediction structure for a superscalar microprocessor
in accordance with the present invention. The data predic-
tion structure stores base addresses and stride values in a

prediction array. A particular base address and associated
stride value are added to form a data prediction address. The
data prediction address is then used to fetch data bytes which
are conveyed to the reservation stations of the superscalar
microprocessor. If the data associated with an operand
address calculated by a functional unit resides in the reser-
vation station, the data is used as the operand.
Advantageously, the clock cycles used to perform the load
operation occur before the instruction reaches the reserva-
tion station. The instruction occupies the reservation station
for fewer clock cycles than would be necessary utilizing the
conventional method of executing these instructions. The
clock cycles that are saved may be profitably used to store
other instructions.

Additionally, the base address is updated to the address
generated by a functional unit each time an associated
instruction is executed, and the stride value is updated when
the data prediction address is found to be incorrect. In this
way, the data prediction address is in many cases more
accurate then a static data prediction address that changes
only when it is found to be incorrect. Advantageously, the
implicit load may be performed more often prior to the
instruction reaching the reservation station. Furthermore, if
several correct predictions are made in consecutive execu-
tions of an associated instruction, the prediction must be
incorrect im several consecutive executions beforethe stride

is changed (according to onc embodimentof the present
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invention). Advantageously, a single execution of another
instruction whose instruction address indexes the same

storage location as the correct prediction information does
not destroy the prediction information.

Broadly speaking, the present invention contemplates a
method for predicting a data address which will be refer-
enced by a plurality of instructions when said plurality of
instructions are fetched, comprising several steps. A data
prediction address is generated from a base address and a
stride value during a clock cycle in which a data prediction
counter indicates that the base address and the stride value

are valid. Data associated with the data prediction is fetched
from a data cache. Then,the data is stored within a plurality
of reservation stations.

The present invention further contemplates a data address
prediction structure comprising an array, an addercircuit,
and a reservation station. The array includes a plurality of
storage locations for storing a plurality of base addresses and
a plurality of stride values. A particular storage location is
selected by an instruction address which identifies an
instruction. The instruction generates one of the plurality of
base addresses. The addercircuit is coupled to the array for
adding a base address and a stride value conveyed from the
array to produce a data prediction address. The reservation
station stores the instruction and data associated with the

data prediction address.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the accompanying draw-
ings in which:

FIG.1 is a block diagram of a superscalar microprocessor.

FIG.2 is a diagram depicting a branch prediction unit, a
load/store unit, and a data cache of the superscalar micro-
processor of FIG. 1, along with several elements of one
embodiment of the present invention.

FIG. 3A is a diagram of the branch prediction unit shown
in FIG. 2 depicting several elements of one embodiment of
the present invention.

FIG. 3B is a diagram of a reservation station of the
superscalar microprocessor shown in FIG. 1 showing sev-
eral elements of one embodiment of the present invention.

FIG.4 is a diagram of the information stored in a storage
location of a branch prediction array in accordance with the
present invention.

TIG.5is a block diagram of a superscalar microprocessor.
FIG. 6 is a block diagram of a pipeline for calculating

addresses within processor 500.

FIG. 7 showsa programmer’s view ofthe x86 registerfile.
FIG. 8 is a timing diagram which shows fetching,

scanning, aligning, decoding, and muxing of instructions in
microprocessor 500.

FIG. 9 is a block diagram whichillustrates a portion of an
exemplary embodiment of processor 500.

FIG.10 is a block diagram of a portion of the instruction
cache shownin FIG.5.

FIG.11 is a block diagram illustrating routing of instruc-
tions starting at various byte positions to various decode
units.

FIG. 12is a block diagram of an exemplary layout for the
ICTAGV.

FIG. 13 is a block diagram of one embodiment of ICNXT-
BLK.

10

15

30

35

40

45

50

55

60

65

4

FIG. 14 is a block diagram of a global branch predictor.

FIG. 15 illustrates processor 500 pipeline execution
cycles with a branch misprediction detected.

FIG. 16 is a block diagram of an exemplary layout for
ICNXTBLK.

FIG. 17 is a timing diagram illustrating branch mispre-
diction.

FIG. 18 is a block diagram of a return stack.
FIG. 19 is a block diagram of a predecode unit.
FIG. 20 is a timing diagram illustrating fetching,

scanning, and aligning of instructions in processor 500.

FIG. 21 is a block diagram illustrating alignment, early
decode, and decode blocks.

FIG. 22 is a block diagram illustrating exemplary hard-
ware for early decoding of prefixes and opcodes.

FIG.23 is a block diagram oflogic for forming OPBYTE
signals.

FIG. 24 is a block diagram illustrating MROMregister
decoding.

FIG. 25 is a block diagram illustrating multiplexing of
2-dispatch position instructions.

FIG. 26 shows an embodiment of the ICCNTL state
machine.

FIG. 27 is a block diagram illustrating an exemplary
layout of ICACHEarrays.

FIG.28 is a block diagram of an exemplary ICDECODE
layout.

FIG. 29 is a block diagram of exemplary reservation
station logic.

FIG. 30 is a timing diagram for one embodiment of the
reservation stations.

FIG. 31 is a block diagram of one embodiment of a
functional unit.

FIG. 32 is a more detailed block diagram of one embodi-
ment of a functional unit.

FIG.33 is a block diagram of an exemplary reorder buller.
FIG. 34 is a block diagram of an exemplary layout for a

reorder buffer.

FIG.35 is a block diagram illustrating dependency check-
ing in one embodiment of a reorder buffer.

FIG. 36 is a block diagram of another exemplary layout
for the reorder buffer.

TIG. 37is a timing diagram for an exemplary registerfile.
FIG. 38 is a block diagram of one embodiment of a

register file.

FIG. 39 is a block diagram of one embodiment of a
load/store unit.

FIG. 40 is a block diagram illustrating an exemplary
common load/store buffer.

FIG.41 illustrates an exemplary load/store buffer entry.
FIG. 42 is a timing diagram illustrating update of the

commonload/store buffer.

FIG. 43 is an exemplary timing diagram for aligned
load/store data cache accesses.

FIG. 44 is an exemplary timing diagram for dependency
checking in the load/store unit.

FIG.45 is a block diagram illustrating dependency check-
ing according to one embodimentof the load/store unit.

FIG. 46 is a block diagram illustrating segment calcula-
tions according to one embodiment of the load/store unit.

FIG. 47 is a timing diagram illustrating limit/protection
checks according to one embodimentof the load/store unit.
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FIG.48 is a block diagram of one embodimentof a special
register block.

TIG. 49 is a block diagram of one embodiment of pro-
tection checking hardware.

FIG. 50 is a block diagram illustrating an exemplary
load/store unit partitioning.

FIG. 51 is a block diagram illustrating a layout of the
exemplary load/store unit with respect to other units.

FIG.52 is a block diagram of one embodimentof the data
cache.

FIG. 53 is a block diagram of one embodimentof a tag
array cntry.

FIG.54 is a block diagram of one embodiment of a way
prediction entry.

FIG. 55 is a timing diagram for dcache load accesses
according to one embodiment of the data cache.

FIG.56 is a block diagram showing exemplary hardware
for performing aligned loads.

FIG. 57 is a timing diagram for dcache store accesses
according to one embodiment of the data cache.

FIG. 58 is a timing diagram for unaligned load accesses
according to one embodiment of the data cache.

FIG. 59 is a second timing diagram for unaligned load
accesses according to one embodimentof the data cache.

TIG. 60 is a third timing diagram for unaligned load
accesses according to one embodiment of the data cache.

FIG. 61 is a fourth timing diagram for unaligned load
accesses according to one embodimentof the data cache.

FIG.62 is a timing diagram for unaligned store accesses
according to one embodiment of the data cache.

FIG. 63 is a second timing diagram for unaligned store
accesses according to one embodimentof the data cache.

FIG. 64 is a third timing diagram for unaligned store
accesses according to onc embodiment of the data cache.

FIG. 65 is a timing diagram for processing a load miss
according to one embodiment of the data cache.

FIG. 66 is a timing diagram for data cache reloads
according to one embodiment of the data cache.

FIG. 67 is a block diagram of one embodiment of a
computer system including the microprocessor shown in
FIG. 1.

While the invention is susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
are shown by way of example in the drawings and will
herein be described in detail. It should be understood,
however, that the drawings and detailed description thereto
are not intended to limit the invention to the particular form
disclosed, but on the contrary, the intention is to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the present invention as defined by the
appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

Turning now to FIG. 1, a block diagram of a superscalar
microprocessor 200 including reservation stations 210 and a
branch prediction unit 220 in accordance with the present
invention is shown.As illustrated in the embodimentof FIG.

1, superscalar microprocessor 200 includes a prefetch/
predecode unit 202 and a branch prediction unit 220 coupled
to an instruction cache 204. Instruction alignment unit 206
is coupled between instruction cache 204 and a plurality of
decode units 208A-208F (referred to collectively as decode
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6

units 208). Each decode unit 208A-208F is coupled to
respective reservation station units 210A—210F (referred to
collectively as reservation stations 210), and each reserva-
tion station 210A—210Fis coupled to a respective functional
unit 212A—212F(referred to collectively as functional units
212). Decode units 208, reservation stations 210, and func-
tional units 212 are further coupled to a reorder buffer 216,
a register file 218 and a load/store unit 222. A data cache 224
is finally shown coupled to load/store unit 222, and an
MROMunit 209 is shown coupledto instruction alignment
unit 206.

Generally speaking, instruction cache 204 is a high speed
cache memory provided to temporarily store instructions
prior to their dispatch to decode units 208. In one
embodiment, instruction cache 204 is configured to cache up
to 32 kilobytes of instruction code organized in lines of 16
bytes each (where each byte consists of 8 bits). During
operation, instruction code is provided to instruction cache
204 by prefetching code from a main memory (not shown)
through prefetch/predecode unit 202. It is noted that instruc-
tion cache 204 could be implemented in a set-associative, a
fully-associative, or a direct-mapped configuration.

Prefetch/predecode unit 202 is provided to prefetch
instruction code from the main memory for storage within
instruction cache 204. In one embodiment, prefetch/
predecode unit 202 is configured to burst 64-bit wide code
from the main memory into instruction cache 204. It is
understood that a variety of specific code prefetching tech-
niques and algorithms may be employed by pretetch/
predecode unit 202.

As prefetch/predecode unit 202 fetches instructions from
the main memory, it generates three predecodebits associ-
ated with each byte of instruction code: a start bit, an end bit,
and a “functional” bit. The predecode bits formtags indica-
tive of the boundaries of each instruction. The predecode
tags may also convey additional information such as
whether a given instruction can be decoded directly by
decode units 208 or whether the instruction must be

executed by invoking a microcode procedure controlled by
MROM unit 209, as will be described in greater detail
below.

Table 1 indicates one encoding of the predecode tags. As
indicated within the table, if a given byte is thefirst byte of
an instruction, the start bit for that byte is set. If the byte is
the last byte of an instruction, the endbit for that byte is set.
If a particular instruction cannot be directly decoded by the
decode units 208, the functional bit associated with the first
byte of the instruction is set. On the other hand, if the
instruction can be directly decoded by the decode units 208,
the functional bit associated with the first byte of the
instruction is cleared. The functional bit for the second byte
of a particular instruction is cleared if the opcode isthe first
bytc, and is sct if the opcode is the second byte. It is noted
that in situations where the opcode is the second byte, the
first byte is a prefix byte. The functional bit values for
instruction byte numbers 3-8 indicate whether the byte is a
MODRMor an SIB byte, or whether the byte contains
displacement or immediate data.
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TABLE1

Encoding of Start, End and Functional Bits

Instr. Start End Functional
Byte Bit Bit Bit

Number Value Value Value Meaning
1 1 xX 0 Fast decode
1 1 x 1 MROMinstr.
2 0 x 0 Opcode is first

byte
2 0 x 1 Opcode is this

byte, first
byte is prefix

3-8 0 x 0 Mod R/M or
SIB byte

3-8 0 x 1 Displacement or
immediate data;
the second
functional bit
set in bytes3-8 indicates
immediate data

1-8 x 0 x Notlast byteof instruction
1-8 x 1 x Last byte ofinstruction

As stated previously, in one embodimentcertain instruc-
tions within the x86 instruction set may be directly decoded
by decode units 208. These instructions are referred to as
“fast path” instructions. The remaining instructions of the
x86 instruction set are referred to as “MROMinstructions”.

MROMinstructions are executed by invoking MROM unit
209. More specifically, when an MROM instruction is
encountered, MROM unit 209 parses and serializes the
instruction into a subset of defined fast path instructions to
effectuate a desired operation. A listing of exemplary x86
instructions categorized as fast path instructions as well as a
description of the manner of handling both fast path and
MROMinstructions will be provided further below.

Instruction alignment unit 206 is provided to channel
variable byte length instructions from instruction cache 204
to fixed issue positions formed by decode units 208A-208F.
Instruction alignment unit 206 independently and in parallel
selects instructions from three groups of instruction bytes
provided byinstruction cache 204 and arranges these bytes
into three groups of preliminary issue positions. Each group
of issue positions is associated with one of the three groups
of instruction bytes. The preliminary issue positions are then
merged together to form the final issue positions, each of
which is coupled to one of decode units 208.

Before proceeding with a detailed description of the data
address prediction structure embodied in reservation stations
210 and branch prediction unit 220, general aspects regard-
ing other subsystems employed within the exemplary super-
scalar microprocessor 200 of FIG. 1 will be described. For
the embodiment of FIG. 1, each of the decode units 208
includes decoding circuitry for decoding the predetermined
fast path instructions referred to above. In addition, each
decode unit 208A—208F routes displacement and immediate
data to a correspondingreservation station unit 210A—210F.
Output signals from the decode units 208 include bit-
encoded execution instructions for the functional units 212

as well as operand address information, immediate data
and/or displacement data.

The superscalar microprocessor of FIG. 1 supports out of
order execution, and thus employs reorder buffer 216 to keep
track of the original program sequence for register read and
write operations, to implement register renaming, to allow
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for speculative instruction execution and branch mispredic-
tion recovery, andto facilitate precise exceptions. As will be
appreciated by those of skill in the art, a temporary storage
location within reorder buffer 216 is reserved upon decode
of an instruction that involves the update of a register to
thereby store speculative register states. Reorder buffer 216
may be implemented in a first-in-first-out configuration
wherein speculative results move to the “bottom” of the
buffer as they are validated and written to the registerfile,
thus making room for new entries at the “top” of the buffer.
Other specific configurations of reorder buffer 216 are also
possible, as will be described further below. If a branch
prediction is incorrect, the results of speculatively-executed
instructions along the mispredicted path can be invalidated
in the bufter before they are written to register file 218.

The bit-encoded execution instructions and immediate

data provided at the outputs of decode units 208A—208F are
routed directly to respective reservation station units
210A-210F. In one embodiment, each reservation station
unit 210A—210F is capable of holding instruction informa-
tion (i.e., bit encoded execution bits as well as operand
values, operand tags and/or immediate data) for up to three
pending instructions awaiting issue to the corresponding
functional unit. [t is noted that for the embodiment of FIG.

1, each decode unit 208A—208F is associated with a dedi-
cated reservation station unit 210A-210F, and that each
reservation station unit 210A—210Fis similarly associated
with a dedicated functional unit 212A—212F. Accordingly,
six dedicated “issue positions” are formed by decode units
208, reservation station units 210 and functional units 212.
Instructions aligned and dispatched to issue position 0
through decode unit 208A are passed to reservation station
unit 210A and subsequently to functional unit 212A for
execution. Similarly, instructions aligned and dispatched to
decode unit 208B are passed to reservation station unit 210B
and into functional unit 212B, and so on.

Upon decode of a particular instruction, if a required
operandis a register location, register address information is
routed to reorder buffer 216 and register file 218 simulta-
neously. Those of skill in the art will appreciate that the x86
registerfile includeseight 32 bit real registers (i.e., typically
referred to as EAX, EBX, ECX, EDX, EBP, ESI, EDI and
ESP). Reorder buffer 216 contains temporary storage loca-
tions for results which change the contents of these registers
to thereby allow out of order execution. A temporary storage
location ofreorder butter 216is reserved for each instruction

which, upon decode, is determined to modify the contents of
oneofthe real registers. Therefore, at various points during
execution of a particular program, reorder buffer 216 may
have one or more locations which contain the speculatively
executed contents of a givenregister. If following decode of
a given instruction it is determined that reorder buffer 216
has a previous location or locations assigned to a register
used as an operand in the given instruction, the reorder
buffer 216 forwards to the corresponding reservation station
either: 1) the value in the most recently assigned location, or
2) a tag for the most recently assigned locationif the value
has not yet been produced by the functional unit that will
eventually execute the previous instruction. If the reorder
buffer has a location reserved for a given register, the
operand valuc (or tag) is provided from reorder buffer 216
rather than from register file 218. If there is no location
reserved for a required register in reorder buffer 216, the
valuc is taken directly from register file 218. If the operand
corresponds to a memory location, the operand value is
provided to the reservation station unit through load/store
unit 222.
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Details regarding suitable reorder buffer implementations
may be found within the publication “Superscalar Micro-
processor Design” by Mike Johnson, Prentice-Hall, Engle-
wood Cliffs, N.J. 1991, and within the co-pending, com-
monly assigned patent application enlilled “High
Performance Superscalar Microprocessor’, Ser. No. 08/146,
382, filed Oct. 29, 1993 by Witt, et al. These documents are
incorporated herein by reference in their entirety.

Reservation station units 210A-210F are provided to
temporarily store instruction information to be speculatively
executed bythe corresponding functional units 212A—212F.
As stated previously, each reservation station unit
210A—210F maystore instruction information forup to three
pending instructions. Each of the six reservation stations
210A-210F contain locationsto store bit-encoded execution

instructions to be speculatively executed bythe correspond-
ing functional unit and the values of operands.If a particular
operandis not available, a tag for that operand is provided
from reorder buffer 216 and is stored within the correspond-
ing reservation station until the result has been generated
(i.c., by completion of the execution of a previous
instruction). It is noted that when an instruction is executed
by one of the functional units 212A—212F, the result of that
instruction is passed directly to any reservation station units
210A—210Fthat are waiting for that result at the same time
the result is passed to update reorder buffer 216 (this
technique is commonly referred to as “result forwarding”).
Instructions are issued to functional units for executionafter

the values of any required operand(s) are made available.
Thatis, if an operand associated with a pending instruction
within one of the reservation station units 210A—210Fhas

been tagged with a location of a previous result value within
reorder buffer 216 which corresponds to an instruction
which modifies the required operand, the instruction is not
issued ta the corresponding functional unit 212 until the
operand result for the previous instruction has been
obtained. Accordingly, the order in which instructions are
executed may not be the same as the order of the original
program instruction sequence. Reorder buffer 216 ensures
that data coherency is maintained in situations where read-
after-write dependencies occur. Reservation stations 210
additionally store information related to the data prediction
structure disclosed herein, as will be described below.

In one embodiment, each of the functional units 212 is
configured to perform integer arithmetic operations of addi-
tion and subtraction, as well as shifts, rotates, logical
operations, and branch operations. It is noted that a floating
point unit (not shown) mayalso be employed to accommo-
date floating point operations.

Eachof the functional units 212 also provides information
regarding the execution of conditional branch instructions to
the branch prediction unit 220. If a branch prediction was
incorrect, branch prediction unit 220 flushes instructions
subsequent to the mispredicted branch that have entered the
instruction processing pipeline, and causes prefetch/
predecode unit 202 to fetch the required instructions from
instruction cache 204 or main memory. It is noted that in
such situations, results of instructions in the original pro-
gram sequence which occur after the mispredicted branch
instruction are discarded, including those which were specu-
latively executed and temporarily stored in load/store unit
222 and reorder buffer 216. Exemplary configurations of
suitable branch prediction mechanismsare well known.

Results produced by functional units 212 arc sent to the
reorder buffer 216 if a register value is being updated, and
to the load/store unit 222 if the contents of a memory
location is changed.If the result is to be stored inaregister,

10

20

25

35

40

45

50

55

60

65

10
the reorder buffer 216 stores the result in the location

reserved for the value of the register when the instruction
was decoded.As stated previously, results are also broadcast
to reservation station units 210A-210F where pending
instructions may be waiting for the results of previous
instruction executions to obtain the required operand values.

Generally speaking, load/store unit 222 provides an inter-
face between functional units 212A—212F and data cache

224. In one embodiment, load/store unit 222 is configured
with a load/store buffer with eight storage locations for data
and address information for pending loadsor stores. Decode
units 208 arbitrate for access to the load/store unit 222.

Whenthe buffer is full, a decode unit must wait until the
load/store unit 222 has room for the pending load or store
request information. The load/store unit 222 also performs
dependency checking for load instructions against pending
store instructions to ensure that data coherency is main-
tained.

Data cache 224is a high speed cache memory providedto
temporarily store data being transferred between load/store
unit 222 and the main memory subsystem. In one
embodiment, data cache 224 has a capacity of storing up to
eight kilobytes of data. It is understood that data cache 224
may be implemented in a variety of specific memory
configurations, including a set associative configuration.

Tuming now to FIG. 2, several elements of onc embodi-
ment of a data address prediction structure are shown.
Branch prediction unit 220 is included, along with load/store
unit 222 and data cache 224, Branch prediction unit 220 is
connected to a data prediction bus 253 which is coupled to
an arbitration multiplexor 254. Also coupled to arbitration
multiplexor 254 is a second request bus 255 and an arbitra-
tion select line 256. In this embodiment, signals on both
second request bus 255 and arbitration select line 256
originate in load/store unit 222. The output busof arbitration
multiplexor 254 is coupled to an input port of data cache
224. A first request bus 257 is coupled between load/store
unit 222 and an inputport of data cache 224, Data cache 224
is configured with two output ports which are coupled to a
first reply bus 258 and a second reply bus 259. Both first
reply bus 258 and second reply bus 259 are coupled to
load/store unit 222, and second reply bus 259 is coupled to
reservation stations 210 (shown in FIG. 1).

Generally speaking, branch prediction unit 220 produces
a data prediction address on data prediction bus 253 during,
a clock cycle. The data prediction addressis a prediction of
the data addresses that are used byinstructions being fetched
during the clock cycle, and is generated from a stored set of
addresses and associated stride values as will be detailed
below.

During clock cycles in which the data prediction address
is selected by arbitration multiplexor 254, the data predic-
tion address accesses data cache 224. The data bytes asso-
ciated with the data prediction address are transferred on
second reply bus 259 to reservation stations 210 if the data
prediction address is a hit in data cache 224. Reservation
stations 210 store the data bytes along with the data predic-
tion address and the associated instructions provided by
decode units 208. Reservation stations 210, in a later clock
cycle, direct the corresponding functional units 212 to
generate a linear address if one or more of the associated
instructions have an implicit memoryread operation.If the
lincar address matches the data prediction address, then the
data stored in the respective reservation station 210 is used
as the operand for the instruction. Load/store unit 222 is
informed by the corresponding reservation station
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210A—210F that the associated implicit memory read opera-
tion need not be performed. Load/store unit 222 thereby
discards the implicit memory read operation transferred by
decode units 208 when the associated instruction was

decoded. ‘Therefore, the implicit memory read associated
with an instruction may be performed before the instruction
enters a functional unit 212. The latency of data cache 224
is endured prior to the instruction reaching the reservation
station. Performance may be advantageously increased by
allowing subsequent instructions to more quickly enter
reservation stations 210 during clock cycles in which the
associated instruction would have occupied reservation sta-
tions 210 duc to the latency of data cache 224.

In another embodiment, load/store unit 222 stores data
associated with data prediction addresses. When a functional
unit 212 computesa linear address and it matches data stored
by load/store unit 222, then load/store unit 222 conveys the
stored data to the respective reservation station 210 without
accessing data cache 224. Advantageously, data is provided
for a load memory access without enduring the latency
associated with data cache 224.

Whena data prediction address misprediction is detected
(as described below with respect to FIGS. 3A and 3B),the
instruction address associated with the data prediction
address and the correct data prediction address are conveyed
to branch prediction unit 220. Branch prediction unit 220
stores the correct prediction address for use in a subsequent
prediction.

The data prediction address is conveyed on data predic-
tion bus 253 to arbitration multiplexor 254, whicharbitrates
between the data prediction address and a second request
from load/store unit 222. The term arbitration, as used
herein, means the selection of one request over another
according to an arbitration scheme. In one embodiment, the
arbitration schemeis a priority scheme in whicha load/store
request conveyed on second request bus 255 is a higher
priority that the data prediction address request. Therefore,
the arbitration select signal conveyed on arbitration select
line 256 is an indication that a load/store request is being
conveyed on second request bus 255. If a valid load/store
request is being made during a clock cycle, arbitration
multiplexor 254 selects the load/store request to be con-
veyed to data cache 224. If no valid load/store request is
being made during a clock cycle, arbitration multiplexor 254
selects the data prediction address to be conveyed to data
cache 224.

In one embodiment, load/store unit 222 is configured to
make up to two requests to data cache 224 during a clock
cycle. During clock cycles in which load/store unit 222 is
making one request,first request bus 257 is used to allowthe
data prediction address the maximum opportunity to access
data cache 224. If a data prediction address request is valid
during a clock cycle in which load/store unit 222 is making
no requests or one request to data cache 224, then the data
prediction address request will be given access to data cache
224. Load/store unit 222 receives the data bytes associated
with requests on first request bus 257 and second request bus
255 on first reply bus 258 and second reply bus 259,
respectively. It is noted that other embodimentsof load/store
unit 222 may have different numbers of request buses for
data cache 224.

Turning now to FIG. 3A, an embodiment of branch
prediction unit 220 is shown. The data prediction informa-
tion is stored within a prediction array 270. In this
embodiment, prediction array 270 is a linear array of storage
locations. The current fetch address (conveyed from instruc-
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tion cache 204) is used to index into prediction array 270 and
select a storage location. Stored within the selected storage
location is a base address, a stride value, and a data predic-
tion counter. The base addressis a data address generated by
an instruction, wherein the address indicative of the memory
location storing the instruction indexes to the selected stor-
age location. The stride value is the difference between two
addresses generated by the instruction on two consecutive
executions of the instruction. The stride value is a signed
value allowing both positive and negative strides to be
stored. The data prediction counter is configured to indicate
the validity of the base address and the stride value.
Furthermore, the data prediction counter may store values
indicating that a number of previous data prediction
addresses were correct predictions. Acomparable numberof
consecutive mispredictions must then be detected before the
stride value is changed. Generally speaking, the data pre-
diction counter value may be incremented and decremented
but does not decrement below zero nor increment above the

largest value that may be represented by the data prediction
counter. Instead, if the data prediction counter contains zero
and is decremented, it remains zero. If the data prediction
counter contains the largest value that it may represent and
is incremented, it remains at the largest value that it may
represent. The data prediction counter is therefore a satu-
rating counter.

An adder circuit 271 is coupled to the output port of
prediction array 270. Adder circuit 271 is configured to add
the stride value stored within the selected storage location to
the base address stored within the selected storage location,
creating a data prediction address. The data prediction
address is conveyed on data prediction bus 253, along with
the associated data prediction counter value. In one
embodiment,if the stride value is invalid (as indicated by the
data prediction counter value), then the base address is
added to zero.

In one embodiment, branch prediction unit 220 receives
four sets of inputs from reservation stations 210. First,
branch prediction unit 220 receives a plurality of linear
address buses 261 which convey the actual data addresses
(referred to below as linear addresses) generated by func-
tional units 212 as well as a valid indicator for each address

indicating the validity of the address. If a reservation station
210A-210F detects a mispredicted data prediction address,
the associated one of linear address buses 261 will convey
the corrected addresses (as will be explained below with
respect to FIG. 3B). Each reservation station 210A-210F
also provides one of a plurality of mispredicted lines 273
indicating whether or not the linear address conveyed on the
associated one of linear address buses 261 matches the data

prediction address provided with the associated instruction.
Additionally, branch prediction unit 220 receives a plurality
of instruction address buses 274 from reservation stations

210 conveying instruction addresses associated with the
linear addresses received on linear address buses 261. The

instruction address is used to index into prediction array 270
in order to store the updated base address, stride value, and
data prediction counter value. Finally, prediction address
buses 276 are received by branch prediction unit 220.
Prediction address buses 276 convey the data prediction
address received byeach reservation station 210A-210F
along with the associated data prediction counter value.
Linear address buses 261, mispredicted lines 273, instruc-
tion address buses 274 and prediction address buses 276 are
received by a prediction validation and correction block 275
within branch prediction unit 220.

If one of mispredicted lines 273 signals an incorrect data
address prediction and the corresponding address valid
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indicator from the associated one oflinear address buses 261

indicates the linear address is valid, then a data address
misprediction has occurred. Prediction validation and cor-
rection block 275 causes the corresponding linear address to
be stored as the base address in prediction array 270 in the
storage location indexed by the corresponding instruction
address. The associated data prediction counter value is
decremented for this case and stored as the data prediction
counter in the indexed storage location. In this manner, a
data prediction address is corrected if predicted incorrectly.
Additionally, a base address is createdif a valid base address
was not previously stored in prediction array 270 as indi-
cated by the associated data prediction counter. A particular
one of mispredicted lines 273 indicates a misprediction if the
data prediction address associated with the instruction cur-
rently being validated is invalid. Therefore, the address
provided on the associated one of linear address buses 261
is stored as the base address.

If a particular one of mispredicted lines 273 signals a
correct prediction and the corresponding, address valid indi-
cator conveyed on the corresponding one of linear address
buses 261is indicative of a valid linear address, then the data
prediction address is correctly predicted. Prediction valida-
tion and correction block 275 causes the corresponding
linear address to be stored as the base address within

prediction array 270 in the storage location indexed by the
corresponding branch instruction address. The correspond-
ing data prediction counter value is incremented and stored
as the data prediction counter in the indexed storage loca-
tion.

If the address valid indicator of a particular one of linear
address buses 261 is not indicative of a valid linear address,
then no prediction validation information is conveyed with
respect to the instructions stored by the corresponding
reservation station.

In either the misprediction case or correct prediction case
detailed above, another check is performed. If the current
data prediction counter value (i.e. prior to incrementing or
decrementing) indicates that the stride value is invalid but
the base addressis valid, a new stride value is calculated by
prediction validation and correction block 275. The new
stride value is the difference between the prediction value
conveyed on the associated one of prediction address buses
276 and the linear address conveyed on the associated one
of linear address buses 261. The new stride value is stored

as the stride value in the indexed storage location within
prediction array 270. If the stride value is invalid (as
indicated by the data prediction counter) then the data
prediction counter is incremented regardless of the
misprediction/prediction status of the current data address
prediction.

For mispredicted lines and address valid indicators in a
given clock cycle, reservation station 210A’s outputs are
given highest priority, then reservation station 210B’s
outputs, etc. In other words, if reservation station 210A is
conveying prediction validation information during a clock
cycle (as indicated by the associated address valid indicator),
then reservation station 210A’s information is processed by
prediction validation and correction block 275. If reserva-
tion station 210A is not conveying prediction validation
information during a clock cycle and reservation station
210B is conveying prediction validation information, then
reservation station 210B’s information is processed, etc.
Prediction validation and correction block 275 is coupled to
a dedicated write port into prediction array 270 to perform
its updates, in one embodiment.

Because the prediction is formed by adding a formerly
gencratcd data address anda stride valuc gencrated from the
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difference between two consecutive generations of the data
address, the prediction address advantageously predicts the
next address correctly for at least two types of data access
patterns. First, if an instruction accesses the same address
each lime il executes, then the stride value will be zero and
the data prediction address associated with that instruction
will be the same each time the instruction executes.

Therefore, the current data prediction structure will correctly
predict static data addresses. Additionally, instructions
whichaccess a regular pattern of data addresses such that the
data address accessed on consecutive executions of the

instruction differ by a fixed amount may receive correct
address predictions from the present data prediction struc-
ture. Static data prediction structures (which store the pre-
viously generated data address without a stride value) do not
predict these types of instruction sequences correctly.
Therefore, the present prediction structure may correctly
predict a larger percentage of data addresses than static data
prediction structures.

Tuming now to FIG. 3B, an embodiment of reservation
station 210A is depicted. One storage entry is shown in FIG.
3B, but reservation station 210A is configured with several
storage entries for storing decoded instructions andrelated
data. Other storage entries within reservation station 210A
are configured similar to the storage entry shown.
Additionally, reservation stations 210B—210F are configured
similar to reservation station 210A. Thelogic circuits shown
in FIG. 3B are exemplarycircuits for implementing the data
prediction structure. Other circuits (not shown) select
instructions for execution byfunctional units 212.

The reservation station storage entry shown in FIG. 3B
includes storage for the decoded instruction and related
information. A decoded instruction register 300 stores a
decoded instruction conveyed from decode unit 208A on an
input instruction bus 303. The input operands are stored in
a pair of registers: AOP register 301 and BOPregister 302.
AOPregister 301 and BOPregister 302 receive their respec-
tive values either from a pair of data forwarding buses 304
and 305 from functional units 212 through operand steering
logic (not shown), or from a predicted data register 306. The
selection of data to store within AOP register 301 and BOP
register 302 is performed by multiplexors 307 and 308,
respectively, under the control of a reservation station con-
trol unit 309. AOP register 301 and BOPregister 302 are
each configured with a valid bit indicative of whether or not
a value has been provided for the corresponding operand.
Whenboth operandsare valid, the explicit operation of the
associated instruction may be executed by functional unit
212A.

Predicted data register 306 is coupled to second reply bus
259. During a clock cycle in which a decoded instruction is
first stored into decoded instruction register 300, data from
second reply bus 259 is stored into predicted data register
306, along with an indication of whether or not the address
associated with the data is the data prediction address and
whether or not the address was a hit in data cache 224.

During this clock cycle, the address used to fetch the
instruction from instruction cache 204 is stored into instruc-

tion address register 310. Additionally, the associated data
prediction address and data prediction counter value gener-
ated by branch prediction unit 220 are stored into a predicted
address register 311. Predicted address register 311 is con-
figured with a validation done bit (represented in FIG. 3B by
the D field of predicted address registcr 311). The validation
donebit is used to ensure that a particular predicted address
is validated only once by reservation station 210A and
conveyed to branch prediction unit 220. The validation done
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bil is initially cleared by reservation station control unit 309
and subsequently set as described below.Finally, the storage
entry includes a linear address register 312 for storing a
linear address generated for the decoded instruction by
functional unit 212A. Additionally, a valid bil is stored in
linear address register 312 to indicate the validity of the
linear address.

Reservation station control unit 309 is configured to
control the storing of data into the various registers within
each reservation station storage location. A decodedinstruc-
tion is conveyed to the storage location and stored in
decoded instruction register 300. During the same clock
cycle, predicted data register 306 receives data from data
cache 224 and instruction address register 310 and predicted
address register 311 receive values routed through decode
unit 208A from branch prediction unit 220. Additionally,
AOPregister 301 and BOPregister 302 mayreceive operand
values from data forwarding buses 304 and 305. The
decoded instruction occupies the storage entry within res-
crvation station 210A until the cxplicit operation of the
instruction is executed by functional unit 212A.

If the decoded instruction utilizes an implicit memory
read operation to retrieve one of its operands, reservation
station control unit 309 causes functional unit 212A to

generate a linear address for the implicit memory read from
the appropriate address values (not shown). The linear
address is conveyed to load/store unit 222 for use in per-
forming the implicit memory read if the data prediction
address is incorrect, and is additionally stored into linear
address register 312. Reservation station control unit 309
causes the valid bit in linear address register 312 to be set.
During a subsequent clock cycle, a comparator circuit 313
compares the generated linear address to the data prediction
address stored in predicted address register 311. Comparator
circuit 313 is configured to indicate a mismatch if the data
prediction counter value stored in predicted address register
311 indicates that the data prediction addressis invalid (ie.
the associated storage location within prediction array 270 is
not currently storing a valid base address).

Comparator circuit 313 conveys its output signal indica-
tive of a match or mismatch between the data prediction
address and the linear address to a multiplexor 314.
Additionally, the value stored in instruction address register
310 is conveyed to a multiplexor 315; the value stored in
predicted address register 311 is conveyed to a multiplexor
316; and the value stored in linear address register 312 is
conveyed to a multiplexor 317. Multiplexors 314, 315, 316,
and 317 are controlled by reservation station control unit
309 and receive similar values from other reservation station

storage entries (not shown). During a clock cycle in which
the valid bit within linear address register 312 is set and the
validation done bit within predicted address register 311 is
clear, reservation station control unit 309 selects the values
stored in the associated storage entry through multiplexors
314, 315, 316, and 317 and sets the validation done bit in
predicted address register 311. Multiplexor 314 is config-
ured to convey a value on mispredicted line 273A, which is
oneof the plurality of mispredicted lines 273 shown in FIG.
3B. Similarly, multiplexor 315 is configured to convey a
value on instruction address bus 274A, which is one of the
plurality of instruction address buses 274 shownin FIG. 3B.
Multiplexor 316 is configured to convey the value stored in
predicted address register 311 on prediction address bus
276A, which is onc of plurality of prediction address buscs
276. Finally, multiplexor 317 is configured to convey the
value stored in linear address register 312 (including the
valid bit, which forms the address valid indicator described
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above) on linear address bus 261A, whichis one of plurality
of linear address buses 261. In this manner, the values used
by prediction validation and correction block 275 of branch
prediction unit 220 (shown in FIG. 3A) receive the appro-
priate values to validate and correct the data address pre-
diction generated for the instruction stored in decoded
instruction register 300.

During the clock cycle that the values associated with the
instruction in decodedinstruction register 300 are conveyed
to branch prediction unit 220, reservation station control unit
309 sets the validation donebit in predicted address register
311. Since the validation done bit must be clear for valida-

tion values to be conveyed bythe reservation station storage
entry, the validation in branch prediction unit 220 is per-
formed once for a particular instruction.If the linear address
and data prediction address are found to match and the data
stored in predicted data register 306 is associated with the
data prediction address, reservation station control unit 309
causes the data stored in predicted data register 306 to be
stored into either AOP register 301 or BOPregister 302.
AOPregister 301 or BOPregister 302 are chosen according
to which operand is intended to receive the result of the
implicit memory read operation. If the linear address and
data prediction address do not match, the implicit memory
read operation is performed by load/store unit 222 in a
subsequentclock cycle. If the predicted datais transferred to
AOPregister 301 or BOP register 302, then reservation
station control unit 309 conveys an indication to load/store
unit 222 that the associated implicit memory read operation
need not be performed. Load/store unit 222 thereby discards
the implicit memory read operation (as noted above).

If none of the reservation station storage entries within
reservation station 210A are in condition to convey predic-
tion validation information during a clock cycle, reservation
station control unit 309 causes the addressvalid indicator on

linear address bus 261A to convey an invalid address
indication. Therefore, branch prediction unit 220 will ignore
the values conveyed onlinear address bus 261A,prediction
address bus 276A, instruction address bus 274A, and
mispredicted line 273A during this clock cycle. Reservation
stations 210B—210F thereby may update data prediction
values during this clock cycle.

Turing now to FIG. 4, a diagram of the fields within a
storage location 400 of prediction array 270 is shown.A field
of information stored in storage location 400 of prediction
array 270 is the base address field 401. The base address is
stored in this field. In one embodiment, base address field
401 is 32 bits wide. Associated with the base address is a
stride value stored in stride value field 402. In one embodi-
mentstride value field 401 is 10 bits wide. The base address

and stride value are added to form the data prediction
address.

Finally, data prediction counter field 403 is included in
storage location 400. The data prediction counteris stored in
this field. In one embodiment, the data prediction counteris
two bits. A binary value of 00 for the data prediction counter
indicates that neither the base addressfield 401 northe stride

value field 402 contain valid values. A binary value of 01
indicates that base address field 401 is valid butstride value
field 402 does not contain a valid value. The base address

ficld is added to zero for this encoding, andthe stride valuc
is updated when the linear address is generated by one of
decode units 208. A binary value of 10 or 11 indicates that
both base address ficld 401 and stride valuc ficld 402 are

valid. Having two values with the same indication allows for
astride value to be maintained until two consecutive mispre-
dictions are detected for basic blocks which indcx storage
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location 400. In this way, prediction accuracyis maintained
for the case where a basic block is intermittently executed
between multiple executions of a second basic block and the
two basic blocks index the same storage location 400. Other
embodiments may implement moreorless bits for the data
prediction counter value.

In another embodiment of the data address prediction
structure, data prediction address bus 253 is connected to an
additional read port on data cache 224. In this embodiment,
arbitration multiplexor 254 may be eliminated. It is noted
that, although the preceding discussion described an
embodiment of the data prediction structure within a pro-
cessor implementing the x86 architecture, any microproces-
sor architecture could benefit from the data prediction struc-
ture.

Turning next to FIGS. 5-66, details regarding various
aspects of another embodiment of a superscalar micropro-
cessor are next considered. FIG. 5 is a block diagram of a
processor 500 including an instruction cache 502 coupled to
a prefetch/predecode unit 504, to a branch prediction unit
506, and to an instruction alignment unit 508. A set 510 of
decode units is further coupled to instruction alignment unit
508, and a set 512 of reservation station/functional units is
coupled to a load/store unit 514 and to a reorder buffer 516.
A register file unit 518 is finally shown coupled to reorder
buffer 516, and a data cache 522 is shown coupled to
load/store unit 514.

Processor 500 limits the addressing mechanism used in
the x86 to achieve both regular simple form of addressing as
well as high clock frequency execution.It also targets 32-bit
O/S and applications. Specifically, 32-bit flat addressing is
employed where all the segment registers are mappedto all
4 GB of physical memory. The starting address being
0000—0000 hex and their limit address being FFFF hex.
The setting of this condition will be detected within proces-
sor 500 as one of the conditions to allow the collection of

accelerated data paths and instructions to be enabled. The
absence of this condition of 32-bit flat addressing will cause
a serialization condition on instruction issue and a trapping
to MROM space.

Another method to ensure that a relatively high clock
frequency may be accommodated is to limit the number of
memory address calculation schemesto those thatare simple
to decode and can be decoded within a few bytes. We are
also interested in supporting, addressing that fits into our
other goals, i.e., regular instruction decoding.

Asaresult, the x86 instruction types that are supported for
load/store operations are:

push [implied ESP - 4]
pop [implied ESP + 4]
call [iinplied ESP + 8]
ret (implied ESP - 8]

load [base + 8-bit displacement]
store [base + 8-bit displacement]
oper. [EBP + 8-bit displacement]
oper. (EAX + 8-bit displacement]

The block diagram of FIG. 6 shows the pipeline for
calculating addressing within processor 500. It is noted that
base+8/32 bit displacement takes 1 cycle, where using an
index register takes 1 more cycle of delay in calculating the
address. More complicated addressing than these requires
invoking an MROMroutine to execute.

An exemplarylisting of the instruction sub-set supported
by processor 500 as fast path instructions is provided below.
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All other x86 instructions will be executed as micro-ROM

sequencesoffast path instructions or extensionsto fast path
instructions.

The standard x86 instruction set is very limited in the
numberofregisters it provides. Most RISC processors have
32 or greater general purpose registers, and many important
variables can be held during and across procedures or
processes during normal execution of routines. Because
there are so few registers in the x86 architecture and most
are not general purpose, a large percentage of operations are
movesto and from memory. RISC architectures also incor-
porate 3 operand addressing to prevent moves from occur-
ring of register values that are desired to be saved instead of
overwritten.

The x86 instruction set uses a set of registers that can trace
its history back to the 8080. Consequently there are few
registers, many side effects, and sub-registers within regis-
ters. This is because when moving to 16-bit, or 32-bit
operands, mode bits were added and the lengths of the
registers were extended instead of expanding the size of the
register file. Modern compiler technology can make use of
large register sets and have a much smaller percentage of
loads and stores. The effect of these same compilers is to
have a much larger percentage of loads and stores when
compiling to the x86. The actual x86 registers are often
relegated to temporary registers for a few clock cycles while
the real operation destinations are in memory.

FIG. 7 shows a programmer’sview ofthe x86 registerfile.
One notes from this organization that there are only 8
registers and few are general purpose. The first four
registers, EAX, EDX, ECX, and EBX, have operandsizes of
8, 16, or 32-bits depending on the mode of the processor or
instruction. The final 4 registers were added with the 8086
and extended with the 386. Because there are so few real

registers, they tend to act as holding positions for the passing
of variables to and from memory.

The important thing to note is that when executing x86
instructions, one mustbe able to efficiently handle 8, 16, and
32-bit operands. If one is trying to execute multiple x86
instructionsin parallel, it is not enough to simply multi-port
the register file. This is because there are toa few registers
and all important program variables must be held in memory
on the stack or in a fixed location.

RISC designs employ regular instruction decoding along
natural boundarics to achicve very high clock frequencics
and also with a small number of pipeline stages even for
very wide issue processors. This is possible because finding
a large numberofinstructions and their opcodesisrelatively
straightforward, since they are alwaysat fixed boundaries.

As stated previously, this is much more difficult in an x86
processor wherethere are variable byte instruction formats,
as well as prefix bytes and SIB bytes that can effect the
length and addressing/data types of the original opcode.

Processor 500 employs hardware to detect and send
simple instructionsto fixed issue positions, where the range
of bytes that a particular issue position can use is limited.
This may be compensated for by adding many issue posi-
tionsthat each instruction cache line can assumein parallel.

Once the instructions are aligned to a particular issue
position, the net amount of hardware required to decode
commoninstructions is not significantly greater than that of
a RISC processor, allowing equivalent clock frequencies to
be achieved. Processor 500 achicves high frequency, wide
issue, and limited pipeline depth by limiting the instructions
executed at high frequency to a sub-set of the x86 instruc-
tions under the conditions of 32-bit flat addressing.
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The results of executing instructions are returned to the
corresponding entry in the reorder buffer. If a store, the store
is held in speculativestate in front of the data cachein a store
buffer, from which point it can be speculatively forwarded
from. ‘The reorder butfer then can either cancel this store or
allow it to writeback to the data cache when the line is
retired.

The following set of instructions probably comprise 90%
of the dynamically executed code for 32-bit applications:

8/32-bit operations

move reg/reg reg/mem

arithmetic operations reg/mem reg/reg logical operations
reg/reg reg/mem push

logical operations reg/reg reg/mem
push
pop
call/return
load effective address

jump cc
jump unconditional

16-bit operations
prefix/move reg/reg
prefix/move reg/mem
prefix/arithmetic operations reg/reg, reg/mem
prefix/logical operations reg/reg reg/mem
prefix/push
prefix/pop
When executing 32-bit code under flat addressing, these

instructions almost always fall within 1-8 bytes in length,
whichis in the same rough range of the aligned, accelerated
fast path instructions.

Accelerated instructions are defined as fast-path instruc-
tions between 1 and 8 bytes in length. It noted that it is
possible that the start/end positions predecoded reflect mul-
tiple x86 instructions, for instance 2 or 3 pushes that are
predecoded in a row may be treated as one accelerated
instruction that consumes 3 bytes.

Whena cacheline is fetched from the instruction cache,

it moves into an instruction alignment unit which looks for
start bytes within narrow ranges. The instruction alignment
unit uses the positions of the start bytes of the instructions
to dispatch the instructions to four issue positions. Instruc-
tionsarc dispatched suchthat cach issue position acccpts the
first valid start byte within its range along with subsequent
bytes.

A multiplexer in each decoder looks for the end byte
associated with each start byte, where an end byte can be no
more than seven bytes away from a start byte. The mecha-
nism to scan for a constant value in an instruction over four

bytes in length may be given an extra pipeline stage due to
the amount of time potentially required.

Note that instructions includedin the subset of accelerated

instructions, and which are over four bytes in length, always
have a constant as the last 1/2/4 bytes. This constant is
usually not needed until the instruction is issued to a
functional unit, and therefore the determination of the con-
stant value can be delayed in the pipeline. The exception is
an instruction requiring an eight-bit displacement for an
address calculation. The eight-bit displacement for stack-
relative operations is always the third byte after the start
byte, so this field will always be located within the same
decoder as the rest of the instruction.

Tt is possible that a given cache line can have more
instructions to issuc than can be accommodated by the four
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entry posilions contained in each line of the four issue
reorder buffer. If this occurs, the four issue reorder buffer
allocates a second line in the buffer as the remaining
instructions are dispatched. Typically, in 32-bit application
and O/S code, the average instruction length is about three
bytes. The opcode is almost alwaysthe first two bytes, with
the third byte being a sib byte specifying a memory address
Gif included), and the fourth byte being a 16-bit data prefix.

The assumption in the processor 500 alignment hardware
is that if the average instruction length is three, then four
dedicated issue positions and decoders assigned limited byte
ranges should accommodate most instructions found within
16-byte instruction cache lines. If very dense decoding
occurs (i.¢., lots of one and two byte instructions), several
lines are allocated in the four issue reorder buffer for the
results of instructions contained in a few lines of the

instruction cache. The fact that these more compactinstruc-
tions are still issued in parallel and at a high clock frequency
more than compensates for having some decoder positions
potentially idle.

Overview of the Processor 500 Instruction Cache

(Icache)

‘This section describes the instruction cache organization,
fetching mechanism, and pre-decode information. The Pro-
cessor 500 instruction cache has basic features including the
ICSTORE, ICIAGV, ICNX'TBLK, ICCNTL, ICALIGN,
ICFPC,and ICPRED. Highlightsare: the pre-decodebits per
byte of instructions are 3 bits, the branch prediction
increases to 2 targets, 2 different types of branch prediction
techniques (bimodal and global) are implemented, the X86
instructions align to 4 fixed length RISC-type instructions,
and the pre-decode logic eliminates manyserializtion con-
ditions. Processor 500 executes the X86 instructions directly
with a few instructions requiring two Rops, the BYTEQ is
configured for fast scanning of instructions, and instructions
are aligned to 4 decode units. The pre-decode data is
separate in a block called ICPDAT, instead of inside the
ICSTORE.The pre-fetch buffers are added to the ICSTORE
to write instructions directly into the array, and the prefixes
are not modified. All branches are detected during pre-
decoding. Unconditional branches are taken during pre-
decoding and aligning of instructions to the decode units. A
return stack is implemented for CATLI_L/RETURN instruc-
tions. Way prediction is implemented to read the current
block and fetch the next block because the tag comparison
and branch prediction do not resolve until the second cycle.
The scanningfor 4 instructions is done from ICPDAT before
selected by lag comparison. Since the pre-decode data does
not include the information for the 2-Rop instructions, the
instructions must be partially decoded for the 2-rop during
prioritizing and aligning of instructions to decode units. The
early decoding includes decoding for unconditional
branches, operand addresses,flags, displacement and imme-
diate fields of the instruction. The CMASTERtakes care of

the replacement algorithm for the Icache and sends the way
associative along with the data to the pre-fetch buffer. This
section includes signal lists, timings and implementation
issues for the Icache and all sub-blocks.

The Icache size is 32K bytes with 8-wayset associative.
The Icache is linearly addressed. The number of pipeline
stages is 9. Icache will have more than one clock cycle to
read and align the instructions to the decode units. The row
decoding of index addressis calculated in first half of ICLK,
the data, tag, pre-decode, and predicting information are
read in bythe end of ICLK. In the next cycle, the data are
selected by the TAGHITsand latched. The pre-decode data
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are scanned to generale the controls to the multiplexers for
aligning and sendingthe instructions to the decode units and
MROMunits. A part of the scanning logic is donein parallel
with the tag comparison. The scanning and alignment of
instructions takes two clock cycles. The decode units can
start decoding in the second half of the third clock. The
Icache includes a way-prediction which can be done in a
single clock using the ICNXTBLKtarget. The branch pre-
diction includes bimodal and globalbranch prediction which
takes two clock cycles. The timing from fetching, scanning,
aligning, decoding, and muxing ofinstructions to decode
units are shown in FIG.8.

Throughout this documentation, a discussion of the layout
organization is included in each section.‘lhe array is orga-
nized into manysets, and each set has its own decoder. The
decoder is in the center of the set.

Signal List

SRBB(1:0)—I/O from SRB indicates the special register
address for the array or data transferring to/from the SRB.

SRB_VAL—Input from SRB indicates a special register
instruction is on the SRBB.

ICTAR_VAL—Output to SRB indicates completion of the
special register instruction, for read the data is on the
SRBB.

IRESET—Global signal used to reset ICACHE block.
Clears all state machines to Idle/Reset.

IDECJAMIC—Globalsignal from FIROB. Usedto indicate
that an interruptor trap is being taken. Effect on Icache is
to clear all pre-fetch or access in progress,andsetall state
machines to Idle/Reset.

EXCEPTION—Globalinput from FIROB indicates that an
interrupt or trap is being taken including
re-syochronization. Effect on Idecode and FUsisto clear
all instructions in progress.

REQTRAP—Global input from FIROB, one cycle after
EXCEPTION,indicates that the trap is initiated with new
entry point or new PC is driven.

INVBHREG—Input from FIROB to invalidate the branch
holding register. The branch mis-prediction is speculative,
an early branch can be mis-predicted at a later time.

CS32X16—Input from LSSEC indicates operand and
address size from the D bit of the segment descriptor of
the code segmentregister. If set, 32-bit, if clear, 16-bit.

SUPERV—Input from LSSEC indicates the supervisor
mode or user mode of the current accessed instruction.

TR1I2DIC—Input from SRB indicates that all un-cached
instructions must be fetched from the external memory.

SRBINVILV—Input from SRBto invalidate the Icache by
clear all valid bits.

INSTRDY—Input from BIUto indicates the valid external
fetched instruction is on the INSB(63:0) bus.

INSTFLT—Inputfrom BIU to indicates the valid but faulted
external fetched instruction is on the INSB(63:0) bus.

INSB(63:0)—Input from external buses for fetched instruc-
tion to the Icache.

L2_IC_ALIAS—Input from CMASTER indicates the
instruction is in the Icache with different mapping. The
CMASTERprovides the way associative and new super-
visor bit. The LV will be set in this case.

PFREPLCOL(2:0)—Input from CMASTERindicates the
way associative for writing of the ICTAGV.
UPDFPC—Input from FIROB indicate that a new Fetch

PC has been detected. This signal accompanics the FPC for
the Icache to begin access the cache arrays.
FPCG1:0)—Input from FIROB as the new PC for branch

correction path.
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BPC(11:0)—Input from FIROB indicates the PC index
and byte-pointer of the branch instruction which has been
mis-predicted for updating the ICNXTBILK. This index
must be compared to the array index for exact recovery of
the global shift register.
BRNMIJSP—Input from the Branch execution of the FU

indicates a branch mis-prediction. The Icache changesits
state machine to access a new PC andclears all pending
instructions.

BRNTAKEN—Input from FIROBindicate the status of the
mis-prediction. This signal must be gated with UPDFPC.

BRNTAG(3:0)—Input from FIROB indicates the instruc-
tion byte for updating the branch prediction in the
ICNXTBLK.

FPCTYP—Input for FIROB indicates the type of address
that is being passed to the Icache.

HLDISP(1:0)—Output to Idecode indicatesall instructions
of the first (bit 0) and/or the second (bit 1) 8-byte of the
current line has been dispatched to decode units.

REFRESH2—Inputfrom Idcecode indicates current line of
instructions will be refreshed and not accept new instruc-
tions from Icache.

MROMEND-—Input from MENGindicates completion of
the MROM.

DOUSEFL(4:0)
DOWRFL(4:0)—Output to FIROBindicates the type of flag

uses/writes for this instruction of decode unit 0:

xxl CF—carryflag,
xlx OF—overflow flag,
1xx SF—sign, ZF—zero, PF—parily, and AF—auxiliary

carry

D1USEFL (4:0)
D1IWRFL(4:0)—Output to FIROBindicates the type of flag,

uses/writes for this instruction of decode unit 1.

D2USEFL (4:0)
D2WRFL(4:0)—Output to FIROBindicates the type offlag

uses/writes for this instruction of decode unit 2.

D3USEFL(4:0)
D3WRI'L(4:0)—Output to [TTROBindicates the type of flag

uses/writes for this instruction of decode unit 3.

RDOPTR1(5:0)—Indicates the register address for operand
1 of decode unit 0. The MROMis responsible to send bit
5:3 for the MROM register.

RD1PTR1(5:0)—Indicates the register address for operand
1 of decode unit 1. The MROMisresponsible to send bit
5:3 for the MROMtegister.

RD2PTR1(5:0)—Indicates the register address for operand
1 of decode unit 2. The MROMisresponsible to send bit
5:3 for the MROM register.

RD3PTR1(5:0)—Indicates the register address for operand
1 of decode unit 3. The MROMisresponsible to send bit
5:3 for the MROMregister.

RDOPTR2(5:0)—Indicates register address for operand 2 of
decode unit 0. The MROM is responsible to send bit 5:3
for the MROM register.

RD1PTR2(5:0)—Indicates register address for operand 2 of
decode unit 1. The MROMis responsible to send bit 5:3
for the MROM register.

RD2PTR2(5:0)—Indicates register address for operand 2 of
decode unit 2. The MROMis responsible to send bit 5:3
for the MROM register.

RD3PTR2(5:0)—Indicates registcr address for operand 2 of
decode unit 3. The MROMis responsible to send bit 5:3
for the MROM register.

IDxDAT(1:0)—Output to indicates the data size informa-
tion. 01—byte, 10—half word, 11—word, 00—notused.

ICBTAG1(3:0)—Outputto Idecode indicates the position of
the first targct branch instruction with respect to the global
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shift register in case of branch mis-prediction. The branch
can be taken or non-taken, branch tag must be sent with
all branch instruction.

ICBTAG2(3:0)—Outputto Idecode indicates the position of
the second target branch instruction with respect to the
global shift register in case of branch mis-prediction. ‘The
branch can be taken or non-taken, branch tag must be sent
with all branch instruction.

UNJMP(3:0)—Output indicates the unconditional branch
instruction needs to calculate target address.

BRNTKN(3:0)—Output indicates which decode unit has a
predicted taken branch. The operand steering uses this
signal to latch and send BTADDR(31:0)to the functional
unit.

BRNINST(3:0)—Outputindicates which decode unit has a
global branch prediction. The operand stccring uscs this
signal to latch and send ICBTAG1(3:0) and ICBTAG2
(3:0) to the functional units.

CALLDEC(3:0)—Output to FIROB indicates the CALL
instruction is detected, the return stack should be updated
with the PC address of instruction after CALL. The

information is latched for mis-predicted CALL branch.
RETDEC(3:0)—Output to FIROB indicates a RETURN

instruction is detected. The information is latched for

mis-predicted RETURNbranch.
ICPREF(9:0)—Output to Idecode and MROMindicates the

encoded prefix byte. The two most significant bits are
repeat prefixes for MROM.

IC2ZROP0(3:0)—Output to decode unit 0 indicates 2-rop
instruction. Bit 3 indicates the first rop or second rop of
the 2-rop instruction, bit 2 indicates POP instruction, bit
1 indicates the MUL instruction, and bit 0 indicates the
SIB-byte instruction.

NODEST(3:0)—Output to FIROB indicates no destination
for the first rop of the SIB-byte instruction.

DEPTAG(3:1)—Output to FIROB indicates forced depen-
dency tag on the first instruction; the second rop of the
SIB-byte instruction.

REFRESH2—Input from Idecode indicates current line of
instructions will be refreshed and not accept new instruc-
tions from Icache.

1B1(191:0)—Output indicates the combined instruction line
for dispatching to decode units.

MROMEN—Input from MENG indicates the micro-
instructions is sent to Idecode instead of the Icache.

MOUSEFL(4:0)
MOWRFL(4:0)—Input from MENG indicates the type of

flag used/written for this micro-instruction of decode unit
0:

xxl CI'—«arry flag,
xlx OF—cverflowflag,
1xx SF—sign, ZF—zero, PF—parity, and AF—auxiliary

carry

MIUSEFL(4:0)
MIWRFL(4:0)—Input from MENGindicates the type of

flag used/written for this micro-instruction of decode unit
1.

M2USEFL(4:0)
M2WRFL(4:0)—Input from MENG indicates the type of

flag used/written for this micro-instruction of decode unit
2.

M3USEFL(4:0)
M3WRFL(4:0)—Input from MENGindicates the type of

flag used/written for this micro-instruction of decode unit
3.

MINS0(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction being sent
to decode 0.
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MINS1(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction being sent
to decode 1.

MINS2(63:0)—Input from MENG indicates the displace-
ment and immediate field of micro-instruction being sent
to decode 2.

MINS3(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction being sent
to decode 3.

MROOPC(7:0)—Input from MENG to decode unit 0 indi-
cates the opcode byte.

MR10PC(7:0)—Input from MENG to decode unit 1 indi-
cates the opcode byte.

MR2O0PC(7:0)—Input from MENGto decode unit 2 indi-
cates the opcode byte.

MR30PC(7:0)—Input from MENGto decode unit 3 indi-
cates the opcode byte.

MROEOP(2:0)—Input from MENGto decode unit 0 indi-
cates the extended opcode field.

MR1EOP(2:0)—Input from MENGto decode unit 1 indi-
cates the extended opcodefield.

MR2EOP(2:0)—Input from MENGto decode unit 2 indi-
cates the extended opcodefield.

MR3EOP(2:0)—Input from MENGto decode unit 3 indi-
cates the extended opcode field.

MROSS(1:0)—Input from MENGto decode unit 0 indicates
the scale factor of the SIB byte.

MR1SS(1:0)—Input from MENGto decode unit 1 indicates
the scale factor of the SIB byte.

MR2SS(1:0)}—Input from MENGto decode unit 2 indicates
the scale factor of the SIB byte.

MR3SS(1:0)—Input from MENGto decode unit 3 indicates
the scale factor of the SIB byte.

ICMROM—Output to MENGindicates the current instruc-
tion is MROM. The MROMinstruction may take two
cycles to read the IB, ICEND, and ICFUNC.

ENDINST—Input from ICPRED indicates that pre-
decoding is completed for the current instruction. The
byte position of the branch instruction is from
STARTPTR.The selected instruction from IB should be
sent to decode unit 0.

ICVALI(3:0)—Output to Idecode indicates valid instruc-
tions. NOOPis generated for invalid instruction.

ICOOPC(7:0)—Outputto decode unit 0 indicates the opcode
byte.

IC1OPC(7:0)—Output to decode unit 1 indicates the opcode
byte.

IC2OPC(7:0)—Outputto decode unit 2 indicates the opcode
byte.

IC3OPC(7:0)—Output to decode unit 3 indicates the opcode
byte.

 
@

  
ICOEOP(2:0)—Output to decode unit 0 indicates the

extended opcodefield.
IC1EOP(2:0)—Output to decode unit 1 indicates the

extended opcodefield.
IC2ZEOP(2:0)—Output to decode unit 2 indicates the

extended opcodefield.
IC3EOP(2:0)—Output to decode unit 3 indicates the

extended opcodefield.
ICOSS(1:0)—Output to decode unit 0 indicates the scale

factor of the SIB byte.
IC1SS(1:0)—Output to decode unit 1 indicates the scale

factor of the SIB byte.
IC2SS(1:0)—Output to decode unit 2 indicates the scale

factor of the SIB byte.
IC3SS(1:0)—Output to decode unit 3 indicates the scale

factor of the SIB byte.
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DISPTRO(6:0)—Output to decode unit 0 indicates the dis-
placement pointer and size. Bits 2:0 is the pointer to the
8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which8-byte block. Bit 6:5=00 indicates no displacement.

DISPTR1(6:0)—Output to decode unit 1 indicates the dis-
placement pointer and size. Bits 2:0 is the pointer to the
8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which8-byte block. Bit 6:5=00 indicates no displacement.

DISPTR2(6:0)—Output to decode unit 2 indicates the dis-
placement pointer and size. Bits 2:0 is the pointer to the
8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which8-byte block. Bit 6:5=00 indicates no displacement.

DISPTR3(6:0)—Output to decode unit 3 indicates the dis-
placement pointer and size. Bits 2:0 is the pointer to the
8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which8-bytc block. Bit 6:5=00 indicates no displacement.

IMMPTRO(4:0)—Output to decode unit 0 indicates the
displacementpointer andsize. Bits 2:0 is the pointer to the
8-byte block, and bit 4:3 indicates which 8-byte block.
Decoding of all opcodes is needed to detect immediate
field.

IMMPTR1(4:0)—Output to decode unit 1 indicates the
displacementpointer and size. Bits 2:0 is the pointer to the
8-byte block, and bit 4:3 indicates which 8-byte block.
Decoding of all opcodes is needed to detect immediate
field.

IMMPTR2(4:0)—Output to decode unit 2 indicates the
displacementpointer andsize. Bits 2:0 is the pointer to the
8-byte block, and bit 4:3 indicates which 8-byte block.
Decoding of all opcodes is needed to detect immediate
field.

IMMPTR3(4:0)—Output to decode unit 3 indicates the
displacement pointer and size. Bits 2:0 is the pointer to the
8-byte block, and bit 4:3 indicates which 8-byte block.
Decoding of all opcodes is needed to detect immediate
field.

CONSTn(2:0)—Output to decode unit n indicates the con-
stant for add/substract to ESP of the two-dispatch position
instruction.

MROMEN—Input from MENG indicates the micro-
instructions is sent to Idecode instead of the Icache.

1B2(191:0)—Output to decode units indicates the current
line of instructions.

ICMROM—Output to MENGindicates the current instruc-
tion is MROM. The MROMinstruction may take two
cycles to read the IB, ICEND, and ICFUNC.

ICPC1TAR—Output to [decode indicates is ICPC1 a branch
target of a previous instruction whichis a predicted taken
branch instruction.

ICPC2TAR—Outputto Idecode indicates is ICPC2 a branch
target of a previous instruction whichis a predicted taken
branch instruction.

ICPC1(31:0)—Output to Idecode indicates the currentline
PC of the first instruction in the 4 issued instructions to

pass along with the instruction to FIROB.
ICPC2(31:0)—Output to Idecode indicates the current line

PC of a second instruction which cross the 16-byte
boundary or branch target in the 4 issued instructions to
pass along with the instruction to FIROB.

ICPOS0(4:0)—Output to decode unit 0 indicates the PC’s
byte position of the next instruction. Bit 4 indicates the
next instruction is on the nextline.

ICPOS1(4:0)—Output to decode unit 1 indicates the PC’s
byte position of the next instruction. Bit 4 indicates the
next instruction is on the nextline.

ICPOS2(4:0)—Output to decode unit 2 indicates the PC’s
byte position of the next instruction. Bit 4 indicates the
next instruction is on the nextline.

 10

15

20

25

30

35

40

45

50

55

60

65

26

ICPOS3(4:0)—Output to decode unit 3 indicates the PC’s
byte position of the next instruction. Bit 4 indicates the
next instruction is on the next line.

BTAGIN(3:0)}—Output indicates the position of the first
target branch instruction for a new line with respect to the
global shift register in case of branch mis-prediction.

BTAG2N(3:0)—Outputindicates the position of the second
target branch instruction for a new line with respect to the
global shift register in case of branch mis-prediction.

BTAKEN1(1:0)—Output to decode units and ICI'PC indi-
cates a predicted taken branch instruction from PTAKEN,
BVALI. Bit 0 is the last line and bit 1 is newline.

BTAKEN2(1:0)—Output to decode units and ICFPC indi-
cates a predicted taken branch instruction from PTAKEN,
BVAL2.Bit 0 is the last line and bit 1 is new line.

ICERROR—Output, indicates an exception has occurred on
an instruction pre-fetched, the type of exception (TLB-
miss, page-fault, illegal opcode, external bus error) will
also be asserted.

INSPFET—Output to BIU and CMASTERrequests instruc-
tion fetching from the previous incremented address, the
pre-fetch buffer in the Icache has space for a new line
from external memory.

ICAD(31:0)—Output to MMUindicates a new fetch PC
request to external memory.

RETPRED—Output to Idecode indicates the current predic-
tion of the return instruction of the fetched line. The return
instruction must be detected in the current line of instruc-
lion or the Icache must be re-fetched from a new line.

IC_EXT_RD—Output to CMASTERindicates the next
line of instruction should be fetched from external regard-
less of aliasing. This is for pre-fetching of instruction
which crosses the line boundary.

MMUPFPGFLT—Input from MMUindicates page fault for
the current instruction address.

TLB_MISS_PF—Input from MMUindicates TLB miss
for the current instruction address.

PI’_IC_XI'ER—Output to CMASTER indicates the
address for the current line is written into the cache, the
L2 should be updated with the physical address. This is
when the ICPDAT and the valid bit is written.

BIU_NC—Input from BIU indicates the current line should
not be cached.

LS2ICNOIC—Input from LSSEC indicates no caching,
pre-fetch only.

LS_CS_WR—Input from LSSECindicatesthe CSis being
updated.

L2_IC_INV(1:0)—Input from CMASTERto invalidate up
to 2 lines in the Icache.

PF_IDX(6:0)—Input from CMASTERindicates the array
index for invalidating up to 2 lines in the Icache or for
aliasing.

PF_SNP_COL(2:0)—Input from CMASTERindicates the
way associative for invalidating up to 2 lines in the Icache
or aliasing. This signal may be redundant with
PFREPLCOL(2:0).

BIT20MASK—Input from CMASTER indicates masking
of bit 20 for backward compatible with 8086. The line
should not be cache if outside of the page.

BSTRUN—Input from TAP indicates to start the BIST.
BSTRD—Input from TAP indicates to read the array and

compare to set the result.
BSTWR—Input from TAP indicates to write the array from

input registers.
BSTRST—Input from TAP indicates to reset the counter.
BSTINCR—Input from TAP indicates to increment the

counter.
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BSTDIN—Input from TAP indicates the test pattern to the
input registers. The input can be from the TDI pin or
normal burn-in patterns.

FLUSHON—Input from TAP indicates flushing register
mode, the result latch should use BS'TDINinstead of the
compare input for flushing the result registers.

UPDOWN—Input from TAP indicates counting up or down.
BSTSHF1—Input from TAP indicates shifting of the master

latch of registers.
BSTSI[2—Input from TAP indicates shifting of the slave

latch of registers.
BSTFALSE—Input from TAP indicates to invert the test

pattern.
PORTSEL—Input from TAP indicates to select the second

dual port.
BSTIDOUT—Outputto TAP indicates the result of the data

chain from the ICSTORE and ICPDATarrays.
BSTITOUT—Output to TAP indicates the result of the data

chain from the ICNXTBLK and ICTAGVarrays.
BSTAMSB—Output to TAP indicates maximum count for

dual port arrays.
MAXADDR—Output to TAP indicates maximum index

counter.

ATPGIN(15:14)—Input from dedicated pins for ATPG.
ATPGOUT(15:14)—Output to dedicated pins for ATPG.

ICSTORE

Processor 500 executes fast X86 instructions directly, no
ROPs are needed. The pre-decode bits with each byte of
instruction are 3 bits; start bit, end bit, and functional bit. All
the externally fetched instructions will be latched into the
Icache. This should not be a problem since the Icacheis idle
and waits for external instructions. Only single byte prefix of
0x66 and Ox0F is allowed for Processor 500’s fast path,
multiple prefixes including 0x67 is allowed for multi-prefix,
all other prefixes will take an extra cycle in decoding or go
to MROM. With these simple prefixes, the instruction bytes
need not be modified. The linear valid bit is used for the

whole cache-line of instructions, 16-byte. The replacement
procedure is done by the CMASTER.Along with each line
of instruction, the CMASTERtells the Icache which way to
put in the data and tag. The start and endbits are sufficient
to validate the instruction. If branching to the middle of the
line or instructions wrapping to the next line, the start and
end bits must be detected for each instruction or else the

instruction must be pre-decoded again. The possible cases
are branching to the opcode and skipping the prefix (punning
of instruction) and part of the wrapping instruction is
replaced in the Icache. The instructions must first pass
through the pre-fetch buffers before sending to the ICPRED.
The ICPREDhasonly one input from the IB(127:0) for both
the pre-fetched or cached instructions. The pre-decodeinfor-
mation is written into the ICPDAT as the whole line is

decoded. The output IB(127:0) is merged with the previous
8-byte to form a 24-byte line for the alignment unitto select
and send to 4 decode units.

Since the instruction fetching from external memory will
be written directly into the Icache, the pre-fetch buffer
should be built into the ICSTORE; the input/output path of
the array. In this way, the data will be written into the Icache
regardless of the pre-decode information or the taken branch
instruction and the instructions is available to the Icache as

soon as they are valid on the bus. The numberof pre-fetch
buffers is two, and request will be made to BIU as soon as
there is space in the pre-fetch buffer for another line of
instructions. The pre-fetch buffer consists of a counter and a
valid bit for instructions written into the cache and a valid bit
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for instructions sent to the decode unil. As long as the
address pointer is still in the same block, the data will be
written to the array. With the pre-fetch buffer in the Icache,
a dedicated bus should be used to transfer instructions

directly from the pads to the Icache; this is a step to keep
Processor 500 from using dynamic pre-charged buses.

ICSTORE ORGANIZATION

The ICSTORE on Processor 500 does not store the

pre-decode data, as shown in FIG. 9. The ICSTOREconsists
of 32K bytes of instructions organized as 8 scts of 128 rows
by 256 columns. The array set in this documentation hasits
own decoder. The decoderis in the center of the set. Each of

the scts consist of 2-bytc of instructions. The 8-way asso-
ciative muxing from the 8 TAG-HITs is performed before
the data is routed to the ICALIGN block. With this

arrangement, the input/output to each set is 16-bit buses. The
muxing information relating to which byte is going to which
decode unit should also be decoded; this topic will be
discussedin detail below in the ICALIGNblocksection. For

optimal performance the layout of the column should be 64
RAM cells, pre-charge, 64 RAM cells, write buffer and
senamp. The row decoder should be in the middle of the
array to drive 128 column each way. Basically, the pre-
charge and the row decoder should be crossed in the middle
of the array. The self-time column is used to generate
internal clock for each set of the array. Pre-charge is gated
by ICLK. The instruction is valid by the end of ICLK, the
data muxes by the TAG-HIT should be gated by ICLKto be
valid for the second ICLK. The two-entry pre-fetch buffers
are implemented inside the array with data can be written
from either entry. The output IB busis taken from either the
array or the pre-fetch buffer.

The BIST for the ICSTORE array uses 128 TAEC cells
for reading and writing the arrays, as discussed further
below.

Signal list

ISADD(11:2)—2—Input from ICFPCindicates the address
of instruction to access the array. Bits 11:5 are for the row
decoder, bits 4:2 are for column select. For normal
operation, bits 11:4 is used to read/write 16-byte only. For
special register operation, bits 11:2 is used to read/write
4-byte.

‘YAGHIT(7:0)—2—Input from ICTAGVindicates whichset
is selected to read instructions.

ICSRD—2—Input from ICCNTLto read instruction.
ICSWR—2—Inputfrom ICCNTLto write instructions from

pre-fetch buffers into the array. This signal is asserted at
starting of the pre-fetch enable and de-asserted when a
pre-fetch buffer entry is valid, the instruction is written
into the array and the valid bit is reset.

GETNEWL—2—Input from ICPRED indicates that pre-
decoding has reached the end of the line or encountered
a taken branch instruction, a new line of instructions is
needed in the next cycle. The ICSTORE should send a
new line onto IB bus and write into the array.

SRSRD—2—Input from ICCNTLto read instruction from
the array in the next cycle.

SRSWR—2—Input from ICCNTL to write instruction to
the array in the next cycle.

ICSRBB@G1:0)—14—1/O from SRB indicates the special
register address for the array or data transferring to/from
the SRB.

SETSET (7:0)—14—Input from ICFPC indicates which set
to read, no tag compare is needed.
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TAGCHK—14—Input from ICCNTLto indicates the valid
set is from TAGHIT or SETSEL.

PRENAR—14—Input from ICCNTT. to enable the pre-fetch
buffer to latch the INSB(31:0) bus and write into the array.

INSTRDY—13—Input from BIU to indicates the valid
external fetched instruction is on the INSB(63:0) bus.

INSTFLT—13—Input from BIU to indicates the valid but
faulted external fetched instruction is on the INSB(63:0)
bus.

INSK(63:0)—3—Input from external buses for fetched
instruction to the Icache.

IB(127:0)—1—Output to ICALIGNafter the set select to
align instructions to decode units.

PBFLT—15—Output to ICCNTL indicates a valid faulted
line of instruction from external fetch.

PBVAL—15—Output to ICCNTLindicates a valid line of
instruction from external fetch.

PBEMPTY—15—Output to ICCNTL indicates the pre-
fetch buffer is empty.

PBONE—15—Output to ICCNTL indicates the pre-fetch
buffer has one available entry.

PBFULL—15—Output to ICCNTL indicates the pre-fetch
buffer is full.

BSTRD—Input from TAP indicates to read the array and
compare to set the result.

BSTWR—Input from TAP indicates to write the array from
input registers.

BSTDIN—Input from TAP indicates the test pattern to the
input registers. The input can be from the TDI pin or
normal burn-in patterns.

FLUSHON—Input from TAP indicates flushing register
mode, the result latch should usc BSTDIN instcad of the
compare input for flushing the result registers.

BSTSHF1—Input from TAP indicates shifting of the master
latch of registers.

BSTSHF2—Input from TAP indicates shifting of the slave
latch of registers.

BSTFALSE—Input from TAP indicates to invert the test
pattern.

BSTSTOUT—Output to ICPDAT indicates the result of the
data.

ICPDAT

In Processor 500, the pre-decode data is in a separate
block than the ICSTORE, and is updated with a different
timing than that of instructions. The ICPDAT is updated as
the whole instruction line is completed decoding in the
ICPRED. To prevent erroneous setting of the pre-decode
bits, the valid bit in the ICTAGV is not set until the
pre-decode data is written into the array. The pointer to
ICSTOREcan advance before the whole line of instruction

is completed in pre-decode for split-line instruction. The
pre-decode data includesthree bits: start-byte, end-byte, and
functional-byte. During pre-decoding, the ICPDAT uses 2
sets of latches to keep the pre-decode information for each
line of instructions. Thefirst set is for the current line and the

secondsetis used forsplit-line instructions. As each instruc-
tion is completed in pre-decoding,the start and end pointers
set the latches. The functional bits are kept in the ICPRED
and write into the array at the completion of pre-decoding
for the line. If a taken branch instruction is detected in

ICPRED,the control should allow one clock cycle to write
the current pre-decode data into the ICPDATarray. A special
caseofsplit-line taken branch instruction, the control allows
2 clock cycles to write the two pre-decode lines into the
array.

The start-byte and the end-byte are scanned to align the
instructions from ICSTOREto the decode units. A valid
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instruction should start with a start byte and end with an end
byte before another start byte can be detected. Any invalid
instruction should be detected in the scanning logic before
sending the instruction to early decoding. The invalid
instruction must be pre-decoded again by the ICPRED
block. ICPDAT should keep all pre-decode data for the line
of the confused instruction from the array which will be
ORed with the functional bits from pre-decoding for writing
back into the array. The pre-decoding stops on two condi-
tions: a taken branch is detected or valid start byte (or valid
instruction) is detected after the end byte from pre-decoding;
this condition should be detected in the ICPDAT.

The start bits are decoded into byte-shifting information
for up to 4 instructions per 8-byte block which will be used
by the ICALIGNblock. The start-byte pointerfor the current
fetching instruction is used to resetall the start and end bits
before the current pointer, and the taken branch pointer from
the way prediction is used to reset all the start and end bits
after the branch pointer. All 8-way data should be latched in
case of way mis-prediction, the corrected way should be
read again from the latches for scanning. An 8-byte or
16-byte block can be read from the array to merge with the
previous data to form a 16-byte line for scanning and
sending to early decoding. The scanning ofthe start bits is
sectioned into two 8-byte blocks, the maximum scanned
path is 8-byte long. The scanning outputs control the muxing
of up to 7 bytes for each instruction to early decoding unit.
In addition, the scanning of the 8-start-byte generates the
look-ahead controls of next 8-byte blocks.

ICPDAT ORGANIZATION

For each 8-byte, the ICPDAT (as shown in FIG. 10)
generates 4 sets of valid bits based onthestart and endbits.
The valid bits are muxed to the ICALIGN the same way as
the instruction bytes. The valid bits are used to qualify the
functional bits. Example of the valid bits for 8-byte instruc-
tion:

Start bits 10100100 01110101
Endbits 91001000 11101010
Valid bils 1 11000000 01000000
Valid bits 2
Valid bits 3
Valid bits 4

90111000 00100000
90000111 10011000
90000000 00000110

In setting up the valid bits for the instructions, ICPDAT
needsto validate the instruction with properthe start and end
bits. Only instructions with valid start and end bits can be in
ICALIGN. If the line is hit in the cache, the pre-decode data
should be latched into the buffer for future reference. ICP-

DAT notifics ICCNTLto pre-decode the invalid instruction.
The functional bits from ICPRED are ORed with the local

buffer of functional bits for writing back into the array.
During pre-decodingif a valid start byte is detected after an
end byte, ICPDAT should notify ICCNTL to stop pre-
decoding, writing the current pre-decode data into the array,
and re-fetching the line for scanning. The scanning logic
should use only the pre-decode data from the array. The
MROMinstruction should also be detected in ICPDAT with

a pointer to the ICALIGN and the MROM. The MROM
instruction is read directly from the IB(127:0). MROM is
responsible to detect and decode the prefixes and opcode as
with ICALIGN. Exemplary hardware is shown in FIG.11.

The Icacheline sets up as two 8-byte sections, the scanned
logic and fetching of next line should be independentof each
other. While scanning, the cnd-bytc should also be detected
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to indicate that all 8-byte can be dispatched in one clock
cycle and to fetch a new line. Conditions to fetch the next
8-byte are:

Three start bits or less.

Four start bits with no more than 3 endbits.

Fourstart bits with 4 end bits, the last end bit is on the last
byte.

Hold indication from early decoding.
Ilold for more than one MROMinstruction in the current

16 bytes.

Since the instruction can have up to 15 bytes which can
span more than two 8-byte blocks, the ICPDAT can send the
instruction to the next stage with assumed valid bits. The
split-line instruction has indication to read the rest of the
instruction in the next clock cycle. In the next cycle if the
end bit is not detected within 15 bytes, the instruction must
be sent to ICPRED for pre-decoding. The output from the
ICSTOREis IB(127:0), ICPDAT provides the controls for
muxing of this bus to the IB1(191:0) which is in the
ICALIGNblock. The muxing is for any of the 8-byte block
on IB(127:0) to any of the 8-byle block on IB1(191:0).
ICPREDalso provides similar controls for the muxes.

If there are more than 4 instructions in the 8-byte block,
the ICPDA!Ymuxes the 8-byte block from 1B(127:0) to
1B1(191:0) andstalls the next 8-byte block. In the next clock
cycle, the first 4 instructions clear the pre-decode data and
the 8-byte block starts scanning with the fifth instruction.
The same 8-byte block should be muxed from [B(127:0) to
1B1(191:0) again. This mechanism keeps the ICALIGN
from feeding back information on dispatching of the first 4
instructions. With this method the scanning ofinstructions in
ICPDAT is independent of the next stage and is more
flexible; either 3 or 4 instructions can be scanned.

The scanning logic for each 8-byte segment of instruc-
tions is done in parallel with the TAGHITs in the ICTAGV
block. More details regarding the scanning logic may be
found in the commonly assigned, co-pending patent appli-
cationentitled “A Parallel and Scalable Instruction Scanning
Unit”, Ser. No. 08/475,400 filed Jun. 7, 1995 by Narayan.
The disclosure of this patent application is incorporated
herein by reference inits entirety. It is possible to implement
the fetching, scanning, early decoding, and shifting of
instructions to the decode units in 4 clock cycles.

MROM INTERFACING

The ICPDATscnds the MROMinstruction directly to the
MENG. Only one MROM instruction can be sent to the
MENGperclock cycle. The MENG pipelines the MROM
instructions and provides latches to keep up to 3 MROM
instructions including the last MROM on IB(127:0).
MROMFULLindicates that the next MROM instruction

should be stalled in ICPDAT until the previous MROM
instruction is dispatched to a decode unit. ICPDATprovides
the byte pointer for the MENGto read the instruction from
the IB(127:0) along with the functional and valid bits for
decoding the instruction. ICPDAT should indicate MROM
instruction to MENGonlyif the associated 8-bytes can be
shifted to the next stage. If the instruction continues to the
next linc, MENG can expect to read the rest of the instruc-
tion on IB(127:0) in the next cycle (similar to sending
split-line instruction to ICALIGN). The signal MROM-
FULLis used to stop ICPDATto keep the data on IB(127:0)
for MENGto processprefixes of the instruction. The micro-
instructions rejoin the instruction pipeline in the muxing
stage to the decode units. With carly detection of MROM
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instruction to MENG,the penalty for MROMinsiruction is
one clock cycle. MENG is responsible to decode prefixes
and all fields of instructions. The same decoding logic is
used in the ICPRED and ICALIGN.

In ICALIGN, as the MROM instruction is detected, it
moves to dispatched position 0 and waits for micro-
instructions from MENG.The followinginstructionsfill the
pipeline and dispatch as soon as the last micro-instruction is
sent to decode unit. In dispatch position 0, the MROM
instruction should start in the first 8-byte block of the
1B2(191:0) bus. The MENGcanprovide pointers to read the
displacement and immediate fields of the MROM instruction
directly from the IB2(191:0).

ICPDAT ORGANIZATION

The ICPDATincludes of 32K of 3-bit pre-decode data
organized as 8 sets of 64 rows by 192 columns. Lach of the
sets consists of two 3-bit pre-decode data. The pre-decode
data is decoded into byte-shifting information which ise
used by the ICALIGNblock. The 8-wayassociative muxing
from the 8 TAGHITs is performed before the byte-shifting
data is routed to the ICALIGN block. In order for the

instructions to get to the Idecode in middle of the second
ICLK, the decode logic for the byte-shifting should be less
than 7 gates. The byte-shifting logic has been done. Because
of this byte-shifting logic, the array for ICPDATis 64 rows
instead of 128 rows for the ICSTOREarray. For optimal
performance the layout of the column should be 32 RAM
cells, pre-charge, 32 RAM cells, write buffer and senseamp.
The rowdecoder should bein the middle of the array to drive
96 column each way. Basically, the pre-charge and the row
decoder should be crossed in the middle of the array. The
self{-lime columnis used to generate internal clock for each
set of the array. Pre-charge is gated by ICLK. The byte-
shifting data muxed by the TAGHIT should be gated by
ICLK to be valid for the second ICLK. The output of the
array should include logic to feedback the previous pre-
decode data for breaking up of the line for second cycleaccess.

The BIST for the ICDAT array uses 48 TAEC cells for
reading and writing the arrays as explained further below.

Signal list

IPADD(11:2)—Input from ICFPC indicates the address of
instruction to access the array. Bits 11:6 are for the row
decoder, bits 5:2 are for column select. For normal
operation, bits 11:4 is used to read/write 16-byte only. For
special register operation, bits 11:2 is used to read/write
4-byte.

TAGHIT(7:0)—Input from ICTAGVindicates which setis
selected to read instructions.

ICSRD—Input from ICCNTL to read instruction.
ICPWR—Input from ICCNTL to write pre-decoded data

from

ICPRED into the array. This signal is asserted at starting of
the pre-fetch enable and when ENDLINEisasserted, the
pre-decode data is written into the array.

GETNEWL—Input from ICPRED indicates that pre-
decoding has reached the end of the line or encountered
a taken branch instruction, a new line of instructions is
needed in the next cycle. Used to clear the pre-decode
latch.

ENDLINE—Input from ICPRED indicates that pre-
decoding has reached the end of the line or encountered
a taken branch instruction, the pre-decode data should be
written into the array.
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SRPRD—Input from ICCNTL to read pre-decode data for
special register.

SRPWR—Input from ICCNTT. to write pre-decode data for
special register.

ICSRBB(23:0)—1/O from SRB indicates the special register
addressfor the array or data transferring to/from the SRB.
8-byte of pre-decode data is transferred at one time. The
order is Start, Functional, End bits for each byte of
instruction.

SETSEL(7:0)—Input from ICFPC indicates which set to
read, no tag compare is needed. This signal is from SRB
or branch prediction.

TAGCHK—Inputfrom ICCNTLto indicates the valid set is
from TAGHIT or SETSEL.

NEWWAY~—Input from ICCNTL to indicates way mis-
prediction to sclect the correct wayfrom the latches using
TAGHIT.

ENDINST—Input from ICPRED indicates that pre-
decoding is completed for the current instruction. The
prce-decode bits should be sct at this time. This signal
should also be sent along with ENDLINEfor partially
decode instruction.

PENDIB(4:0)—Input from ICPREDindicates the end byte
position of the current instruction. The end bit is set and
latched until pre-decoding of the whole line is completed.
Bit 4 indicates if the end bit is on the next line.

PFUNCB(15:0)—Input from ICPRED indicates the func-
tional bits of current line of instructions. ICPDAT uses

ENDLINEto ORthese bits previous pre-decode data and
write into the array. As a new line is read from the array
the pre-decode data is latch in the buffer. The ICPRED
must keep all the functional bits for all the pre-decoded
instruction in the line.

STARTPTR(3:0)—Input from ICFPC indicates the byte
position of the pre-decoded bytes for current instruction.
The start byte should be set at this pointer for writing. For
reading,this pointer is decodedinto 16 bits to zero-outall
bytes before the pointer for scanning logic.

WAYBPTR(3:0)—Input from ICNXTBLK indicates the
byte position of the branch taken pointer of way predici-
ton. For reading, this pointer is decoded into 16 bits to
zero-out all bytes after the pointer for scanning logic.

NEXTB(1:0)—Input from ICALIGN indicates that
ICALIGN can accept any 8-byte block. This signal
includes other hold inputs from MROM and Idecode.

NEWLINE(1:0)—Output to ICALIGN and ICFPCindicates
the first (bit 0) or the second (bit 1) 8-byteis the starting
of a new line. ‘The current line can start at the second

8-byte. The PC and offset of instructions sending to the
decode units should be adjusted accordingly.

VALSTART—Output to ICCNTL indicates a valid start-
byte after the end pointer from ICPRED for the current
lines of instructions. The pre-decoding stops and instruc-
tions is fetched from the array.

ICOPOS1(3:0)—Output to ICALIGN indicates the PC’s
byte position of the next instruction using the end bit for
instruction 0 of the first 8-byte.

ICIPOS1(3:0)—Output to ICALIGN indicates the
byte position of the next instruction using the end
instruction 1 of the first 8-byte.

IC2POS1(3:0)—Output to ICALIGN indicates the
byte position of the next instruction using the end
instruction 2 of the first 8-byte.

IC3POS1(3:0)—Output to ICALIGN indicates the
byte position of the next instruction using the end
instruction 3 of the first 8-byte.

ICOPOS2(3:0)—Output to ICALIGN indicates the
byte position of the next instruction using the end
instruction 0 of the sccond 8-byte.

PC’s
bit for

PC’s
bit for

PC’s
bit for  

PC’s
bit for
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IC1PO0S82(3:0)—Output to ICALIGN indicates the PC’s
byte position of the next instruction using the end bit for
instruction 1 of the second 8-byte.

IC2POS82(3:0)—Output to ICALIGN indicates the PC’s
byte position of the next instruction using the end bit for
instruction 2 of the second 8-byte.

IC3POS2(3:0)—Output to ICALIGN indicates the PC’s
byte position of the next instruction using the end bit for
instruction 3 of the second 8-byte.

ICOVAL1(7:0)—Output to ICALIGNindicates valid bytes
for instruction 0 of the first 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytcs can continue to next 8-bytc blocks until the end bit
is detected.

IC1VAL1(7:0)—Output to ICALIGN indicates valid bytes
for instruction 1 of the first 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

IC2VAL1(7:0)—Output to ICALIGNindicates valid bytes
for instruction 2 of the first 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

IC3VAL1(7:0)—Output to ICALIGN indicates valid bytes
for instruction 3 of the first 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

ICOVAL2(7:0)—Output to ICALIGN indicates valid bytes
for instruction 0 of the second 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

IC1VAL2(7:0)—Output to ICALIGN indicates valid bytes
for instruction 1 of the second 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

IC2VAL2(7:0)—Output to ICALIGN indicates valid bytes
for instruction 2 of the second 8-byte. The valid bytes are
used for muxing of the bytes to early decoding. The valid
bytes can continue to next 8-byte blocks until the end bit
is detected.

IC3VAL2(7:0)—Output to ICALIGN indicates valid bytes
for instruction 3 of the second 8-byte. ‘he valid bytes are
used for muxing of the bytes to early decoding. The valid
bytcs can continue to next 8-bytc blocks until the end bit
is detected.

ICENDB1(3:0)—Output to ICALIGN indicates if end-bits
for 4 instructions are detected in thefirst 8-byte block.If
the end-bit is not set, the instruction continue to the next
8-byte blocks.

ICENDB2(3:0)—Output to ICALIGN indicates if end-bits
for 4 instructions are detected in the second 8-byte block.
If the end-bit is not set, the instruction continueto the next
8-byte blocks.

ICFUNC(15:0)—Output to ICALIGN and MENGindicates
functional-bits, bits 7:0 are for the first 8-byte block and
bits 15:8 are for the second 8-byte block.

INVPTR(3:0)—Output to ICFPC indicates the start pointer
of the invalid instruction which needs to be pre-decoded.

INVINST—Output to ICFPC and ICCNTLindicates the
invalid instruction which necds to be pre-decoded. No
valid byte should be sent to the ICALIGN.

MROMPTR(3:0)—Output to ICFPC and MROMindicates
the start pointer of the MROMinstruction
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ICMROM(1:0)—Output to MENG,bit 0 indicates the cur-
rent instruction is MROM,bit 1 indicates the MROM
instruction continue to the next line (end-bit is not
detected in the currentline).

MROMFUL—Input from MENGindicates MENG cannot
accept any more instruction.

IC8BSEL(5:0)—Output to ICALIGN controls the muxes
from IB(127:0) to IB1(191:0). Bit 5:3 is for the upper
8-byte [B(127:64) and bit 2:0 is for the lower 8-byte
1B(63:0). 001 is for muxing to 1B1(63:0), the first 8-byte,
010 is for muxing to the second 8-byte, and 100 is for
muxing to the third 8-byte.

INVAL2—Output to ICALIGN to invalidate the second
8-byte block which has been muxed to IB1(191:0)
becausethe first 8-byte has more than 4 instructions or the
taken branch invalidates the second 8-byte block.

BSTRD—Input from TAP indicates to read the array and
compare to set the result.

BSTWR—Input from TAP indicates to write the array from
input registers.

BSTSTOUT—Input from ICSTORE connects the BIST
chain.

FLUSHON—Input from TAP indicates flushing register
mode, the result latch should use BSTDIN instead of the
compare input for flushing the result registers.

BSTSHF1—Input from TAP indicates shifting of the master
latch of registers.

BSTSHF2—Input from TAP indicates shifting of the slave
latch of registers.

BSTFALSE—Input from TAP indicates to invert the test
pattern.

BSTIDOUT—Outputto TAP indicates the result of the data
chain from the ICSTORE and ICPDATarrays.

ICTAGV

Processor 500 executes the fast X86 instructions directly
and the instructions are written into the Icache regardless of
the pre-decode information. The linear valid bit is used for
the wholeline of instructions, assuming that the BIU always
fetches 16-bytes of data. The CMASTERindicates which
way to put in the pre-fetch data and tag. Writing of the tag
is done at the same time as writing the data into the
ICSTORE, and writing of the linear valid bit is done at the
same time as writing the pre-decode bits into the ICPDAT.
The start and end bits are sufficient to validate the instruc-

tion. If branching to the middle of the line or instructions
wrapping to the next line, the start and end bytes must be
detected for each instruction orelse the instruction must be

pre-decoded again. The possible cases for invalid instruc-
tions are (1) branching to the opcode and skippingthe prefix,
(2) part of the wrapping instruction are replaced in the
Icache, (3) part of the line was not pre-decoded because of
branch instruction and branch target. Whenever the MMUis
re-mapped or the CMASTERexecute a certain instruction,
all the LV bits can be cleared. The next access to the Icache

would results into LV miss, the CMASTER may send new
mapping information to the Icache regarding the way
associative, the SU, and the new tag. In this case the Icache
needsto write the ICTAGV with new information (including
setting the LV bit) and read the other arrays.

From the branch prediction, tag address must be read from
the ICTAGVin the next cycle to merge with the successor
index for the predicted target address. The predicted target
address mustbe sent to the decode units and to the functional

units for comparison.
ICTAGV ORGANIZATION

The ICTAGVincludes 2048 lines of:

20-bit Tag address.
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2 Status bits (SU, LV).
The status bits need to be dual-port to read and write in the

same clock cycle. The ICTAGVis organized as two sets of
64 rows by 224 columos and two sets of 64 rows by 128
columns. Each of the first two sets consists of 7-bit tag
address, and each of the last two sets consists of 3-bit tag
address and the SU or LV bit. The twostatus bits are dual

port RAM cells. The SU uses the delayed PC to write, and
the LV bit has the snooping index from CMASTER. The
ICTAGVuses 64 rows for dual-port RAM and quick reading
of tag address. For optimal performance the layout of the
column should be 32 RAM cells, pre-charge, 32 RAM cells,
write buffer and senamp. The row decoder should be in the
middle of the array to drive 112 or 96 columns each way.
Basically, the pre-charge and the row decoder should be
crossed in the middle of the array. The row decoder for the
dual port RAM should be build at one end of the array. The
self-time column is used to generate internal clock for each
set of the array. Pre-charge is gated by ICLK. Thestatus bits
muxed by the TAGHITshould be gated by ICLKto be valid
for the second ICLK. The above layout is to ensure the
minimum routing for the TAGHIT,and is shownin FIG.12.

The BIST for the ICTAGY array uses 22 TAECcells for
reading and writing the arrays, as explained further below.

Signal list

ITADD(11:4)—Input from ICFPC indicates the address of
instruction to access the array. Bits 11:5 are for the row
decoder, bit 4 is for column select. Writing into the SU
array is a delay of the index to next ICLK.

IVADD(11:4)—Input from ICFPC indicates the address of
instruction to write the LV bit. Bits 11:5 are for the row

decoder, bit 4 is for columnselect.
ICTAG(31:12)—Input from ICFPC indicates the address of

instruction to compare with the tag arrays.
ICTVRD—Input from ICCNTL to read tag array.
ICTWR—Input from ICCNTLto write new tag.
ICCLRA—Input from ICCNTL to clear all valid bits.
ICSUWR—Input from ICCNTLto write the SU bit.
ICLVWR—Input from ICCNTL to write the LV bit.
SRTVRD—Input from ICCNTL to read tag for special

register.
SRTVWR—Input from ICCNTL to write tag for special

register.
ICSRBB(@1:10)—1/O from SRB indicates the special reg-

ister address for the array or data transferring to/from the
SRB. Bits 31:12 are the address, bit 11 is the supervisor/
uscr, and bit 10 is the valid bit.

SETSEL(7:0)—Input from ICFPC indicates which set to
read, no tag compare is needed.

TAGCHK—Inputfrom ICCNTLto indicates the valid set is
from TAGHIT or SETSEL.

TAGHIT(7:0)—Output indicates which set is selected to
read instructions.

VALBIT(7:0)—Output indicatesthe valid bits of 8 sets, uses
for way-prediction.

TVSU—Output indicates the supervisor/user mode of cur-
rent block.

IBTARGET(31:12)—Output to decode unit indicates the
predicted taken branchtarget for the line on instruction in
the previous cycle. The predicted taken branch from
ICNXTBLKprovides only the index, the upper bits are
read from ICTAGVin the next cycle.

BSTRD—Input from TAP indicates to read the array and
compare to set the result.

BSTWR—Input from TAP indicates to write the array from
input registers.
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BSTNBOUT—Input from ICNXTBLK connects the BIST
chain.

FILUSHON—Input from TAP indicates flushing register
mode, the result latch should use BSTDIN instead of the
compare input for flushing the result registers.

BSTSHF1—Input from ‘TAP indicates shifting of the master
latch of registers.

BSTSHF2—Input from TAP indicates shifting of the slave
latch of registers.

BSTFALSE—Input from TAP indicates to invert the test
pattern.

PORTSEL—Input from TAP indicates to select the second
dual port.

BSTITOUT—Output to TAP indicates the result of the data
chain from the ICNXTBLK and ICTAGVarrays.

ICNXTBLK

This block contains the branch prediction information for
the Icache. An important feature for performance of
superscalar/superpipelined microprocessors is branch pre-
diction. As the numberof pipeline stages and the number of
functional units increase the cost of mis-prediction is high.
The tag comparison and selection of the 8-way associative
in ICTAGV takes more than one clock cycle to resolve.
Processor 500 implements another prediction technique to
pick one out of the 8 ways and to use the predicted waytor
fetching of next line to remove the bubble in the pipeline.
Three bits are needed for this way prediction. Another two
bits are needed to select one of the two branch targets for
fetching the next predicted line. Without the two bits to
sclect the branch targets, comparison of the start-bytce posi-
tion with the positions of the branch targets will cause the
way-prediction to be more than one clock cycle. This
speculatively selected line of instructions can be corrected in
the next cycle from the proper TAGHIT and the branch
prediction. The following rules are used to set up the
ICNXTBLK:

During pre-decode, if there is an unconditional branch
instruction, the fetchingis stalled until the new target PC can
be calculated. If the branch is direct, the target PC can be
calculated in the next cycle in the ICFPC.

The backward taken conditional branch which the new

target PC can be calculated in the ICPFC should also predict
taken.

If the branch is indirect, the target PC is from the
functional unit. The speculative way-prcdiction is updated
with the successor index in the cycle following the target
address access.If there is no pre-decoded taken branch, the
speculative way-prediction is updated after fetching of the
next sequential block. The index after accessing the array
should be kept for 3 clock cycles before the way-prediction
is known for updating.

From mis-prediction, the new target PC will be fetched
and the selected set and successor index will be kept in a
branch holding registers which will be discussed in next
section.

For better branch prediction hit ratio, the ICNXTBLK
will increase to 2 branch targets for both taken and non-
taken branches, and pre-decode for the unconditional
branches and taken branches. The pre-decoding also calcu-
late the branch target address for the branch instructions if
available. If there is a hit in the ICNXTBLK,the new target
will be used for the new fetch PC. The taken branch will

have higher priority to occupy the two targets in ICNXT-
BLK.

Processor 500 will implement two different branch pre-
dictors to maximize the performance. The next few sections
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discuss the Bimodal and Global predictors and the imple-
mentation of the combined branch predictor on Processor
500.

Bimodal Branch Prediction

This branch prediction uses a saturated counter for pre-
diction. A 2-bit counter is used for taken/non-taken predic-
tion. The most significant bit is used for taken/non-taken
prediction. Since branch instructions are more likely to be
taken than non-taken, the counter should initialize to 10 if
the branch target address can be calculated. As the branch is
taken, the counter increases by1 and is saturated at 11. As
the branch is not taken, the counter decreases by 1 and is
saturated at 00. The bimodal branch predictionis better than
a single bit prediction as the branch correct prediction is
88.09% instead of 82.29% for two targets prediction. The
bimodal branch prediction behaves well for mostly taken or
non-taken branch instruction and is worst as the conditional

branchesflip-flop between taken and non-taken. Thecost is
one extra bit per branch target in the ICNXTBLK,and extra
logic for the counter.

Global Branch Prediction

This branch prediction is an independentbranch predictor,
not a part of the Icache. There are many different types of
global branch prediction; Processor 500 uses the global
branch prediction which has the highest branch correct
prediction ratio. The prediction entries are indexed by an
exclusive OR of the PC and the branch shift register, which
is referred to as global sharing branch prediction. This global
branch prediction has the branch correct prediction at
89.24%; the prediction improves as more branchhistory bits
are used in the prediction. A single shift register records the
direction taken/non-taken by the most recent n conditional
branches. Since the branchhistory is global to all branches,
global branch prediction takes advantage of two types of
patterns, the direction taken by the current branch may
depend strongly on the other recent branches, and the
duplicating the behavior of local branch prediction (patterns
of branches in loops). For Processor 500, since the highest
priority of the two branchtargets is taken branch, the global
shift register includes both the conditional and unconditional
branches.In a few cases, the non-taken conditional branches
may not include in the global shift register. To match the
oumberof entries in the Icache, the global branch prediction
needs to have 2048 entries with 2 targets per entry. It is
organized with 256 rows of 8-wayassociative. Eightbits are
used to index the branch prediction table. The PC uses bit
11:4 for indexing the branch prediction table.

Processor 500’s Combined Branch Prediction

Combining the Bimodal and Global branch predictions
should give a better correct prediction ratio. A predictor
counter is used to select which branch predictor is better for
each individual branch instruction. This technique should
give a higher correct prediction ratio than the above two
prediction techniques; the prediction ratio can be shown to
be 89.93%. The same saturated counter is used for the

predictor counter: if the bimodalpredictor is correct and the
global predictor is incorrect then increase the counter until
saturated; if the global predictor is correct and the bimodal
predictor is incorrect then decrease the counter until satu-
rated; else no change in the predictor counter. The most
significant bit of the predictor counter is used for selecting
the branch predictor. ICNXTBLKis implemented with the
bimodal counter and the predictor counter. ICNXTBLKhas
2 targets per instruction line, where each target consists of
the following:
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12 bils—successor index, need 11:4 [or global table
index, 11:0 for icache.

3 bits—for 8-way associative.
4 bits—byte position of the branch instruction within the

current line.
2 bits—bimodal counter

2 bits—predictor counter

1 bit—valid target
The table for global branch predictor also has 2 targets per

entry, where each entry consists of a 2-bit global counter.
The bimodal and predictor counters must be able to update
the count on every cycle. The least significant bit of the
counters is dual ported. If the count is 10, predicted taken,
the new countis 11. If the count is 01, predicted non-taken,
the new countis 00. Only on branch mis-prediction does the
most significant bit of the counters change state.

The successor index, way, and byte position are shared
between the bimodal and global counters. The predictor
counter selects between the bimodal and global counters.
The combination of the counters is to predict branch instruc-
tions as taken/non-taken. In most cases, the shared target is
sufficient for the two branch predictors. The branch may
have twodifferent targets depended on twodifferent patterns
of branch instructions.In this case, the global predictor may
desire to have its own target. It would be very expensive in
layout area to have 4 targets per 16 bytes of instruction. A
diagram of ICNXTBLKis shown as FIG. 13.

Implementation of Global Branch Tag for Recovery

As discussed above, the global branch predictor needs a
table with 256 rows, 8-way associative, and 2 targets per
line. A shift register of 8 bits is needed for indexing. The
global branch predictor shift register must be able to back
track to the previous conditional branch which is mis-
predicted. As each conditional branch is predicted, the
direction of the branch is shifted into the shift register from
right to left, 1 for taken and 0 for non-taken. The shift
register needs a total of 24 bits and each of the bit beyond
the 8 indexing bits needs to have a tag. The tag has 4 bits to
indicate the conditional branch position in the shift register.
FIROBhas6 lines of 4 instructions and the pipeline from
fetch to dispatch can hold another 3 lines of 4 instructions
for a total of 36 instructions. The average length of X86
instruction is 3 bytes, thus (36 instructionx3 bytes) 108 bytes
are equivalent to 6.75lines from the Icache. Each Icacheline
of instructions can have up to 2 branch targets, which is 14
branch instructions in the pipeline. The extra 16 bits in the
shift register is sufficient to handle all branches in the
pipeline. The shift register needs to keep track of all branch
instructions. All the branch tags and the taken/non-takenbits
are shifted in the shift register. The shift register tag (branch
tag) is routed with the branch instruction to the functional
units and FIROB. Asthe branch instruction is mis-predicted
the branch tag is used to retreat the old 8 bits in the shift
register to restore the shift register with new direction for the
mis-predicted branch instruction.

Even though it is unlikely that the number of branch
instructions in the pipeline exceeds 16, a mechanism is
needed to detect the overflow of the global shift register. An
extra valid bit is sct for cach branch in the global shift
register. As the branch instruction is retired, the branch tag
is returned to the global shift register to clear all the tail valid
bits from the branch tag. As the global shift register is
shifted, if the valid bit at the tail of the shift registeris set,
then the pipeline must stall for the branch instruction to
retire from the FIROB.
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In the global shift register, beside the taken/non-taken
bits, the branch predictor count, the bimodal count, the
global count, the valid bit, and the branch target number
should be kept in the same global shift register which will be
restored for updating of the counters and the branch target
numberin case of branch mis-prediction. ‘Whe counters are 6
bits, the valid is 1 bit, the branch target numberis 1 bit, the
taken/non-takenis 1 bit, and the branch tagis 4 bits; the total
bits in the shift register is 13. The branch target number is
to update one of the two branchtargets in the ICNX'TBLK.
Since the ICNXTBLK can keep only two branch targets,
someofthe branch instructions maynot be detected and may
not get a branch tag from the global shift register. If the
mis-prediction wasnot in the branch prediction, a new entry
should be sctup. The counters will be restored and
incremented/decremented before sending to the holding
register for updating the mis-predicted block. The return
stack in the ICFPC should also restore from mis-prediction.

The global shift register is set and shifted in the second
ICLKas the branch prediction is determined. In later pipe-
line stages, the unconditional jump,call, and return instruc-
tions can be detected and changethe direction of the fetched
instruction. In this case, the global shift register must be
restored. A new branch tag is setup for the unconditional
jump,call, and return instructions. The only branch instruc-
tions without branch tags are the conditional branch instruc-
tion which are not recorded in the ICNXTBLK. The ICFPC

must keep track of the branch instructions in the first 4
pipeline stages for recovery of the global shift register.

All the branches must be detected in pre-decoding and
kept in the ICNX'TBLK unless there are more than two
branches. If the branch is mis-predicted and not detected in
the prediction then there are more than two branchesin the
same line with the mis-predicted branch. On Processor 500,
there are two branch targets, if the branch mis-prediction
matches one of the target, then the mis-prediction will
update the sametarget. If the branch mis-prediction was not
in the ICNXTBLK,then one of the two branch targets must
be selected to be replaced. Information is needed with each
of the line PC, the associated branch information from
dispatchingis:

Taken/non-taken (1/0) for the two branch targets of the
current line PC.

Current way selection of the line PC.
Taken/non-taken prediction with each branchinstruction.
Global shift register branch tag with each branch instruc-

tion.

Valid branch tag indication with each instruction.
Non-taken is assumed for the invalid branch targets in the

ICNXTBLK.Branchtarget bits and wayselect are sent with
the PC to the FIROB. The FIROB returns the two branch

target bits upon mis-prediction for replacement algorithm of
the branch targets in the ICNXTBLK.Thefirst priority for
replacing the branchtargets is non-taken.If both bits are set
for the line of the mis-predicted branch, then random
replacement based ontheleast significant bit of the address
is used. For branch mis-prediction, the following informa-
tion are returned from the FIROB:

Current branch wayselect.
Valid branch tag indication.
Branchtag.
Current branch index.

Taken/non-taken branch target bits of the line PC.
New branch target address.
A diagram of the global branch predictor is shown as FIG.

14.
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Branch-Holding Register for Updating Branch
Targets

Some processors use the successor index instead of the
full address to limit the size of the array, the selected way for
the successor index is known after the branch target is
fetched from the Icache. Updating the ICNXTBLK with
successor index and selected way required dual-port RAM.
With two targets per line of instructions, the current dual-
port RAM cells implementation of the ICNX'TBLK would
make the ICNXTBLKarray larger than the ICSTOREarray.
There are two cases of updating the branch targets: during
pre-decoding of taken branch instruction and branch mis-
prediction. On Processor 500, an extra branch holding
register for branch mis-prediction and pre-decoding branch
instruction will be implemented.‘The branch holdingregister
should always be compared to the PC address and forward
the data instead of reading from the ICNXTBLK. When the
next branch mis-prediction occurs, the FIROB sends the
logical address PC. The successor index, the way select, and
branch predictor counts are latched inside the ICNXTBLK
to write into the array at a later convenient time. Since the
way prediction array is dual-ported, it should be updated
immediately instead of keeping in the branch holding reg-
ister. The branch holding register will update the last mis-
predicted branch target to the ICNXTBLK as the ICFPC
takes one cycle to calculate the new linear address from the
logical address. Another condition to write the branch hold-
ing register into the ICNXTBLK array is when external
fetch is started. With the branch holding register, the
ICNXTBLKarray can be single-ported which is less than
half the size of the dual-ported array. The branch holding
register includes the branch address which is used for
comparison and forwarding of data, the successor index, the
update branch predictor count after reading of the new target
line. The branch address register resides in the ICFPC for
comparison to the current fetch PC.If the mis-prediction is
a RETURNinstruction, onlythe target selection of the way
prediction should be updated.

The branch predictor counters are kept in the global shift
register. If the mis-prediction returns a valid branch tag, then
the counters increase or decrease before latching in the
branch holding register. If the mis-prediction does not have
a valid branch tag, then the bimodal counter is used with 10.
The global shift register should restore the proper branch
pattern and the return stack should remove the cancelled
CALL/RETURNinstructions.

WAY PREDICTION

Since the evaluation of the branch prediction takes two
cycles which would create a bubble in the pipeline, the
way-prediction is implemented for faster prediction. The
wayprediction predicts one of the 8-way associative will be
hit, and uses the ICNXTBLK for the next fetch PC. The
way-prediction is validated in the next cycle with the
TAGHIT and the actual branch prediction. If the way is
mis-predicted, a correct way will be selected for the 8-way
latches in the ICPDAT and a new line will be fetched

creating a bubble in the pipeline. Since the tag compare is
not completed until the next clock cycle, the scanning logic
should be done in parallel with the tag compare for optimal
timing of fetching instruction. The scanning logic is imple-
mented on all 8 ways pre-decade data and the outputs are
sclected by TAGHIT. With the way prediction, a single
pre-decode data can be selected for scanning logic thus
reducing the logic to one-eighth. The ICPDAT must imple-
menta sct of latches to keep the output data; in case of way
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mis-prediction, the correct data will be used for scanning
logic in the next cycle. The branch prediction in the ICNXT-
BLK should be resolved in parallel with TAGHIT for the
correct next line fetch in the third cycle. The instructions
from the ICS'TOREare not needed for aligning until the next
clock cycle which will be selected by TAGHIT. The way
select from branch prediction should be used to select the
way instead of the way prediction. From branch prediction,
there is no tag comparator for the upper addressbits.

The way-predicting has 3 bits to mux the successor index
and branch prediction from ICNXTBLK for accessing the
Icache in the next cycle. Depending the current fetch PC’s
position, the way prediction can use one of the two branch
targets or none for sequential. In order to access the next PC
within a cycle, a target selection of 2 bits is needed. The
target selection can also includethe return stack option. The
program for the target selectionis:

00—sequential,
01—first branch target,
10—second branchtarget,
11—teturn stack.

The way prediction should provide the byte position of
the return instruction so that the ICPDAT can invalidate all

followed instructions. For speed, another 4 bits are needed
to indicate the byte position pointer for the instruction after
the taken branch instruction for ICPDAT. The ICPDAT can

decode andinvalidate the pre-decode data directly from this
4-bit branch pointer. If the 4-bit branch pointeris all zeros,
no invalidation of the pre-decode data is needed.

The way prediction includes dual ported RAM cells
because the information must be updated while reading data,
the initial value for the way prediction should be the same
as the current PC’s set. The way prediction is not known for
updating until the next clock cycles or until the early
decoding of the return instruction. For convenience, a hold-
ing way register is used for updating of the way prediction
in the fifth ICLK.

Clock Latch 1 Latch 2 Latch3 Latch 4 Latch 5 PCO

1 PCO _ _ _ — read

2 Pcl PCO _ _ branch pred3 PCc2 PC1 PCO _ — return inst.
4 PC3 PC2 PC1 PCO — decoding
5 PC4 PC3 PC2 PC1 PCO update way

pred
Clock Latch 1 Latch 2 Latch 3 Latch 4 Latch 5 PCO

1 PCO _ _ — read
2 PC1 PCO —_— —_— — way. mis-pred3 PC2 —_ PCO —_ —_return inst.
4 PCc3 PCc2 —_— PCO — decoding
5 PCc4 PC3 PC2 —_— PCO update way

pred

The way mis-prediction canbe at twolevels,the first level
is the wrong predicted way and the secondlevelis the wrong
selected target. Way mis-prediction is from comparing the
predicted way to the tag compares, a mis-prediction would
have re-fetched the correct instruction line and a new fetch

address as shownin case 1 of FIG. 15. If the way prediction
is correct, the next level is the target sclection mis-
prediction, the recovery mechanism is shown in case 2 of
FIG. 15. The return stack prediction is not known until
ICLK4 to correct the fetch done in ICLK2, other target
predictions are compared to the branch prediction in ICLK2
and re-fetch the next address in ICT.K3 as shownin case 3
of FIG. 15.
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ICNXTBLK ORGANIZATION

The ICNXTBLK consists of 2048 lines of 2 branch

targets, each target consist of 24 bits:

12 bits—successor index, need 11:4 for global table
index, 11:0 for icache.

3 bits—for 8-way associative.

4 bits—byte position.
2 bits—bimodal counter.

2 bits—predictor counter.
1 bit—validtarget.

The least significant bits of the bimodal and predictor
counters are dual ported for writing back the increment
count aftcr reading. For speculative prediction, the most
significant bit of the counter should not change. The new
value of the bimodal and predictor counters are speculative;
if there is a branch mis-prediction, the corrected counters
will be written from the branch holding register.

The ICNXTBLK also includes 2048 lines for way pre-
diction which are dual ported:

3 Way-prediction bits.
2 Target-selection bits.
4 Taken branch byte-position bits.

The global branch prediction includes 2048lines of 2 global
counters which is organized as 256 rows for 8-way asso-
ciative. The least significant bit of the global counter is dual
ported for reading and writing the speculative prediction in
the next cycle.

The ICNXTBLKis organized as 4 sets of 64 rows by 256
columns, 2 sets of 64 rows by 196 columns including some
dual-ported columns, 1 set of 64 rows by 128 dual-ported
column, 1 set of 64 rows by96 dual-ported columns, 1 set
of 64 rows by 64 dual-ported columns, and 1 set of global
counter array. Each ofthe first two sets consist of 2x4 bits
of successor index. The next twosets consists of 2x4 bits of

successor index and 2x4 bits of the byte position. The next
two sets consists of 2x2 bits bimodal counter, 2x2 bits
predictor counter, and 2x3 bits 8-way associative, the least
significant bits of the counters are dual-port. The next set
consists of 4 bits of way branch byte pointer. The last two
sets consist of the 3 bits way-prediction and 2 bits target
selection which are dual-ported RAM cells. The least sig-
nificant bits of the counters are dual ported to be updated on
every cycle. To minimize routing and implementation of the
branch holding register, the same associated bits of the two
branch targets should be laid out in two sets opposite each
other. The branch successor index is selected by the way and
target prediction to access the ICACHEin nextclock cycle.
Because of this speed-path in way prediction for reading the
Icache in the next cycle, the array for ICNXTBLKis 64 rows
instead of 128 rows as for the ICSTOREarray. For optimal
performance the layout of the column should be 32 RAM
cells, pre-charge, 32 RAM cells, write buffer and senamp.
The row decoder should be in the middle ofthe array to drive
96 or 112 column each way. Basically, the pre-charge and
the row decoder should be crossed in the middleofthe array.
The self-time column is used to generate internal clock for
each set of the array. Pre-charge is gated by ICLK. The
ICNXTBLKhas two different outputs; the first output in the
first cycle is based on the way-prediction, and the second
output in the second cycle is based on TAGHIT.If the two
outputs do not select the sameset or are not both non-taken,
the reading of instruction in the sccond cycle will be
invalidated, creating a bubble in the pipeline. The second
output should be gated with TAGHIT and ICLK to be valid
in the second cycle.
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The branch holding register may be built into the ICNXT-
BLKarray. This meansthat the bits of the two targets must
be alternated in the array to access the branch holding
register. The array may be skewed to accommodate the bits
into a single array. ‘The global branch counter is also
implemented as the array in ICNXTBLK.Theshift register
and the branch tag for mis-prediction recovery are also
implemented next to the array.

The BIST uses 55 TAECcells for reading and writing the
arrays. See the section on BIST and ATPG. A diagram of
ICNXTBLK layout is shown as FIG. 16.

Signal List

INADD(11:3)—Input from ICFPC indicates the address of
instruction to access the array. Bits 11:5 are for the row
decoder, bit 4 is for columnselect, bit 3 is for special
register read/write to each target. This index should be
delayed by 3 cycles to write data for the way prediction
bits. This index should be latched into the branch holding
register.

ICNVRD—Input from ICCNTL to read branch prediction
array.

ICNWR—Input from ICCNTL to write branch prediction.
This signal is asserted during pre-decoding, the END-
LINE and not PDTAKENcause the branch holding reg-
ister to be written into the array.

ICBCWR—Input from ICCNTL to write bimodal counter
bits. The index is 2 cycle delay from INADD.

ICPSWR—Input from ICCNTL to write predictor counter
bits. The index is 2 cycle delay from INADD.

ICGCWR—Input from ICCNTL to write global counter
bits. The index is 2 cycle delay from INADD.

ICWWR—Inputfrom ICCNTLto write way predictionbits.
The index is 3 cycle delay from INADD.

INVBHREG—Input from FIROB to invalidate the branch
holding register. The branch mis-prediction is speculative,
an early branch can be mis-predicted at a later time.

WRBITREG—Inputfrom ICCNTLto write the branch hold-
ing register with information from the global shift register
or from ICPRED.

WRBHREG1—Input from ICCNTL to write the branch
holding register with the way and successor index from
accessing the array with information from the global shift
register or from ICPRED. Thissignal is 1 cycle later than
WRBHREG.

SRNRD—Input from ICCN'IL to read branch prediction for
special register.

SRNWR—Input from ICCNTL to write branch prediction
for special register.

ICSRBB(28:0)—I/O from SRB indicatesthe special register
address for the array or data transferring to/from the SRB.
Bits 23:0 are the branch target, bit 28:26 is the way-
selected prediction, and bit 26:24 is way-target prediction.
The array requires bit 3 of the address to read the whole
line.

SETSEL(7:0)—Input from ICFPC indicates which set to
read, no tag compare is needed.

TAGCHK—Inputfrom ICCNTLto indicates the valid set is
from TAGHIT or SETSEL.

TAGHIT(7:0)—Input from ICTAGVindicates which setis
sclected to read brancharray.

GETNEWL—Input from ICPRED indicates that pre-
decoding has reached the end of the line or encountered
a taken branch instruction, a new line of instructions is
neededin the next cycle. Use to start with thefirst target
and increase to second target as a branch instruction is
detected.
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ENDLINE—Input from ICPRED indicates that pre-
decoding has reached the end ofthe line or encountered
a taken branch instruction, the pre-decode data should be
written into the array.

ENDINS|T—Input from ICPRED indicates that pre-
decoding is completed for the current instruction. The
pre-decode bits should be set at this time. This signal
should also be sent along with ENDLINEforpartially
decode instruction. The byte position of the branch
instruction is from STARTPTR.

PDJMP—Input from ICPREDindicates the current instruc-
tion is a branch instruction. The branch holding register
should be sctup until pre-decoding of the whole linc is
completed. If there is a taken branch instruction, the new
branch holding register must wait for BWAY and not
update the ICNXTBLK until the next opportunity. The
ICNXTBLKshould send BTAGI to the decode unit.

PDTAKEN—Input from ICPRED indicates the current
instruction is taken branch (the taken branchtarget can be
calculated). The predictor counter in the branch holding
register should be setup until pre-decoding of the whole
line is completed. The successor index and way associa-
tive will be sent to the ICPRED by ICFPC. The ICNXT-
BLK should send BTAKEN1(0) to decode unit.

GSRSHIFT(3:0)—Input from ICFPC indicates restoring the
global shift register from mis-prediction of the RETURN
instruction in decode.

MINDEX(14:0)—Input from ICFPC indicates new succes-
sor index from branch mis-prediction or new pre-decode
taken branch instruction to latch into branch holding
register.

MBTAG(3:0)—Input from ICFPCindicates the branchtag
from branch mis-prediction to restore the global shift
register, counters, byte position, and target number for
updating the ICNXTBLK. The target number indicates
which branch target to update. The byte position should
not change for branch mis-prediction.

BWAY(2:0)—Input from ICI'PC indicates new way asso-
ciative from taken branch mis-prediction or new pre-
decode taken branch instruction to latch into branch

holding register and for way prediction. This signal is one
cycle later than PDINDEX, MINDEX, or MBTAG.
BWAYis accessing the next line.

BTAR(1:0)—Output to ICNXTBLK indicates the target of
the current line for way prediction. This signal is three
cycle after the current line access.

WAYBPTR(3:0)—Output to ICPDAT indicates the byte
position of the branch taken pointer of way prediciton. For
reading,this pointer is decodedinto 16 bits to zero-outall
bytes after the pointer for scanning logic.
All the branch prediction signals to the decode units need

to mux in the pre-decode branch information and
STARTPTR as the first branch target. The branch target
address is from the ICFPC as ICPC1 or ICPC2.

BPMSB(1:0)—Internal, indicates taken branch from the
msb of the bimodal count of the two targets.

GPMSB(1:0)—Internal, indicates branch taken from the
msb of the global count of the twotargets.

PSMSB(1:0)—Internal, from the msb of the predictor count
of the two targets, 1 indicates using the bimodal predictor,
0 indicates using the global predictor.

PTAKEN(1:0)—Internal, indicates if the branch targets are
predicted taken. This signal is the multiplex of the above
three signals.

STARTPTR(3:0)—Input from ICFPC indicates the start
byte position of the instruction, the position of the branch
targct must be greater than the start byte. This byte pointer
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is latched into the branch holding register for pre-decode
taken branch instruction and written into the array for
pre-decode non-taken branch instruction.

ICBCOL1(3:0)—Internal and output to decode units, indi-
cates the column of the first branch target in the

ICNX'TBLKfor thelines of instructions being fetched.‘This
signal must be greater or equal to STARTPTR.This signal
qualifies the BTAG1 in the decode units.

ICBCOL2(3:0)—Internal and output to decode units, indi-
cates the column of the second branch target in the
ICNXTBLK for the lines of instructions being fetched.
This signal must be greater or equal to STARTPTR.This
signal qualifies the BTAG2 in the decode units.

BVAL1—Internal and output to decode units to qualify
BTAGI, indicates the first branch target is greater or equal
to STARTPTR.

BVAL2—Internal and output to decode units to qualify
BTAG2, indicates the second branch target is greater or
equal to STARTPTR.

BTAKEN1(1:0)—Output to decode units and ICFPC indi-
cates a predicted taken branch instruction from PTAKEN,
BVALI. Bit 0 is the last line and bit 1 is newline.

BTAKEN2(1:0)—Output to decode units and ICFPC indi-
cates a predicted taken branch instruction from PTAKEN,
BVAL2.Bit 0 is the last line and bit 1 is new line.

SINDEX(14:0)—Outputindicates the successor index from
branch prediction, selected by PTAKEN, BVAL1, and
BVAL2.

BTAG1(3:0)—Output indicates the position of the first
target branch instruction with respect to the global shift
register in case of branch mis-prediction.

BTAG2(3:0)—Output indicates the position of the second
target branch instruction with respect to the global shift
register in case of branch mis-prediction.

BTAGIN(3:0)—Output indicates the position of the first
target branch instruction for a new line with respect to the
global shift register in case of branch mis-prediction.

BTAG2N(3:0)—Outputindicates the position of the second
target branch instruction for a new line with respect to the
global shift register in case of branch mis-prediction.

ICPWAY(2:0)—Internal to select the index from waypre-
diction. The branch prediction and targets are used in the
ICNXTBLKto access the next line. This signal selects
one of the eight way of successor indexes to [CFPC. The
ICFPC needs to compare this signal against TAGHITto
validate the way prediction.

ICPTAR(1:0)—Output to ICEPC indicates which branch
target to use to access the cache in the next cycle.
00—scqucential, 01—return stack, 10—first branch target,
and 11—second branchtarget. Bit 0 selects one of the two
successor indexes before the way prediction. The ICFPC
needs to compare this signal against the actual taken/non-
taken branch prediction. For return stack, the decode unit
should detect the return instruction.

WINDEX(14:0)—Output to ICFPC indicates the successor
index from wayprediction.

DISPBRN1(1:0)}—Input from ICALIGNindicates the first
predicted branch instruction dispatched to a decode unit.
This signal is the OR of ICXBRNBL1. Bit 0 is for the first
8-byte and bit 1 is for the second 8-byte of the line if
NEWLINE(1)is set for the second 8-byte.

DISPBRN2(1:0)—Input from ICALIGN indicates the scc-
ond predicted branch instruction dispatched to decode
unit. This signal is the OR of ICxBRNB2. Bit 0 is for the
first 8-byte and bit 1 is for the sccond 8-byte of the linc
if NEWLINE(1)is set for the second 8-byte.

BSTRD—Input from TAP indicates to read the array and
compare to set the result.
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BSTWR—Input from TAP indicates to write the array from
input registers.

BSTDIN—Input from TAP indicates the test pattern to the
input registers. The input can be from the TDI pin or
normal burn-in patterns.

FLUSHON—Input from TAP indicates flushing register
mode, the result latch should use BSTDINinstead of the
compare input for flushing the result registers.

BSTSHF1—Input from TAP indicates shifting of the master
latch of registers.

BSTSHEF2—Input from TAP indicates shifting of the slave
latch of registers.

BSTFALSE—Input from TAP indicates to invert the test
pattern.

PORTSEL—Input from TAP indicates to select the second
dual port.

BSTNBOUT—Output to ICTAGVindicates the result of the
data chain.

ICFPC

For continuous instruction addresses, the Icache would be
required to request for that IAD bus send the address to the
MMUforre-translation before going external. Moving the
instruction address latch and incrementor to the ABI block,
the instruction address by default can be on the external
address bus which can increase the performance of the
DRAM access in burst mode. With this change, continuous
instruction address request would be relatively simple since
the Icache can make a request directly to the BIU without
any handshaking for address. With a taken branch, the
instruction address latch in ABI will be invalidated, and a
new address must be sent to the MMU. The instruction

address latch must have a detection for the page-boundary
overflow (NAND gates for the lower bits of the address).

This block contains the current fetch PCs to each array,
the PC incrementor for sequential access, and the branch
holding address register of mis-predicted block for updating
of the ICNXTBLK.The branch holding address register is
always be compared to the PC to forward the branch data
instead of reading from the ICNXTBLK. The ICFPC should
keep track of the PCsfor all instructions from fetching until
all the instructions are valid and all the possible branch
instructions are resolved and issued to the decode units.

Status bits are needed to indicate the branch targets and
return instruction prediction. The ICPDAT provides the
information of each valid 8-byte sending to ICALIGN and
the ICALIGN provides the information as an instruction
starting on a new 8-byte block is dispatched to the decode
unit. The instruction must be validated by proper start and
end bits, and the RETURNand unconditional jump instruc-
tions are detected. These are the possible cases:

1. Invalid instruction must be pre-decoded again:

Clock Latch 1 Latch 2 Operation of PCO

1 PCO _ read
2 PC1 PCO invalid instruction
3 PC2 — restart

2. Branch prediction is not the same as way prediction:

Clock Latch 1 Latch 2 Operation of PCO

1 PCO _ read
2 PC1 PCO mis-predict
3 PC2 _— restart
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-continued

3. Invalid long instruction (more than two 8-byte blocks)
must be pre-decoded again:

Clock Latch 1 Latch 2 Latch 3 Operation of PCO

1 PCD — — read

2 PC1 Pco —_— long instruction3 PC2 PC1 PCO invalid instruction
4 PCO —_— —_— restart

4. RETURNbranch is mis-predicted in early decoding
(compare to way prediction)

Clock—Latch 1 Latch 2 Latch 3 Latch 4 Operation of PCO
1 PCO _— —_ _— read
2 PCI PCO —_ —_ scan & mux

3 PC2 Pcl PCO PCO early decode4 PC3 PC2 PC1 PCO RET mis
5 PCO _ _ _ restart

A timing diagram for updating of ICNXTBLKfrom way
misprediction is shown as FIG. 17.

Linear/Logic Address Calculation
The ICACHEuses linear address while the decode units

use logical addresses. The cade segmentregister is included
in the ICFPC. The translation is cither for 16-bit addressing
or 32-bit addressing, and either real or protected mode. The
code segment register includes:

Segment selector (15:00)
Base Address 15:00, Segment Limit 15:00

Base Address 31:24, Control, Limit 19:16, Control, Type,
Base Address 23:16

The Icache is accessed by using linear address while
execution of branch instruction uses logical address. On
Processor 500, these functions should be donein the ICFPC:
calculating the linear address for a newfetch PC, checking
for code segment limits, and calculating the logical PC
address for dispatching new instructions to IDECODE.

For a mis-predicted branch, the Icache needs to write the
branch holding register into the ICNXTBLKbefore access-
ing the cache with a new fetch PC. The linear address can be
calculated in the Icache without any penalty in performance.
The functional unit should send new logical address PC to
the Icache directly.

Since Processor 500 does not have a BYTEQ, 4 X86
instructions are scanned and dispatched directly to decode
units; the PC of dispatched instructions is known for each
clock cycle. The code segment limits checking should be
done in the ICFPC and a violation status can be sent with the

instruction to the decode unit. The ICFPC should keep both
the logical and linear PC addresses for the 4 pipeline stages
from fetching to muxing ofinstructions to decodeunils, the
logical address is sent to the decode unit without any
calculation.

Return Stack

The RETURNinstruction should be detected in early
decoding and fetch the next PC from return stack (the
RETURNinstruction will not be in the ICNXTBLK). It
should be individually decoded in the early decode units.
Similarly, the CALL instruction should also be detected in
the early decode units to update the return stack. The CALL
instruction pushes PC of the next instruction onta the stack
which is the concatenation of the line PC and the ICPOSx

(3:0). The return stack is a last-in-first-out (LIFO) stack. The
return stack is implemented with a pointer to the top of the
stack, and the pointer increases as a new cntry is allocated
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for the CALL instruction. When the return stack is full, the
stack is shifted down by one for the new CALLinstruction,
and the pointer should beat top of the stack. In another case,
when both the call and return instructions of the same entry
in the return stack are retired, the entry can be removed by
shifting all entries down byoneandthe pointer decreases by
one. The return stack must be recovered from branch mis-

prediction. The mis-predicted RETURNinstruction is dif-
ficult to handle, there are three possible cases. In the
application program, the RETURN instruction can be fake
which causes the return stack to be forever mis-predicted,
the subroutine changes the return target in the stack pointer
before executing the RETURNinstruction, and the subrou-
tine uses JMP instruction instead of RETURNinstruction.

For simplicity, the mis-predicted RETURNinstruction will
causc the return stack to be invalidated. Another condition

for invalidating the return stack is from the CMASTER
invalidating the Icache. For RETURNinstruction after the
mis-predicted branch instruction, the return stack should be
able to recover. The current return stack is cight buffers, cach
buffer contains the call branch tag from the global shift
register when the CALLinstruction is dispatched, the return
PC, the return branch tag, the call valid bit, the return valid
bit, and the retired call valid bit. The best way to understand
the recovery procedure is by the exampleof this sequence of
instructions:

Jump1, Ret2 C, Call3 D, Jump4,
Ret5 D, Call6 E, Call7 F, Ret8 F,
Ret9 E, Retl0 B, Calll1 G.

 

 

 
 

Beginning return PCs in the return stack: C, B, A.
Return PC Call Tag Return Tag CV RV RCV

c 0 _ 0 0
B 0 _ 0 1

0 _ 0 1
The return stack at Jump4instruction:
Return PC Call Tag Return Tag CV RV RCV

D 3 _ 0 0
c 0 2 1 0
B 0 _ 0 1
A 0 — 0 1

The return stack at Call7 F instruction:
Return PC Call Tag Return Tag CV RV RCV

F 7 —_ 0 0
E 6 —_ 0 0
D 3 5 1 0
c 0 2 1 0
B 0 —_ 0 1
A 0 —_ 0 1

The return stack at the end of the sequence:
Return PC Call Tag Return Tag CV RV RCV

G 11 _ 0 0
F 7 8 1 0
E 6 9 1 0
D 3 5 1 0
c 0 2 1 0
B 0 10 1 1
A 0 _ 0 1

 
If Jump1 is mis-predicted, then Tag 1 is used for recovery.

The Call Tag in the recovery stack should be less than Tag
1 and Return Tag should be greater than Tag 1 for valid in
the return stack. Entries G, F, E, and D should invalidate all
valid bits. Entries C and B should reset the return valid bits.

If Jump4 is mis-predicted, then Tag 4 is used for recovery.
Entries G, F, and E should invalidate all valid bits. Entries
B and D shouldreset the return valid bits. There is no change
for entry C.

If Call3 D is mis-predicted, then Tag 3 is used for
recovery. Entrics G, F, and E should invalidate all valid bits.
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Entries D, C, and B should reset the return valid bits. A new
return PC is latched for entry D.

If Call7 I’ is mis-predicted, then Tag 7 is used for
recovery. Entry G should invalidate all valid bits. Entries E
and F should reset the return valid bits. A new return PC is

latched for entry F.

If Call 11 G is mis-predicted, then Tag 11 is used for
recovery. A new return PC is latched for entry G.

Any mis-predicted return instruction invalidates all valid
bits in the return stack. The call instruction should retire

before the return instruction in the same entry. As the return
instruction is retired the entry can be eliminated from the
return stack andall the entries can be shifted down by one.

‘The INTand IRETare similar to the CALL and RETURN

instructions. The return stack needs to keep the PC and
statuses for the INT and IRET. It is more often that the

interrupt routine is from asynchronous interrupt and trap.
The IRET executes without the previous INT. To avoid
invalidating the cntire rcturn stack on mis-predicted IRET,
two morestatus bits are needed. The IXC bit indicates that

the entry is from INT or CALL instruction. The IRET pops
only the top entry with IXC bit set, and the RETURN pops
only the top entry with [XC bit reset. The ISTART bit
indicates the starting point for INT routine. In the case of a
mis-prediction on the IRET instruction, entries with ISTART
bit set will be purged. The entries before the INT should not
be affected by the mis-prediction from the interrupt routine.
A diagram of the return stack set up is shown as FIG.18.

ICFPC ORGANIZATION

The possible sources for index of ICSTOREare:

Incrementor of sequential address.
Refresh of current index.

Refresh the previous index because of confused instruc-
tion in decode.

Successor index of taken branch from way predictor of
ICNXTBLK.

Return instruction target from way predictor of ICNXT-
BLK.

Corrected index of taken branch trom branchprediction
of ICNXTBLK.

Predicted taken branch from ICPRED.

Branch mis-prediction or Read-after-Write dependency
flush from FIROB.

Special register reading/writing.
Build-In Self-Test counter.

The possible sources for index of ICTAGVare:
Incrementor of sequential address.
Refresh of current index.

Refresh the previous index because of confused instruc-
tion in decode.

Next block address to check the cache during pre-
fetching.

Successor index of taken branch from way predictor of
ICNXTBLK.

Return instruction target from way predictor of ICNXT-
BLK.

Corrected index of taken branch from branch prediction
of ICNXTBLK.

Branch mis-prediction or Read-after-Write dependency
flush from FIROB.

Predicted taken branch from ICPRED.

CMASTER new mapping for current tag miss.
Special register reading/writing.
Build-In Self-Test counter.
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The possible sources for index of ICPDATare:
Incrementor of sequential address for reading (same as

ICSTORE).
Refresh of current index.

Refresh the previous index because of confused instruc-
tion in decode.

Delay of sequential address for writing of pre-decode
data.

Successor index of taken branch from way predictor of
ICNXTBLK.

Return instruction target from way predictor of ICNXT-
BLK.

Corrected index of taken branch from branch prediction
of ICNXTBLK.

Branch mis-prediction or Read-after-Write dependency
flush from FIROB.

Predicted taken branch from ICPRED.

Special register reading/writing.
Build-In Self-Test counter.

The possible sources for index of ICNXTBLKare:
Incrementor of sequential address.
Refresh of current index.

Refresh the previous index because of confused instruc-
tion in decode.

Delay of sequential address for writing of pre-decode
data.

Successor index of taken branch from waypredictor of
ICNXTBLK.

Return instruction target from way predictor of ICNXT-
BLK.

Corrected index of taken branch from branch prediction
of ICNXTBLK.

Branch mis-prediction or Read-after-Write dependency
flush from FIROB.

Predicted taken branch from ICPRED.

Branch holding addressregister.
Special register reading/writing.
Build-In Self-Test counter.

The ICI‘PC block also includes the code segmentregister,
the PC incrementor address, the branch holding address
register and comparator, and the subtractor for calculation of
logical address. The code segment register includes the base
for logical address calculation and the limit for segment
violation. The PC incrementor has two parts: the index
incrementor and the tag-address incrementor; the tag-
address incrementor is used only whenthe index incremen-
tor is overflowed. It is much faster to break up the PC
incrementor into two parts.

ICI'PC should keep track of all the way selection in all the
arrays. From reading the array, the predicted way and the
TAGHITs should match, and the HIT way should be kept
with the PC and branch tags. For writing the array, the
selected way is from the CMASTER’s pseudo random way
replacement algorithm or from the branch mis-prediction.
For the special register read/write, the selected way is from
the SRB.

An 11-bit counter is implemented in this block for BIST,
the counter fakes counting down by exclusive-orthe output.
See the section on BIST and ATPG.

Signallist
REFRESH2—Input from Idecode indicates current line

of instructions will be refreshed and not accept new
instructions from Icache.

NEWLINE(1:0)—Input from ICPDAT indicatesthe first
(bit 0) or the second (bit 1) 8-byte is the starting of a
new line. The byte positions of instructions sending to
the decode units should be adjusted accordingly.
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HLDISP(1:0)—Input from ICALIGN indicates the first
(bit 0) and/or the second (bit 1) 8-byte of the current
line has been dispatched to decode units.

NEWBLK—Input from ICCNTL to read new sequential
block.

NXTBLK—Input from ICCNTL to check next sequential
block during pre-fetching.

INVPTR(3:0)—Input from ICPDAT indicates the start
pointer of the invalid instruction which needs to be
pre-decoded.

INVINST—Input from ICPDAT indicates the invalid
instruction which needs to be pre-decoded.

ICPTAR(1:0)—Input from ICNXTBLKindicates which
branch target to use to access the cache in the next
cycle. 00—sequential, 01—return stack, 10—first
branch target, and 11—sccond branch target. Bit 0
selects one of the two successor indexes before the way
prediction. The ICFPC needs to compare this signal
against the actual taken/non-taken branch prediction.

WINDEX(14:0)—Input trom ICNXTBLKindicates the
successor index from wayprediction.

RETPC(31:0)—Internal indicates the PC address from
the top of the return stack for fast way prediction.

CALLDEC(3:0)—Input from ICALIGN indicates the
CALLinstruction is detected, the return stack should be
updated with the PC addressofinstruction after CALL.
The line must be taken.

NORETB—Inputfrom ICALIGNindicates no RETURN
instruction is detected for the current line. This signal
responds to RETPRED. The ICFPC should use the
branch prediction of BTAKEN to fetch the next line.

RETDEC(3:0)—Input from ICALIGN indicates a
RETURNinstruction is detected for the way prediction
to update if no RETURNwaspredicted. The [CFPC
needs to keep track of the branch instructions for 4 lines
and restores the global shift register in case of mis-
predicting the RETURNinstruction in Idecode.

BTAKEN1(1:0)—Input from ICNXTBLK indicates a
predicted taken branch instruction from PTAKEN,
BVAL1. Bit 0 is the last line and bit 1 is new line.

SINDEX should be used for accessing the arrays.
BTAKEN2(1:0)—Input from ICNXTBLK indicates a

predicted taken branch instruction from PTAKEN,
BVAL2. Bit 0 is the last line and bit 1 is new line.

SINDEX should be used for accessing the arrays.
SINDEX(11:0)—Input from ICNXTBLK indicates the

correct successor index from branch prediction,
selected by PTAKEN, BVAL1, and BVAL2.

PDJMP—Input from ICPRED indicates the current
instruction is a branch instruction. The branch holding
register should be setup until pre-decoding of the whole
line is completed. If there is a taken branchinstruction,
the new branch holding register must wait for MWAY
and not update the ICNXTBLK until the next oppor-
tunity.

PDTAKEN—Input from ICPRED indicates the current
instruction is taken branch (the taken branch target can
be calculated). The predictor counter in the branch
holding register should be setup until pre-decoding of
the whole line is completed. The successor index and
way associative will be sent to the ICNXTBLK by
ICFPC.,The next index for the array is from PTARGET

PDRETB—Input from ICPRED indicates the current
instruction is RETURNinstruction. The [CFPC should

use the return branch address for fetching the next linc.
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PTARGET(31:0)—Input from ICPRED indicates the
branch target for current branch instruction. The suc-
cessor indexis latched until pre-decoding of the whole
line is completed. If the branch is taken, the way
calculation is done in [CFPC andlatched until branch

mis-predictions or external fetch is started.
ICMBWR—Input from ICCNTL indicates starting of

external fetch, the branch holding register should be
written into the ICNXTBLK in the next cycle. The
array index is from BINDEX.

BRNMISP—Input from FIROB indicates a branch mis-
prediction. The Icache changes its state machine to
access a new PCand clears all pending instructions.
This signal is one cycle ahead ofthe transferring of the
new target. The branch holding register should be
written into the ICNXTBLKarray in next cycle. The
array index is from BINDEX.

LINDEX(11:0)—Internal from branch holding register
indicates the previous branchto be written into ICNXT-
BLK.

UPDFPC—Input from FIROB indicate that a new Fetch
PC has beendetected. This signal accompanies the FPC
for the Icache to begin access the cache arrays.

FPC(31:0)—Input from FIROBasthe new PCfor branch
correction path.

BPC(11:0)—Input from FIROB indicates the PC index
and byte-pointer of the branch instruction which has
been mis-predicted for updating the ICNXTBLK. This
index must be compared to the array index for exact
recovery of the global shift register.

BRNTAKEN—Input from FIROB indicate the mis-
predicted branchstatus. This signal must be gated with
UPDFPC.

BRNTAG(3:0)—Input from FIROB indicates the branch
tag in the global shift register to restore the previous
branch prediction information and the branch index
address. The mis-predicted will be latched into the
branch holding register. The branch index of the branch
holding register is implemented in the ICFPC.

BINDEX(11:0)—Internal, indicates the previous branch
index, the branch indexesare address by the branch tag
with similar implementation as the global shift register
in the ICNXTBLK.

FPCTYP—Input for FIROB indicates the type of address
that is being passed to the Icache.

L2_IC_INV(1:0)—Input from CMASTERto clear the
LV bits.

LS_CS_WR—Input from LSSECto write the new code
segment from SRBB. Twocycles are needed.

MVICAR—Output to ICCNTL indicates move to/from
special register instruction is for Icache array. The
ICCNTLsteals one cycle from normal operation.

SRRDXWR—Outputto ICCNTL indicates move to/from
special register instruction is read or write.

SRB_VAL—lInput from SRB indicates a special register
instruction is on the SRBB.

ICTAR_VAL—Output to SRB indicates completion of
the special register instruction, for read the data is on
the SRBB.

SRBB(B1:0)—I/O from SRB indicates the special register
address for the indexing the arrays, passing to ICSRBB,
and to access the code segmentregister.

ICSRBB(G1:0)—1/O passing from SRBB for internal
access to the arrays. A numberof bits will pass to the
ICCNTL for decoding whicharray.
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L2_JC_ALIAS—Input from CMASTERindicates the
instruction is in the Icache with different mapping. The
CMASTERprovides the way associative, new super-
visor bit, and new tag, address. The LV will besetin this
case. All arrays will be read from MCOL except for
ICTAGVwhich will write in the new tag.

PFREPLCOL(2:0)—Input from CMASTERindicates the
way associative for writing of the ICTAGV.

PREDEN—Input from ICCNTL to enable the pre-
decoding of instruction.

GETNEWL—Input from ICPRED indicates that pre-
decoding has reached the endofthe line or encountered
a taken branchinstruction, a new line of instructionsis
needed in the next cycle. This signal controls the index
for ICSTORE and ICTAGV.

ENDLINE—Input from ICPRED indicates that pre-
decoding has completed for the last instruction of the
line (if the instruction crosses over to the next line, this
instruction should complete in pre-decoding) or
encountered a taken branchinstruction, the pre-decode
data should be written into the array. This signal
controls the index for ICPDAT and ICNXTBLK.

ENDINST—Input from ICPRED indicates that pre-
decoding is completed for the current instruction. The
pre-decode bits should be set at this time. The ICFPC
uses this signal and PENDB to generate a new
STARTPTR.

PDJMP—Input from ICPRED indicates the current
instruction is a branch instruction. The branch holding
register should be setup until pre-decoding of the whole
line is completed.

If there is a taken branch instruction, the new branch
holding register must wait for BWAY and not update the
ICNXTBLK until the next opportunity.

PDTAKEN—Input from ICPRED indicates the current
instruction is taken branch (the taken branch target can
be calculated). The predictor counter in the branch
holding register should be setup until pre-decoding of
the whole line is completed. The successor index and
way associative will be sent to the ICPRED by ICFPC.

DISPBRN1(1:0)—Input from ICFPC indicates the first
predicted branch instruction dispatched to decode unit.
This signal is the OR of ICXBRNBL. Bit 0 is for the first
8-byte and bit 1 is for the second 8-byte of the line if
NEWLINE(1) is set for the second 8-byte.

DISPBRN2(1:0)—Input from ICFPC indicates the sec-
ond predicted branch instruction dispatched to decode
unit. This signal is the OR of ICkKBRNB2.Bit 0 is for
the first 8-byte and bit 1 is for the second 8-byte of the
line if NEWLINE(1) is set for the second 8-byte.

STARTPTR(3:0)—Output indicates the starting byte
position for pre-decoding of the instruction in the
TB(127:0).

ISADD(11:2)—Output to ICSTOREindicates the address
of instruction to access the array. Bits 11:5 are for the
row decoder, bits 4:2 are for column select. For normal
operation, bits 11:4 is used to read/write 16-byte only.
For special register operation, bits 11:2 is used to
read/write 4-byte.

IPADD(11:2)—Input from ICFPC indicates the address
of instruction to access the array. Bits 11:6 are for the
rowdecoder, bits 5:2 arc for columnsclect. For normal
operation, bits 11:4 is used to read/write 16-byte only.
For special register operation, bits 11:2 is used to
read/write 4-byte.
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ITADD(11:4)—Output to ICTAGVindicates the address
of instruction to access the array. Bits 11:5 are for the
row decoder, bit 4 is for columnselect.

IVADD(11:4)}—Output to ICTAGVindicates the address
of instruction to access the LV array. Bits 11:5 are for
the row decoder, bit 4 is for column sclect.

INADD(11:3)—Input from ICFPC indicates the address
of instruction to access the array. Bits 11:5 are for the
row decoder, bit 4 is for column select. This index
should be delayed by 3 cycles to write data for the way
prediction bits.

SETSEL(7:0}—Output to arrays indicates which set to
read, no tag compare is needed.

BWAY(2:0)—Output to ICNXTBLKindicates the way
associative for the current taken branch instruction for

the branch holding register and way prediction.
BTAR(1:0}—Output to ICNXTBLK indicates the target

of the current line for way prediction. This signal is
three cycles after the current line access.

ICL.IMIT(19:0)—Output to decode units indicates the
limit of the code segment register for segment viola-
tion.

ICPC1TAR—Output to Idecode indicates is ICPC1 a
branch target of a previous instruction which is a
predicted taken branch instruction.

ICPC2TAR—Output to Idecode indicates is ICPC2 a
branch target of a previous instruction which is a
predicted taken branch instruction.

ICPC1(31:0)—Outputto Idecode Output to Idecode indi-
cates the current line PC ofthe first instruction in the 4

issued instructions to pass along with the instruction to
FIROB.

ICPC2(31:0)—Output to Idecode indicates the current
line PC of a second instruction whichcross the 16-byte
boundaryor branchtarget in the 4 issued instructions to
pass along with the instruction to FIROB.

RLETPRED—Output to Idecode indicates the current pre-
diction of the return instruction of the fetched line. The
return instruction must be detected in the current line of
instruction or the Icache must be re-fetched from a new
line.

BSTRUN—Input from TAP indicates to start the BIST.

BSTRD—Input from TAP indicates to read the array and
compare to set the result.

BSTWR—Input from TAP indicates to write the array
from input registers.

BSTRST—Input from TAP indicates to reset the counter.

BSTINCR—Input from TAP indicates to increment the
counter.

UPDOWN—Input from TAP indicates counting up or
down.

BSTAMSB—Output to TAP indicates maximum count
for dual port arrays.

MAXADDR—Output to TAP indicates maximum index
counter.

ICPRED

This block pre-decodes the instructions as they come in
from the external memoryor from the Icacheif the start/end
bits are confused. On Processor 500, the ICPRED is con-
nected to the IB(127:0) to read the instructions from either
pre-fctch buffer or Icache. For externally fetched instruction,
the ICPRED starts from the fetched byte position. The
ICPREDlatches the instructions in the second ICLK as they
arc sent to the decode units. If the start/end bits are confused,
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then the ICPDAT sends the byte position of the invalid
instruction to the ICPRED for pre-decoding. All pre-decode
data before the confused instruction should remain in the

ICPDATarray. The pre-decoding stops on two conditions: a
taken branch is detected or valid start byte is detected after
the end byte from pre-decoding; this condition should be
detected in the ICPDAT. The ICPRED pre-decodes one
instruction per two clock cycles plus an extra clock cycle for
prefix. The pre-decode information includesthe start-byte,
end-byte, function-byte, and the branch prediction informa-
tion. The difference in pre-decode of instructions are:

Fast-path instructions should have any numberofprefix
except for string prefixes which is an MROMinstruction.
Oneextra clock cycle in the pipeline is needed for instruc-
tions with more than four prefixes.

A few instructions use two dispatched positions. The SIB
instruction also needs two dispatched positions. Any double-
dispatched instructions with SIB will go to MROM.

The first functional bit, if set, indicates fast-path
instruction, else it is MROM instruction. The Processor 500
instruction set includes:

PUSH
POP

CALL/RETURNnear
LEA

JUMPce/unconditional

8/32-bit operations
MOVEreg/reg reg/mem
ALU operations reg/memreg/reg (excluding the RCR and

RCL instructions).
Decode for CALL, INT, and Unconditional JUMPto set

the predictor and the bimodal counters to the saturated value
in the ICNXTBLK.The branch target information is kept in
the branch holding register for future updating. The ICPRED
calculates the target address for the Unconditional Jump if
possible. Otherwise, fetching is stalled until the target
address is calculated in decoding or executing. ICFPC must
have an adder and ICPRED mustsendthe offset to calculate

the target address.
The RETURNand IRETinstructions are pre-decoded to

access the return stack and set the wayprediction array.
Decode for Conditional JUMPis needed to keep it in the

ICNX'TBLKand for global branch prediction. If the target
address of the conditional JUMP (and LOOP) can be cal-
culated and the branch jumps backward,then it is predicted
taken. Since backward branch is mostly taken and the adder
is available to calculate the target address, the conditional
branch should be predicted taken. The taken branches have
the higherpriority to occupy the branch targets. Conditional
branch has higher priority to occupy two branchtargets in
the ICNXTBLK than CALL or Unconditional JUMP with

8-bit displacement linear address. The decoding for all
branches are needed to set the global shift register. If the
target address is a simple calculation, the decode units
should calculate the target address and jump to new block.

The encoding of the functional bits for fast-path instruc-
tion are as follows:

Byte number 01234 Type

Start bit 1000 MROM,noprefix
Func bit 0111 opcodeisat first byte.
Start bit 1900 MROM,oneprefix
Funcbit 0011 opcode is at second byte
Start bit 19000 MROM,three prefixes
Funcbit 00001 opcode is at fourth byte
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-continued

Byte number 01234 Type

Start bit 1000 Fast path, no prefix
Funcbit 1000 opcode is at first byte
Start bit 1000 Fast path, one prefix
Funcbit 1100 opcode is at second byte
Start bit 1on00 Fast path, three prefix
Funcbit 11110 opcode is at fourth byte

Along with the start bit, if the functional bit is 0, the
instruction is MROM,if the functional bit is 1, the instruc-
tion is fast path. ‘The encoding for the functional bits of
MROMinstruction is inverted that of the fast path instruc-
tion. If the first functional bit is 0, all functional bits is
inverted before qualifying with the valid bits for prefix and
opcode decoding.In addition, the functional bits should also
be set for SIB-byte and for the immediate field. The detec-
tion of the SIB-byte instruction is necessary to generate
2-dispatch positions instruction.

The ICPRED controls the reading of the next sequential
line from ICSTORE to IB(127:0) and writing of the pre-
decode data into the ICPDAT and ICNXTBLK. GETNEWL

is used to read the next sequential block from ICSTORE,and
ENDLINEand ENDINSTare used to write pre-decode data
into the ICPDAT and ICNXTBLK.If the split-line instruc-
tion (instruction started at the endof thefirst line and end in
the nextline) is also a predicted taken branch, then ICCNTL
and ICPREDshould provide control to write predecode data
into the ICPDAT array in an extra cycle. ICPRED provides
the start and end pointers as completion of pre-decoding of
each instruction along with ENDINST. The functional bits
are kept in ICPRED until completion of the line. ICPRED
must continuouslylatch the new line from IB(127:0) in case
of confused instruction, all functional bits should be cleared
before pre-decoding.

The pre-decode instruction should be sent directly to
decode unit 0. The instruction has to go through early
decoding before dispatching to the decode unit. During
pre-decodingall the controls of sending the correct instruc-
tion from IB(127:0) to IB1(191:0) should be directly from
ICPRED. The ICPRED controls the muxing between the 2
buses and the ICALIGN uses PDSHF(4:0) to read the
instruction from the 8-byte of IB1 for the valid opcode,
MODR\M,andSIB bytes.

Upon detection of MROM instruction, the ICPDAT
muxes the STARTP'TR(3:0) to the MROM for reading of
instruction from IB(127:0). The ICPRED mustcontinue to
decode instructions and fill up the bus IB1(191:0) of up to
4 instructions per 8-byte block. The ICALIGN keeps
PDSHF(4:0) in ICnVAL(7:0) of each 8-byte block. Similar
to ICPDAT, the information from the next stage in
ICALIGN and MROMpipeline should be conveyed to this
block. The pre-decodingis stalled if ICALIGN or MROMis
full.

ICPRED ORGANIZATION
The ICPRED includes three blocks: one block

(ICPREFIX) decodes the prefix, one block (ICDECINS)
decodesthe instruction, and one block (ICPREINS)sets up
the pre-decode data. The ICPREFIX decodesup to 4 prefix
bytes per clock cycle. The ICPREFIX is similarto the prefix
decoding in the ICALIGN,and the same logic should be
used. The ICPREFIX should combined the prefixes for
dispatching to decode unit; this is to avoid an extra cycle if
there are more than 4 prefixes. The ICDECINS accepts
prefix status and 3 instruction bytes, the opcode, the
MODRM,and the SIB. In the first cycle, no prefix is
assumed. If prefix is detected in the ICPREFIX, the
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ICDECINSwill restart the decoding of instruction with new
prefix status and 3 newinstruction bytes. If more prefixes are
detected in subsequent cycle, the ICDECINS will restart
with new information. After the decoding, the pre-decode
information will be sent to the decode unit 0 and the latch in

the ICPDAT,the ICALIGN will dispatch the instruction and
pre-decode data to the first decode unit. The byte pointer
moves to the next instruction and the procedure continues
until the whole line is completed. The writing of the ICP-
DAT will be done when the whole line is decoded. The

ICDECINSalso decodes for branch instructions and sets up
the two targets in the ICNXTBLK. The ICDECINS sends
control to ICFPC for calculating the simple taken branch
addresses: PC+displacement. The ICPRED includes local
latches of 8 bytes for instruction which can wrap around to
the next line. For instructions which are longer than 15
bytes, an exception is asserted to ICCNTLand decodeunits.
Thelist of Processor 500 fast path instructions can be found
below. The outputs of the ICPREFIX and ICDECINSare fed
to ICPREINS for analyzing and setting up the pre-decode
data. A diagram showing the ICPRED set up is shown as
FIG. 19.

Signal List

IB(127:0)—Input from ICSTOREindicates the line of
instructions [rom the array or pre-fetch buffer for
pre-decoding. A latch should be implemented for
unaligned instructions. Data only changes on valid
GETNEWLand PBVAL.

STARTPTR(3:0)—Input from ICFPC indicatesthe start-
ing byte position for pre-decoding of the instruction in
the IB(127:0).

CS32X16—Input from LSSEC indicates operand and
address size from the D bit of the segment descriptor of
the code segmentregister. If set, 32-bit, if clear, 16-bit.

PREDEN—Input from ICCNTL to enable the pre-
decoding of instruction.

PBVAL—Input from ICSTORE indicates a valid line of
instruction from external fetch. If GETNEWLis high,
the pre-fetch buffer will put a valid line of instruction
on the IB(127:0) in early next cycle. ICPRED should
use both PBVAL and GETNEWLtoreadvalid instruc-

tion byte on IB.

GETNEWL—Output indicates that pre-decoding has
reached the end of the line or encountered a taken

branch instruction, a new line of instructions is needed
in the next cycle. This signal is also asserted at the
beginning of PREDEN.

ENDLINE—Outputindicates that pre-decoding has com-
pleted for the last instructionof the line (if the instruc-
tion crosses overto the nextline, this instruction should
complete in pre-decoding) or encountered a taken
branch instruction, the pre-decode data should be writ-
ten into the array.

ENDINST—Output indicates that pre-decoding is com-
pleted for the current instruction. The pre-decode bils
should be set at this time. This signal should also be
sent along with ENDLINEforpartially decode instruc-
tion.

PENDIB(4:0)—Output to ICPDATindicates the end byte
position of the current instruction. The end bit is set and
latched until pre-decoding of the whole line is com-
pleted. Bit 4 indicates if the end bit is on the next line.

PLFUNCB(15:0)—Output to ICPDATindicates the fune-
tional bits of current line of instructions. ICPDAT uses

ENDLINEto OR these bits previous pre-decode data
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and write into the array. The ICPRED mustkeep all the
functionalbits forall the pre-decoded instruction in the
line.

PDMROM—Output to ICDPAT and ICALIGNindicates
the current instruction is MROM. The MROMinstruc-

tion may take two cycles to read the PENDB and
PFUNCB.

PIFUNCB(2:0)—Output to ICALIGNindicates the func-
tional bits for current instruction. Only three bytes
(opcode, MODRM,and SIB) are needed for early
decode of the instruction. The prefixes are encoded into
one single byte to the decode unit 0.

PDVAL(10:0)—Output to ICALIGN indicates the valid
bytes for pre-decode instruction to decode unit 0. This
signal is to validate the bytes in decode. The maximum
length of the instruction is 11 bytes.

PDSHF(5:0)—Output to ICALIGN indicates which bytes
to mux to early decoding. The opcode byte must always
be in thefirst 8-byte of IB1(191:0). The ICPRED must
put the currentline into the IB1(191:0) for muxing. The
upper 2 bits to select which 8-byte block, the ICALIGN
can accumulate the pre-decode instructions while wait-
ing for the MROMinstructions.

PDS8BSEL(5:0)—Output to ICALIGN controls the muxes
from IB(127:0) to IB1(191:0). Bit 5:3 is for the upper
8-byte IB(127:64) and bit 2:0 is for the lower 8-byte
IB(63:0). 001 is for muxing to the first 8-byte IB1
(63:0), 010 is for muxing to the second 8-byte, and 100
is for muxing to the third &-byte.

PDPREF(7:0)—Output to ICALIGN and then to decode
unit 0 or MROMindicates the encoded prefix byte.

PDJMP—Output indicates the current instruction is a
branch instruction. The branch holding register should
be setup until pre-decoding of the whole line is com-
pleted. If there is a taken branch instruction, the new
branch holding register must wait for MWAY and not
update the ICNXTBLK until the next opportunity.

PDTAKEN—Output indicates the current instruction is
taken branch (the taken branch target can be
calculated). ‘he predictor counter in the branch holding
register should be setup until pre-decoding of the whole
line is completed. The successor index and way asso-
ciative will be sent to the ICNXTBLK by ICFPC.

PDRETB—Output to ICFPC indicates the current
instruction is RETURNinstruction. The ICFPC should

use the return branch address for fetching the next line.

INST_LEGAL—Output to ICCNTL indicates the cur-
rent instruction is a legal X86 instruction, this signal
should be qualified with ENDINST to indicate illegal
instruction to the decode unit.

INST_2LONG—Output to ICCNTL indicates the cur-
rent instruction is more than 15 bytes, this signal should
be qualified with ENDINSTto indicate long instruction
to the decode unit.

PTARGET(31:0)—Output to ICFPC indicates the branch
target for current branch instruction. The successor
index is latched until pre-decoding of the wholeline is
completed. If the branch is taken, the way calculation
is done in ICFPC and latched until branch mis-

predictions or external fetch is started.
ICALIGN

An extra pipeline stage is added on Processor 500 for
early decoding of prefixes and generating two dispatched
positions for a few instructions. To gain another half clock
cycle for carly decoding and dispatching of instructions to
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the decode units, the operand, flag, and un-conditional jump
instruction (including CALL and RETURN) decoding can
be done in early decoding. The unconditional branch instruc-
tion should bethe last instruction in the line which should be

compared to the branch information in the ICFPC. If the
unconditional branch instruction was not recorded in the

branch global shift register, then the ICFPC re-fetches from
the target of the unconditional branch and corrects the
branch tags in the branch global shift register. The CALL
and RETURNinstructions are necessary for setting the
return stack. The operands andflags are sent directly to the
register file and FIROB for accessing the data. The operation
of this block takes 2.5 clock cycles which includes
prioritizing, aligning, decoding, and muxing of instructions
to decode units.

Alignment of Instructions to Dispatched Positions
Instructions are sent as 8-byte blocks from the ICPDAT to

the ICALIGN, and they are prioritized to 4 dispatched
positions for early decoding and muxing to the 4 decode
units. FIG. 20 of the 4 pipeline stages is shownfor reference.
Timing of fetching instructions to the decode units is as
followed:

Cycle 1—Fetch from the array, the ICPDAT starts the
scanning, and the ICTAGVstarts the tag comparison.
IB(127:0) is muxed to IB1(191:0) for aligning to 4
dispatched positions.

Cycle 2—Complete the scanning of each individual
8-byte and align 7 bytes for each instruction to the early
decoding.

Cycle 3—Multiplex the instructions to 4 early-decoding
units (the scanning logic can send up to 8 instructions)
and decode up to 5 prefixes and opcode for 2-dispatch
positions instruction, and decode for the register
operands, flags, CAL.I_/RETURNinstructions.

Cycle 4—Miultiplex the instructions to 4 decoding units,
the prefix is the combined prefix and the instructions
from IB2(191:0). The decode unit start the operand and
flag decoding.

The operation in the scanning cycle:
If the scanning logic can dispatch all of first and second

8-bytes, it fetches another 16-bytes from the array.
If the first 8-bytes cannot be dispatched, the dispatched

instructions of the second 8-bytes in the ICALIGN are
invalidated. The pre-decode bits of the first 8-byte is
updated. The reading from the array is voided.

If the first 8-bytes can be dispatched, and the second
8-bytes cannot be dispatched, then the pre-decodebits of the
second 8-bytes are updated. The sccond 8-bytes are shifted
to the first 8-bytes, and a new 8-bytes are fetched into the
second 8-bytes.

Signals from the next stages can indicate the numberof
8-bytes to send. Each 8-byte block consists of the following
information:

Numberofvalid instructions.

The valid bits for each instruction, the valid bits can
continue to the next 8-byte blocks.

The functionalbits for each instruction, the functional bits
can continue to the next 8-byte blocks.

The operation in prioritizing and aligning:
Fourinstructions are selected from IB1(191:0) to send to

carly decoding. Each instructions can have up to 7 bytes for
decoding, 4 prefix bytes, 1 opcode, 1 MODRM,and 1 SIB.

In the 8-byte block where the third instruction is started,
this 8-bytc block should be kept until the next clock cycle.
The appropriate HOLD signals are generated to ICPDATfor
accepting the next 8-byte blocks. If the first two instructions
require 2 dispatched positions cach, then the third instruc-
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tion must wait until the next clock cycle. The decode
information is not available until the fourth ICLK. The third
instruction must remain in the IB1 latch until the first two

instructions are decoded. Except for the SIB-byte instruction
with early indication by the functional bit, the opcode must
be decoded for few other instructions. The information from

decodingis too late to stop the scanning cycle from sending
the next 8-bytes. MROM instruction should move to dis-
patch position 0 and wait for the micro-instructions from
MENG. MROMinstruction remains in the first 8-byte block
of I[B2 until completion of MROM instruction.

If the prefixes count for any instruction in the first 8-byte
is greater than 4, ICALIGN canonly accept another 8-bytc.
The detection logic is an AND gate of 6 valid functionalbits.

Invalidate the dispatched instructions in ICALIGN.
FIG. 21 shows exemplary hardware in a block diagram
format for aligning of instructions from Icache to Idecode.

Early Decoding
The early decoding functions of this block includes:
Combineall prefixes into one byte.
Detect a few special instructions and send into two

dispatched positions in the same line which will be dis-
patched to decode units.

Decode the unconditional jump instruction to generate
taken branch address for the next fetch PC which should be

from wayand branch prediction. The CALL and RETURN
are used to update the return stack.

Verify the predicted taken branch instruction.
Speculatively decode for register operands and flags, and

generate the operand size information.
Generate displacementsize to read the displacement and

immediate fields from the bus to the decode units.

Adiagram showing exemplary hardware for early decoding
of prefixes and opcodes is shown as FIG.22.

The dispatched instructions from the ICPDAT are in two
8-byte blocks and arrange into three 8-byte blocks for
aligning. The ICALIGN mustselectthe first 4 instructions to
muxthe instruction bytes to early decoding units. Lach early
decoding unit receives 7 bytes of instructions for the pos-
sibility of 4 prefix bytes, 1 opcode byte, 1 MODRM byte,
and 1 SIB byte. Two conditions that can be detected early
and fed back to the ICPDAT for accepting the next blocks of
instructions are: the SIB-byte instruction, and the instruction
with more than 4 prefixes. The other conditions for instruc-
tions with 2 dispatched positions take longer to detect. The
pre-decoded functional bits provide useful information. In
early decoding, the valid bits for the struction should be
used to qualify the valid bytes of the instructions. Refer to
a previous section for encoding of the functional bit. For the
first byte, indicated by thestart bit, if the functionalbit is 0,
the instruction is MROM,if the functional bit is 1, the
instruction is fast path. The encoding for the functional bits
of MROMinstruction is inverted that of the fast path
instruction. If the first functional bit is 0, all functional bits
are inverted before qualifying with the valid bits for prefix
and opcode decoding. MROMinstructions are handled in
the MROMblock. Detection of MROM is passed through
the early decode unit and hold for micro-instructions from
MROM.In addition, the functional bits should also be set for
SIB-byte. The SIB-byte instruction takes two dispatched
positions. ICALIGN needs to look at 2 bytes after the
opcode byte for SIB-byte setting of the functional bit. The
opcode byte can be detected the setting of the functionalbits
from the start bit. The logic can be as shown in FIG.23.

Prefix Decoding
In early decode, 4 prefix decoding units are used for each

prefix byte. All the prefixes are combined into a single
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encoded prefix for decode units. For each slart bil, the
ICALIGNlogic looksat up to 7 functionalbits at a time. The
start and end bits are used to validate and qualify the
functional bits for shifting and decoding of the instruction
bytes. Decoding tor the prefixes are as followed:

Prefix Encoded Prefix

0000 0000 ~—CNoo prefix
Ox0F IxXxxX XXXX 2-byte escape
Ox66 xlxx xxxx operand size override, 16 or 32-bit data
Ox67 xxix xxxx address size override, 16 or 32-bit addr
OxFO xxxl xxxx LOCKprefix
0x2E xxxx 1000 CS segment override
0x36 xxxx 1001 SS segment override
0x3E xxxx 1010 DS segmentoverride
0x26 xxxx 1100—_ES segmentoverride
0x64 xxxx 1101 “FS segment override
0x65 xxxx 1110=GS segment override

Another function of early decoding is to detect instruc-
tions which have more than 4 prefix bytes. The instruction
will not be dispatched in the next cycle. For more than 4
prefix bytes, an extra clock cycle is needed, after decoding
the first 4 prefixes the instruction is shifted by 4 bytes and
to decode the prefixes and opcode again. The extra prefixes
will override the previous encoding of the same prefix. The
percentage of 5 or more prefixes is less than 0.01% for one
bench mark andless than 0.00% in all other bench marks.

Some notes on the prefix assumptions:
2-byte escape must be before the opcode. Multiple 2-byte

escape prefixes cause illegal opcode exception. Segment
override changes the default segmentusedfor an instruction.
Last prefix is used when multiple segment prefixes are
present. Instruction that does not reference a segment
ignores segmentprefixes.

Operand size toggles the operand size between 16 and 32.
When the operand size is 8, the operand size prefix is
ignored. Multiple operandsize prefixes do the sameas single
operand size prefix.

Address size toggles the address size between 16 and 32.
Stack access of some instructions and instruction without

address calculation are not affected by address size prefix.
Multiple address size prefixes do the same as single address
size prefix.

A lock prefix is only allowed on certain instructions.
When notapplicable, lock prefixes cause an illegal opcode
exception. Some instructions (i.e. EXCH) cause locked
accesses by default without the lock prefix. Multiple lock
prefixes do the same as single lock prefix.

Repeatfor string instructions, repeat prefixes are ignored
when not applicable.

Double-Dispatch Decoding,
Besides the SIB instruction which requires two dispatch

positions, few other instructions must go through decoding.
The same opcode are sent to two decode units with an
encoded field for indication of the first or second dispatch
position. The list of 2-dispatch position instructions are:
PUSH, POP, RETURN, CALL, MUL, IMUL, LOOP, JCXZ,
JECXZ, and LEAVE.The aboveinstructions have either two
destination registers, or two load/store operations, or more
than two input operands (not counting the immediate and
displacement). The aboveinstructions with SIB should go to
MROM.PUSH from memory and POP to memory instruc-
tions can becomeregisterif the MODficldis 11. In this casc,
the PUSH from memory should take only one dispatch
position, and the POP to memory should take 2 dispatch
positions instcad of going to MROM.



5,854,921
63

opcode 2-dispatch positions

oo0o00c0000 Single instruction
OXXXXXXXKX First rop of the 2-dispatch

positions instruction
IXXKXXXXKK Second rop of the 2-dispatch

positions instruction
OxFF /6 X1xxxxxxxx PUSH from memory
0x58 XX1XXXXXKX POPinto registerOx1F POPinto DS
Ox07 POPinto ES
Ox17 POPinto SS
OxOF Al POPinto FS
OxOF A9 POP into GS
OxF7 /4 XXX] XXXXKX MULinstruction - word/dword
Oxk7 /5 XXX] XXXXKX IMULinstruction - word/dword
OxC9 XXXX1XXXXX LEAVE
OxED XXXXX1XXxx LOOPwith ZF = 0
OxE1 LOOPwith ZF = 1
OxE2 LOOP
OxE3 XXXXXXIXXX JCXZ & JECXZ
OxE8 XXXXXXKIXX CALLnear, displacementrelative
OxFF /2 CALL near, register indirectrelative
OxC3 XXEXXXKX1x RETURNnear
OxC2 RETURNnear, immediate
FUNCbit set X&xxxxxxxx] SIB-byte instruction

Handling of Branch Instructions
For unconditional branch instructions, the branch is

always taken, and the fetching should stall until the target
address is known. There are three types of unconditional
branch instructions, CALLANT, RETURN/IRET, and
unconditional jump. These branch instructions should be
predicted taken. Processor 500 should implement a return
stack, and as the CALL and TNTinstructions are in decode,
the next instruction PC will be written into the return stack
for future reference. The RETURN and IRETinstructions

will get the target address from the return stack, it is not
necessary to keep the RETURN and IRETinstructions in the
ICNXTBLK. The target address calculation for non-
conditional jump requires an adder to speculatively add the
PC to displacement which is done in the ICFPC. The
important features of the return stack are discussed in detail
in ICFPC.

JUMP 1110 10x1 PC = PC + imm
JUMP EA PC = CS:imm
JUMP FF xx100xxx PC = 1/m32
JUMP FF xx101xxx PC = CS: [m16:32]
CALL E& PC = PC + imm
CALL FF xx010xxx PC = r/m32
CALL FF xx011xxx PG = CS: [m16:32]
CALL 98 PC = CS:imm
RETURN C2, C3, CA, CB PC = [return stack]
INT CC, CD, CE PC is from MENG
IRET cr PC = [return stack]

If the above instructions are not detected in the way and
branch prediction, Icache should re-fetch from the new
branch target. INT instruction is not in the ICNXTBLK,
detection of the TNT will stall until the MENG or FIROB

request a new PC. The CALLinstruction has the offset
matched with the branch taken offset in the ICFPC. The

RETURN and IRET are predicted by the way prediction.
The TCFPC keepsstatus bits for each line of instruction to
control the proper flow of instructions.

For conditional branch instructions, the ICNXTBLKis in
total control of the prediction. Only the taken branch is
recognized in the ICALIGN. Only one taken branch is
possible per instruction linc. The ICALIGN notifies the
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ICFPC to send the PC’s for each line dispatched to the
decode units. Only one taken branch is allowed per 4
instructions sent to the decode units. The branch target
address and the branch tag from the global shift register
should be routed along with any branch instruction (include
unconditional jump) to the FIROBin case of mis-prediction.

The ICFPC always sends the current PC to FIROB and
decode units. If there is an indication of the dispatching of
instruction from a new8-byte block, the next PC issent. If
the instruction of a new 8-byte block is to decode unit0, then
the next PC is sent as first PC, else the next PC is sent as
second PC. The PC is 32-bits which indicates the full
address of the instruction. The offset of the instructionis for
the next instruction.

MODRMand SIB Decoding,

With up to four instructions dispatched per clock cycle,
eight possible read operands must be checked for data
dependency. The FIROB checks for dependency againstall
previously dispatched instructions (up to 5 lines or 20
instructions) and within the current line. In the FIROB,the
number of comparators are 20 by 8 for the 6-bit register
operands. It is important to decode the register operands as
soon as possible. Flags are in the same category with the
operands which need early indication. Some of the X86
opcodes have implied references to registers and flags. The
register operands are from MODRMbyte. In early decoding,
the registers are speculatively decoded and sent to depen-
dency checking.In decode units, the direction and validation
of the registers are decodedto set the statuses in the FIROB
and control the issuing of operands to functional units.

The MODRMhas3 fields: REG, MOD, and R/M. The
REGfield is sent to the first operand and the R/M field is sent
to the second operand. The R/M is not a valid register
operand for the following MODfield:

16-bit addressing MOD= CO and R/M = 110, 16-bit
displacement

32-bit addressing MOD = (C0 and R/M = 100, SIB
MOD = 00 and R/M=101, 32-bit

displacement
SIB, 8-bit disp
SIB, 32-bit
displacement

MOD= 01 and R/M = 100,
MOD= 10 and R/M = 100,

For 32-bit address mode, the SIB byte is specified as
above. The instruction is dispatched in two issue positions.
Thefirst Rop is an add of the Base to Index with indication
to the FIROB ofinvalid result. The second Ropis the actual
instruction without the SIB byte, the second Rop generates
a dependency tag related to the first Rop. For the 16-bit
addressing mode, the MODRMalso indicates the base and
index which are equivalent to the SIB byte for 32-bit
addressing mode. The coding of MODRMisasfollows:

MOD= 0x, 10 R/M = 000 Base = BX Index = SI
MOD= Ox, 10 R/M = 001 Base = BX Index = DI
MOD= Ox, 10 R/M = 010 Base = BP Index = SI
MOD= Ox, 10 R/M = 011 Base = BP Index = DI

For MOD=11, the R/M field specifies the register based
on the width ficld and the data sizes. The width ficld is the

least significant bit of the opcode, if w=0, the data size is 8
bit, if w=1, the data size is 16 or 32 bits. The data size is from
Code Segmentregister with possible override from prefix.
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MOD R/M 8-bit 16-bit 32-bit

11 000 AL AX FAX
11 001 CL CX ECX
11 010 DL DX EDX
11011 BI. BX FBX
11 100 AH SP ESP
11 101 CH BP EBP
11 110 DH SI ESI
di 141 BH DI EDI

The displacement field is also decoded from the
MODRM:

MOD R/M displacement size displacement size

16-bit addressing 32-bit addressing
00 110 16-bit no displacement
00 101 no displacement 32-bit
O1 xxx 8-bit 8-bit
10 xxx 16-bit 32-bit 

Opcode Decoding for Operands and Flags
Besides register addresses from the MODRM byte the

instructions with implied register in the opcode should also
be decoded:

 
PUSH 0101 Onnn A, C, D, B, SE, BP, SI, DI R
POP 0101 innn A, C, D, B, SP, BP, SI, DI w
LEAVE 100 1001 EBP, ESP RW
ALU OP 00xx x100 AL RW

O00 COLO
ALU OP 00xx x101 AX, EAX RW

000 00x1

MUL-byte 1111 0110 AX wSHIFTD OF 1010 x101 CL R
ROT/SHF 101 001x CL R
INC 0100 Onnn A, C, D, B, SP, BP, SI, DI RW
DEC 0100 Innn A, C, D, B, SP, BP, SI, DI RW
BSWAP OF 1100 1nnn —A,C, D, B, SP, BP,SI, DI RW
CBW 001 1000 A RW
SAHF 001 1110 AH w
LAHF O01 1111 AH R
MOVE 010 000x A w
MOVE 010 O01x A R
MOVE 011 Onnn AL, CL, DL, BL, AH, CH, DH, W

BH
MOVE 011 Innn A, C, D, B, SP, BP, SI, DI w

 
The MUL and IMULinstructions should have the first

issue position with EAX destination and the second issue
position with EDX destination. The second Rop isthe actual
instruction since the first Rop can be the add for index and
base of the SIB-byte. For the stack operations, POP/PUSH/
CALL/RETURNinstructions, the ESP must be read and
written. The instruction is an add of ESP to the address size
on the immediate bus for the functional unit. The POP and

RETURNinstruction read the ESP in the first Rop and add
to the ESP in the second ROP. The RETURN with imme-

diate for adding to the ESP must be handled as two opera-
tions in the functional units. Opcode decoding is needed to
generate the ESP pointers for the instructions:

Ox8F POP into memory
0x58 POPinto registerOx1F POP into DS
0x07 POPinto ES
Ox17 POPinto SS
OxOF Al POPinto FS
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-continued

Ox0F A9 POPinto GS
Ox61 POPinto general registers
Ox9D POP into EFLAGS
OxFF PUSH from memory
0x50 PUSHfrom register
Ox6A PUSH from immediate byte
0x68 PUSH from immediate word/dword
Ox0E PUSH from CS
0x16 PUSH from SS
Ox1lE PUSH from DS
0x06 PUSII from ES
Ox0F AO PUSH from FS
OxDF A8& PUSH from GS
0x60 PUSHfrom general registersOx9C PUSH from EFLAGS
OxE8 CALLnear, displacement
OxFF /2 CALL near, register/memory indirect
OxC3 RETURNnear, ESP = ESP + %4
OxC2 /2 RETURNnear, ESP = ESP + % + imm16
OxC9 LEAVE, ESP = EBP + %4, EBP = [EBP]

A constant field is generated for the ESP calculation.
Depending on the addresssize, a constant of 2 or 4 is needed
for the above instructions. For JCXZ and JECXZ

instructions, a constant of 0 is needed for the zero detection.
For LOOP instructions, a constant of 1 is needed for
decrementing of the counter.

The decoding of the flags should be done in early decod-
ing. The status flag information is from the appendix on
FLAG CROSS-REFERENCE in the X86 manual. The

instructions must provide the reading and writing of the
status flags in the same manneras the operands. The flags are
set up in three groups:

CF-carry flag.
OF-overflow, SF-sig, ZF-zero, PF-parity, AF-auxiliary

carry, and DF-direction flags.
The rest of the control flags in the EFLAG register.
The first two flag groups have dependency checking in the

FIROBand forwarding in the reservation station. The sec-
ond group is implemented with three sub-groups, OF, DF,
and {SF, ZF, AF, and PF} (4F). The dependency checking of
the second group is similar to that of the operand, if the
dependencyis wide-to-narrow then it is okay for forward,if
the dependencyis narrow-to-wide then the instruction stalls
in decode unils until the dependency is removed. The last
flag group will stall the instruction in decode units if there
is any dependency. The decoding of the status flags is as
followed:

Instruction opcode read flags write flags

ADC, SBB 0001 x0xx CF CF, OF, 4F
0001 xx0x
8 000x xx01xxxx
8 0011 xx01xxxx

ALU OP 00xx x100 CF, OF, 4F
SHIFTD OF 1010 x101 CF, OF, 4F
RCL/RCR D 00xx xxOlxxxx CF CF, OF

C 000x xx01xxxx
ROL/ROR D 00xx xx00xxxx cr, OF

C 000x xx00xxxx
SHF D 00xx xx10xxxx CF, OF, 4F

D OOxx xx111xxx
C O00x xx10xxxx
C 000x xx111xxx

INC 0100 Oxxx CF, OF, 4F
DEC 0100 Ixxx CF, OF, 4F
LAHF 1001 1111 CF, OF, 4F
SAHF 1001 1110 CF, OF, 4F
CLC, SETC 1111 100x CF
CMC 1111 0101 CF CF
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-continued

Instruction opcode read flags write flags

CLD, SETD 1111 110x DF
CLI, SETI 1111 101x IF
SET OF 1001 O01x CF

OF 1001 011x CR, ZF
OF 1001 000x OF
OF 1001 1ixx OF, 4F
OF 1001 010x 4F
OF 1001 10xx 4F

JCCB 0111 001x cr
0111 O1ix CF, ZF
0111 000x OF
0111 11ixx OF, 4F
0111 010x 4F
0111 10xx 4F

JCCW OF 1000 O01x CF
OF 1000 O11x CF, ZF
OF 1000 O0Ox OF
OF 1000 1ixx OF, 4F
OF 1000 010x 4F
OF 1000 10xx 4F

BIT OF 1010 x011 CF
OF 1011 x011
OF 1011 101x

 
MROMRegister Operand Decoding
To not effect the MODRM decoding for Processor 500

fast path, the microcode uses the prefix for extending the
register field. The extendedregister field for microcode will
be concatenated with the MODRMregister field to address
the full 64 register file. For Processor 500 fast path
instruction, the extended register field is forced to zero. The
MODR\M,the displacement, and the immediate field can be
read from the global decoding registers. A diagram of the
MROMregister decoding is shown as FIG. 24.

Multiplexing of Instruction to Decode Units
The format of instructions dispatched to the decode unit

includes one encoded prefix byte, which may not be valid,
speculative register operands and flags, 2-dispatch position
control bits, 11-bit opcode, 3-bit constant, up to 4 bytes of
displacement, and 4 bytes of immediate field. During early
decode, the displacement size and field is determined and
read directly from the IB2(191:0) to the decode units. The
immediate field is speculative of 4 bytes after the displace-
mentfield. ‘lwo-dispatch position instructions cause shifting
of the next instructions to the next issue positions. If the
instruction at 0 takes 2 dispatch positions, then only instruc-
tion at 1 is allowed to take 2 dispatch positions. The controls
for reading of the displacement and immediate fields are
shifted according to the 2-dispatch position instruction. A
diagram showing the multiplexing of 2-dispatch position
instructions to the decode units is shown as FIG. 25.

The first four instructions from scanning can go through
early decoding. If a 2-dispatch position instruction is
detected, the followed instruction must be shifted to the next
decode unit or wait until the next cycle. If the 2-dispatch
position instruction is at the last decode unit, it also must
wait until the next cycle.

MENGshould provide the same format as with fast-path
instructions. Detection of MROMinstruction should delay
until the next cycle and in dispatch position 0. The MROM
instruction should locate at the first 8-byte block on the
1B2(191:0). MENG can provide the pointers to read the
displacement and immediate fields to decade units directly
from IB2(191:0). The MROMinstruction is shifted out of
the dispatch position 0 along with the last line of the
micro-code sequence, the next set of instructions will
assume normal dispatching.
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Exception Instructions
The illegal instruction is detected in ICPRED which does

not set the valid bit in the ICTAGV.The illegal instruction
must be dispatched to decode unit 0 by itself with ICER-
ROR. Similarly for ‘LB misses, external bus error, and
greater-than-15-byte instruction, the error conditions are
passed to decode unit 0. The limit checking of each instruc-
tion is done in the ICFPC, the ICFPC will notify the
ICALIGNwith the limit violated byte position. The illegal
instruction is higher priority than limit violation.

Signal list
STARTPTR(3:0)—Input from ICFPC indicates the byte

position of the pre-decoded bytes for current instruc-
tion. The start byte should be set at this pointer.

HLDISP(1:0)—Output to ICFPC indicatesthefirst (bit 0)
and/or the second (bit 1) 8-byte of the current line has
been dispatched to decode units.

NEWLINE(1:0)}—Input from ICFPC indicates the first
(bit 0) or the second (bit 1) 8-byte is the starting of a
new line. The byte positions of instructions sending to
the decode units should be adjusted accordingly.

ICOVAL1(7:0)—Input from ICDPAT indicates the valid
bytcs for instruction 0 of the first 8-byte.

IC1VAL1(7:0)}—Input from ICDPAT indicates the valid
bytes for instruction 1 of the first 8-byte.

IC2VAL1(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 2 of the first 8-byte.

IC3VAL1(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 3 of the first 8-byte.

ICOVAL2(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 0 of the second 8-byte.

IC1VAL2(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 1 of the second 8-byte.

IC2VAL2(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 2 of the secand 8-byte.

IC3VAL2(7:0)—Input from ICDPAT indicates the valid
bytes for instruction 3 of the second 8-byte.

IC8BSEL(5:0)—Output to ICALIGNcontrols the muxes
from IB(127:0) to IB1(191:0). Bit 5:3 is for the upper
8-byte 1B(127:64) and bit 2:0 is for the lower 8-byte
IB(63:0). 001 is for muxing to the first 8-byte [B1
(63:0), 010 is for muxing to the second 8-byte, and 100
is for muxing to the third 8-byte.

NSHIFT1(4:0)—Output to ICALIGNindicates that for
the first 8-byte block, the look-ahead shifting of the
next 8-byte instructions to decode units. A shift by 4
meansthat no instruction from the next eight byte is
sent to the decode unit.

NSHIFT2(4:0)—Output to ICALIGN indicates that for
the second 8-byte block, the look-ahead shifting of the
next 8-byte instructions to decode units. A shift by 4
means that no instruction from the next eight byte is
sent to the decode unit.

ENDINST—Input from ICPRED indicates that pre-
decoding is completed for the current instruction.

MROMEND—Input from MENGindicates completion
of the MROM.

PDMROM—Input from ICPRED indicates the current
instruction is MROM.

PD8BSEL(5:0)—Output to ICALIGNcontrols the muxes
from TB(127:0) to IB1(191:0). Bit 5:3 is for the upper
8-bytc IB(127:64) and bit 2:0 is for the lower 8-byte
1B(63:0). 001 is for muxing to the first 8-byte IB1
(63:0), 010 is for muxing to the second 8-byte, and 100
is for muxing to the third 8-byte.
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PFUNCB(2:0)—Input from ICPREDindicates the func-
tional bits for current instruction. Only three bytes
(opcode, MODRM,and STB) are needed for early
decode of the instruction. The prefixes are encoded into
one single byte.

PDVAL(10:0)—Input from ICPREDindicates the valid
bytes for pre-decode instruction to decode unit 0. This
signal is to validate the bytes in decode. The maximum
length of the instruction is 11 bytes.

PDSHF(5:0)—Input from ICPREDindicates which bytes
to shifting to early decoding. The ICPRED mustput the
current line into the IB1(191:0) for shifting. This is
necessary because the long instruction can span more
than three 8-byte blocks. The upper 2 bits to select
which 8-byte block, the ICALIGN can accumulate the
pre-decode instructions while waiting for the MROM
instructions.

PDPREF(7:0)—Input from ICPRED indicates the
encoded prefix byte. This is to avoid the pre-decode
instruction taking 2 cycles in early decoding because of
more than 4 prefixes.

PDTAKEN—Input from TCPRED indicates the current
instruction is taken branch (the taken branch target can
be calculated.

NEXTB(1:0)—Output to ICPDAT indicates that
ICALIGN can accept any 8-byte block. This signal
includes other hold inputs from MROM and Idecode.
DOUSEFL (4:0)

DOWRFL(4:0)—Outpul to FIROB indicates the type of
flag uses/writes for this instruction of decode unit 0:

xxxxl CF-carry flag,
xxxLx DF-directionflag,
xxLxx OF-overtlow flag,
xlxxx SF-sign, ZF-zero, PF-parity, and AF-auxiliary

carry

1xxxx control and processorflags,
D1USEFL(4:0)
DIWRFL(4:0)—Output to FIROB indicates the type of

flag used/written for this instruction of decode unit 1.
D2USEFL (4:0)

D2WRFL(4:0)—Outpul to FIROB indicates the type of
flag used/written for this instruction of decode unit 2.
D3USEFL (4:0)

D3WRFL(4:0)—Output to FIROB indicates the type of
flag used/written for this instruction of decode unit 3.

RDOPTR1(5:0)—Indicates the register address for oper-
and 1 of decode unit 0. The MROMisresponsible to
send bit 5:3 for the MROMregister.

RD1PTR1(5:0)—Indicates the register address for oper-
and 1 of decode unit 1. The MROMisresponsible to
send bit 5:3 for the MROMregister.

RD2PTR1(5:0)—Indicates the register address for oper-
and 1 of decode unit 2. The MROMisresponsible to
send bit 5:3 for the MROMregister.

RD3PTRI1(5:0)—Indicates the register address for oper-
and 1 of decode unit 3. The MROMisresponsible to
send bit 5:3 for the MROMregister.

RDOPTR2(5:0)—Indicates register address for operand 2
of decode unit 0. ‘The MROMisresponsible to send bit
5:3 for the MROMregister.

RD1TR2(5:0)—Indicates register address for operand 2
of decode unit 1. The MROMis responsible to sendbit
5:3 for the MROMregister.

RD2PTR2(5:0)—Indicates register address for operand 2
of decode unit 2. The MROMis responsible to sendbit
5:3 for the MROMregister.

10

15

20

25

30

35

40

45

50

55

60

65

70

RD3PTR2(5:0)—Indicates register address for operand 2
of decode unit 3. The MROMis responsible to send bit
5:3 for the MROMregister.

IDxDAT(1:0)—Outputto indicates the data size informa-
tion. O1-byte, 10-half word, 11-word, 00-not use.

ICOPOS1(3:0)—Input from ICDPAT indicates the PC’s
byte position for instruction 0 of the first 8-byte.

IC1POS1(3:0)—Input from ICDPAT indicates the PC’s
byte position for instruction 1 of the first 8-byte.

IC2POS1(3:0)—Input from ICDPAT indicates the PC’s
byte position for instruction 2 of the first 8-byte.

IC3POS1(3:0)—Input from ICDPATindicates the PC’s
byte position for instruction 3 of the first 8-byte.

ICOPOS2(3:0)—Input from ICDPAT indicates the PC’s
byte position for instruction 0 of the second 8-byte.

IC1IPOS2(3:0)—Input from ICDPATindicates the PC’s
byte position for instruction 1 of the second 8-byte.

1C2POS82(3:0)—Input from ICDPAYindicates the PC’s
byte position for instruction 2 of the second 8-byte.

IC3POS82(3:0)—Input from ICDPAT indicates the PC’s
byte position for instruction 3 of the second 8-byte.

ICPOSx(4:0)—Outputto Idecode indicates the PC’s byte
position of the next instruction. ICALIGN uses the
above signal to generate the offset of the next instruc-
tion which will be used for branch mis-prediction. The
most significant bit indicates the next instruction
started at the next line.

ICBRN(3:0)—Input from ICNXTBLK indicates the
branch taken prediction the lines of instructions being
fetched.

ICBTAG1(3:0)—Output to Idecode indicates the position
of the first target branch instruction with respect to the
global shift register in case of branch mis-prediction.
The branch can be taken or non-taken, branch tag must
be sent with all branch instruction.

ICBTAG2(3:0)—Outputto Idecode indicates the position
of the second target branch instruction with respect to
the global shift register in case of branch mis-
prediction. The branch can be taken or non-taken,
branch tag must be sent with all branch instruction.

RETPRED—Input from ICNXTBLK indicates the cur-
rent prediction of the return instruction of the fetched
line. ‘The return instruction must be detected in the
current line of instruction or the Icache must be
re-fetched from a new line.

UNJMP(3:0)—Output to ICCNTLindicates the uncondi-
tional branch instruction needs to calculate target
address.

BRNTKN(3:0)—Output indicates which decode unit has
a predicted taken branch. The operandsteering uses this
signal to latch and send BTADDR(31:0) to the func-
tional unit.

BRNINST(3:0)—Outputindicates which decode unit has
a global branch prediction. The operand steering uses
this signal to latch and send ICRTAG1(3:0) and
ICBTAG2(3:0) to the functional units.

CALLDEC(3:0)—Output to ICFPC indicates the CALL
instruction is detected, the return stack should be
updated with the PC address of instruction after CALL.
The line must be taken.

NORETB—Output to ICFPC indicates no RETURN
instruction is detected for the current line. This signal
responses to RETPRED. The ICFPC should use the
branch prediction of BTAKEN to fetch the next linc.
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RETDEC(3:0)—Output to ICFPC indicates a RETURN
instruction is detected for the way prediction to update
if no RETURNwaspredicted. The ICFPC needs to
keep track of the branch instructions for 4 lines and
restores the global shift register in case of mis-
predicting the RETURNinstruction in Idecode.

ICnPREF(7:0)—Output to decode unit n indicates the
encodedprefix byte.

IC2ROPn(9:0)—Output to decode unit n indicates
2-dispatch positions instruction. Bit 9 indicates the first
rop or second rop of the 2-dispatch positions
instruction, bits 8:0 indicate the type of instructions.

NODEST(3:0)—Output to FIROB indicates no destina-
tion for the first rop of the SIB-byte instruction.

DEPTAG(3:1)—Output to FIROB indicates forced
dependency tag on thefirst instruction; the second rop
of the SIB-byte instruction.

DISPBRN1(1:0)—Output to ICFPC indicates the first
predicted branch instruction dispatched to decode unit.
This signal is the OR of ICXBRNBI.Bit 0 is for the first
8-byte and bit 1 is for the second 8-byte of the line if
NEWLINE(1) is set for the second 8-byte.

DISPBRN2(1:0)—Output to ICFPC indicates the second
predicted branch instruction dispatched to decode unit.
This signal is the OR of IC5BRNB2.Bit 0 is for the first
8-byte and bit 1 is for the second 8-byte of the line if
NEWLINE(1) is set for the second 8-byte.

BVAL1—Input from ICNXTBLK to qualify BTAGI1,
indicates the first branch target is greater or equal to
STARTPTR.

BVAL2—Input from ICNXTBLK to qualify BTAG2,
indicates the second branchtarget is greater or equal to
STARTPTR.

REFRESH2—Input from Idecode indicates current line
of instructions will be refreshed and not accept new
instructions from Icache.

1B(127:0)—Input from ICSTOREindicates the new line
of instructions to be sent to decode units.

1B1(191:0)—Internal indicates the combined instruction
line for aligning from the array.

1B2(191:0)—Output indicates the combined instruction
line for dispatching to decode units, the displacement
and immediate fields are read from this bus.

MROMEN—Input from MENG indicates the micro-
instructions is sent to Idecode instead of the Icache.

MOUSEFL(4:0)
MOWRFL(4:0)—Input from MENGindicates the type of

flag used/written for this micro-instruction of decode
unit 0:

xxl CF-carry flag,
x1x OF-overflow flag,
1xx SF-sign, ZF-zero, PF-parity, and AF-auxiliary carry

MIUSEFL(4:0)
M1WRFL(4:0)—Input from MENGindicates the type of

flag used/written for this micro-instruction of decode
unit 1. M2USEFT. (4:0)

M2WRFL(4:0)—Input from MENGindicates the type of
flag used/wnitten for this micro-instruction of decode
unit 2. M3USEFL(4:0)

M3WRFL(4:0)—Input from MENGindicates the type of
flag used/written for this micro-instruction of decode
unit 3.

MINSO(63:0)—Input from MENGindicates the dis-
placement and immediate field of micro-instruction
sending to decode 0.
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MINS1(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction sending
to decode 1.

MINS2(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction sending
to decode 2.

MINS3(63:0)—Input from MENGindicates the displace-
ment and immediate field of micro-instruction sending
to decode 3.

MROOPC(7:0)—Input from MENG to decode unit 0
indicates the opcode byte,

MR1OPC(7:0)—Input from MENG to decode unit 1
indicates the opcode byte.

MR20PC(7:0)—Input from MENGto decode unit 2 indi-
cates the opcode byte.

MR30PC(7:0)—Input from MENGto decode unit 3 indi-
cates the opcode byte.

MROEOP(2:0)—Input from MENG to decode unit 0
indicates the extended opcode field.

MRIEOP(2:0)—Input from MENG to decode unit 1
indicates the extended opcode field.

MR2EOP(2:0)—Input from MENG to decode unit 2
indicates the extended opcode field.

MR3EOP(2:0)—Input from MENG to decode unit 3
indicates the extended opcode field.

MROSS(1:0)—Input from MENGto decode unit 0 indi-
cates the scale factor of the SIB byte.

MRI1SS(1:0)—Input from MENGto decode unit 1 indi-
cates the scale factor of the SIB byte.

MR2SS(1:0)—Input from MENGto decode unit 2 indi-
cates the scale factor of the SIB byte.

MR3SS(1:0)—Input from MENGto decode unit 3 indi-
cates the scale factor of the SIB byte.

MBYTEPTR(3:0)—Output to MENGindicates the byte
pointer for the current MROM instruction. MROM
uses the pointer to read the instruction on TR(127:0),
ICEND(15:0), and ICFUNC(15:0).

ICMROM—Output to MENG indicates the current
instruction is MROM. The MROMinstruction may
take two cycles to read the IB, ICEND,and ICI'UNC.

ENDINST—Input from ICPRED indicates that pre-
decoding is completed for the current instruction. The
byte position of the branch instruction is from
STARTPTR. The selected instruction from IB should
be sent to decode unit 0.

PDJMP—Input from ICPRED indicates the current
instruction is a branch instruction. The ICNXTBLK
sends BTAG1 and the ICALIGN sends ICOBRNBN1

(0) to the decode unit.
ICVALI(3:0)—Output to Idecode indicates valid instruc-

tions. NOOP is generated for invalid instruction.
ICOOPC(7:0)—Output to decode unit 0 indicates the

opcode byte.

IC1OPC(7:0)—Output to decode
opcode byte.

IC2OPC(7:0)—Output to decode
opcode byte.

IC3OPC(7:0)—Output to decode
opcode byte.

 
unit 1 indicates the

unit 2 indicates the

unit 3 indicates the

ICOEOP(2:0)—Output to decode unit 0 indicates the
extended opcodefield.

ICIEOP(2:0)—Output to decode unit 1 indicates the
extended opcodefield.
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IC2ZEOP(2:0)—Output to decode unit 2 indicates the
extended opcodefield.

IC3EOP(2:0)—Output to decode unit 3 indicates the
extended opcodefield.

ICOSS(1:0)—Output to decode unit 0 indicates the scale
factor of the SIB byte.

IC1SS(1:0)}—Output to decode unit 1 indicates the scale
factor of the SIB byte.

IC2SS(1:0}—Output to decode unit 2 indicates the scale
factor of the SIB byte.

IC3SS(1:0}—Output to decode unit 3 indicates the scale
factor of the SIB byte.

DISPTRO(6:0)—Output to decode unit 0 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which 8-byte block. Bit 6:5=00 indicates no displace-
ment.

DISPTR1(6:0)—Output to decode unit 1 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block, bit 6:5 is the size, and bit 4:3 indicates
which 8-byte block. Bit 6:5 =00 indicates no displace-
ment.

DISPTR2(6:0)—Output to decode unit 2 indicates the
displacement pointer and size. Bits 2:0 is the pointer to
the 8-byte block,bit 6:5 is the size, and bit 4:3 indicates
which 8-byte block. Bit 6:5=00 indicates no displace-
ment.

DISPTR3(6:0)—Output to decode unit 3 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block,bit 6:5 is the size, and bit 4:3 indicates
which 8-byte block. Bit 6:5=00 indicates no displace-
ment.

IMMPTRO(4:0)—Output to decode unit 0 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block, and bit 4:3 indicates which 8-byte
block. Decoding of all opcodes is needed to detect
immediate field.

IMMPTR1(4:0)—Output to decode unit 1 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block, and bit 4:3 indicates which 8-byte
block. Decoding of all opcodes is needed to detect
immediate field.

IMMPTR2(4:0)—Output to decode unit 2 indicates the
displacement pointer and size. Bits 2:0 is the pointer to
the 8-byte block, and bit 4:3 indicates which 8-byte
block. Decoding of all opcodes is needed to detect
immediate field.

IMMPTR3(4:0)—Output to decode unit 3 indicates the
displacementpointer and size. Bits 2:0 is the pointer to
the 8-byte block, and bit 4:3 indicates which 8-byte
block. Decoding of all opcodes is needed to detect
immediate field.

CONSTn(2:0)—Output to decode unit n indicates the
constant for add/substract to ESP of the two-dispatch
position instruction.

TCCNTL
The ICCNTL is the main control in the ICACHE. The

state machine controls reading and writing of the arrays in
the first two pipeline stages. The next two pipeline stages are
controlled by the ICALIGN. The detection of the uncondi-
tional branch instruction are treated as mis-prediction to
fetching a new instruction stream without updating the
ICNXTBLK.It latches the inputs at the beginning of ICLK
and generates control signals to the arrays for the next cycle
by the cnd of ICLK. Thereare a few signals from the arrays,
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such as TAGHIT, to ICCNTL in early ICLK instead of
previous phase. The state machine can be jammedinto a
certain state with late arriving signals from branch mis-
prediction and branchprediction. The IRESET jamsthe state
machine to Idle state, initializes the code segmentregister,
and clears all the status of ICACHE.For external fetch on

Processor 500, there will be dedicated buses for address to
MMUandinstructions from the pads, the state machine for
external fetch is not needed. The preliminary state machine
definition and transitions are from the definition of Processor
500 and is shown as FIG. 26.

The ICCNTL provides the signals to read and write the
cache arrays. For simple operation, the array has the same
inputs as the ICCNTL to avoid the speed path through the
state machine.

The Move-To/From-Special-Register instruction can
occur at any time and steal one cycle at a convenient time
away from the normal operation. The move to/from instruc-
tion is for testing purposes and happens with instruction
cache disabled. The external fetch can be concurrent with

Special Register access. The state machine implements with
latches to hold the input and output conditions during the
Special Register access. The operation of Special Register
takes 5 cycles and is as followed:

Command and tag on the SRBB is received with indica-
tion by SRB__VAL. The tag on SRBBis decodedto recog-
nized the access is for Icache.

The address of the array is on SRBB.This address should
be latched into the ICFPC.

Forreading,the array is read in this cycle. For writing, the
data is latched from SRBB.

The data is driven on ICSRBB.

Forreading, the data is forward from ICSRBB to SRBB.
For writing, the data is written into the array. ICTAR__VAL
is sent to SRB in this cycle.

STATED:Idle state

The Idle state is forced by IRESET, Branch Mis-
prediction, or EXCEPTION, and waits for taken branch
target. This is a default state. If the state is forced by branch
mis-prediction,it provides Icache control signals to write the
Branch Holding Register into the ICNXTBLK. This state
transfers to the Cache Access state when the taken branch

address is valid, the transfer provides all Icache control
signals for reading the array.

STATE1: Cache Accessstate

‘The Icache is being accessed. ‘The ‘TAGHI'Tis not know
until next clock cycle; the assumption is HIT and accessing
the next block, the next block address can cither be from the
ICNXTBLKor sequential. This state provides Icache con-
trol signals for reading the array. When the TAGHIT is
known, if there is no holding due to breaking up of the
instruction line or invalid pre-decode data, then the state
remains in Cache Accessstate, else the state will transition
to Cache Hold state. The transition to Cache Holdstate will

need to provide Icache control signals for reading the next
block of the array. If miss in the Icache, the state is
transferred to Cache Miss state. The miss can either be the

tag or LV miss. The transfer to Cache Miss state must
provides Icache control signals to write the Branch Holding
Register into the ICNXTBLK.

STATE2: Cache Hold state
The state waits for the whole line of instruction to be sent

to decode units. Icache control signals for reading of next
block is continuously provided. As soon as the ICALIGN
block can accept the next line, the state transfers to the
Cache Accessstate.

STATE3: Cache Missstate
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The Cache Miss state makes a request to the CMASTER
and waits for a response. There are two different responses,
the first response is the new mapping of the PC (the
instructions, pre-decode data, and branch prediction are still
valid), the second response is [fetched instructions from
external memory. ‘the new mapping of the PC includes
setting of the LV bit and writing of new SU and tag. For the
first case, the state is transferred to Recovery state, the
Icache control signals are to write the ICTAGV and read the
ICSTORE, ICPDAJ, and ICNX'TBLK. For the second case,
the state is transferred to the Pre-fetch state, and the Icache
control signals are to write the ICTAGV and ICSTORE.

STATE4: Recoverystate
The Recoverystate is a temporary state before transfers to

the Cache Access State. This state provides Icache control
signals for reading the array.

STATES: Pre-fetch state

This state sends the instruction from the pre-fetch buffer
to the ICPRED for pre-decoding. The pre-fetch buffer
accepts instructions until full, and handshakes with the BIU
to stop fetching so asnotto overfill the buffer. As the current
line is written into the ICSTOREarray, the pre-fetch buffer
can shift in a new line. The writing of the new line waits for
the completion of pre-decoding of the current line. This state
provides array control signals for writing of the ICSTORE
array and reading of the next sequential block in the
ICTAGV.If the next sequential block is present, as soon as
the current line is completed in pre-decoding, the state
transfers to the Pre-decode Write state. The array control
signals for this transfer write to the ICPDAT and ICNXT-
BLK.If the next sequential block is not present, completing
pre-decoding of the current line causes the Icache PC to
increment and writing of the new line into the ICSTORE,
and restarts the pre-decoding of the new line. If there is an
instruction which wraps to the new line, writing of the last
line into the ICPDAT and ICNXTBLK must wait for

completion of pre-decoding of this wrapped instruction.
During pre-decoding,a taken branch can be detected and the
state transfers to the Pre-decode Write state.

STATE6: Pre-decode Write state

This state is a temporary state to write the ICPDAT and
the ICNXTBLKbeforetransfering to the Idle state or Cache
Accessstate. If the next block address is present from either
sequential block or taken branch address whichis calculated
by the ICPRED,then the state transfers to the Cache Access
state. The transfer provides Icache control signals for read-
ing the array. If the taken branch address cannot be calcu-
lated by the ICPRED,then the state transfers to the Idle state
and waits for the target address from decoding or executing
of the instruction. For split-line taken-branch instruction, the
pre-decode data of the previous line and the current line
(ending of the taken-branch instruction) must be written into
the ICPDATin two clock cycles. The state machine must
remain in this state for two clock cycles.

Testability
It is important to implement testability features into

Processor 500 to reduce test time, burn-in time, and increase
fault coverage. The Build-In-Self-Test (BIST) forthe arrays
and Auto-Test-Pattern-Generation for the random logic are
included.

BIST

The BIST is implemented with a chain of input registers
to latch and write variouspatterns into the arrays and to read
and compare the data into a chain of output registers. The
test pattcrn is serially shifted into the input registers, and the
results are serially shifted out from output registers. With
11-bit counter, the BIST registers for the Icache arrays are
with these sizes:
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ICSTORE—128bits.
ICPDAT—48bits.

ICTAGV—22bits. (2 bits are dual-port)
ICNXTBLK—S5bits. (5 bits are dual-port)
The ICSTOREand the ICPDAT form one chain of 176

bits, and the ICVAGV and the ICNX'TBLK form another
chain of 77 bits. The second chain must go through the
March C twice to access the second port. There is one output
pin for each of the chains of BIST registers. The March C
algorithm has 5 steps:

After the test pattern is shifted into the input registers, for
every index from 0 to maximum count, write from input
registers into the arrays, stall one cycle, then increment to
next index.

For every index from 0 to maximum count,readthe array,
compare with the input register, set the result register if no
match, invert the test pattern in the input register, write into
the array, read the array, compare with the inputregister, set
the result register if no match, stall one cycle, and increment
to next index.

For every index from 0 to maximum count, repeat the
abovestep.

For every index from maximum countto 0, read the array,
compare with the input register, set the result register if no
match, invert the test pattern in the input register, write into
the array, read the array, compare with the inputregister, set
the result register if no match, stall one cycle, and decrement
to next index.

For every index from maximum count to 0, repeat the
above step. After completion, the results are shifted out and
reset while a new test pattern is shifted in, the 5 steps are
repeated until test patterns are tested.

The BIST for the arrays are used in the following modes:
Normal BIST—Activate by holding INIT pin high and

4FLUSHpin low while the RESETpin is de-asserted.
The MarchCtest is run until completion and the result
is latched into the EAX register. This is for testing
purpose.

Burn-in BIST—Activate by holding INIT pin high while
the RESET pin is de-asserted. The March C test is
continuously run concurrently with the ATPG until the
RESETpin is asserted. The TDOpinis driven high for
each completion of the MarchCtest. This is to have
many nodes toggle for burn-in purposes.

JTAG RUNBIST—Activated by the JTAG pins to load
and execute the RUNBIST instruction. The processor
must be in reset. When the RESET pin is de-asserted,
the March C test is run until completion and the result
is shifted out to the TDO pin. A special mode can be
activated to shift in the test pattern and shift out the
result through other pins. The RESET pin must be
asserted to end the operation. This is for testing and
detecting faults .

JTAG BITMAP BIST—Activated by the JTAG pins to
load and execute the BITMAP instruction. The proces-
sor must be in reset. When the RESET pin is
de-asserted, the March C test is ran, and results are
shifted out to the OUTPUT pins after every compare
operation. This is for detecting faults

JTAG FLUSH REGISTER BIST—Activate by the JTAG
pins to load and execute the FLUSH REGISTER
instruction, the processor must be in reset. When the
RESETpin is de-asserted, the input pattern from the
TDIpinis shifted into the result registers serially out to
the OUTPUT pins. The RESET pin mustbe asserted to
end the operation. This is for detecting faults in the
result registers.
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The BIST controller generates the following five test
patterns:

0101 0101 0101 0101
0011 0011 0011 D011
1001 1001 1001 1001
O000 1111 0000 1111
OOOO 000 1111 1111

‘The Build-In Self-‘lest (BIST) uses the ‘lest Application
and Error Compression (TAEC)cells for reading and writing
the arrays. Each TAEC cell includes an input shift register
for the test pattern and one outputshift register for the result.
All TAEC cells are connected to form a serial shift path.

ATPG

The ATPG is implemented to test non-array blocks in the
Icache. The purpose is to be able to reach any node in the
logic. The feedback (loop) paths (state machines) must be
broken with scan latches. There is a software algorithm to
insert the scan latch into the logic. The control blocks in
Icache should include the ATPG inputs and outputs for the
software to use.

Signal list

BSTRUN—Input from TAP indicates to start the BIST.
BSTRD—Input from TAP indicates to read the array and

compare to sct the result.
BSTWR—Input from TAP indicates to write the array

from input registers.
BSTRST—Input from TAP indicates to reset the counter.
BSTINCR—Input from TAP indicates to increment the

counter.

BSTDIN—Input from TAP indicates the test pattern to the
input registers. The input can be from the TDI pin or
normal burn-in patterns.

FLUSHON—Input from TAP indicates flushing register
mode, the result latch should use BSTDIN instead of
the compare input for flushing the result registers.

UPDOWN—Input from TAP indicates counting up or
down.

BSTSHF1—Input from TAP indicates shifting of the
master latch of registers.

BSTSHF2—Input from TAP indicates shifting of the
slave latch of registers.

BSTFALSE—Input from TAP indicates to invert the test
pattern.

PORTSEL—Input from TAP indicates to select the sec-
ond dual port.

BSTIDOUT—Output to TAP indicates the result of the
data chain from the ICSTORE and ICPDATarrays.

BSTITOUT—Output to TAP indicates the result of the
data chain from the ICNXTBLK and ICTAGVarrays.

BSTAMSB—Output to TAP indicates maximum count
for dual port arrays.

MAXADDR—Output to TAP indicates maximum index
counter.

ATPGIN(15:14)—Input from dedicated pins for ATPG.
ATPGOUT(15:14)—Output to dedicated pins for ATPG.
Timing
Since the clock cycle is short, reading of the cache would

take the whole clock to get data. The clock is single phase,
and the array gencratcsits own sclf time clock. The sclf-time
clock uses the same cache columnself-time line. As the line

pre-chargesto a high level, the pre-chargeis disabled and the
array acccss is cnabled. As the line discharges, the row
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driver and senamp are disabled. In one embodiment, the
pre-charge takes 1.7 ns and the current timing for TAGHIT
from the self-time clock with 64 rowsis 2.8 ns or a total time

of 4.5 ns from rising edge of ICLK. The reading data is 2.0
ns from the self-time clock with 64 rowsor 0.8 ns before the

rising edge of ICLK.‘The ICSTOREcan be built with larger
arrays, 128 rows by 256 columns, reading instructions
would take all of 4.5 ns ICLK in this case. Other arrays,
ICTAGV, ICPRED,and ICNXTBLK,are 64 rows. The align
logic in the ICPDATtakes 6-7 gates, and the shifting of X86
instruction bytes to the decode unit can be done by the
middle of the second ICLK. The Processor 500 instructions
should allow the decode units at least 2.5 ns in the second
ICLK for calculation of the linear address.

cycle 1: ICFPC, muxing new PC,pre-charge, and access
all arrays

cycle 2: Compare tags, aligning logic’s from pre-decode,
setup branch prediction, and muxing instructions to
decode units on IB buses.

cycle 2.5: Displacement linear address calculation. Fast
decoding for register operands and validating of the
linear address, and fast decoding for non-conditional
branch.

If the predicted branch from the ICNX'T'BLKis taken, the
newPC will take two clock cycles to update in the ICFPC.
The speculative way-prediction takes 2 gates for set
decoding, 3 gates for muxing of success index to ICFPC, and
2 gates in rowdecoding.

The timing for instructions from external memory is as
follows:

cycle 1: Latch data from INSBbusto pre-fetch buffer and
mux onto IB buses to ICPRED in next clock; the data
on IB buses are held until pre-decode is completed.
Write data into cache.

cycle 2: Decode opcode and prefix from the byte pointer.
Decoding takes 2 clock cycles. If there is prefix, then
restart the decoding of opcode in the next cycle.

cycle 3: Decode opcode. Send pre-decode data to ICP-
DATandallow the align logic to select the instruction
on IB buses to decode units

cycle 4: Send instruction from IB buses to decode units on
IBDx buses. The IBDx buses should have the same

timing as reading from the array.
The MROMinterface requires a different timing:

ICLK3: Detect MROM instruction and send the byte
position to MROM interface.

ICLK4: Decode prefixes and generate MROM entry
point.

ICLKS: Decode instruction.
ICLK6: Decode instruction and latch all field of instruc-

tions into global registers,
ICLK6: MROMreads global registers and sends micro-

instruction to decode units by mid cycle.
Layout
With a short clock cycle, the size of the arrays are limited

to 128 rows by 256 columns for single-port RAM arrays
whichreador write in different clock cycles and not in speed
path. For dual-port RAM arraysor faster read timing, the 64
rows by 256 columnsarrayis preterred.‘he array sizes are
based on the single port RAM cell of 10.25 ux6.75 u, and the
dual port RAM cell of 10.25 ux14.5 u. The arrays in the
ICACHEare layout as shown in FIG. 27:

ICSTORE—2048 lines of 128 bits, 8 sets of 128x256,
1312 ux1728 u, single.

ICPREDAT—2048linesof48 bits, 8 sets of 64192, 656
ux1296 u, single.
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ICTAGV—2048 lines of 24 bits, 3 sets of 64x224, 656
ux1512 u, single, and 1 set of 64x96, 656 ux1392 u,
dual.

ICNXTBLK—2048lines of 51 bits, 5 sets of 64x256, 656
ux1728 u, single, 1 set of 64x192, 656 ux1296 u,
single, 1 set of 64x96, 656 ux1392 u, dual, and 1 set of
64x64, 656 ux928 u, dual.

ICTAGVincludes a of 20-bit tag, a 1-bit valid, a 3-bit
status, and a 3-bit way-prediction. The tag and valid are
single-port RAM, and the status and way-prediction are
dual-port RAM. The ICNXTBLK does not include the
global branch prediction. A suggested layout for Icache is
shownin FIG. 27.

Overview of the Processor 500 Idecode

This section describes the instruction decode organiza-
tion. The instruction decoding is directly for X86 instruc-
tions; there will be no ROPs except for a few instructions.
The X86 variable-length instructions from the Icache are
sent to the fixed-length decode units. Up to 4 instructions
can be decoded and dispatched in one clock cycle. The
decode units are identical. The operand and flag are decoded
in the Icache for the critical speed path. The instruction
decoding takes 2 clock cycles, in the first cycle the operand
and flag dependency checking is done and multiplexedto the
functional units in the second cycle. The operand addresses
access the register file and the FIROB. The operand address
includes the X86 registers and temporary registers generated
by the MROM. The FIROB will have to check for depen-
dencies. The instruction decoding generates direct controls
to the operation of the functional unit, thus eliminating
decoding in the functional units. The global controls of the
decode units include a mechanism to stall the line due to

serialization and limitations of the load/store butters, the
FIROB,and the reservation stations. The MROM interfac-
ing is sent directly from the Icache and the MROMinstruc-
tions go through the muxesin the Icache to decode units. A
fewexceptions for MROMinstructionsare special registers,
floating point instructions, temporary registers, and serial-
ization.

Top Level of Idecode
The Idecode has 4 identical decode units. The instructions

from Icache and MROM have the same format. Operands
and flags are decoded in the Icache or MROM before the
instructions are dispatched to the decode units. The MROM
may send the micro-instructions with simpler opcodesto the
decode units. Decode units decode the micro-instructions

separately and multiplex with fast-path instructions to func-
tional units. Prefixes are pre-decoded and scent on scparate
buses. The format of instructions dispatched to the decode
unit includes one encoded prefix byte, which may not be
valid, speculative register operands and flags, 2-dispatch
position control bits, 11-bit opcode, 3-bit constant, up to 4
bytes of displacement, and 4 bytes of immediate field. Since
the Icache validates and partially decodes the instructions
before sending to the decode units, a valid bit is issued by
the Icache for valid instructions. If the valid is not set, the
instruction is dispatched as NOOP. For 2-dispatch position
instructions, the indication from Icache causes the decoding
of the same instruction to two issue positions. Idecode has
2 clock cycles, the first cycle is for registerfile accessing and
FIROB dependency checking, and the second cycle is for
operandsteering of the operands and dependencytagsto the
functional units. The opcode decoding takes 2 clock cycles
to gencrate detail control signals for the functional units.
Since the register operands and the immediate field are
speculative, the opcode decoding is needed for validation
and indication of the direction for the operands and the size
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of the immediate field if any. The immediate field should be
sign-extended asit is sent to the functional unit.

To handle the PC properly, the Icache provides 2 PC’s for
eachset of dispatched instructions per clock cycle. The first
case is when the instructions cross the page boundary, and
the second case is when the branch target instruction is
dispatched along with the branch instruction. The limitations
for branch in each 4 instructions are one taken branch

instruction and two branchesperline.
The Idecode can be divided into 4 blocks:

Opcode decoding for functional unit which can be done in
2 clock cycles.

Opcode decoding for registers and immediate ficld, gen-
erating controls for the operands and flags, and selecting the
target address for branch instruction to reservation stations
which should be done in 1 clock cycles.

Decodingof other instruction fields such as lock, segment
register controls, special register, and floating point unit.

Global control of the pipeline, serialization, and stalling
conditions.

Signal list

IRESET—Global signal used to reset all decode units.
Clear all states.

EXCEPTION—Global signal from the FIROB. Used to
indicate that an interrupt or trap is being taken. Effect
on Idecode is to clear all instructions in progress.

BRNMISP—Input from the Branch execution of the FU
indicates a branch mis-prediction. The Idecode clears
all instructions in progress.

ROBEMPTY—Input from the FIROB indicates the
FIROBis empty.

ROBFULL—Ioputfrom the FIROB indicates the FIROB
is full.

CS32X16—Input from the LSSEC indicates the size of
the code segmentregister.

SS32X16—Input from the LSSEC indicates the size of
the stack segmentregister.

MVTOSRIAD—Input from SRB, indicates a move to
IAD special register, Idecode needs to check its pointer
against the pointer driven on IAD.

MVFRSRIAD—Input from SRB, indicates a move from
IAD special register, Idecode needs to check its pointer
against the pointer driven on IAD.

MVTOARIAD—Input from SRB, indicates a move to
IAD special register array, Idecode needs to check its
pointer against the pointer driven on JAD.

MVFRARIAD—Input from SRB, indicates a move from
IAD special register array, Idecode needs to check its
pointer against the pointer driven on IAD.

RSFULL—Input from the functional units indicates the
reservation station is full.

HLDISP(1:0)—Input from Icache indicates all instruc-
tions of thefirst (bit 0) and/or the second (bit 1) 8-byte
of the current line has been dispatched to decode units.

ICPC1(31:0)—Input from Icache indicates the current
line PC of the first instruction in the 4 issued instruc-

tions to pass along with the instruction to the FIROB.
ICPC2(31:0)—Input from Icache indicates the current

line PC of a second instruction which cross the 16-byte
boundaryor branchtarget in the 4 issued instructions to
pass along with the instruction to the FIROB.

ICPOSx(3:0)—Input from Icache to decode units indi-
cates the PC’s byte position of the instruction.

ICBTAG1(3:0)—Input from Icache indicates the position
of the first target branch instruction with respect to the
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global shift register in case of branch mis-prediction.
The branch can be taken or non-taken, branch tag must
be sent with all branch instruction.

ICBTAG2(3:0)}—Input from Icache indicates the position
of the second target branch instruction with respect to
the global shift register in case of branch mis-
prediction. The branch can be taken or non-taken,
branch tag must be sent with all branch instruction.

UNJMP(3:0)—Input from Icache indicates the uncondi-
tional branch instruction needs to calculate target
address.

BRNTKN(3:0)—Input from Icache indicates which
decode unit has a predicted taken branch. The operand
steering uses this signal to latch and send BTADDR
(31:0) to the functional unit.

BRNINST(3:0)—Input from Icache indicates which
decode unit has a global branch prediction. The oper-
and steering uses this signal to latch and send
ICBTAG1(3:0) and ICBTAG2(3:0) to the functional
units.

ICPREF(7:0)—Input from Icache and MROMindicates
the encoded prefix byte. The two mostsignificantbits
are repeat prefixes for MROM.

IC2ROPn(9:0)—Input from Icache to decode unit n indi-
cates 2-dispatch positions instruction. Bit 3 indicates
the first rop or second rop of the 2-dispatch positions
instruction, bit 2 indicates POP instruction, bit 1 indi-
cates the MUL instruction, and bit 0 indicates the
SIB-byte instruction.

1B2(191:0)—Input from Icache indicates the combined
instruction line for reading the displacement and imme-
diate field using pointers.

ICVALI(3:0)—Input from Icache indicates valid instruc-
tions. NOOPis generated for invalid instruction.

ICnOPC(7:0)—Input from Icache to decode unit n indi-
cates the opcode byte.

ICnLOP(2:0)—Input from Icache to decode unit n indi-
cates the extended opcodefield.

ICnSS(1:0)—Inputfrom Icache to decode unit n indicates
the scale factor of the SIB byte.

DISPTRn(6:0)—Input from Icache to decode unit n indi-
cates the displacement pointer and size. Bits 2:0 is the
pointer to the 8-byte block, bit 6:5 is the size, and bit
4:3 indicates which 8-byte block. Bit 6:5=00 indicates
no displacement.

IMMPTRn(4:0)—Input from Icache to decode unit n
indicates the displacement pointer and size. Bits 2:0 is
the pointer to the 8-byte block, and bit 4:3 indicates
which 8-byte block. Decoding of all opcodes is needed
to detect immediatefield.

MROMEN—Input from MROM indicates the micro-
instructions is sent to Idecode instead of the Icache.

CONSTn(2:0)—Input from Icache to decode unit n indi-
cates the constant for add/substract to ESP of the

two-dispatch position instruction.

ICMROM—Output to MROM indicates the current
instruction is MROM. The MROMinstruction may
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take two cycles to read the IB, ICEND, and ICFUNC.

ICPC1TAR—Input from Icache indicates is ICPC1 a
branch target of a previous instruction which is a
predicted taken branch instruction.

ICPC2TAR—Input from Icache indicates is ICPC2 a
branch target of a previous instruction which is a
predicted taken branch instruction.
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ICPC1(31:0)—Input from Icache indicates the current
line PC of the first instruction in the 4 issued instruc-

tions to pass along with the instruction to FIROB.
ICPC2(31:0)—Input from Icache indicates the current

line PC of a second instruction which cross the 16-byte
boundaryor branchtarget in the 4 issued instructions to
pass along with the instruction to FIROB.

ICPOSn(4:0)—Input from Icache to decode unit n indi-
cates the PC’s byte position of the next instruction. Bit
4 indicates the next instruction is on the next line.

BTAG1IN(@3:0)—Output indicates the position of the first
target branch instruction for a new line with respect to
the global shift register in case of branch mis-
prediction.

BTAG2N(3:0)—Outputindicates the position of the sec-
ondtarget branch instruction for a new line with respect
to the global shift register in case of branch mis-
prediction.

BTAKEN1(1:0)—Input from Icache to decode units and
ICFPCindicates a predicted taken branch instruction
from PTAKEN, BVAL1.Bit 0 is the last line and bit 1
is new line.

BTAKEN2(1:0)—Input from Icache to decode units and
ICFPCindicates a predicted taken branch instruction
from PTAKEN, BVAL2.Bit 0 is the last line and bit 1
is new line.

ICERROR—Inputfrom Icache indicates an exception has
occurred on an instruction pre-fetched, the type of
exception (TLB-miss, page-fault, illegal opcode, exter-
nal bus error) will also be asserted.

BTADDR(31:0)—OQutput to functional units indicates the
taken branch targets from either the branch prediction
(IBTARGET from Icache) or unconditional branch.
The functional units need to compare to the actual
branch target.

BRNTKN(3:0)—Output indicates which decode unit has
a predicted taken branch. The operandsteering uses this
signal to latch and send BTADDR(31:0) to the func-
tional unit.

BRNINST(3:0)—Output indicates which decode unit has
a global branch prediction. The operand steering uses
this signal to latch and send BTAG1(3:0) and BTAG2
(3:0) to the functional units.

IDxIMM(2:0)—Output indicates the immediate size
information. O1-byte, 10-half word, 11-word, 00-not
use. Bit 2 indicates (0) zero or (1) sign extend.

IDxDAT(1:0)—Output indicates the data size informa-
tion. O1-byte, 10-half word, 11-word, 00-not use.

IDxADDR—Output indicates the address size informa-
tion. 1-32 bit, 0-16 bit.

IDxLOCK—Outputindicates the lock prefix is set for this
instruction for serialization.

DxUSE1(1:0)—Output to FIROB andregister file indi-
cates the type of operand being sent on operand 1 for
decode units. Bit 1 indicates source operand, and bit 0
indicates destination operand.

DxUSE2—Output to FIROB and register file indicates
source operand,

INSDISP(3:0)—Indicates that the instruction in decode
unit is valid, if invalid, NOOPis passed to FIROB.

IMDIWx(31:0)—Output indicates the 32-bit displace-
mentor immediate field of the instruction to pass to the
functional units.

IMDINx(7:0)—Outputindicates the 8-bit displacementor
immediate field of the instruction to pass to the func-
tional units.
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USEIDW(3:0)—Output indicates the type used in
IMDIWxbuses.

USEIDN(3:0)—Output indicates the type used in
IMDINxbuses.

INSLSxB(5:0)—Output from decode units indicates the
prefix values. bit 5 - data size, bit 4 - address size, bit
3 lock, bit 2:0 - segmentregisters.

REFRESH2—Output indicates current line of instruc-
tions will be refreshed and not accept new instructions 10
from Icache.

INSOPxB(11:0)—Output indicates the type of instruc-
tions being dispatched, this is the decoded information
for the functional units to execute.

Instruction Opcode Decoding
The instruction decoding has 1.5 clock cycles for

decoding, thereby allowing time to route the output to
functional units. The output is a wide bus with direct
commandsfor the functional units to execute the instruction.

The current listing for functional unit includes 3-bit
20

protocol, 6-bit opcode, 7-bit p/g for alu, 3-bit sizc, 4-bit
segmentregister select, and 3-bit flag. Except for the p/g for
alu, all other control bits for the functional unit must be
further decoded into single-bit control. The size and segment
register select are decoded in a later section. The listing of

25

the actual binary is done by going through the X86 instruc-
tion one-by-one.

First 6 bits of decoding:

000001
000011
000101
000111
001001
001011
001101
001141
000000
000010
000100
000110
001000
001010
001100
001110
010000
010010
010100
010
01100
0110
01110!
O11
O11
00000
90co
00010
000
00100
0010
00110
001
01000
0100
01100
0110

oooceo
  

01110
0111
10000
1000
10010
1001

  

ADD
OR
AND
SUB
XOR
ANDN
XNOR
CONST
ADDC
SUBB
DEADD
NT
NTO
DIVO
DIV
DIVL
DIVREM
DIVCMP
DIVO
DIVSGN
DIVCMP
DIVDENDO
DIVDEND1
DIVSOR
DIVO
ROL
ROR
SHL
SHR
SAR
SHLD
SHRD
SETT'C
EXTS8
EXTS16
MTFLAGS
CONSTHZ

 
BTEST
BTESTS
BTESTR
BTESTC
BSW
BSR

add
or
and
subtract
exclusive or
nand
exclusive nor
constant

add with carrysubtract
directional add
interrupt
interrupt on overflow
initial divide step
divide step
last divide step
remainder
divide compare
quotient
signed divide signs
signed divide compare
signed divide dividend LSW
signed divide dividend MSW
signed divide divisor
signed divide quotient
rotate left
rotate right
shift logical left
shift logical right
shift arithmetic right
shift left double
shift right doubleset funnel count

sign exlend 8 bil operand
sign extend 16 bit operand
store AH into flagsmove lower constant into

upper, zero lower
bit test
bit test and set
bit test and reset
bit test and compliment
bit scan forward
bit scan reverse
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Second 6

0
0
0
oO

0
0
0
0
0
0
0
0
O
O

0

0

ooona

 

0100
0101

0110
0111
1000
1001

1010

1011

1100

1101

1110
 
00000
0000
00010
000

00100
0010
00110
001
01000
0100
O1010
010
01100
0119

01110

011

0000
000
0010
00

0100
010
0110
01
0000
100:
1010
1014
1100
110

1110
 
11

00000
0000
00010
000

00100
0010
00110
001
01000
0100
01010
010
01100
0110

01110

  
O11

BSWAP
SHRDM

RCO
RCL
RCR
MTSRRES

MFSRRES

MTSRSRB

MFSRSRB

MTARSRB

MFARSRB

bits of decoding:

JMPB
JMPNB
JMPA
JMPNA

JMPO
JMPNO
JMPZ
JMPNZ
JMPS
JMPNS
JMPP
JMPNP
JMPL
JMPGE

JMPLE

JMPG

SETB
SETNB
SETA
SETNA

SETO
SETNO
*SETZ
SETNZ
SETS
SETNS
SETP
SET
SET
SE’ ErZ
SETLE

 
SETG

SELB
SELNB
SELA
SELNA

SELO
SELNO
SELZ
SELNZ
SELS
SELNS
SELP
SELNP
SELL
SELGE

SELLE

SELG

84
-continued

byte swap
shift right double
microcode
initialize rotate carry
rotate carry left by 1
rotate carry right by 1
move to special registerover result bus
move

rom special registerover result bus
move to special registerover SRB bus
move

tom special registerover SRB bus
move to cache array overSRB bus
move

rom cache array overSRB bus

jump i
jump i
jump i
jumpi
ZF =
jumpi
jumpi
jumpi
jump i
jump i
jumpi
jumpi

jump
jump i

jumpi
SF<>O
jump i
ZF =0
set if b
set if n

   jump if

below CF = 1
not below CF = O
above CF=0 & ZF =0
not above CF = 1 or

overflow OF = 1
not overflow OF = 0
zero ZF = 1
not zero ZF = 0

sign SF = 1
not sign SF = 0
parity PF = 1
not parity PF = Of less SF<>OF

greater or equalSF = OF
less or equal

F or ZF = 1
greater SF = OF and

elow CF = 1
ot below CF = 0

set if above CF=0 & ZF=0
set if n
ZF =1

ot above CF = 1 or

set if overflow OF = 1
set if not overflow OF = G
set if zero ZF = 1
set if not zero ZF = 0

sel if sign SF = 1set if n

set if pset if n

ot sign SF = 0
arity PF = 1
ot parity PF = Oset if less SF<>OF

set if geater or equal
SF = OF

set if less or equal SF<>OFor ZF = 1

 
set if gZF =0
movei
movei
movei
movei
ZF = 1
move i
movei
inove il
inove il
movei
movei
move i
movei
movei
movei
SF = OF
movei
SF<>O
movei
ZF =0

reater SF = OF and

below CF = 1
not below CF = 0
above CF =0 & ZF=0
not above CF = 1

overflow OF = 1
not overflow OF = 0
zero ZF = 1
not zero ZF = 0

sign SF = 1
not sign SP = 0
parity PF = 1
not parity PF = 0less SF<>OF

greater or equal

less or equalF or ZF = 1

greater SF = OF and
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-continued

0000
000 CONSTPC move from EIP over DPC
0010 JMP relative jump
Oc1 JMPI absolute jump
0100 JMPNU absolute jump, no

prediction update
010 JMPIFAR absolute far jump
0110  JMPRZ jumpif A_OP ==
011 JMPNRZ jump if A_OP ?=0
1000 JMPNRZZ jump if A_OP ?=0 & ZF ==
100 JMPNRZNZ jump if A_OP ?=0 & ZP ==
1010 JMPRS jump if A_OP msb == 1
101 JMPRNS jump if A_OP msb == 01100
110
1110
111

   
One exception in the above decoding is the reversed

subtract which would be sent as subtract instruction. The

MROMinstruction will try to use the X86 opcode format.
Some operationsare not possible in the fast-path instructions
such as floating point, string, integer divide, special register,
and processor control. These MROMinstructions will have
ditferent opcodes which need to be recognized by Idecode.

Signal list

ICPREF(7:0)—Input from Icache and MROMindicates
the encoded prefix byte. The two most significant bits
are repeat prefixes for MROM.

IC2ROPn(9:0)—Input from Icache to decode unit n indi-
cates 2-dispatch positions instruction. Bit 3 indicates
the first rop or second rop of the 2-dispatch positions
instruction, bit 2 indicates POP instruction, bit 1 indi-
cates the MUL instruction, and bit 0 indicates the
SIB-byte instruction.

ICVALI(3:0)—Input from Icache indicates valid instruc-
tions. NOOPis generated for invalid instruction.

ICnOPC(7:0)—Input from Icache to decode unit n indi-
cates the opcode byte.

ICnEOP(2:0)—Input from Icache to decode unit n indi-
cates the extended opcodefield.

PROTOCOLn(3:0)
OPCTLn(5:0)
PGALUn(6:0)—Outputindicates the type of instructions

being dispatched, this is the decoded information for
the functional units to execute.

Decoding for Registers and Flags
The opcode should also be decoded for the immediate

field, the validation and direction of the operands to the
FIROBand the register file. The decoding of the register
direction and validation should be less than 1 clock cycle.
During fetching, the register operands are speculatively
decoded and sent to the FIROB for dependency checking.
The FIROB’s dependency checking may be inacritical
speed path, and the decoding of the register direction and
validation may be implemented in the early decoding in the
Icache. Two register operands are sent to the FIROB. The
Idecode sends the operand data to the functional units in the
correct order of A and B. The A operandis the first operand
which can be both destination and source. The B operand is
the second operand which is source data. The immediate
field co-exists with the B operand on three instructions,
IMUL, SHLD, and SHRD. SHLD and SHRD are MROM
instructions which will be sent as shifting one bit at a time.
The exception is with the IMUL instruction. The first
operandis only for destination which is not needed by the
functional unit. The second operand will be sent on the A
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operand and immediate is on B operand. The data and
address sizes and the sign-extended information for all
operands and immediate data must also be decoded in this
block. Data from Idecode is arranged on three 32-bit buses
and one constant bus to the functional units:

From Idecode To Functional Unit

First operand
Second operand (not IMUL)
Second operand - IMUL
Immediate

Predicted Branch Target
EIP/second operand
Displacement
Constant

32-bit A operand bus
32-bit B operand bus
32-bit A operand bus
32-bit B operand bus
32-bit A operand bus
32-bit B operand bus
32-bit Displacement bus
4-bit Constant bus

Forbranchinstructions, the target PC is sent on A operand
bus because it is possible to have the immediate field
(RETURNinstructions) and displacement field. All pre-
dicted taken branch instructions have indication and branch

tag to keep in the FIROB. Few non-taken branchinstructions
are not detected in branch prediction, the FIROB keepstrack
of the sequential PC.

This block also decodes the load/store, special register,
and floating point operations, and serialization which are
needed global control of the decode units.

Signal list

ICBTAG1(3:0)—Input from Icache indicates the position
of the first target branch instruction with respect to the
global shift register in case of branch mis-prediction.
The branch can be taken or non-taken, branch tag must
be sent with all branch instruction.

ICBTAG2(3:0)—Input from Icache indicates the position
of the second target branch instruction with respect to
the global shift register in case of branch mis-
prediction. The branch can be taken or non-taken,
branch tag must be sent with all branch instruction.

UNJMP(3:0)—Input from Icache indicates the uncondi-
tional branch instruction needs to calculate target
address.

BRNTKN(3:0)—Input from Icache indicates which
decode unit has a predicted taken branch. The operand
steering uses this signal to latch and send BT[ADDR
(31:0) to the functional unit.

BRNINST(3:0)—Input from Icache indicates which
decode unit has a global branch prediction. The oper-
and steering uses this signal to latch and send
ICBTAG1(3:0) and ICBTAG2(3:0) to the functional
units.

1B2(191:0)—Input from Icache indicates the combined
instructionline for reading the displacement and imme-
diate field using pointers.

ICVALI(3:0)—Input from Icache indicates valid instruc-
tions. NOOP is generated for invalid instruction.

ICnOPC(7:0)—Input from Icache to decode unit nindi-
cates the opcode byte.

ICnEOP(2:0)—Input from Icache to decode unit n indi-
cates the extended opcodefield.

ICnSS(1:0)—Input from Icache to decode unit n indicates
the scale factor of the SIB byte.

DISPTRn(6:0)—Input from Icache to decode unit n indi-
cates the displacement pointer and size. Bits 2:0 is the
pointer to the 8-byte block, bit 6:5 is the size, and bit
4:3 indicates which 8-byte block. Bit 6:5=00 indicates
no displacement.
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IMMPTRn(4:0)—Input from Icache to decode unit n
indicates the displacement pointer and size. Bits 2:0 is
the pointer to the 8-byte block, and bit 4:3 indicates
which8-byte block. Decoding of all opcodes is needed
to detect immediate field.

CONSTn(2:0)—Input from Icache to decode unit n indi-
cates the constant for add/substract to ESP of the

two-dispatch position instruction.

ICPC1TAR—Input from Icache indicates is ICPC1 a
branch target of a previous instruction which is a
predicted taken branch instruction.

ICPC2TAR—Input from Icache indicates is ICPC2 a
branch target of a previous instruction which is a
predicted taken branch instruction.

ICPC1(31:0)—Input from Icache indicates the current
line PC of the first instruction in the 4 issued instruc-

tions to pass along with the instruction to FIROB.

ICPC2(31:0)—Input from Icache indicates the current
line PC of a secondinstruction which cross the 16-byte
boundaryor branchtargetin the 4 issued instructions to
pass along with the instruction to FIROB.

ICPOSn(4:0)—Input from Icache to decode unit n indi-
cates the PC’s byte position of the next instruction. Bit
4 indicates the next instruction is on the next line.

IDxIMM(2:0)—Output to indicates the immediate size
information. 01-byte, 10-half word, 11-word, 00-not
used. Bit 2 indicates (Q) zero or (1) sign extend.

IDxDAT(1:0)—Outputto indicates the data size informa-
tion. 01-bytc, 10-half word, 11-word, 00-not used.

IDxADDR—Output to indicates the address size infor-
mation. 1—32 bit, 0-16 bit.

DxUSE1(1:0)—Output to FIROB andregisterfile indi-
cates the type of operand being sent on operand 1 for
decode units. Bit 1 indicates source operand, and bit 0
indicates destination operand.

DxUSE2—Output to FIROB andregister file indicates
source operand.

INSDISP(3:0)—Indicates that the instruction in decode
unit is valid, if invalid, NOOPis passed to FIROB.

Seament Register and Special Control
In general, writing to special registers and cache array

causes serialization after dispatching of the instruction.
Reading of special register and cache array does not cause
serialization. Cache array access is from MROM instruc-
tions for testing and debugging purposes. Most special
register accessis also from MROMinstructions; few MOVE
instructions specify the special register directly. Serializa-
tion is a major degradation in performance. Implementation
of a special register buffer in the load/store section reduces
the serialization as will be discussed in a later section. For

special register access, the destination register of the instruc-
tion is the indication of specialregister (not a real register in
the register file), the special register address and control
information are encoded in the immediate field of the

MROMinstruction. The functional unit will pass the imme-
diate field directly to the special register buffer. The imme-
diate field is decoded in the special register to generate
read/write to the appropriate special register or cache array.
Fast-path instruction which read/write to the special register
must provide the same format in the immediate field as the
MROMto the functional unit.

The prefix of the instruction is decoded during fetching.
The segment register override is encoded as a prefix byte.
The MROMinstruction provides the ES reference for the
string operation. All accesses to segment registers must be

5

10

15

20

25

30

35

40

45

50

55

60

65

88

detected in decoding to generate controls to the load/store
section. The percentage of writing to some segmentregister
is significant to the performance of Processor 500. To further
reduce the penalty of serialization due to the writing of
segmentregisters, control signals and dependencystatus bils
are generated. In the next section, a detailed implementation
of this technique is discussed.

The floating point unit is implemented as a co-processor.
The MROMprovides the same format for the floating point
instructions in 4 issue positions.‘lhe first three issue posi-
tions are for the possible 80-bit load/store access of the
floating point instructions. For 32-bit or 64-bit floating point
operations, the issue position is filled with NOOP. Thelast
issue position is the actual opcode of the floating point
instruction. The floating point opcode is in the immediate
ficld of the MROM instruction. Idecode treats the floating
point instruction as a special register instruction; the imme-
diate field is passed from special register block to the
floating point unit. The floating point unit latches and loads
data from the LSSEC and sendthe store data through the
functional unit to the LSSEC.

Special-Register Instructions
There are two types of special-register (SR) instructions.

Oneis for testing/debugging purpose, and the other is for
normal execution. The testing/debugging SR instructions are
for the cache arrays, it is not important to speed up these
instructions. Implementation of the serialized instruction is
as followed:

SR instructions can be issued from any dispatch position.
The SR address is sent to the functional unit in the

Immediate field.
Read from SRinstructions are not serialized.

Up to 4 SRinstructions can be in execute. The load/store
special register (LSR) buffer has 4 entries. The LSR buffer
is global to both the SRB and LSR. Idecode will commu-
nicates with the LSR to allocate an entry when a SR
instruction is dispatched. This is the same implementation as
with the load/store buffer.

Write to SRs except to DS, GS, ES,and FSareserialized.
The serialization is to dispatch the write to SR instruction,
stall all other instructions, and wait for LSR to notify the
completion of the instruction. The write to LSR instruction
must execute in program order (same as STORE
instructions)

Write to DS, GS, ES, and FS instruction sets a depen-
dency bit for each of the four segment register when
dispatching. Four global WRxS signals to all functional
units indicate the write to the segment register is outstand-
ing. The LSR will reset the dependencybit and clear WRxS
from execution of the write to SR instruction. Any read to
DS/GS/ES/FS instruction after the write will have a status

read dependency bit (RD_DEP_xS). Instructions with
RD_DEP_xSset, must wait in reservation station until
WRxsSis cleared. The read to GS/ES/FSinstruction includes

(1) Prefix segment override, (2) Move from segment
register, and (3) String operation (ES only). ‘The string
operation will have indication from MROM.A second write
to segment register with WRxS sct, must stall in decode.

Signal list
IMMPTRn(4:0)—Input from Icache to decode unit n

indicates the displacement pointer and size. Bits 2:0 is
the pointer to the 8-byte block, and bit 4:3 indicates
which 8-byte block. Decoding ofall opcodes is needed
to detect immediate field.

MROMEN—Input from MROMindicates the micro-
instructions is sent to Idecode instead of the Icache.

IDxIMM(2:0)—Output to indicates the immediate size
information. 01-byte, 10-half word, 11-word, 00-not
usc. Bit 2 indicates (0) zero or (1) sign extend.
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INSLSxB(5:0)—Output from decode units indicates the
prefix values. bit 5 - data size, bit 4 - address size, bit
3 lock, bit 2:0 - segmentregisters.

Global Control of Decode Units

‘The decode units, can decodeinstructions, generate oper-
and addresses, and dispatch to the functional units indepen-
dent from each other. There are a few exceptions where
global control is needed. With the extra pipeline stage before
the alignment, some decoding of the instructions is done
before sending to the decode units. Early decoding includes
MROMinstruction, SIB-byte instruction, 2-dispatch posi-
tion instructions, multi-prefix instruction, and branch taken
instructions. During decoding, partial dispatching of a linc
can happen for serialization, dependency, and move-to-
special-register. Conditions to halt the line of instructions
before dispatching to the functional units in the next ICLK
are the reservation stations full, the FIROB full, and the
T.oad/Store buffer full. These halt conditions will stop the
pipeline in the decoder from advancing. Forserialization,
the instructions can occupy the entries in the FIROB and
wait for ROBEMPTY to dispatch the instructions to func-
tional units. Most of the serialization conditions is provided
by the MENG,few serialized instructions must be decoded
from fast-path instructions. The two clock cycle in decode
units are pipelined, the appropriate pipeline control such as
HOLD and REFRESHare needed for the decode units and
Icache.

Stalling and Partially Dispatching of Instructions
Eachstage of the pipeline has a latch and the instructions

can be refreshed.In the first stage, the stalling conditions for
the operand pointers and instructions from Icache to decode
units are:

If the FIROB is full, the decoding is stalled until the
FIROBcan accept anotherline of instruction.

In the next stage, the line in the FIROB mustbeallocated,
the stalling conditions for the operand data to remain on the
busesare:

If there is a narrow-to-wide dependency; i.e. the read
operand is 32-bit and the previous destination operand is
8-bit, the decoding is stalled until the FIROB retires the
previous destination entry. Instructions may be partially
dispatched, the FIROB invalidates instructions from the
narrow-to-wide dependency. The Idecode invalidates
instructions before the narrow-to-wide dependency and
re-issues the instructions to FIROB. A similar procedure is
needed for the second group of flag dependency checking.

Dependencyis detected for the third group offlags. If the
load/store buffer is full, the decoding is stalled until the
load/store buffer is available. Partial line dispatching can be
done instead of stalling the whole line. This will be dis-
cussed in a later section.

If the special register bufferis full, the decodingis stalled
until the load/store buffer is available. This was discussed in
an earlier section.

Decodingis stalled on write to special registers and cache
array except for write to DS, ES, FS, and GS. This was
discussed in an earlier section.

If any set of reservation stations is full, the decoding is
stalled until the reservation station is available.

Serialized instructions.
Instruction Serialization

Serialization is controlled by MROM and the decode
units. On some processors, the ROB must be empty before
the instructions can be dispatched from the decode units, and
the ROB must be empty again before the next instruction can
be dispatched. The cost is about 6 cycles to execute a single
instruction. The performance degradcs tremendously by
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serialization. On Processor 500, serialization will be
minimized, most frequent serialization instructions will be
in the fast path. The serialization can be categorized into
serialized instructions, exception instructions, break-point
instructions, and special register instructions.

Serialized instructions which must be handled by the
decode units:

INVD—Dispatch the instruction to invalidate the data/
instruction cache and wait for the FIROBre-fetch the
next instruction.

HALT—Dispatch the instruction to the FIROB and wait
for interrupt.

WAIT—Dispatch the instruction to the FIROB and wait.
Instruction Breakpoints and Tracing

Whenenabled, instruction breakpoint check instructions
are inserted before each instruction by the decode unit. A
hardwired input to dispatch position zero is serially dis-
patched before every instruction. The breakpoint instruc-
tions go to the LSSEC to check for breakpoint.
Handling of Load/Store Instructions

The load/store section implementsa finite size load/store
buffer. There would be cases that the buffer is full and

creates a stall in functional units. To avoid stalling in the
functional units, the decode will not dispatch the current line
of instructions if there is not enough space in the load/store
buffer to handle the load/store instructions of the current
line. The decode units have more time to make this decision
than the functional units.

At dispatch, the decode units send the load/store infor-
mation to the load/store section. The information includes

the current FIROB linc, data dependency tags, and load/
store type LSTYPE(1:0):

00: No load/store

01: Load operation
10: Store operation
11: Both Load and Store operations
If the instruction has a memoryreference, then the load/

store type should be set. The linear address and/or data will
be sent to the load/store buffer from the functional units or
reservation station at a later time. The load/store buffer

allocates entries for the dispatched instructions. The store
operation should get a slot in the load/store buffer and the
load instruction increases a counter to keep track of the
numberof load in the executing stage. A 3-bit countis sent
to the decode units to indicate the number of emptyentries
in the load/store buffer. The decode units will dispatchaline
of instructions only if the number of load/store instructions
in the line is less than or equal to the empty entries in the
load/store buffer.

Signal list
LSCNT(2:0)—Input from LSSECindicates the number

of empty entries in the load/store buffer.
RSFULL—Inputfrom functional units indicates that the

reservation stations are full. This signal is the OR of the
6 functional units

ROBFULL—Input from FIROB indicates the FIROB is
full.

REFRESH2—Outputindicates that the operand pointer to
the register file and the FIROB will be refreshed and
not accept new operand.

REFRESH1—Output indicates current line of instruc-
tions will be refreshed and not accept new instructions
from Icache.

IDPREF(5:0)—Output from 2-cycle prefix decode to
decode units indicates the prefix values. bit 5 - data
size, bit 4 - address size, bit 3 - lock, bit 2:0 - segment
registers.
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IDSIB(3:0)—Output to FIROB indicates which decode
unit has the SIB-byte instruction. The FIROB should
generate dependency on the previous instruction of the
last line in the same issue position.

Timing
The Idecode has 2 pipeline stages:
first stage: Decode instruction opcode for functionalunits.

Decoderegister direction and validation for operands to
dispatch to functional units. Dependency checking in
the FIROB.

second stage: Operand steering for tags and operand data
to the functional units. Complete decading for instruc-
tion and scnd to functional units.

Layout
The Idecode includes six decade unit blocks. The decode

unit 0 and 6 are slightly different because of passing part of
the instruction from different lines. The global blocksare:
MROMinterface unit, the prefix decoding and control for
2-cycle Processor 500 fast-path instructions, the return stack
and controls for branch instructions, and global decoding
controls. The MROMinterface unit includes global registers
accessible by MROM instruction. FIG. 28 is a block dia-
gram of the IDECODElayout.
Dispatch and Issue Logic

For this section, dispatch means sending a new set of up
to four pseudo-opcodes with their tags and operandsto the
operand steering unit and then to the reservation station.
Issue means sending the source operands to the FNCU for
execulion. The term pseudo-opcode is used since [ast path
x86 instructions are sent as either one or two side by side
pseudo-opcodes. Each pseudo-opcodeis further sub-divided
into two vectors (a type of mini-opcode). Both vectors have
access to the same four data busses {Aop(31:0), Bop(31:0),
Disp(31:0), and Const(3:0)} but use the data differently
depending on which reservation station protocol that the
reservation station entry has. There are a total of three
reservation station entries. Every pseudo-opcode is one
dispatch position that carries an identification or DTAG
denoted by the FIROB line number and entry numberthat
will become its destination. Only the FIROB line number
needs to be carried around since the entry number will
correspondto a fixed dispatch position from 0 to 3. DIAG
(destination tags) can only be 0__0 to 5_3 which represents
four dispatch positions and six FIROB lines.

Allocation and Dispatch
Once the opcode has been dispatched to a reservation

station (station 0, 1, or 2), the station then watchestheresult
bus tags for the remaining operands that will be forwarded
to it. Issue from the reservation stations to the functional
units can be done out of order on Processor 500. The oldest

opcode(in program order) which hasall of its operands will
be issued to the functional unit and the functional unit cannot

stall. The decoder/dispatcher communicates with the FPU,
LSSEC, and SRB, and FIROB and will stall if a new
opcode( ready to be dispatched) has no place to go. As an
example, when all six FIROBlines are allocated or whenall
eight LSSEC entriesare allocated, the dispatcher muststall.

Opcodes, tags, and operands for the reservation stations
are always dispatched into RS2. Issue to the functional unit
can then come from RS2, RS1, or RSO. When a another
opcode is dispatched into RS2, the previous opcode in RS2
is shifted down to RSL. If an opcode was in RSI, it would
in turn be shifted ta RSO.

Reservation Station Sub-Blocks

Thereservationstation logic (per dispatch/issue position)
is divided into a control sub-block named RSCTT. and three

reservation stations named RS2, RS1, and RSO. Opcodes,
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lags, and operands are only dispatched to RS2, while any of
the reservation stations can issue to the FNCU. If an

operation gets all of its operands from the REGF and FIROB
data section and has no higher priority requests in the
reservation stations before il, it can go from the operand
steering section directly to the KENCU for evaluation;
otherwise, the operation waits in the reservation station until
its operands are forwardedto it. The entry being issued to the
FNCUis driven on a set oftristate busses. Another set of

tristate busses is used by the Multiplier for source operands.
These tristate busses (SAOPND and SBOPND)are shared
by all four reservation block positions, and a multiplier
request/grant protocol determines which position drives
them.

The RSCTL decides which operations end up in which
reservation stations. A set of operands will stay in their
current reservation station entry unless they are shifted to the
next entry or sent to the FNCUfor evaluation. No attempt
is madeto keep all operations pushed up against one side or
the other of the reservation station chain. A block diagram of
reservation station logic is shown as FIG. 29.
A timing diagram for the reservation stations is shown as
FIG. 30.

Reservation Station Protocols

Various protocols are used to indicate how the reservation
station should use the two vectors stored in the VCBS

(vector control bit store) section of the FNCU and which
operands are needed.

Protocol Definitions

OP - operation only valid
(vO: na {0}; vl: operation {F})

TOP- two opcode are fully supplied (not used by uCode)
(fast path only)

(vO: decode supplied; v1: decode supplied)vi2 - vO fwd to vl
(vO: Bop + const. {I}; v1: operation {F)})

LO - Load-Operation
(vO: Bop + disp {Lw}; v1: operation {F})
after vO, BTAG = DTAG

LOS- Load-OP-Store
(vO: Aop + disp {Lw}; v1: op & store {M})
after vO, BTAG = DTAG

OS- op-store
(vO: Aop + disp {L}; v1: op & store {M})SRB - SRB info

(vO: na {0}; v.
FLA- fpu linear adr

(vO: Bop + disp {I}; v1: fwd + const {L})
unlike regular linear adr calc; this one immediately
clears the resv__sta entryBRN- Branch eval

(vO: na {0}; v.
LBR - Load-brn (RET)

(vO: Aop + disp {Lw}; v1: operation,brn eval {B})
SIB - Ist pos SIB

(v0: Aop + scaled(Bop) {F}; v1: na {0})PU - Push

(vO: Aop-const {L,F} v1: op & store {M})
POP - Pop

(vO: Aop + const {F} v1: na {0})DIV - vector) or vectorl

(v0: ADD {F}; v1: SUB {F})

 
:pass Bop {S})

: operation,brn eval {B})

 
The following letters indicate which blocks should latch data
off the RES bus (enclosed in { })

O (nothing)
F (FIROB or FNCU forwarding)
L (linear address for store)
Lw (linear address for load; Res_sta changes Bop=

DTAGandwaits)
M (memory data for store only)
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S (SRB) -continued
B (Branch eval info for FIROB)
I (intermediate value; ignored for forwarding except for Summary of How Protocols Apply to Various Instructions

same Res sta) dispatch positions5
Ist pos 2nd pos

Summary of How Protocols Apply to Various Instructions
dispatch positions CALL nr reg indr PU / BRN;_pos 2 adds indr_reg w/zero instead of EIP + rel

Ist pos 2nd pos CALL nor mem indr PU /LBR;10 POP mem uCode
regular operation OP I-53 POP mem w/SIB —uCode
regular op w/imm OP [3 POPF uCode : this goes to uCode since

code oe ' - ; IOPL can change
Load-op-store LOS /-3 RET . LBR /OP;
SIB w/ Load-op —SIB /LO; ys RETimm LBR {Vvi2;
SIB w/ OP-store—SIB / OS; XCHG uCode
SIB w/ L-O-S SIB /LOS; XADD uCode
divide opcode DIV /-3 LEAVE POP /10;
FPU linear adr FLA /-3 LOOP OP / BRN;
Jec BRN [-3 LOOPcond uCode

tee nr disp rel BRN a i 20 ICXZ oP | BRN;nr reg incor - 3 :
JMPnr mom indr LBR {-3 MUL1 disp pos OP Io3 .
PUSH reg PU /-3 MUL2 disp pos OP / OP; 2nd pos is a NOP
PUSH mem LO /PU;
PUSH mem w/SIB-  uCode
PUSHF PU {-3 using MOVF
PUSHF w/OF fwd V2 /PU; using MOVF and MOVOF 25 . .
CALL nr disp rel PU / BRN; Operandto bus assignments and opcode details: Aop,Bop,

and Disp busses are 32 bits Const bus is 4 bits

regular operation Op/ - ;
dsptch pos 1: Aop Bop Disp Const—operation Latch

inpuls-> A B - --
v0: none {0}
vi: A B operation {F}same but with immediate data

regular operation OP /- ; OP_STR block moves imm

 

to Bop
dsptch pos 1: Aop Bop Disp Const operation Latch

inputs-> A imm ~ -
v0: none {o}
vi: A imm operation {Ft
Load-op LO /- ;
dsptch pos 1: Aop Bop Disp Const operation Latch

inputs-> B disp --
vO: B disp Bop+disp {Lw}

& Btag<=Dtag
vi: LSRES operation {F}
OP-store OS / - 5
dsptch pos 1: Aop Bop Disp Const operation Latch

inputs-> A B disp --
v0: A disp Aop+disp {L}
vi: B operation {M}
Load-op-store LOS / - ;
dsptch pos 1: Aop Bop Disp Const—_operation Latch

inputs-> A B - --

vO: A disp Aop+disp {Lw}
& Atag<=Dtag

vi: LSRES B operation {M}
SIB w/ Load-op SIB / LO ;
dsptch pos 1: Aop Bop Disp Const operation Latch

inputs-> base index - --

v0: base index base-+scaled(ind) {F}
vi: none {0}

dsptch pos 2: Aop Bop Disp Const operation Latch

inputs-> B disp --

    
v0: fwd disp fwd+disp {Lw}
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vi: LSRES
SIB w/ OP-store SIB / OS ;
dsptch pos 1: Aop Bop Disp Const

inputs-> base index - --
vO: base index
vi:

ptch pos 2: Aop

inputs-> A B disp -
vo: fwd dispvi: B
SIB w/ L-O-S SIB / LOS
dsptch pos 1: Aop Bop Disp Const

inputs-> base index=-- -
vo: base index
vi:

dsptch pos 2: Aop Bop Disp Const

inputs-> A B disp --
v0: fwd disp

vi: LSRES B

divide opcode DIV / - ;
dsptch pos 1: Aop Bop Disp Const

inputs-> A B - -
v0: A B
vi: A B
FPU linear address FLA ;- ;
dsptch pos 1: Aop Bop Disp Const

inputs-> B disp const
v0: B disp

vi: fwd const
Jec BRN / - 3
dsptch pos 1: Aop Bop Disp Const

inputs-> EIP pre_adr rel -v0:
vi: EIP B rel

       
next cycle flag logic compares ElP+rel & pre_adr for
predicted taken
JMP ardisp rel BRN / - ; same as conditional
except always laken
dsptch pos 1: Aop Bop Disp

inputs-> EIP pre_adr relv0:
vl: EIP B rel

next cycle flag logic compares EIP+rel & pre_adr for
predicted taken
JMPnr reg indr BRN / - ;

 
dsptch pos 1: Aop Bop Disp

inputs-> reg pre_adr --
v0:
vi: reg
next cycle flag logic compares reg+0 & pre adr for
predicted taken
JMP nr mem indr TBR / - ;

 
dsptch pos 1: Aop Bop Disp

inputs-> Aop pre_adr disp
v0: Aop disp

vi: LSRES

  

Const

0

0
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&
operation

operation

hase+scaled(ind)none

operation

fwd-+disp
operation

operation

base+scaled(ind)none

operation

fwd-+disp&

operation

operation

ADD A,B
SUB A,B

operation

Bop+disp
&
fwd-+const

operation

none
EIP+rel

operation

none
El[P+rel

operation

none

reg+0

operation

Aop-+disp&
LSRES+0

next cycle flag logic compares LSRES+0 & pre_adr for
predicted taken
PUSH reg PU/- ;
dsptch pos 1: Aop Bop Disp

inputs-> ESP B -
v0: ESP
vi: B

Const

const
const

operation

ESP-const

operation

Btag<=Dtag
{F}

{Lw}

{M}

{I}
Btag<=Dtag

{L}

{Lw}
Atag<=Dtag

{B}
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PUSH mem LO / PU ;
dsptch pos 1: Aop Bop Disp Const

inputs-> B disp --
v0: B disp

Vv LSRES

dsptch pos 2: Aop Bop Disp Const

inputs-> ESP wd -- --
v0: ESP const
vi: wd
PUSHF PU / - ; using MOVF
dsptch pos 1: Aop Bop Disp Const

inputs-> ESP fig - constv0: ESP const
vi: A

 
operation

Bop+disp&

operation

operation

ESP-const

operation

operation

ESP-const
MOVF

the MOVF on v1 combines system flags on Bop with CF & XF
PUSHF w/OF fwd OP / PU ; using MOVF and MOVOF
dsptch pos 1: Aop Bop Disp Const 

 
operation

none
MOVF

ESP-const
MOVOF

operation

ESP-const
operation

operation

none

inputs-> - fig - --v0:
vi: fig
the MOVF on v1 combines system flags on Bop with CF & XF

dsptch pos 2: Aop Bop Disp Const

inputs-> ESP fwd - const
vo: ESP const
vl: twd
the MOVOFonv1 overwrites the OF bit position of Bop
CALL nrdisp rel PU / BRN
dsptch pos 1: Aop Bop Disp Const

inputs-> ESP EIP ~ const
v0: ESP const
vi: EIP

dsptch pos 2: Aop Bop Disp Const

inputs-> EIP pre_adr disp -v0:

vi: EIP disp -
next cycle flag logic compares EIP+disp & pre_adr for
predicted taken
CALL orreg indr PU / BRN; pos 2 adds indr_sreg w/zero inslead of EIP+rel
dsptch pos 1: Aop Bop Disp Const

inputs-> ESP EIP - constv0: ESP const
vl EIP

dsptch pos 2: Aop Bop Disp Const

inputs-> reg pre_adr 0 -v0:
vi: reg 0 --
next cycle flag logic compares reg+0 & pre_adr for
predicted taken
CALL nr mem indr P / LBR ;
dsptch pos 1: Aop Bop Disp Const

inputs-> ESP EIP - constv0: ESP const
vi: EIP

dsptch pos 2: Aop Bop Disp Const

inputs-> A pre_adr disp -
vo: A disp

vi: LSRES

EIP+disp

operation

ESP-const

operation

operation

none

reg+0

operation

ESP-const

operation

operation

Aop-+disp&
LSRES+0

next cycle flag logic compares LSRES+0 & pre_adrfor
predicted taken
POP reg LO / POP ;
dsptch pos 1: Aop Bop Disp Const operation

5,854,921

{Lw}
Btag<=Dtag

{F}

{Lw}
Atag<=Dtag

{B}

Latch

98



99
-continued

inputs-> ESP 0 --

 

  dsptch pos 2: inputs-> ESP - - const
v0: ESP const
vi:

RET LBR/ OP ;
dsptch pos 1: Aop Bop Disp Const

inputs-> ESP pre_adr -- Dvu: ESP 9

vi: LSRES 0

5,854,921

ESP+0
&
operation

operation

ESP-+const.
none

operation

ESP+0

LSRES+0

next cycle flag logic compares LSRES+0 & pre_adrfor
predicted taken

dsptch pos 2: Aop Bop Disp Const

inputs-> ESP - - constv0: ESP const
vi:
RET imm LBR / V12 ;
dsptch pos 1: Aop Bop Disp Const

inpuls-> ESP pre_adr 0 -vo: ESP 0

vi: LSRES 0

operation

ESP-+const
none

operation

ESP+0
&
LSRES+Q

next cycle flag logic compares LSRES+0 & pre_adr for
predicted taken
dsptch pos 2: Aop Bop Disp Const

inputs-> ESP imm const
v0: ESP const
vi: fwd imm
LEAVE V12 /T.0 ;
dsptch pos 1: Aop Bop Disp Const

inputs-> EBP ~ constv0: const
vi: fwd

operation

ESP+const
fwd+imm

operation

EBP-+const
R<-fwd

this one is used so another protocol is not needed and
dependency checkingis easy; otherwise, use
POPprotocol with Bop+const.

FIROBlatches the output as the new ESP value.

dsptch pos 2: Aop Bop

inputs-> EBP 0 -
v0: EBP 0 EBP+0

&
vi: LSRES operationFIROBlatches v1 result as the new EBP value
LOOP OP / BRN ;
dsptch pos 1: Aop Bop Disp Const operation 

inputs-> ECX 1 - ~v0: none

vi: ECX 1 operation

dsptch pos 2: Acp Bop Disp Const operation 

inputs-> EIP=pre_adr disp --v0: none

vi: EIP disp -- EIP+disp
next cycle flag logic compares EIP+disp & pre_adr for
predicted taken
JCXZ OP / BRN ;
dsptch pos 1: Aop Bop Disp Const operation

a version ofthe

{Lw}
Btag<=Dtag

{F}

Latch
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{Lw}
Btag<=Dtag

{F}

{LW}
Atag<=Dtag

{B}

{Lw}
Atag<=Dtag

{By

-continued

inputs-> ECX 0 -- -v0: none
vi: ECX 0

45

dsptch pos 2: Aop Bop Disp

inputs-> FIP
50. v0: none

vi: EIP disp -- EIP+disp
next cycle flag logic compares EIP+disp & pre_adr for
predicted taken
MUL1 disp pos OP /- ;
dsptch pos 1: Aop Bop Disp Const operation

55 — — sors sree
inputs-> A B -- -
v0: none

resv_sta receives grant and sends source on SAOPND &
SBOPND, FNCUis idle
resv__sta starts counting 3 cycles and issues v1 to pass

60 MULresult

vi: pass MUL
MUL2 disp pos OP / OP ; 2nd pos is a NOP
dsptch pos 1: Aop Bop Disp Const operation

inputs-> A B -- -
65 v0: none

resv_sta receives grant and sends source on SAOPND &
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-continued

SBOPND; FNCUis idle
resv__sta starts counting 3 cycles and issues v1 to pass
MULresult
resv_sta(i) signals resv_sta(i+1) to start counting 4
cycles
vi: pass MUT, {F}

dsptch pas 2: Aop Bop Disp Const operation Latch

inputs
v0: NOP {0}
resv__sta starts counting 4 cycles and issues vi to pass
MULresult

vi: NOP {F}

Cycle Type
Sometimes incorrect data will be sent by the Deache or

the LSSEC.Thereservation station will resend the cancelled

cycle after the correct data comes from the data cache in the
case of a hit in a mispredicted way. When the DCUNPAHIT
or DCUNPBHIT (Deachehit in unpredicted way) signal is
detected, the R_VALIDstatus is changed to an R_NONE
status by the FNCUand the reservation station will latch in
the correct data next cycle. The correct data from an unpre-
dicted way will have to wait one extra cycle to be issued
since the reservation station has already prioritized another
entry for issue. DCUNPAHIT and DCUNPBHIT correspond
to Deache results for the data on LSRESO and LSRES1

respectively. A Dcache miss is detected when valid tags
match on LSTAGO bus but no DCUNPAHIT or DCPRPA-

HITis detected. ‘The DCUNPBHITand DCPRPBHITsig-
nals are for the LSTAG1 busstatus. The LSSEC uses a

similar protocol for miss only by sending the LSCANFWD
signal whichindicates that the forwarded data wasincorrect.
Whenload data is received on the LSRESbus, the reserva-
tion station keeps the corresponding entry for a cycle after
it is issued to the FNCU and checksto seeif its tags needed
to be set again for the miss condition. Keeping the reserva-
tion station entry valid for an extra cycle is not neededin the
case of an FPU load linear address calculation. The FPU

reservation station must be responsible for detecting and
handling the incorrect load data conditions. Another side
note is that AHBYTEdata is not sent back to bits 15:8 for
“store” data.

SRB FPU, and MULT handling
SRB opcodes look like a move instruction with the

exception that a STAT SRB signal is asserted to let the
LSSEC knowthe 32 bit value needs to be latched into the 4

entry SRB file. FPU opcodes go to uCode and get dispatched
on a single FIROB line which usesthe first three positions
for calculating linear addresses and the last position for the
entry point into the Feode (FPU microcode). FPU entry
points are sent directly from dispatch to the FPU.

Each of the four dispatch positions can send a multiply
request signal to the multiplier unit, and wait to see which
position receives a grant signal. Once a reservation station
position has the grantit can use the SAOPND and SBOPND
busses to send its sources to the multiplier. It also starts
counting three cycles. Nothing except a DTAG,valid status,
and a selection signal are sent to the FNCUatthe end of the
count. The multiply result will be multiplexed onto the
FNCU’s RESbus.If two results are going to be written by
the multiplier, the reservationstation that gets the multiplier
grant will scnd a count start signal to the (I+1) reservation
station position. After four cycles the (I+1) reservation
station will finish its count and let the second multiply result
pass onto the RES busfor it’s FNCU.

5
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Reservation Station Signals
This signal list covers the reservation station at the top of

its hierarchy. There are three reservation station entries
covered in the RS signal list and a control section signal list
covered in the RSCIL.

Reservation Station Input Signals

AXBLAC3—use A operand or B operand for linear
address calc

DCPAPRHIT—data cache port A predicted way hit

DCPBPRHIT—data cache port B predicted way hit

DCUNPAHI'I—data cache port A unpredicted wayhit

DCUNPBHIT—data cache port B unpredicted way hit

FOCTLST_VUSE3—-valid control store use next cycle

FOCTLST_VWR3—valid control store write next cycle

MULCYC2X3_3—indicates 2 or 3 cycle multiply is
required

MULGRn—nultiply grant to position nl
MULRES3_3—leave RES busfree for MULresult in 3

cycles MULX;

RD_DEP_DS3—entry specific read bit for DS; entry
wait if both read and write are set

RD_DEP_LS3—entry specific read bit for LS;
wait if both read and write are set

RD_DEP_FS3—entry specific read bit for FS;
wait if both read and write are set

RD_DEP_GS3—entry specific read bit for GS;
wait if both read and write are set

ROLAC3—request linear address calc

VAT3—valid A operand tag
VBT3—-valid B operand tag

VCFT3—valid carry flag operand tag
VRS3—valid entry going from op steer to RS2

VSFT3—valid status flag operand tag
WRDS—elobal bit for write to DS
WRES—global bit for write to ES
WRFS—globalbit for write to FS

WRGS—global bit for write to GS
[10:0] INSSEG—LSSEC segment MUXselect

[10:0] RSPROTOCOL3—determines protocol (ie: LOS,
MUL,DIY, etc.)

[1:0] LSCANFWD—LSSECcancelsignal for forwarded
data on the LSRESn bus

[2:0] CDTAG3—currentdestination tag for the incoming
opcode for RS2

[31:0] AOPND3—Aoperand

[31:0] BOPND3—B operand
[31:0] DSPR3—displacement

[31:0] LSRESO—LSSECresult bus 0
[31:0] LSRESI—LSSECresult bus 1

]
]
]

entry

entry

entry

[31:0] RESO—forwardedresult bus from position 0
[31:0] RES1—forwardedresult bus from position 1
[31:0] RES2—forwarded result bus from position 2
[31:0] RES3—forwarded result bus from position 3

[3:0] FOCTLST_WR—indicates which control store vec-
tor to use

[4:0] ATAG3—Aoperandtag sent to RS2
[4:0] BIAG3—Boperand tag sent to RS2

[4:0] CFTAG3—carry (CF) tag sent to RS2
[4:0] DTAGO—destination ID for result at position 0

[4:0] DTAG1—destination ID for result at position 1
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[4:0] DTAG2—destination ID for result at position 2

[4:0] DTAG3—destination ID for result at position 3

[4:0] LSTAGO—destination ID for LS result at position 0
[4:0] LSTAG1—4#estination ID for LS result at position 1

[4:0] SFTAG3—status flags (ZF,AF,PF,SF,DF,OF) tag
sent to RS2

[6:0] FLGD3—inputflag data from the reservation station

[6:0] RFLAGO—input flag data from position 0

[6:0] RFLAG1—inputflag data from position 1

[6:0] RFLAG2—input flag data from position 2
[6:0] RFLAG3—inputflag data from position 3

[6:0] RFLAGLS0—inputflag data from LSSEC 0

[6:0] RFLAGLS1—inputflag data from LSSEC 1

[7:0] FOCTLST_USE3—indicates which control store
vector to use

Reservation Station Output Signal List

FOCTLST_VUSE—valid control store use next cycle

FOCTLST_VWR—valid control store write next cycle
FNCUGO—functional unit GO indication

FUGNT3—indicates for operandsteer to drive the shared
data busses into the FNCU

MULCYC2X3—numberof multiply cycles is 2, else use
3

MULONEOP—opcodeis for the one operand version
MULRES3—leave RES bus free for MUL result in 3

cycles
MULROn—multiply request from position n

MULSIGN—signed values
OPALSRESO—used to qualify valid status; else mispre-

dicted way miss; Aop & DC port 0
OPALSRES1—uased to qualify valid status; else mispre-

dicted way miss; Aop & DC port 1

OPBLSRES0—used to qualify valid status; else mispre-
dicted way miss; Bop & DC port 0

OPBLSRES1—usedto qualify valid status; else mispre-
dicted way miss; Bop & DC port 1

RSFULL—teservation station full

[10:0] INSSEG—LSSEC segment MUX select
[1:0] MULOPSIZE—output operands are 01: byte, 10:

word, or 11: dword

[2:0] CDTAG—current destination tag for the incoming
opcode YY use DTAG

[31:0] AOPND—Aoperand

[31:0] BOPND—Boperand
[31:0] DSPR—displacement

[31:0] SAOPND—shared A operand bus
[31:0] SBOPND—shared B operand bus
[3:0] FOCTLST_WR—indicates which control store vec-

tor to use

[6:0] FLGD—inputflag data from the reservation station
[6:0] FNCUMUXA—imuxcontrol from reservation sta-

tion for A operand input

[6:0] FNCUMUXB—muxcontrol from reservationsta-
tion for B operand input

[6:0] FNCUMUXCF—amuxcontrol from reservation sta-
tion for the carry flag

[6:0] FNCUMUXSF—mu«xcontrol from reservation sta-
tion for the status flags

[7:0] FOCTTST_USE—indicates which control store
vector to usc
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RS: Reservation Station Entry Signal List
Three identical reservation station entries for each reser-

vation station block allow storage and forwarding for three
outstanding dispatch positions.
RS Input Signal List
AXBLACI—useA operand or B operand for linear address

cale

FOCTLST_VUSEI—valid control store use next cycle
FOCTLST_VWRI—valid control store write next cycle
MULCYC2X3I—2or 3 cycle multiply
MULGRI—uultiply grant to position n1
MULRES3I—leave RES bus free for MULresult in 3 cycles
RD_DEP_DSI—cntry specific read bit for DS; entry wait

if both read and write are set

RD_DEP_ESI—entry specific read bit for ES; entry wait if
both read and write are set

RD_DEP_FSI—entryspecific read bit for FS; entry wait if
both read and write are set

RD_DEP_GSI—entry specific read bit for GS; entry wait
if both read and write are set

ROLACI—request linear address calc
VATI—-valid A operand tag
VBTI—valid B operand tag
VCFTI—valid carry flag operand tag
VRSI—-valid entry going from op steer to RS2
VSFTI—valid status flag operand tag
[10:0] INSSEGI—LSSEC segment MUXselect
[10:0] RSPROTOCOLI—determines protocol (ie: LOS,

MUL,DIV, etc.)
[2:0] CDTAGI—current destination tag for the incoming

opcode for RS2
[31:0] AOPNDI—Aoperand
[31:0] BOPNDI—Boperand
[31:0] DSPRI—displacement
[31:0] LSRESO—LSSECresult bus 0
[31:0] LSRESI—LSSECresult bus 1
[31:0] RESO—forwardedresult bus from position 0
[31:0] RES1—forwardedresult bus from position 1
[31:0] RES2—forwardedresult bus from position 2
[31:0] RES3—forwardedresult bus from position 3
[3:0] FOCTLST_WRI—indicates which control store vec-

tor to use

[4:0] ATAGI—Aoperand tag sent to RS2
[4:0] BTAGI—Boperandtag sent to RS2
[4:0] CFTAGI—carry (CF) tag sent to RS2
[4:0] D'TAGO—destination ID for result at position 0
[4:0] DTAG1—#estination ID for result at position 1
[4:0] DTAG2—destination ID for result at position 2
[4:0] DTAG3—destination ID for result at position 3
[4:0] LSTAGO—destination ID for LS result at position 0
[4:0] LSTAG1—destination ID for LS result at position 1
[4:0] SFTAGI—status flags (ZF,AF,PFE,SF,DF,OF) tag sent

to RS2

[6:0] FLGDI—inputflag data from the reservation station
[6:0] RFLAGO—input flag data from position 0
[6:0] RFLAG1—input flag data from position 1
[6:0] RFLAG2—input flag data from position 2
[6:0] RFLAG3—input flag data from position 3
[6:0] RFLAGLSO—input flag data from LSSEC 0
[6:0] RFLAGLS1—inputflag data from LSSEC 1
[7:0] FOCTLST_USEI—indicates which control store vee-

tor to use

RS Output Signal List
AXBLACO—usce A opcrand or B operandfor lincar address

cale

FOCTLST_VUSE—valid control store use next cycle
FOCTLST_VUSEOvalid control store use next cycle
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FOCTLST_VWR—valid control store write next cycle
FOCTLST_VWRO—valid control store write next cycle
FNCUGO—functional unit GO indication

MULCYC2X3—numberof multiply cycles is 2, else use 3
MULCYC2X30

MULGRO—nmultiply grant to position nl
MULONEOP—opcodeis for the one operand version
MULRES3—leave RESbusfree for MULresult in 3 cycles
MULRES30—leave RES bus free for MUL result in 3

cycles
MULSIGN—signed values
OPALSRESO—used to qualify valid status; else mispre-

dicted way miss; Aop & DC port 0
OPALSRES1—used to qualify valid status;

dicted way miss; Aop & DC port 1
OPBLSRESO—used to qualify valid status;

dicted way miss; Bop & DC port 0
OPBLSRES1—used to qualify valid status;

dicted way miss; Bop & DC port 1
RD_DEP_DSO—cntryspecific read bit for DS; entry wait

if both read and write are set

RD_DEP_ESO—entry specific read bit for ES; entry wait
if both read and write are set

RD_DEP_FSO—eniryspecific read bit for FS; entry wait
if both read and write are set

RD_DEP_GSO—entryspecific read bit for GS; entry wait
if both read and write are set

ROLACO—trequestlinear address calc
VATO—valid A operand tag
VBTO—valid B operand tag
VCFTO—valid carry flag operand tag
VRSO—valid entry going from op steer to RS2
VSFTO—valid status flag operand tag
[10:0] INSSEG—LSSEC segment MUXselect
[10:0] INSSEGO—LSSEC segment MUXselect
[10:0] RSPROTOCOLO—determines protocol (ie: LOS,

MUL,DIV, etc.)
[1:0] MULOPSIZE—output operands are O1: byte, 10:

word, or 11: dword
[2:0] CDTAG—current destination tag for the incoming

opcode YY use DTAG
[2:0] CDTAGO—current destination tag for the incoming

opcode for RS2
[31:0] AOPND—Aoperand
[31:0] AOPNDO—Aoperand
[31:0] BOPND—Boperand
[31:0] BOPNDO—B operand
[31:0] DSPR—displacement

]
]

else mispre-

else mispre-

else mispre-

 

[31:0] DSPRO—displacement
[31:0] SAOPND—shared A operand bus
[31:0] SBOPND—shared B operand bus
[3:0] FOCTLST_WR—indicates which control store vector

to use

[3:0] FOCTLST_WRO—indicates which control store vec-
tor to use

[4:0] ATAGO—Aoperand tag sent to RS2
[4:0] BTAGO—Boperandtag sent to RS2
[4:0] CFTAGO—carry (CF) tag sent to RS2
[4:0] SFTAGO—status flags (ZF,AF,PF,SF,DF,OF)tag sent

to RS2

[6:0] FLGD—inputflag data from the reservation station
[6:0] FLGDO—inputflag data from the reservation station
[6:0] FNCUMUXA—muxcontrol from reservation station

for A operand input
[6:0] FNCUMUXB—muxcontrol from reservation station

for B operand input
[6:0] FNCUMUXCF—amuxcontrol from reservation station

for the carry flag
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[6:0] FNCUMUXSF—muxcontrol from reservation station
for the status flags

[7:0] FOCTLST_USE—indicates which control store vector
to use

[7:0] KOCYLSl_USEO—indicates which control store vec-
tor to use

RSCTL Sub-Block

Controls shifting of entries within the reservation station
and controls what the FNCU does and which control bit
vector is used.

RSCTLInput Signal List
AXBLACx—use A operand or B operand for linear address

cale

DCPAPRHIT—data cache port A predicted way hit
DCPBPRHIT—iata cache port B predicted way hit
DCUNPAHIT—data cache port A unpredicted way hit
DCUNPBHIT—iata cache port B unpredicted way hit
MATx—nmatch on A operand tag
MBTx—match on B operand tag
MCFTx—match on carry flag (CF) tag
MSFTx—match on status flag (STF) tag
MULCYC2X3__x—multiply takes 2 or 3 cycles
MULGRrp;
MULRES3

cycles
RD_DEP_DSx—entry specific read bit for DS; entry wait

if both read and write are set

RD_DEP_ESx—entry specific read bit for ES; entry wait
if both read and write are set

RD_DEP_FSx—entryspecific read bit for FS; entry wait if
both read and write are set

RD_DEP_GSx—entry specific read bit for GS; entry wait
if both read and write are set

ROLACx—request linear address calc
VATx—valid A operand tag
VBTx—valid B operand tag
VCFTX—-valid carry flag operand tag
VRSx—valid entry going from op steer to RS2
VSFTx—valid status flag operand tag
WRDS—lobal bit for write to DS
WRES—global bit for write to ES
WRFES—global bit for write to FS
WRGS—¢lobal bit for write to GS
[10:0] RSPROTOCOLx—determines protocol (ie: LOS,

MUL,DIV, etc.)
[1:0] LSCANFWD—LSSEC cancel signal for forwarded

data on the LSRESn bus

RSCTL Output Signal List
FNCUGO—functional unit GO indication

FUGNTO—indicates for operand steer to drive the shared
data busses into the FNCU

FUGNT1—indicates for operand steer to drive the shared
data busses into the FNCU

FUGNT2—indicates for operand steer to drive the shared
data busses into the FNCU

FUGNT3—indicates for operand steer to drive the shared
data busses into the FNCU

MULRQn—tequest use of multiplier
ROSHF—shift newdata into entry 0
R1SHF—shift new data into entry 1
R2SHF—shift new data into entry 2
RSFULL—reservation station full

x—leave RES bus free for MULresult in 3

Operand Steering

The operand steering sections purposeis to give an extra
cycle to gather source data together for the reservation
station or functional unit and to provide time to decode
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opcodesinto two vectors of fully decoded control signals for
the functional unit. Since several units may be sending
data/tags to the operand steering block at the same time, the
operand steering section uses the following priority: 1) tags,
2) FIROB data, 3) REGE. ‘The incoming data for the two
sources may also be in the incorrect position, and the
operandsteering section will need to swap the sourcesto the
correct positions for the A and B operands. The operand
steering section will also need to detect any forwarding and
have RS2 latch in the forwarded data. The operandsteering
section cannot issue directly to the functional unit while
using forwarded data. Reservation station entries however
can be issued to the functional unit while forwarded busscs

arrive at the FNCU inputs at the same cycle.

Tag Bus

The ATAG and BTAGbussesare used for renaming when
the actual operand value is not available to be sent to the
reservation station. The tag takes the form of three bits
representing the FIROB line. The entry position on the
FIROBlineis understood by the physical placementof each
operand steering section. Since each functional unit only
drives ils own dedicated result bus, the reservation stalions
compare for the FIROB line value on the three bits of the
corresponding result bus The tag entry on a given FIROB
line is known by the physical placement of the FNCU and
its dedicated result bus. The only exception is data for the
LSRES1 and LSRESO busses; the tag of the entry that made
the load request is driven on the LSTAGO or LSTAG1
busses. For example when the operation for FIROB line 2
entry 3 is waiting on the LSSEC for the load data, it will
compare both the LSRESO and LSRES1 busses for the
010_11 tag. Instead of watching for a tag from another
FNCU,the reservation station is watching its own tag to be
sent along with load data from the LSSEC.

Vector Generation for the Vector Bit Control Store

(VBCS)

During the operand steering cycle, the two vectors per
dispatch position entry will be generated. The FNCU docs
not have time to decode an opcode, execute the opcode, and
generate flags in one cycle. The opcode generation has been
pushed backin to the operand steering section while the flag
generation has been pushedoutto the cycle after execution.
A seven bit opcode comes from decode to the operand
steering section along with five bits of reservation station
control protocol. This information and some other signals
such as size, ahbyte, etc. are used by the operandsteering
section to generate the two vectors. Sometimes the first
vector will be used for linear address generation while the
second is used for the actual opcode. For the divide opcodes
there will be a division direction signal held locally at the
FNCUO.This signal determines when to use vector0 (ADD)
or vector! (SUB).

Reservation Station Protocol Control

This table is used to give control signals to the reservation
station and decide what types of control vectors and status
signals to generate.

OP- operation only valid
(v0: na {0}; v1: operation {F})

TOP- two opcodeare fully supplied (not used by uCode)
(fast path only)

(v0: decode supplied; v1: decode supplied)

10

20

25

30

35

40

45

50

55

60

65

108
-continued

V12 - vO fwd to v1

(vO: Bop+const {I}; v1: operation {F})LO - Load-Operation
(v0: Bop+disp {LW}: v1: operation {F})

after v0, BIAG=DTAG
TOS - T.oad-OP-Store

(vO: Aoptdisp {Lw}; v1: op & store {M})
after v0, BTAG=DTAG

OS - op-store
(v0: Aoptdisp {L}; v1: op & store {M})SRB - SRB info

(v0: na {0}; vi:pass Bop {S})
FLA- fpu linear adr

(vO: Bop+disp {I}; v1: fwdtconst {L})
unlike regular linear adr calc; this one immediately

clears the resv_sta entry
BRN- Branch eval

(v0: na {0}; v1: operation,brn eval {B})
LBR- Load-brn (RET)

(v0: Aop+disp {Lw}; v1: operation,brn eval {B})
SIB - 1st pos SIB

(v0: AOP+scaled(Bop) {F}; v1: na {0})PU - Push
(vO: Aop-const {L,F} v1: op & store {M})

POP - Pop
(v0: Aop+const {F} v1: na {0})DIV- vector0 or vectorl

(v0: ADD {F}; v1: SUB {F})

 
The following letters indicate which blocks should latch data
off the RES bus (enclosed in {}):
0 (nothing)
F (FIROB or FNCU forwarding)
L (linear address for store)
Lw (linear address for load; Res_sta changes Bop=DTAG

and waits)
M (memorydata for store only)
S (SRB)
B (Branch eval info for TIROB)
I (intermediate value; ignored for forwarding except for

same Ressta)
Definitions of the Flag Equations and the Opcode Bus

Flag Equation Groups
ADD_F 3'b000 // flag equations for addition, sub,etc.

LOG_F 3'b001 // flag equations for logical
CMC_F 3'b010 // flag equations for complement CF
BCD_FS 3'b011 /{ flag equations for AAA, AAS
BCD_FC 3'b100 /{ flag equations for AAA, AAS
DAA_FS1 3'b101 // flag equations for DAA, DAS
STD_F /{ flag equations for STD
CLD F // flag equations for CLD

The opcode groups form thefirst three bits of the opcode. A
fourth bit may be needed if new opcodes are added.

Opcode Groups
G_ALU 3000 //
G_BRN_ALU 36001 //
G_XIR 3'b010—//
G_SFT 3011=//
G_BIT 3100 //
G_MUL 3'b101  //
G_DIV 3110 //
G_IDIV 3b111_//

Basic ALU group
ADD 3p000 /f/ R<—A+B p=1001,

g=110
OR 3001 // R<—A|B p=1000,

g=111
ADC 3010 // R<—A+B+CF  p=1001,
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-continued

g=110
SBB 3011 / R<—A-B+CF_ p=0110,

g=101
AND 3100 /f R<—A&B p=1110,

g=111
SUB 35101 /f/ R<—A-B p=0110,

g=101
XOR 3'b110 /f/ R<«—A’*B p=1001,

gq111
MULH 3'b111// ‘this opcode is a NOP whichholds a res sta slot

and waits for

// the 2nd multiply result to
requestto drive data tothe FNCU

Branch and extended ALU group
(for BRN >>> FNCU receives: A <— EIP, disp <— rel, B <— pred
addr)

JMPRI 3'b000=// R<—A register indirect
(uncond); source = 116,132, [116+d16],
or [132+d32] & set R_BRN_ADR

JMP 3'b001 // R<—A+disp jumprelative (uncond)
& set R_BRN_ADR

JMPCC 3b010 R<—A+disp jumprelativeif
condition true &
set R_BRN_OK, R_BRN_NT,
or R_BRN_ADR
R(O) <—1'b1—sct result bit 0 ifcondition true
R<—A& XB p=1101, g=111

SETCC 3'bO11/

ANDN 3'b100//  SUBR 3'b101—// R<—B-A p=0110, g=O011
DFADD 3'b110— if R<—A+B p=1001, g=110 <—whenEFLAGDF=0

i R<—-A-B p=0110, g=101 <—whenEFLAGDF=1

MOvVCC 3'blll=/ R<—B p=1010, g=111 <—whencondition is true
i R<—A p=1010, g=111 ignore

adder result and pass Aop when
cond. false

if * note: IMP w/ R <— immed will he handled in the IFFTCH
for absolute jump using immediate value
Transfer group

 
   

MOVSX 3'b000«=// R<—B p=1010, g=111 signextend B
MOVZX 3'b00 // R<=—B p=1010, g=111 zero

extend B

SIGNXA 3'b010 // R<—A p=1100, g=111 signextend A
ZEROXA 3'b01. ff R<-A p=1100, g=111 zero

extend A

MOVDSPSX  3'b100 _// R<—disp p=1010, g=111 sign
extend disp

MOVDSPZX—3'b10 /{ R<—disp p=1010, g=111 zero
extend disp

LEAA 3110 /f/=R<—Atdisp p=1001, g=110 loads
effective address (Aside)

LEAB 3'b11 // R<—B+disp p=1001, g=110 loads
effective address (Bside)

Shift group
ROL 3000 =// rotate left
ROR 3'°b00 //{ rotate right
RCL_1 3'b010 =// rotate left through carry (1 bit

only)
RCR_1 3'b011 // rotate right through carry (1 bit

only)
SHL 3'b100 //_—shift left arithmetic or logical
SHR 3'b10 /{—shift right logical
RCO 3'b110 // initial step of rotate through

carry sequence
SAR 3'b11 //—shift right arithmetic

Bit group
BT 3'b000 // bit test
LAHF 3'b00 //{ load flags into AH

R <— flags
(sf:zf:00:af:00:pf:00:df)

SAHF 3'b010 =//—store AH into flags R <— A;
flags <— A(low byte)
(sf:zf:00:af:00:pf:00:df)

MOVF // combine Bop and flag to form result
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MOVOF // overwrite the OF position of Bop to
form result

MOVDF /i overwrite the DF position of Bop to
form result

BSF 3'b011 // bit scan forward
BSR 3'b100 f/f bit scan reverse
BTS 3'b10 //—bit test and set
BIR 3'b110 //_bit test and reset
BTC 3'b11 //—bit test and complement

Multiply group
MUL16 3'b000 =// R(word) <— A * B(byte)
IMUL16 3001 // R(word) <—A * B(byte)
IMUL16S 3010 // R(word) <—A™* B(word)
MUL32 3011 // R(low word) <— A * B(word);

allocate high word with MULH
IMUL32 3'bU11=// R(low word) <— A * B(word);

allocate high word with MULH
IMUL32S 3011 // R(dword) <— A * Bédword)
MUL64 3'b011 // R(low dword) <— A * B(dword);

allocate high dword with MULH
IMUL64 3'b011 // R(low dword) <— A * B(dword);

allocate high dword with MULH
// if result fits in A then CF=OF=0

else CF=OF=1; SF=ZF=AF=PF=xxx
DIV group

DIV 3'b000 =// p=1001, g=-110 <—when SDF= 0
/{ p=0110, g=101 <—when SDF= 1

DIVL 3'b00: // p=1001, g=110 <—when SDF= 0
//  p=0110, g=101 <—when SDF= 1DIVO 3'b010

DIVREM 3'b01 // p=1001, g=110 <—when SDF= 0
/{  p=1100, g=111 <—when SDF= 1

DIVCMP 3'b100, //=p=0110, g=101
DIVQ 3'b101—//
DIV_X0 3'b110 // not used
DIV_X1 3'b11 // not used

IDIVgroup
IDIVSGN 3'b000 «f/f=p=0110, g=101
IDIVCMP 3'b001 =//=p=0011, g=111

// p=0011, g=111
IDIVDENDO 3'bO10, f/f p=0011, g=111
IDIVDEND1 3'b01 /f  p=0011, g=111
IDIVSOR 3'b100 //=p=0011, g=111
IDIVQ 3'b10. ff p=0011, g=111
IDIV_XO 3'b110 // not used
IDIV_X1 3'b11 // not used

  
The following two groups of encodings indicate what the
RESbus of the functional unit contains.

STATUSSignals for RES bus
[10:0] INSLSBindicates segment information for LSSEC
FOBRN_ADR,;assert proper branchstatus
FOBRN_N'I; assert proper branch status
FOBRN_OK;assert proper branch status
FOBRN_T__ADR;assert proper branch status
FOBRN_T_OK;assert proper branch status
FOSTAT_LD; RES bus status—load linear address
FOSTAT_MUL; RESbusstatus—mulitplier
FOSTAT_NONE; RES bus status—noresult
FOSTAT_OPST; RES bus status—operanddata for a store
FOSTAT_SRB; RES bus status—SRB information
FOSTAT_ST; RES bus status—store linear address
FOSTAT_VAL; RES bus status—valid
[10:0] INSLSB; LSSEC segment MUX
[2:0] DTAG; destination tag
Operand Steering Section Signal List
Inputs from the REGF and FIROB
FLAGCFDATn;CF flag from FIROB
FLAGXFDATho;CF flag from FIROB
RESET;resets all processes in the multiplier and GRNT__

CNT

ROBDCKnDAT1; use the data from FIROB for pointer 1
ROBDCKnDATZ2; use the data from FIROB for pointer 2
SWAPPTR1W2; swap pointer 1 data with pointer 2 data
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VATIn; A TAG is valid—don’t use data for Aoperand
VBTIn; B TAGis valid—don’t use data for Boperand
VCFTIn; CF TAG is valid—don’t use data for carry flag
VFLAGCFoD;valid flag data on the CF flag bus
VELAGXFnb; valid flag data on the status flag bus
VSFTIn; XF TAG is valid—don’t use data for status flags
[2:0] DESTAGn;destination tag which indicates the ID of

entry
[31:0] DISPIMM; displacement and immediate data

(immediate will go to Bop bus)
[31:0] RBnDAT1; FIROB data for pointerl
[31:0] RDnREG1; data from the register read of pointer 1
[31:0] RDnREG2; data from the register read of pointer 2
[3:0] CONSTD; four bits of constant offsets for PUSHes,

POPs, and FPU linear addresses
[4:0] ATAGIn;A tag
[4:0] BTAGIn; B tag
[4:0] CFTAGIn; CFtag
[4:0] SFTAGIn; XF tag
Inputs from the decode/ucode
RD_DEP_Ds&;entry specific read bit for DS; entry wait if

both read and write are set

RD_DEP_ES;entry specific read bit for ES; entry wait if
both read and write are set

RD_DEP_FS; entry specific read bit for FS; entry wait if
both read and write are set

RD_DEP_GS;entry specific read bit for GS; entry wait if
both read and write are set

VALPOS; valid entry going from op steer to RS2
WRDS; global bit for write to DS
WRES;global bit for write to ES
WRES;global bit for write to FS
WRGS;global bit for write to GS
[3:0] FLGEQ__CC_CHK;flag equation or condition code

checks

[3:0] OPSIZE;size position of result (dword, word, ah, al)
[3:0] SEGSEL; LSSEC segment MUXselect
[4:0] PROTOCOL, determines protocol (ie: LOS, MUL,

DIV, etc.) RQLAC AXBLAC
[6:0] OPCODE2;this is for extra control of vector 2 by the

fast path (not for ucode)—might this removelater
[6:0] OPCODE; the main opcode for both fast path and

ucode

Outputs for the reservation station control
MULCYC2X3N;numberof multiply cycles is 2, else use 3
RSRD_DEPDS;entry specific read bit for DS; entry wait

if both read and write are set

RSRD_DEP_ES;cntry specific read bit for ES; entry wait
if both read and write are set

RSRD_DEP_FS;entry specific read bit for FS; entry wait
if both read and write are set

RSRD_DEP_GS;eniryspecific read bit for GS; entry wait
if both read and write are set

[10:0] RSPROTOCOL;determines protocol (ie: LOS, SRB,
DIV, etc.)

Outputs for the reservation station entries
FLGCEDATn; CF flag from FIROB
FLGXFDATn;CF flag from FIROB
VATn; A TAG is valid—don’t use data for Aoperand
VBTn; B TAG is valid—don’t use data for Boperand
VCFTn; CF TAG is valid—don’t use data for carry flag
VFLGCFonD;valid flag data on the CF flag bus
VFLGXFnD;valid flag data on the status flag bus
VSFTn; XF TAGis valid—don’t use data for status flags
[10:0] INSSEG; LSSEC segment MUXselect
[2:0] CDTAG; current destination tag for the incoming

opcode
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[31:0] AOPND;A operand
[31:0] BOPND; B operand
[31:0] DSPR; displacement
[3:0] CONST; constant offset value for PUSHes, POPes,

EPU linear addresses

[4:0] ATAGn;A tag
[4:0] BTAGn; B tag
[4:0] CFTAGn;CFtag
[4:0] SFTAGn; XF tag
Outputs for control store—shared for both vectors (for
FNCUOonly)
FOCTLST_VWR;valid control store write next cycle
FODIVO;initial divide opcode
FODIV; divide opcode
FODIVCMP;divide opcode
FODIVL;divide opcode
FODIVQ; divide opcode
FODIVREM;divide opcode
FODIVSGN;divide opcode
FOIDIVCMP; divide opcode
FOIDIVDENDO; divide opcode
FOIDIVDEND1; divide opcode
FOIDIVSOR;divide opcode
FOSELOPA;Theinitial quotient is from operand A else from

adder output
FOUPDDF;update division direction bit
FOUPDO;update division quotient
SELSOXOPA;indicates that quotient gets shifted quotient

slave instead of adder or OPA

[3:0] FOCTLST_WR;indicates which control store vector
to use

[7:0] FOCTLST_USE;indicates which control store vector
to use

Outputs for control store—shared for both vectors FNCU1,
FNCU2, and FNCU3
FOCTLST_VWR; valid control store write next cycle
[3:0] FOCTLST__WR;;indicates which control store vector

to use

[7:0] FOCTLST_USE;indicates which control store vector
to use

[7:0] FRESMUX;select lines for MUX to RES bus
Outputs for control store—vector 0; no shifts allowed
AXBLACO;indicates if operand A or B is used for linear

addr calc

FOADD_FO; addition type flag generation
FOBCD_FCO; BCD clear type flag generation
FOBCD_FSO; BCD set type flag generation
FOCINO; carry-in from the control block
FOCLD_FO; clear direction flag generation
FOCMC_FO0; complementcarry type flag generation
FOCOMPBO; complement the B operand
FOCOND_CODEDQ;evaluate condition codes
FODAA_FSO0; DAA type flag generation
FOFLAGCFO; opcode requires using a version of EFLAG-

SCF

FOLOG_FO; logical type flag generation
FOMOVCCO; MOVCCinstruction
FOMUXCINO; carry-in MUX
FOMUXDEFO;direction flag MUX
FOSETCCO; SETCCinstruction
FOSETCFO; ADC uscs truc version of EFLAGSCF clsc

~EFLAGSCF

FOSTD_FO; store direction flag generation
FOUNC_BRNO; unconditional branch cvaluation

FISTAT__BRNO;assert proper branch status
FISTAT_I.D0; RES bus status—load linear address
FISTAT_MULO; RES bus status—mulitplicr
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FISTAT_NONEO; RESbus status—noresult
FISTAT_OPSTO; RES bus status—operand data for a store
FISTAT_SRBO; RES bus status—SRB information
FISTAT_STO; RES busstatus—store linear address
FISTAT_VALO; RES bus status—valid
RQLACO; linear address calculation
SIGNXAOQ; sign extend the A operand
SIGNXBO;sign extend the B operand
SIGNXD0; sign extend the D operand
USEOFEFSE'0; use offset for PUSH, POP, or FPU lin adr

cale

ZEROXAO; zero extend the A operand
ZEROXBO; zero extend the B operand
ZEROXD0O;zero extend the D operand
[1:0] AHBYTEO; alignmentselect bits0;move bits 15:8 to

7:0

[2:0] FOGINO; generate style inputs (used here to indicate
type of operation)

[3:0] FOPINO; propagate style inputs (used here to indicate
type of operation)

[3:0] OPSIZEINO;size position of result (dword, word, ah,
al)

[4:0] FOSCALEO;scale for SIB: 8,4,2,1,0
[7:0] FRESMUXO0;select lines for MUX to RES bus
Outputs for control store—vector 1 ; shifts allowed
AXBLAC1; indicates if operand A or B is used for linear

addr calc

FOADD_F1; addition type flag generation
FOBCD_FC1; BCD clear type flag generation
FOBCD_FS1; BCD set type flag generation
FOCIN1; carry-in from the control block
FOCLD_F1; clear direction flag generation
FOCMC_F1; complement carry type flag generation
FOCOMPB1; complement the B operand
FOCOND_CODE1;evaluate condition codes
FODAA_FS1; DAA type flag generation
FOFLAGCEF1; opcode requires using a version of EFLAG-

SCF

TOLOG I'1; logical type flag generation
FOMOVCC1; MOVCCinstruction
FOMUXCINI; carry-in MUX
FOMUXDF1;direction flag MUX
FOSETCC1; SETCC instruction
FOSETCF1; ADC uses true version of EFLAGSCFelse

~EFLAGSCF

FOSTD_F1; store direction flag generation
FOUNC_BRN1; unconditional branch evaluation
FISTAT__BRN1; assert proper branch status
FISTAT_LD1; RES bus status—load lincar address
FISTAT_MULI; RES bus status—mulitplier
FISTAT_NONE1; RESbus status—noresult
FISTAT__OPST1; RESbus status—operand data for a store
FISTAT_SRB1; RES bus status—SRB information
FISTAT_ST1; RES bus status—store linear address
FISTAT__VAL1; RES bus status—valid
RQLAC1; linear address calculation
SHFBCMP1; indicates a Bit Test and Complement
SHFBITEST1; a select signal for any Bit Test opcode
SHFBITOPA1; a select signal for only the BTEST (BT)

opcode
SHFBSF1; select signal for Bit Scan Forward
SHFBSR1; sclect signal for Bit Scan Reverse
SHFBSXR1; indicates a set/reset for bit test instruction
SHFEFLAG1; merge Bop & all flags into result
SHFFLGDF1; overwrite the DF position of Bop to form

result

SHFFI.GOF1; overwrite the OF position of Bop to form
result
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SHFLAHF1;load Flags into AH opcode
SHFLEFT1; indicates RCL, ROL, or SHL opcode
SHFRIGHT1; indicates RCR, ROR, SAR, or SHR opcode
SHFROTI; indicates a rotate or SHL opcode
SHESAHF1; store AH into Flags opcode
SHFSELSF31_1; set the sign flag to the shifter output bit 31
SHFSETCF1; set carry flag for RCL & RCR equal to

EFLAGSCF

SHF_UPD_RC1;select for updating the local carry flag
SIGNXA1; sign extend the A operand
SIGNXB1; sign extend the B operand
SIGNXD1; sign extend the D operand
USEOFFSET1;use offsct for PUSH, POP, or FPU lin adr

cale

ZEROXAL1; zero extend the A operand
ZEROXBI1;zero extend the B operand
ZEROXD1; zero extend the D operand
[1:0] AHBYTE1; alignment select bits0;move bits 15:8 to

7:0

[21:0] SHFSELPRE1; the preshift mux select signals
[2:0] FOGIN1; generate style inputs (used here to indicate

type of operation)
[2:0] SHFSELZF1; determines which groups of bit to use

for setting the zero flag
[3:0] FOPIN1; propagate style inputs (used here to indicate

type of operation)
[3:0] OPSIZEIN1; size/position of result (dword, word, ah,

al)
[3:0] SHFSELOF1; determines which groups of bil to use

for setting the overflow flag
[3:0] SHFSELOUT}; indicates final byte alignmentfor the

shifter output
[7:0] FRESMUX1; select lines for MUX to RES bus
[7:0] SHFSELCF1; determines which shifter bits to use to

set the carry flag
[9:0] SHFSELCNT1; muxselect signals determining source

of shifter count value

Functional Unit (FNCU)

This section covers the functional unit (FNCU) which
contains the ALU, branch evaluation, and shifter. The six
sub blocks of the FNCU are the CBVS (control bit vector
store), the OPSEL (operand selection and alignment), the
ALU (for logical and arithmetic operations), the SHFT
(shifter), the FLGCC (flag generations, branch/condition
code evaluation), and the MXDVR (output multiplier,
alignment, and drivers). An overviewof basic flow (shown
in FIG.31)is that all opcode, tag, and operand information
goes to the operand steering section where the appropriate
information is determined and driven onto the A operand, B
operand, A tag, B tag, and other busses. Also some decode
is done in the operand steering section for such information
as the P and G bits for the given opcode. The operand
steering section drives RS2 of the reservation station block.
Reservation station control logic latches in tags at the
beginning of the cycle, compares to determine if forwarding
can be done, and prioritizes which reservation station will
drive the FNCU. At the beginning of the next cycle the
DTAGfor the opcode to be executed that cycle is driven out
to allow other reservation stations to forward during the
following cycle. Then a short delay is given to allow the
latched in MUX controls, the P and G bits, and other input
information to set up the adderor shifter. Then if needed, the
B operand can be aligned (bits 15:8 to 7:0, or scaled
1x,2x,4x,8x) or complemented. The execution (add, and,
shift, etc) then takes place, and the output of the adder is
driven ASAP for bits 14:0 to the RESLA bus. Two control
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bit vectors can be used by each entry in the reservation
station. These vectors come from decoding logic in the
operand steering block and the Idecode block. For example
one vector could be for linear address calculation while the

second is for the actual operation. Another example is that
one vector could represent an ADD while the other repre-
sents a SUB andthe division direction flag would be used to
choose the vector to use. The FDRES bus drives (with
minimum capacitive load) to the input MUXes of the
I'NCUs. The ’'DRESbusalsois buffered to become the RES

(result) bus which goes to the reservation stations (not for
immediate forwarding), LSSEC, and the FIROB data block.

Branch evaluations are performed in the FNCU with a
branch address being generated along with a branchstatus.
Logical load/store address are calculated in the FNCU and
sent out on the LSSEC bus (also RESLA) bus with a
corresponding encoding on the status bus to identify them.
Multiply operands are sent from the reservation station onto
the A operand and B operand bussesandthen onto the shared
tristate SAOPND and SBOPNDbusses(shared A operand)
to the multiplier and the floating point unit.

RFLAGs(result flags: {ZF,AF,PF,SF,DF,OF}) are gener-
ated the during the cycle following the execution of the
corresponding opcode. The carryflag {CF} is generated the
same cycle that the result gets generated. A block diagram of
a functional unit is shown as FIG. 32.

Basic Flow of Operands to the FNCU

This section will cover the general flow of operands
meeting up with their opcodes. For more detailed
descriptions, refer to the sections on operandsteering and on
dependency checking. Forwarding is used here to indicate
that a unit other than the FIROB has watched the DTAG

busses and LSTAGbusses for a renamed value (eg: EAX
renamed to DIAG=2_0) and latched the value off of the
corresponding result bus. The operand steering blocks, the
12 reservation stations, and the FNCU canall receive data
by forwarding; the multiplier cannot. In some cases such as
receiving load data from the LSRESbusses, both the FNCU
and the reservation station can receive the forwarded data.

The FNCU will execute the opcode using the forwarded
data, and the reservation station that issued that opcode
would hold the entry for an extra cycle just in case a miss or
way__misprediction signal comes back. In the following
example, the B, C, and D instructionsare all waiting for data
that is generated by the A instruction.

Flag Equation Groups

ADD_F

LOG_F
CMC_F
BCD_FS
BCD_FC
DAA_FS1
STD_F
CLD_F

10

20

30

35

40

45

Basic ALU group

ADD
OR
ADC
SBB
AND
SUB
XOR

116
EXAMPLE

instruction
ID instruction

A DTAG=1_0 ADD EAX,immed
B DTAG=2_1 SUB EBX,EAX
c DTAG=3_0 XOR ECX,EAX
D DTAG=4_3 OR  EDX,EAX

Cycle

Stage 1 2 3 4 5

dep. chec inst A inst B inst C inst D
decode dtag=1_0 dtag= 2_1 dtag=3_0 dtag= 4_3
REGF btag= 1_0 EAX from
access regf
operand inst A inst B inst C inst D
steering dtag= 1_0 dtag=2_1  dtag=3_0 dtag=43

btag= 1.0 EAX from EAX from
FIROB regfexecute inst A inst B inst C

dtag= 1_0 dtag= 2_1 dtag= 3_0
forwardingwriteback inst A inst B

(same as dtag= 1_0 dtag= 2_1
dep check
stage)

The B instruction uses forwarding to get the operand
steering section to receive the EAX result from the A
instruction. The C instruction gets its EAX data from the
FIROB,and the D instruction gets its EAX data from the
REGF. The “A”result tags are driven through cycle 3 so that
any other reservation stations or the operandsteering section
can detect BTAG=1_0andlatch the “A”result value at the

end of cycle 3. No “A” result tag information is being
broadcast in cycle 4, so the C instruction cannot receive
EAX byforwarding. This example assumesthat the FIROB
is writing back every cycle; otherwise, the D instruction
would also get its EAX data from the FIROB if EAX had not
been written back yet. The operand steering must have tag
compare logic inside it to get the EAX operand.

ALU/Shift/Rotate/Branch Opcodes

The following encodings determine which flag equations
to generate. Separate signals are sent from the Idecodeto the
FIROB to indicate which combination of the three flag
groups gets written back by the FIROB to the EFLAGSO
(standard) or EFLAGS1 (scratch) registers.

3000 =f flag equations for addition, sub,etc.

3'b001 // flag equations for logical
3'b010 // flag equations for complement CF
3'b011 =f flag equations for AAA, AAS
3'b100 f// flag equations for AAA, AAS
3'b101 =f flag equations for DAA, DAS

/ flag equations for STD
/—flag equations for CLD

3'b000 / R<«-A+B p=1001, g=110
36001 ff R=-A|B p=1000, g=111
3'b010 f/f R<-A+B+CF p=1001, g=110
30011 // R-A-B+CF p=0110, g=101
3100 // R-A&B p=1110, g=111
3'b101 // R-A-B p=0110, g=101
3b110 ff} R<-A*B p=1001, g=111
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-continued

MULH 3'b111 //__this opcode is a NOP which holds
a res sta slot and waits for

// the 2nd multiply result to

  
request to drive data to the FNCU

Branch and extended ALU group
(for BRN >>> FNCU receives: A <— EIP, disp <— rel, B < pred
addr)

JMPRI 3'b000=// R<A register
indirect (uncond);

source = 116,132, [r16+d16], or
[1324+d32] & set R_BRN_ADR

JMP 3'b001=// R<«A+disp jumprelative
(uncond) & set R_BRN_ADR

JMPCC 3'b010=// R<«A+disp jumprelative if
condition true & set R_BRN_OK,
R_BRN_NT, or R_BRN_ADR

SETCC 3'b011 /f R(O) <— 1'b1 set result bit 0if condition true
ANDN 3'b100 ff R<-A& XB p=1101, g=111
SUBR 3'b101 ff R<-B-A p=0110, g=011

DFADD 3'b110 f/f R<-A+B p=1001, g=110 <-when
EFLAGDF=0

if R<«A-B_ p=0110, g=101 <-whenEFLAGDF=1

MOVCC 3’b111 if R<—B p=1010, g=111 <-whencondition is true
Il R<A p=1010, g=111

ignore adder result and
pass Aop when cond.[alse

// * note: IMP w/ R < immed will be handled in the IFETCH
for absolute jump using immediate value
‘lranster group  

MOVSX 3'p000  // R<B_ p=1010, g=111_ sign
extend B

MOVZX 3'b001  // R<«B_ p=1010, g=111 zero
extend B

SIGNXA 3'b010 // R<«A_ p=1100, g=111 sign
extend A

ZEROXA 3011 /f R<—A_ p=1100, g=111 zeroextend A
MOVDSPSX=3'b100// Re disp p=1010, g=111 sign

extend disp
MOVDSPZX=3'b101_// R« disp p=1010, g=111 zero

extend disp

 
LEAA 3'b110 f/f R < Atdisp p=1001, g=110

loads effective address

(Aside)
LEAB 3'b111—/f R =< Brdisp p=1001, g=110loads effective address

(Bside)
Shift group

ROL 3'bU00 //—rotate left
ROR 3001 // rotate right
RCL_1 3'b010 «// rotate left through carry (1 bit

only)
RCR_1 3'b011 // rotate right through carry (1 bit

only)
SHL 3'b100 =//_—shift left arithmetic or logical
SHR 3'b101 //—shift right logical
RCO 3'b110 //—initial step of rotate through

carry sequence
SAR 3'b111 //—shift right arithmetic

Bit group

BT 3b000 // bit test
LAHF 3001 // load flags into AH

R = flags
(sf:zf:00:af:00 :pf:00:df)

SAHF 3010 // store AH into flags R +A;
flags <- A(low byte)

(sf:zf:00:af:00:pf:00:df)
MOVF // combine Bop andflag to form result
MOVOF /{ overwrite the OF position of Bop to

form result
MOVDF // overwrite the DF position of Bop to

form result
BSF 36011 // bit scan forward
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-continued

BSR 36100 // bit scan reverse
BTS 36101 // bit test and set
BIR 36110 //_bit test and reset
BIC 3b111 // bit test and complement

Multiply group

MUL16 3000 ff=Réword) — A * Bibyte)
IMUL16 36001 // R(word) — A * Bibyte)
IMUL16S 3010 //~~R@word) — A * B(word)
MUL32 3'b011 // R(low word) — A * B(word);

allocate high word with MULIT
IMUL32 3'b011  // R(low word) — A * B(word);

allocate high word with MULH
IMUL32S 3b011 // R(dword) — A * B(dword)
MUL64 3011 /f R(low dword) < A * B(dword);

allocate high dword with MULH.
IMUL64 3'b011  // R(low dword) <— A * B(dword);

allocate high dword with MULH
//—if result fits in A then CF=OF=0

else CF=OF=1; SF=ZF=AF=PF=xxx
DIV group

DIV 3000 // p=1001, g=110 <-when SDF= 0
/{ p=0110, g=101 <-when SDF= 1

DIVL 3'b00 //  p=1001, g=110 <-when SDF= 0
/{ p=0110, g=101 <-when SDF= 1

DIVO 3'b010 f/f
DIVREM 3'b01 //  p=1001, g=110 «-when SDF= 0

if =1100, g=111 ~-when SDF= 1
DIVCMP 3'b100 =/f =p=0110, g=101
DIVQ 3'b10 ff
DIV__XO 3'b110=// not used
DIV_X1 3'b11 // not used

IDIV group

IDIVSGN 3000 =/f p=0110, g=101
IDIVCMP 3001 /f p=0011, g=111

p=0011, g=111
IDIVDENDO 3010 /f=p=0011, g=111
IDIVDEND1 3011 /f=p=0011, g=111
IDTVSOR 3'b100) f/f ps0011, g=111
IDIVQ 3'b10 /{/  p=0011, g=111
IDIV__X0 3'b110=// not used
IDIV_X1 3'b11 // not used

The following two groups of encodings indicate what the
RESbus of the functional unit contains.

STATUSSignals for RES bus
[10:0] INSLSB indicates segment information for LSSEC
FOBRN_ADR;assert proper branch status
FOBRN_N'I; assert proper branch status
FOBRN_OK;assert proper branch status
TOBRN_T_ADR;assert proper branch status
FOBRN_T_OK;assert proper branch status
FOSTAT_LD; RESbusstatus—load linear address
FOSTAT_MUL; RESbus status—mulitplier
FOSTAT_NONE; RES bus status—noresult
FOSTAT_OPST; RES bus status—operanddata for a store
FOSTAT_SRB; RESbus status—SRB information
FOSTAT_ST; RES bus status—store linear address
FOS'TATVAL; RES bus status—valid
[10:0] INSLSB; LSSEC segment MUX
[2:0] DTAG; destination tag

ALU Sub-Block

This sub-block is used for calculating linear addresses
needed by the LSSEC, performing comparisons, and for
computing arithmetic operations. Operations such as DAA,
DAS, AAA, AAS, AAM, and AAD will be done in micro-
code and will not reccive direct support from the ALU
except maybe for flag handling. The adder uses propagates
and generates which are setup in the reservation stations
based on the type of operation.
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Shifter Sub Block

The FNCU contains a barrel shifter which shifts the A

operand by the amountindicated on the B operand. This unit
handles bit manipulation instructions, counting leading
zeroes/ones, and shifts and rotates. RCL and RCR byoneis
handled but microcode is used for RCL and RCR by more
than one. There is a SHFT block which contains the data

path portion of the shifter while the control logic is con-
tained along with the ALU control logic in the FNCUCTL
block. The output of the shifter has tristate drivers which
drive the result bus. At the beginning of the cycle the opcode
type is latched in from the reservation station and this
information is used to decide if the ALU or the SHFT block
will drive the result bus.

Branch Evaluation

For branch instructions, the EIP value is sent on the A
operand bus while the relative jump value is sent on the
displacement bus. The B operand bus is used for the
predicted address. For “jump near indirect” the jump address
is the r/m16 or r/m32 loadedinto the EIP. The control section
of the functional unit evaluates whether the condition codes

and the forwardedflagsresult in a branch taken or not taken.
The samelogic is also used for the SETec opcode. Branch
prediction information is sent by the branch prediction unit
to the dispatch unit and then to the IFCORE.Four different
cases for conditional branches are handled.
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Cond Code Predicted ALU Status

not taken not taken EIP (Aopnd) + displacement R_BRN_OK
not taken taken EIP (Aopnd) + displacement R_BRN_NT
taken not taken EIP (Aopnd) + displacement R BRN ADR
taken taken FIP (Aopnd) + displacement R_BRN_ADR

For the case of a predicted taken branch, either the
R_BRN_NTstatus showsthat the branch wasnottaken, or
the R_BRN_ADRindicates that the actual branch address

will be compared to the predicted address using the flag
evaluation unit and the result of that compare will be seen
next cycle.

Ist cycle RES_STAassign branch evaluation to FNCU
for next cycle

2nd cycle EJP+d32; evaluate condition codes and flags
(last cycle for predicted not taken)

3rd cycle Flags block compares the predicted branch
address with the actual branch address. ZF=1 indicates that
the two addresses are the same.

Output Drivers (Buffers/MUX) Sub Block

This block muxes the output data from either the adder,
shifter, exception vector, or the MULTFP bus (for FNCU0).
‘The linear address calculation uses the adder. Some bits,
RESLAn(14:5), for the linear address are sent out to the data
cache early while the entire result goes out on [DRUSn
(31:0) at the end of the cycle. The purpose of the FDRESn
bus is to forward quickly to the input MUXesofall four
functional units. RESn is a buffered version of FDRESn
which is less time critical than FDRESn. The RESn bus

drives the TSSEC, the FIROB, andall of the reservation
stations. To determine which sub-block will be MUXed onto

the FDRES bus, the opcode group indicator, the multiply
request (also MULH mnemonic), exception information,
linear address indication, and branch information are used.

Condition Flags Sub Block

Three flag groups are defined as follows: {CF}, {OK,ZF,
SF,ABF,PF,DF}, and {TEIFIOPL,NT,RF,VM,AC,VIE,VIP,
ID}. These flags are generated during the next cycle after the
FNCUexecutes. The carry flag will simply be the carry out
fromcell 31, 15, or 7 based on operandsize. For the case of
a subtract opcode, the carry flag is used to represent the
borrow andis the inverted bit from the bit 31, 15, or 7 carry
out. The parity flag is the cven parity on the lowest byte
which requires about 2*Order(log2n)=6 gate levels. The
sign flag is a mux of the highest order bit (31, 15, or 7).
These flags are latched by the FIROBat the beginning ofthe
next cycle and also forwarded to any FNCU looking for
them. The dependency checking will be done individually
on each of the three groups. The first two flag groups allow
forwarding of the results while the last group will require
serialization when a dependencyis detected. The reservation
station receives an early use signal from decode which
corresponds to the two flag groups. This meansthat for a
given opcode whichis sitting in a reservation station entry
and waiting on flags, an early use entry can issue the cycle
right after the flag match is detected. Any other reservation
station entry must wait an additional cycle before issuing to
the functional units. The additional cycle is because the flags
are gencrated the cycle after the functional unit executes. For
instructions like ADC,the carry flag will be needed at the
beginning of the cycle. For instructions like jump, the flags
and condition codesstart cvaluating during the middle of the
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cycle. The conditional jumps, MOVCC, and SETCC
opcodesgettheir flags forwarded during mid-cycle whileall
others wait until the beginning of one additional cycle.

In addition Lo the standard EFLAGSregister (EFLAGSO)
there is also a scratch EFLAGS register (EFLAGS1) for
microcode. The FNCU knows nothing about these two
different EFLAGSregisters. It simply gets forwarded flag
data off the RFLAGSn bussesoroff its flag input bus. The
cycle after every opcode execution, the flags block generates
a complete set of flags according to the flag equations
mnemonics generated by the IDECODE.

The flag section also takes the B operand (predicted
branch address) and comparesit the result (EIP+d32). If the
two are equal for a branch evaluation, the ZF (zero flag) is
set during the next cycle. If the ZF is not set, then the FIROB
knowsthat for a predicted branch taken and actual branch
taken case, the IFETCH did not branch to the correct
address.

Flag equations for functional units

(these are what the FNCU generates; not what the FIROB
writesback)

ADD_F flag equations for addition, sub,etc.
if (Byte): OF = CO(7)_— CO(6); SF = R(7);

ZF = ~| R(7:0); AF = CO(3); PF =~* R(7:0); CF = CO(7); DF =
DF(in)

if (Word): OF = CO(15) * CO(14); SF = R(15);
ZF = ~| R(15:0); AF = CO(3); PF = ~* R(7:0); CF = CO(15);

DF = DF(in)
if (Dword): OF = CO(31) * CO(30); SF = R31);

ZF = ~| R(31:0); AF = CO(3); PF = ~* R(7:0); CF = CO(31)
DF = DF(in)

* CF is inverted when representing borrow
instead of carry out
LOG_I flag equations for logical

if (Byte): OF= 0; SF = R(7);
ZF = ~| R(7:0); AF = xxx; PF = ~* R(7:0); CF = 0; DF =
DF(in)

if (Word): OF= 0; SF = R(15);
ZF = ~| R(15:0); AF = xxx; PF = ~* R(7:0); CF = 0; DF =
DF(in)

if (Dword): OF = 0; SF = R31);
ZB = ~| R(31:0); AF = xxx; PE = ~* (7:0); CF = 0; DF =
DF(in)

CMC_F flag equations
if(Byte): OF = CO(7) * CO(6); SF = R(7);

ZF = ~| R(7:0); AF = CO(3); PF = ~* R(7:0); CF = ~CF(in);
DF = DF(in)

if(Word): OF = CO(15) * CO(14); SF = R(15);
ZF = ~| R(15:0); AF = CO(3); PF = ~* R(7:0); CF = ~CF(in);
DF = DF(in)  if (Dword): OF = CO(31) * CO(30); SF = R31):
ZF = ~| R(31:0); AF = CO(3); PF = ~* R(7:0); CF = ~CF(in);

DF = DF(in)
BCD_FS flag equations

if (Byte): OF = CO(7) * CO(6); SF = R(7);
ZF = ~| R(7:0); AF = 1; PF = ~* R(7:0); CF = 1; DF =
DF(in)

BCD_FC flag equations
if (Byte): OF = CO(7) * CO(6); SF = R(7);

ZI = ~| R(7:0); AF = 0; Pr = ~* R(7:0); CF = 0; DF =
DF(in)

DAA_FS1 flag equations
if (Byte): OF = CO(7) * CO(6); SF = R(7);

ZF = ~| R(7:0); AF = 1; PF = ~* R(7:0); CF = CF(input)|
co(7)

DF = DF(in)
* CF is inverted when representing borrow

instead of carry out
STD_F flag equations

OF = OF(in); SF = SF(in); ZF = ZF(in); AFS =
AF(in); PF = PF(in); CF = CF(in); DF = 1;
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-continued

CLD_F flag equations
OF = OF(in); SF = SF(in); ZF = ZF(in); AFS =

AF(in); PF = PF(in); CF = CF(in); DF = 1;

*note:
the flag equations mnemonicsent to the FNCU is ignored during T.AHF and
SAHE:
the FNCU generates all flags per the flag mnemonic but the FIROB decides
which flags are actually written back

Mcthod of Sending Data Cache Linear Addresses
to LSSEC

The FNCUcan be used to calculate a linear address using
the displacementbus and either the A or B operand bus. The
result is sent to the LSSEC using the RES bus. This assumes
that a segment with no offset is being used. When the
segment offset needs to be added in, the LSSEC handles the
segment offset addition. AXBnLAClets the functional unit
know if the AOPND or BOPND buswill be added to the

displacement bus. RQnLAC indicates that the functional
unit is performing a linear address calculation. In the case of
[EAX] Which has no displacement, the decode block will
have sent a zero constant on the displacement bus.

Linear address calculations will be handled as follows:

1) SIB will be mappedto two dispatch positions such that
the first one adds the base with the scaled index; this result
goes to the second dispatch position which operates like a
regular opcode but gets results from the first (eg: OPCODE
[1st_result+d32],132. The reason for dividing the SIB into
two opcodes is to get dependency checking performed on
three source operands.

2) All other linear address calculations (one forwarded
variable and one displacement) go to the reservation station
where they wait for the forwarded variable. Then for a Load
or Load followed by store, the reservation station keepsits
information with the forwarded variable and displacement
go to the functional unit to be added. Then the result bus is
used to send the Load linear address to the LSSEC. The
LSSEC mustbe able to latch one linear address from each

functional unit during a cycle. Dispatch/decode makes sure
that no more than 8 loads and stores are pending at any one
time. If a non-zero segmentoffset is present, four adders are
used in the LSSEC to complete the calculation from logical
to linear address.

3) For a Load and Store, once the Load linear address is
calculated by the functional unit this linear address is both
saved for the subsequent store and also sent to the LSSEC
for the Load.

In the case of a load, the reservation station remains valid
and waits for the LSSEC to return the data. The status bus

indicates whether the RES bus contains an FOSTAT_

NONE, FOSTAT_LD,etc. The LSSEC can do Loads in any
orderbut also checks them with the Store buffer (in parallel)
for any dependencies. DTAG Information is sent from the
decode/dispatch directly to the LSSEC to indicate the true
store order, since the functional units (FNCU) may give
stores to the LSSEC in out of order sequence.

The typical flow for forwarding from a Load-OPinstruc-
tion followed by an operation only instruction is shown.
Note that after the BTAG changes from its original valuc
(don’t care for this case) to the DTAG value ofits opcode.
When the ILSSEC sends back the data the DTAG of the

recciving opcode will be on the LSTAG bus.
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example: ADD EAX, [ECX+d32]_send to issue position 0
XOR EBX,EAX send to issue position 2

RES_STA RES_STA
DTAG=1_0 DTAG=2_2
BTAG=xxx BTIAG=1 0
calc LA idle idle
FNCUO FNCU2 LSSEC:SRB

RESG. RES2 LSRES

B+disp
DTAG=1_0
R_LOAD

RES_STA RES_STA
DTAG=1_0 DTAG=2__2
BTAG=1_0 BTAG=1_0 performsidle idle load
FNCUO FNCU2 LSSEC:SRB

RESO. RES2. LSRES.
LSTAG=1_0
R_LD_DAT

RES STA RES STA
DTAG=2_2
BTAG=1_0

execute idle idle
FNCUO FNCU2 LSSEC:SRB

RESG. RES2. LSRES
execute
DTAG=1_0
R_VAL

RES_STA RES_STA
idle execute idle
FNCUO FNCU2 LSSEC:SRB

RESO. RES2. LSRES.
execute
DTAG=2_2
R_VAL

Push/Pop Linear address calculations will be handled as
follows:

For a PUSH,the first vector will subtract 2h or 4h from
the ESP and the result will be both latched by the FIROB as
the new ESP and latched by the LSSECasthe store linear
address. The second vector is a move of some register
(passes through the FNCU) to the LSSEC, and to memory.
A push memory will require two dispatch positions (see
reservation station document for more details).

For a POP, two dispatch positions are always required
because there are two register destinations that must be
updated. Vector 0 of the first dispatch position passes the
ESP value through the FNCU and the LSSEC latchesit as
a load linear address. The reservation station waits for the

load data to be returned and uses the next vector to pass the
load through the FNCU and onto the RES bus where the
FIROBlatches it and eventually writes it back to a the
correct register. The second dispatch position is to add 2h or
4h to ESP.

Interface for Multiply, Divide, SRB, and FPU

Eachof the four issue positions has AOPND and BOPND
busses which are tristated and transfer operands from the
operandsteering unit, RS2, RS1, and RSO to the FNCU. No
forwarding is allowed on these AOPND and BOPNDbus-
ses. Forwarding from the RES bussesis multiplexed directly
at the input to the FNCU. These AOPND and BOPND
busses also have tristate drivers onto the SAOPND and

SBOPNDbusses which are shared operand busses going to
the integer multiplier block.

Floating pointinstructions go to the Integer uCode to have
one FIRORBline with four entries assigned to it. If needed,
the first three dispatch positions will contain lincar address
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calculations for the 3 possible floating point loads (32 bits,
32 bits, and 16 bits), and those integer reservation station
entries free up after the linear address calculations for the
FPU.Thelast dispatch position is a NOOP fromthe func-
tional unit point of view. ‘The uwCode sends an Fcode entry
point(correspondingto the last dispatch position) directly to
the FPU. For floating point stores, the integer reservation
stations perform the linear address calculations, and the
LSSEC latches the linear addresses. Those integer reserva-
tion station entries then free up. Later, the [PU would
request the multiplier for use of the MULresult bus and
indicate to the reservation station control for position 3 that
it necds to drive store data from the FPU to the MULresult
bus to the FNCU3 result MUX to the RES3 bus. The LSSEC

latches the data off the RES3 bus and performsthe stares.

The SRB instructions go to issue positions in any order.
They use a similar protocol to the LOAD/STOREinstruc-
tions. The SRB contains a four entry file which receives tags
and other information from the IDECODE/DISPATCH.

SRB opcodes can pass through the functional units in any
order and then be reordered in the SRB file before the SRB

executes them. No renaming is done on the SRB registers
(CRO, CR4, various array entries, etc.). Data from the SRB
to a standard x86 register or temporary register is returned
to the FIROB using the LSRESObus and can be forwarded
to the reservation stations at the same time. The following
example showshow informationis sent to the SRB and how
information is forwarded from the LSRESObus. The actual

SRBtransfers (setup and move) would take several cycles to
complete and the latencies are not shown in this example.
The SRB flow follows:

RES_STA RES_STA
DIAG=2 2
BTAG=1_0

pass SRB info idle idleFNCUO FNCU2 LSSEC:SRB
__RESO_ _RES2__ ___LSRES___
pass
DTAG=1_0
R_SRB

RES_STA RES_STA
DTAG=2_2
BTAG=1_0 perform

idle idle reg <— CROFNCUO FNCU2 LSSEC:SRB
__RESO_ _RES2__ __LSRES___

LS'TAG=1_0
R_SRB_DAT

RES_STA RES_STA
idle execute idle
FNCUO FNCU2 LSSEC:SRB
_RESO_ _RES2_ __LSRES__

execute
DIAG=2_2
R_VALID

Functional Unit Handling of Unaligned Operands
and SIB

When a byte operand such as AH is not located in the
lowestbits, the functional unit needs to shift the AH operand
from bits (15:8)to bits (7:0), perform the operation,andshift
the result back to bits (15:8). The AHBYTE information will
tell the functional unit when this alignmentis required. SIB
(scalc, index, and basc) addressing forms are sent as two
dispatch positions because the instructions require depen-
dency checking and renaming on three source operands.
During the first opcode the base and the scaled index are
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added together, the result is given to the second opcode to
perform the actual operation. IDECODEwill send scale
information to the functional unit indicating shifts by (0,1,
2,3, or 4). Except for the scale information, the FNCU would
not have needed to know anything about SIBs.

Integer Multiplier

The integer multiplier will use a two iteration method, the
first pass goes through an 8x32 array, then through the
Wallace tree, and if the final result is 32 bits or less, go
through the carry propagate adder and befinished,else take
anotheriteration using a larger Wallace tree to combine the
carries and sumsfrom the first iteration with the carries and

sum generated from the 8x32 array on the seconditeration,
and finish with a pass through the carry propagate adder.

As the reservation stations get all of the operands needed
for the multiply, they will send the multiply on the SAOPND
and the SBOPND busses which are shared tristate busses
from the AOPND and the BOPND of each reservation

station group. There will be a a total of three cycles used for
the multiply. The Multiply block and the FPU will arbitrate
for the MULresult bus such that the multiplier always has
highest priority.

X86 Assembly Instruction Mapping for Fast Path

Processor 500 executes a small subset of the x86 instruc-

tion set (around 50 instructions) as fast path instructions
while everything else gets sent to microcode. The current
startup delay for the microcode engine is one extra cycle.
The following chart lists the instructions which go to fast
path and the ones whichget sent to the microcode engine.
Some of the x86 instructions are also broken up into two
dispatch positions.

  
x86 Assembly Fast Path Opcode seen by FNCU
AAA uCode
AAD ucode
AAM uCode
AAS uCode
ADC ast ADC
ADD fast ADD
AND rast AND
ARPL uCode
BOUND uCode

BSF ast BSF (may become uCode
eight bits at with 16 bit BSF)a time

BSR ast BSR (may become uCode
eight bits at with 16 bit BSR)
a time

BSWAP uCode
BT ast BT
BTC ast BTC
BIR ast BTR
BIS ast BTS
CALL ast near indirect or near

relative else uCode
CBW ast SIGNXA
CWDE ‘ast SIGNXA

CLC asl use flag equations
CLD ast use flag equationsCLI uCode
CLTS uCode

CMC fast use flag equations
CMP ast SUB (no result writeback
by

FIROB)
CMPS uCode
CMPSB uCode
CMPSW uCode



x86 Assembly
CMPSD
CMPXCHG
CMPXCHG8B
CPUID
CWwD
CWQ
DDA
DAS
DEC
DIV
ENTER
HLT
IDIV
IMUL

IN
INC
INS
INSB
INSW
INSD
INT
INTO
INVD
INVLPG
IRET
IRETD
Jcc
JICXZ
JECXZ
JMP

 

LAHF
LAR
LDS
LES
LFS
LGS
TSS
LEA
LEAVE
LGDT
LIDT
LLDT
LMSW
LODS
LODSB
LODSW
LODSD
LOOP
LOOPcond
LSL
LIR
MOV
MOVCC
MOV CR
MOV DR
MOVS
MOVSB
MOVSW
MOVSD
MOVSX
MOVZX
MUI.

NEG
NOP
NOT
OR
OUT
OUTS
OUTSB
OUTSW
OUTSD
POP
POPA
POPAD
POPF

-continued

Fast Path

fast

fast

fast

fast
fast
fast
fast

fast

fast
fast

fast

fast
fast

fast
fast
fast

fast

fast
fast

fast

Opcode seen by FNCU
uCod
uCod
uCod
uCod
uCo
uCod
uCod
uCod
SUB wo/ CI save
uCod
uCod
uCod
uCod

oo7O707000
e2oo0

IMUL, some are 2 dispatch
pos
uCode
ADD wo/ CF save
uCod
uCod
uCod
uCod
uCo
uCod
uCod
uCod
uCod
uCode
JMPCC

two dispatch positions
two dispatch positionsnear and indirect else
uCode
LAHF
uCod
uCod
uCod
uCod
uCod
uCod
LEA

two dispatch positionuCod
uCod
uCod
uCod
uCod
uCod
uCod
uCod

two dispatch positionsuCode
uCode
uCode
MOVZX
MOVCC
uCode
uCod
uCod
uCod
uCod
uCode
MOVSX
MOVZX
MUT,; some are two
dispatch posSUB
not sent to FNCU
SUB
OR
uCode
uCode
uCode
uCode
uCode

two dispatch positionsuCode
uCode

ooeoo77TOA 
WDoooodoa

oacaonaoonoa

e2oooa
 

uCode-may change IOPL
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-continued

x86 Assembly Fast Path Opcode seen by FNCU

POPFD uCode-may change IOPL
PUSH fast some are two dispatch pos
PUSHA uCode
PUSHAD uCode
PUSHF fast MOVF
PUSHFD fast MOVF

RCL uCode using RCL_1
RCR uCode using RCR_1ROL fast ROL
ROR fast ROR
RDMSR uCode
REP uCode
REPE uCode
REPZ uCode
REPNE uCode
REPNZ uCode

RET fast two dispatch positionsRSM uCode
SAHF fast SAHF
SAL fast SHL
SAR fast SAR
SHL fast SHL
SHR fast SHR
SBB fast SBB
SCAS uCode using DFADD
SCASB uCode using DFADD
SCASW uCode using DFADD
SCASD uCode using DFADDSETcc fast SETCC
SGDT uCode
SIDT uCode
SHLD uCode
SHRD uCode
SLDT uCode
SMSW uCode
STC fast ZEROXA & flags = BCD_FS
STD fast FIROB
STI uCode
STOS uCode
STOSB uCode
STOSW uCode
STOSD uCode
STR uCode
SUB fast SUB

TEST fast AND(noresult writcback
by FIROB)VERR uCode

VERW uCode
WBINVD uCode
WRMSR uCode
XADD uCode
XCHG uCode
XLAL fast MOV
XLATB fast MOV
XOR fast XOR 

Details of the Divide Mnemonics and Their Use

The restoring division algorithm is done using ucode and
FNCUOonly. Local divide directionbits are kept by FNCUO
and can be usedto select between two different vectors (one
for ADD and one for SUB). Numeroussignals are supplied
from the contro! bit vector to the FNCUOspecial logic so
that proper handling ofthe division direction bit and proper
multiplexing of the result can be performed.
FNCUOSignal List

Functional Unit 0 is the only one which can do divides.
This signal list shows where the various functional unit
signals come from or go to.
FNCUOOutput Signals
FOBRN_ADR;assert proper branch status
FOBRN_NT,;assert proper branch status
FOBRN_OK;assert proper branch status
FOBRN_T__ADR;assert proper branch status
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FOBRN_T_OK;assert proper branch status
FOSTAT_LD; RESbus status—load linear address
FOSTAT_MUL; RESbus status—multiplier
FOSTAT_NONE; RES bus status—noresult
FOSTALOPS'I; RES bus status—operand data for a store
FOSTAT_SRB; RESbus status—SRB information
FOSTAT_ST; RES bus status—store linear address
FOSTAT__VAL; RES bus status—valid
[10:0] INSLSB; LSSEC segment MUX
[14:0] RESLA;early result bits send to LSSEC DCACIIE
[2:0] DTAG; destination tag
[2:0] RSTAT;result status
[31:0] FDRES; forwarded RES bus
[6:0] RFLAG;result flags
FNCUO Inputs from reservation station, forwarding, and
multiplier
DCPAPRHIT; data cache port A predicted wayhit
DCPBPRHIT; data cache port B predicted way hit
DCUMNPAHIT;data cache port A unpredicted way hit
DCUNPBHIT; data cache port B unpredicted way hit
FNCUGO;functional unit GO indication
MULXEF;value of all multiply flags
OPALSRESO;used to qualify valid status; else mispredicted

way miss; Aop & DC port 0
OPALSRES1;used to qualify valid status; else mispredicted

way miss; Aop & DC port 1
OPBLSRESO;used to qualify valid status; else mispredicted

way miss; Bop & DC port 0
OPBLSRES1; used to qualify valid status; else mispredicted

way miss; Bop & DC port 1
PURGE;resets all processes in the multiplier
RESET,resets all processes in the multiplier and GRNT_

CNT

[1:0] LSCANFWDLSSECcancel of forwarded load data on
LSRESn

[10:0] INSSEG; LSSEC segment MUXselect
[2:0] CDTAG;current destination tag for the incoming

opcode
[31:0] AOPND;A operand
[31:0] BOPND;B operand
[31:0] DSPR; displacement
[31:0] FDRESO; forwarded result bus from position 0
[31:0] FDRES1; forwarded result bus from position 1
[31:0] FDRES2; forwarded result bus from position 2
[31:0] FDRES3; forwarded result bus from position 3
[31:0] LSRESO; LSSEC result bus 0
[31:0] LSRES1; LSSEC result bus 1
[31:0] MULTRES; multiply floating point bus
[6:0] FLGD;input flag data from the reservation station
[6:0] RFLAGO;input flag data from position 0
[6:0] RFLAG1; input flag data from position 1
[6:0] RFLAG2; input flag data from position 2
[6:0] RFLAG3;input flag data from position 3
[6:0] RFLAGLSO; input flag data from LSSEC 0
[6:0] RFLAGLS1; input flag data from LSSEC 1
[7:0] FNCUMUXA; mux control from reservation station

for A operand input
[7:0] FNCUMUXB; mux control from reservation station

for B operand input
[7:0] FNCUMUXCF; mux control from reservation station

for the carry flag
[7:0] FNCUMUXSTF;mux control from reservation station

for the status flags
FNCUO Inputs for control store—shared for both vectors
FOCTLST_VWR;valid control store write next cycle
FODIVO;initial divide opcode
FODIV; divide opcode
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FODIVCMP;divide opcode
FODIVL,;divide opcode
FODIVQ;divide opcode
FODIVREM;divide opcode
FODIVSGN;divide opcode
FOIDIVCMP;divide opcode
FOIDIVDENDO;divide opcode
FOIDIVDEND1; divide opcode
FOIDIVSOR;divide opcode
FOSELOPA;‘Theinitial quotient is from operand Aelse trom

adder output
FOUPDDF;update division direction bit
FOUPDQ;update division quotient
SELSQXOPA;indicates that quotient gets shifted quotient

slave instead of adder or OPA

[3:0] FOCTLST__WR,;indicates which control store vector
to use

[7:0] FOCTLST_USE;indicates which control store vector
to use

[7:0] FRESMUX;sclect lines for MUX to RES bus
FNCUOInputs for control store—vector0; no shifts allowed
AXBLACO;indicates if operand A or B is used for linear

addr calc

FOADD__FO; addition type flag generation
FOBCD FCO; BCDclear type flag generation
FOBCD_FSO; BCD set type flag generation
FOCINO; carry-in from the control block
FOCLD_FO; clear direction flag generation
FOCMC_FO0; complementcarry type flag generation
FOCOMPBO; complementthe B operand
FOCOND_CODEDO;evaluate condition codes
FODAA_FS0; DAA type flag generation
FOFLAGCFO; opcode requires using a version of EFLAG-

SCF

FOLOG_FO;logical type flag generation
FOMOVCC0; MOVCCinstruction
FOSETCCO; SETCCinstruction
FOMUXCINO; carry-in MUX
TOMUXDI0; direction flag MUX
FOSETCFO; ADC uses true version of EFLAGSCF else

~EFLAGSCF

FOSTD FO; store direction flag generation
FOUNC_BRNO; unconditional branch evaluation
FISTAT__BRNO;assert proper branch status
FISTAT_LD0O; RES bus status—load linear address
FISTAT__MULO; RES bus status—mulitplier
FISTALNONEO; RES bus status—no result
FISTAT_OPSTO; RES bus status—operand data for a store
FISTAT_SRBO; RES bus status—SRB information
FISTAT_STO; RES bus status—store linear address
FISTAT_VALO; RES bus status—valid
RQLACO; linear address calculation
SIGNXAO; sign extend the A operand
SIGNXBO;sign extend the B operand
SIGNXD0O; sign extend the D operand
USEOFFSETO;use offset for PUSH, POP, or FPU lin adr

cale

ZEROXAO; zero extend the A operand
ZEROXBO; zero extend the B operand
ZEROXD0O; zero extend the D operand
[1:0] AHBYTEO; alignmentselect bitsO;movebits 15:8 to

7:0

[2:0] FOGINO; generate style inputs (used here to indicate
type of operation)

[3:0] FOPINO; propagate style inputs (used here to indicate
type of operation)

[3:0] OPSIZEINO;size/position of result (dword, word, ah,
al)
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[4:0] FOSCALE;scale for SIB: 8,4,2,1,0
[7:0] FRESMUXO;select lines for MUX to RES bus
FNCUO Inputs for control store—vector 1 ; shifts allowed
AXBLAC1; indicates if operand A or B is used for linear

addr calc

FOADD_F1; addition type flag generation
FOBCD_FC1; BCD clear type flag generation
FOBCD_FS1; BCD set type flag generation
FOCIN1; carry-in from the control block
TOCLD_I'1; clear direction flag generation
FOCMC_F1; complement carry type flag generation
FOCOMPBI1; complement the B operand
FOCOND_CODE1; cvaluate condition codes
FODAA_FS1; DAA type flag generation
FOFLAGCF1; opcode requires using a version of EFLAG-

SCF

FOLOGF1; logical type flag generation
SHFEFT.AG1; merge Bop andall flags into result
FOMOVCC1; MOVCCinstruction
FOSETCC1; SETCC instruction
FOMUXCINI; carry-in MUX
FOMUXDF1;direction flag MUX
FOSETCF1; ADC uses true version of EFLAGSCF else

~EFLAGSCF

FOSTD_F1; store direction flag generation
FOUNC_BRN1; unconditional branch evaluation
FISTAT__BRN1; assert proper branch status
FISTAT_LD1; RES bus status—load linear address
FISTAT__MUL1; RES bus status—mulitplier
FISTAT_NONE1; RESbus status—noresult
FISTAT__OPST1; RES bus status—operand data for a store
FISTAT_SRB1; RES bus status—SRB information
FISTAT_ST1; RES bus status—store linear address
FISTAT_VAL1; RES bus status—valid
RQLAC1; linear address calculation
SHFBCMP1; indicates a Bit Test and Complement
SHFBITEST1; a select signal for any Bit Test opcode
SHPFBITOPA1; a select signal for only the BTEST (BT)

opcode
SHFBSF1; select signal for Bit Scan Forward
SHFBSR1; select signal for Bit Scan Reverse
SHFBSXR1; indicates a set/reset for bit test instruction
SHFEFLAG1; merge Bop andall flags into result
SHFFLGOF1; overwrite the OF position of Bop to form

result

SHFFLGEF1; overwrite the OFposition of Bop to form
result

SHFLAHF1; load Flags into AH opcode
SHFLEFT1; indicates RCL, ROL, or SHL opcode
SHFRIGHT1; indicates RCR, ROR, SAR, or SHR opcode
SHFROT1; indicates a rotate or SHL opcode
SHFSAHF1; store AH into Flags opcode
SHFSELSF31_1; set the sign flag to the shifter output bit 31
SHFSETCF1; set carry flag for RCL & RCR equal to

EFLAGSCF

SHF_UPD_RC1;select for updating the local carry flag
SIGNXA1; sign extend the A operand
SIGNXB1; sign extend the B operand
SIGNXD1; sign extend the D operand
USEOFFSETO; use offset for PUSH, POP, or FPU lin adr

cale

ZEROXAL1; zero extend the A operand
ZEROXBI1; zero extend the B operand
ZEROXD1; zero extend the D operand
[1:0] AHBYTE1; alignment select bits0;move bits 15:8 to

7:0

[21:0] SHFSELPRE1; the preshift mux sclect signals
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[2:0] FOGIN1; generate style inputs (used here to indicate
type of operation)

[2:0] SHFSELZF1; determines which groups of bit to use
for setting the zero flag

[3:0] FOPIN1; propagate style inputs (used here to indicate
type of operation)

[3:0] OPSIZEIN1; size/position of result (dword, word, ah,
al)

[3:0] SHFSELOF1; determines which groups of bit to use
for setting the overflow flag

[3:0] SHFSELOUT]; indicates final byte alignmentfor the
shifter output

[7:0] FRESMUX1; select lincs for MUX to RES bus
[7:0] SHFSELCF1; determines which shifter bits to use to

set the carry flag
[9:0] SHFSELCNT1; mux select signals determining source

of shifter count value

FNCU1to 3 Signals List
FNCU1 to FNCU3 contain the same signals as FNCUO

except for the shared list
FNCU1Inputs for control store—shared for both vectors
FOCTLST_VWR;valid control store write next cycle
[7:0] FOCTLST_USE;indicates which control store vector

to use

[3:0] FOCTLST_WR;;indicates which control store vector
to use

CBVS Sub-Block

Fully decoded control vectors are stored in the Control Bit
Vector Store sub-block. The reservation station and/or divi-

sion direction flag determine which vector to use. As an
example vector 0 and 1 could be used bythe entry 2 of the
reservation station. To do the linear address calculation for

a load, entry 2 of the reservation station could select vector
0 and perform the add. Whenthe load data came back,entry
2 of the reservation station would detect the tag match and
use vector 2 along with the forwarded data to perform the
actual operation. Only vector 2 can be used for shifting.
CBYVSInput Signals List
AXBLACO;indicates if operand A or B is used for linear

addr calc

AXBLAC1; indicates if operand A or B is used for linear
addr calc

FOADD__FO; addition type flag generation
FOADD_F1; addition type flag generation
FOBCD_FC0; BCDclear type flag generation
FOBCD_FC1; BCD clear type flag generation
FOBCD_FSO; BCD set type flag generation
FOBCD_FS1; BCD set type flag gencration
FOCINO; carry-in from the control block
FOCIN1; carry-in from the control block
FOCLD__FO; clear direction flag generation
FOCLD_F1; clear direction flag generation
FOCMC_FO; complementcarry type flag generation
FOCMC_F1; complementcarry type flag generation
FOCOMPBO; complement the B operand
FOCOMPB1; complement the B operand
FOCOND_CODEDO; evaluate condition codes
FOCOND_CODE}; evaluate condition codes
FOCTLST__VWR;valid control store write next cycle
FODAA_FSO0; DAA type flag generation
FODAA_FS1; DAA type flag generation
FODIVO;initial divide opcode
FODIV; divide opcode
FODIVCMBP; divide opcode
FODIVL;divide opcode
FODIVQ;divide opcode
FODIVREM;divide opcode
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FODIVSGN;divide opcode
FOFLAGCFO; opcode requires using a version of EFLAG-

SCF

FOFLAGCF1; opcode requires using a version of EFLAG-
SCF

FOIDIVCMP;divide opcode
FOIDIVDENDO; divide opcode
FOIDIVDEND1; divide opcode
FOIDIVSOR;divide opcode
TOLOG_1I'0; logical type flag generation
FOLOG_F1; logical type flag generation
FOMUXCINO; carry-in MUX
FOMUXCIN1; carry-in MUX
FOMUXDFO;direction flag MUX
FOMUXDFY1;direction flag MUX
FOSELOPA;Theinitial quotient is from operand A else from

adder output
FOSETCFO; ADC uses true version of EFIT.AGSCF else

~EFLAGSCF

FOSETCF1; ADC uses true version of EFLAGSCF else
~EFLAGSCF

FOSTD__FO; store direction flag generation
FOSTD_F1; store direction flag generation
FOUNC BRNO; unconditional branch evaluation
FOUNC_BRN1; unconditional branch evaluation
FOUPDDF;update division direction bit
FOUPDQ;update division quotient
FISTAT__BRNO; assert proper branch status
FISTAT__BRN1; assert proper branch status
FISTAT_LD0O; RES bus status—load linear address
FISTAT_LD1; RES bus status—load linear address
FISTAT__MULO; RES bus status—mulitplier
FISTAT_MUL1; RES bus status—mulitplier
FISTAT_NONEO; RES bus status—noresult
FISTAT_NONE1; RESbus status—noresult
FISTAT_OPSTO; RES bus status—operand data for a store
FISTAT__OPST1; RESbus status—operand data for a store
TISTAT_SRBO; RES bus status—SRB information
FISTAT_SRB1; RES bus status—SRB information
FISTAT_STO; RES bus status—store linear address
FISTAT_ST1; RES bus status—store linear address
FISTAT_VALO; RES bus status—valid
FISTAT_VAL1; RES bus status—valid
FNCUGO;functional unit GO indication
PURGE;resets all processes
RESE'S; resets all processes
RQLACO; linear address calculation
RQLAC1; lincar address calculation
SELSQXOPA;indicates that quotient gets shifted quotient

slave instead of adder or OPA

SHFBCMP1; indicates a Bit Test and Complement
SHFBITEST1; a select signal for any Bit Test opcode
SHFBITOPA1; a select signal for only the BTEST (BT)

opcode
SHFBSF1; select signal for Bit Scan Forward
SHFBSR1; select signal for Bit Scan Reverse
SHFBSXR1; indicates a set/reset for bit test instruction
SHFEFLAG1; merge Bop & all flags into result
SHFFLGDF1; overwrite the DF position of Bop to form

result

SHFFLGOF1; overwrite the OF position of Bop to form
result

SHFLAHF1; load Flags into AH opcode
SHFLEFT1; indicates RCL, ROL, or SHL opcode
SHFRIGHT1; indicates RCR, ROR, SAR, or SHR opcode
SHFROT1; indicates a rotate or SHT. opcode
SHFSAHF1; store AH into Flags opcode
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SHFSELSF31__1; set the sign flag to the shifter output bil 31
SHFSETCF1; set carry flag for RCL & RCR equal to

EFLAGSCF

SHF_UPD_RC1;select for updating the local carry flag
SIGNXAO; sign extend the A operand
SIGNXA1; sign extend the A operand
SIGNXBO; sign extend the B operand
SIGNXB1; sign extend the B operand
SIGNXD0; sign extend the D operand
SIGNXD1; sign extend the D operand
USEOFFSETO;use offset for PUSH, POP, or FPU lin adr

calc

USEOFFSET1;use offsct for PUSH, POP, or FPU lin adr
cale

ZEROXAOQ; zero extend the A operand
ZEROXAI; zero extend the A operand
ZEROXBO;zero extend the B operand
ZEROXB1; zero extend the B operand
ZEROXDO; zero extend the D operand
ZEROXD1; zero extend the D operand
[1:0] AHBYTEO; alignmentselect bitsO;movebits 15:8 to

7:0

[1:0] AHBYTE1; alignment select bits0;move bits 15:8 to
7:0

[21:0] SHFSELPRE1; the preshift mux select signals
[2:0] FOGINO; generate style inputs (used here to indicate

type of operation)
[2:0] FOGIN1; generate style inputs (used here to indicate

type of operation)
[2:0] SHFSELZF1; determines which groups of bit to use

for setting the zero flag
[3:0] FOCTLST__WR;;indicates which control store vector

to use

[3:0] FOPINO; propagate style inputs (used here to indicate
type of operation)

[3:0] FOPIN1; propagate style inputs (used here to indicate
type of operation)

[3:0] OPSIZEINO;size/position of result (dword, word, ah,
al)

[3:0] OPSIZEIN1; size/position of result (dword, word, ah,
al)

[3:0] SHFSELOF1; determines which groups of bit to use
for setting the overflow flag

[3:0] SHFSELOUT}; indicates final byte alignmentfor the
shifter output

[4:0] FOSCALE; scale for SIB: 8,4,2,1,0
[7:0] FOCTLST__USE;indicates which control store vector

to use

[7:0] FRESMUX60;select lines for MUX to RES bus
[7:0] FRESMUX1; select lines for MUX to RES bus
[7:0] FRESMUX;select lines for MUX to RES bus
[7:0] SHFSELCF1; determines which shifter bits to use to

set the carry flag
[9:0] SHFSELCNT1; mux select signals determining source

of shifter count value

CBVS Output Signal List (control bit vector store)
AXBLAC;indicates if operand A or B is usedfor linear addr

cale

DIVO; initial divide opcode
DIV; divide opcode
DIVCMP;divide opcode
DIVL; divide opcode
DIVQ; divide opcode
DIVREM; divide opcode
DIVSGN;divide opcode
FOADD_F; addition type flag generation
FOBCD_FC; BCD clear type flag generation
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FOBCD_FS; BCDset type flag generation
FOCIN; carry-in from the control block
FOCLD_F;clear direction flag generation
FOCMC_F; complement carry type flag generation
FOCOMPB; complement the B operand
FOCOND_CODE; evaluate condition codes
FODAA_FS; DAA type flag generation
FOFLAGCEF;opcode requires using a version of EFLAG-

SCF

TOLOG_TI'; logical type flag generation
FOMUXCIN;carry-in MUX
FOMUXDF;direction flag MUX
FOSETCF; ADC uses truc version of EFLAGSCF clsc

~EFLAGSCF

FOSTD__F; store direction flag generation
FOUNC_BRN;unconditional branch evaluation
FISTAT__BRN;assert proper branch status
FISTAT_I.D; RES bus status—load linear address
FISTAT_MUL; RESbusstatus—mulitplier
FISTAT_NONE; RES bus status—noresult
FISTAT__OPST; RES bus status—operand data for a store
FISTAT_SRB; RES bus status—SRB information
FISTAT_ST; RES bus status—store linear address
FISTAT VAL; RES bus status—valid
IDIVCMP;divide opcode
IDIVDENDO;divide opcode
IDIVDEND1; divide opcode
IDIVSOR;divide opcode
ISELOPA;Theinitial quotient is from operand A else from

adder output
ISELSQXOPA;indicates that quotient gets shifted quotient

slave instead of adder or OPA

MOVCC;select Bop from ALU output else take Aop
RQLAC;linear address calculation
SETCC;set bit 0 if conditions are true
SHFBCMP;indicates a Bit Test and Complement
SHFBITEST;a select signal for any Bit Test opcode
SHPFBITOPA; a select signal for only the BTEST (BT)

opcode
SHFBSF;select signal for Bit Scan Forward
SHFBSR;select signal for Bit Scan Reverse
SHFBSXR;indicates a set/reset for bit test instruction
SHFEFLAG; merge Bop & all flags into result
SHFFLGDF; overwrite the DF position of Bop to form

result

SHEFFLGOF; overwrite the OFposition of Bop to form
result

SHFLAHF;load Flags into AH opcode
SHFLEFT;indicates RCL, ROL, or SHL opcode
SHFRIGHT;indicates RCR, ROR, SAR, or SHR opcode
SHFROT;indicates a rotate or SHL opcode
SHFSAHF;store AH into Flags opcode
SHFSELSF31; set the sign flag to the shifter output bit 31
SHFSETCF; set carry flag for RCL & RCR equal to

EFLAGSCF

SHF_UPD_RC;select for updating the local carry flag
SIGNXA; sign extend the A operand
SIGNXB; sign extend the B operand
SIGNXD;sign extend the D operand
UPDDF;update division direction bit
UPDQ;update division quoticnt
USEOFFSET;useoffset for PUSH, POP, or FPU lin adr calc
ZEROXA;zero extend the A operand
ZEROXB;zcro extend the B operand
ZEROXD;zero extend the D operand
[1:0] AHBYTE;alignment select bits0;movebits 15:8 to 7:0
[21:0] SHFSELPRE;the preshift mux select signals
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[2:0] FOGIN; generate style inputs (used here to indicate
type of operation)

[2:0] SHFSELZF; determines which groupsofbit to use for
setting, the zero flag

[3:0] KOPIN; propagate style inputs (used here to indicate
type of operation)

[3:0] OPSIZEIN;size/position of result (dword, word, ah,
al)

[3:0] SHFSELOF; determines which groupsofbit to use for
setting the overflow flag

[3:0] SHFSELOUT;indicates final byte alignment for the
shifter output

[7:0] FRESMUX;sclect lines for MUX to RES bus
[7:0] SHFSELCF;determines which shifter bits to use to set

the carry flag
[9:0] SHFSELCNT; muxselect signals determining source

of shifter count value
OPSET. Sub-Block

The operand selection sub-block multiplexes the correct
data in for forwarding and latches in the A operand,
Boperand, Displacement/immediate bus, and flags. Sign
extension and alignment for Ahbyte data is also performed
here.

OPSELInput Signals (operand select and alignment)
AXBLAC;indicates if operand A or B is usedfor linear addr

cale

FOCOMPE;complementthe B operand
RQLAC;linear address calculation
SIGNXA;sign extend the A operand
SIGNXB;sign extend the B operand
SIGNXD;sign extend the D operand
USEOFFSET;useoffset for PUSH, POP, or FPU lin adr cale
ZEROXA;zero extend the A operand
ZEROXB; zero extend the B operand
ZEROXD;zero extend the D operand
[1:0] AHBYTE;alignmentselect bits0;movebits 15:8 to 7:0
[31:0] AOPND;A operand
[31:0] BOPND; B operand
[31:0] DSPR; displacement
[31:0] FDRESO; forwarded result bus from position 0
[31:0] FDRES1; forwarded result bus from position 1
[31:0] FDRES2; forwarded result bus from position 2
[31:0] FDRES3; forwarded result bus from position 3
[31:0] LSRESO; LSSECresult bus 0
[31:0] LSRES1; LSSEC result bus 1
[3:0] OFFSET; offset used for PUSH, POP, and FPU lin adr

calc

[3:0] OPSIZEIN; sizc/position of result (dword, word, ah,
al)

[4:0] FOSCALE;scale for SIB: 8,4,2,1,0
[6:0] FLGD; input flag data from the reservation station
[6:0] RFLAGO; input flag data from position 0
[6:0] RFLAG1;input flag data from position 1
[6:0] RFLAG2; input flag data from position 2
[6:0] RFLAG3; input flag data from position 3
[6:0] RFLAGLSO;input flag data from LSSEC 0
[6:0] RFLAGLS1; input flag data from LSSEC 1
[7:0] FNCUMUXA; mux control from reservation station

for A operand input
[7:0] FNCUMUXB; mux control from reservation station

for B operand input
[7:0] FNCUMUXCF; mux control from reservation station

for the carry flag
[7:0] FNCUMUXSTF;muxcontrol from reservation station

for the status flags
OPSET. Output Signals (operand select and alignment)
[31:0] OPA; aligned operand A
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[31:0] OPB; aligned operand B
[6:0] IFLG; latched input flags
ALU Sub-Block

All logical, arithmetic, and basic moves are performed by
this block. Linear address calculations and branch address

calculations are also performed here. Only FNCUO is
capable of performing division operations.
ALUInput Signals for FNCUO Type
DIVO; initial divide opcade
DIV; divide opcode
DIVCMP;divide opcode
DIVL; divide opcode
DIVQ; divide opcode
DIVREM; divide opcode
DIVSGN;divide opcode
FOCIN;carry-in from the control block
FOMUXCIN;carry-in MUX
FOMUXDF;direction flag MUX
FNCUGO;functional unit GO indication
IDIVCMP;divide opcode
IDIVDENDO;divide opcode
IDIVDEND1; divide opcode
IDIVSOR;divide opcode
ISELOPA; Theinitial quotient is from operand A else from

adder output
ISELSQXOPA;indicates that quotient gets shifted quotient

slave instead of adder or OPA

PURGE;resets all processes
RESET,resets all processes
UPDDF;update division direction bit
UPDQ;update division quotient
[2:0] FOGIN; generate style inputs (used here to indicate

type of operation)
[31:0] OPA; aligned operand A
[31:0] OPB; aligned operand B
[3:0] FOPIN; propagate style inputs (used here to indicate

type of operation)
[3:0] OPSIZEIN; size/position of result (dword, word, ah,

al)
ALUInput Signals for FNCU1 to FNCU3 Types
FOCIN;carry-in from the control block
FOMUXCIN;carry-in MUX
FOMUXDF;direction flag MUX
FNCUGO;functional unit GO indication
PURGE;resets all processes
RESE'S; resets all processes
[2:0] FOGIN; generate style inputs (used here to indicate

type of operation)
[31:0] OPA; aligned operand A
[31:0] OPB; aligned operand B
[3:0] FOPIN; propagate style inputs (used here to indicate

type of operation)
[3:0] OPSIZEIN; size/position of result (dword, word, ah,

al)
ALU Output Signals
AOCOUTI4; ALU output bit
AOCOUT30; ALU output bit
AOCOUTS; ALU output bit
AOCOUTS; ALU output bit
FOCOUT15; ALU output bit
FOCOUT31; ALU output bit
FOCOUT7; ALU output bit
[31:0] ARES; ALU result
SHFT Sub-Block

The shifter sub-block performs right shifts only. It can
also perform bit test and set/clear/complement as well as
RCL by one or RCR byonce.
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SHFT Input Signals (shifter)
FNCUGO;functional unit GO indication
PURGE;resets all processes
RESET;resets all processes
SFICEIN;carry in flag for shifter
SHFBCMP;indicates a Bit Test and Complement
SHFBITEST,;a select signal for any Bit Test opcode
SHFBITOPA; a select signal for only the BTEST (BT)

opcode
SUIBSI; select signal for Bit Scan Vorward
SHFBSR;select signal for Bit Scan Reverse
SHFBSXR;indicates a set/reset for bit test instruction
SHFEFLAG; merge Bop & all flags into result
SHFFLGDF; overwrite the DF position of Bop to form

result

SHFFLGOF; overwrite the OF position of Bop to form
result

SHFLAHF;load Flags into AH opcode
SHFLEFT; indicates RCL, ROL, or SHL opcode
SHFRIGHT;indicates RCR, ROR, SAR, or SHR opcode
SHFROT;indicates a rotate or SHL opcode
SHFSAHF;store AH into Flags opcode
SHFSELSF31; set the sign flag to the shifter output bit 31
SHFSETCF; set carry flag for RCL & RCR equal to

EFLAGSCF

SHF_UPD_RC;select for updating the local carry flag
[21:0] SHFSELPRE;the preshift mux select signals
[2:0] SHFSELZF; determines which groupsof bit to use for

setting the zero flag
[31:0] OPA; aligned operand A
[31:0] OPB; aligned operand B
[3:0] OPSIZEIN;size/position of result (dword, word, ah,

al)
[3:0] SHFSELOF; determines which groupsofbit to use for

setting the overflow flag
[3:0] SHFSELOUT;indicates final byte alignment for the

shifter output
[7:0] SUPSELCT; determines which shifter bits to use to set

the carry flag
[9:0] SHFSELCNT; muxselect signals determining source

of shifter count value

SHFT Output Signals (shifter)
[31:0] SHFTOUT;shifter information for flag generation
[31:0] SRES; shifter result
MXDRV Sub-Block

‘This block multiplexes results from several different
sub-blocks and from the multiplier and aligns the output
properly before driving the result onto the FDRESbus.
MXDRVInput Signals (output multiplier, aligment, and
drivers)
BRN_ADR;assert proper branch status
BRN_NT;assert proper branch status
BRN_OK;assert proper branch status
BRN_T_ADR;assert proper branchstatus
BRN_T_OK; assert proper branchstatus
DCPAPRHIT; data cache port A predicted way hit
DCPBPRHIT;data cache port B predicted wayhit
DCUNPAHIT,;data cache port A unpredicted way hit
DCUNPBHIT; data cache port B unpredicted way hit
FISTAT__BRN;assert proper branch status
FISTAT_LD; RES bus status—load lincar address
FISTAT__MUL; RESbusstatus—mulitplier
FISTAT_NONE; RES bus status—noresult
FISTAT_OPST; RES bus status—opcrand data for a store
FISTAT_SRB; RES bus status—SRB information
FISTAT_ST; RES bus status—store linear address
FISTAT_VAL; RES bus status—valid
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FNCUGO;functional unit GO indication
MOVCCSEL;select Bop from ALU input else take Aop
OPALSRESO;used to qualify valid status; else mispredicted

way muss; Aop & DC port 0
OPALSRES1; used to qualify valid status; else mispredicted

way miss; Aop & DC port 1
OPBLSRESO;used to qualify valid status; else mispredicted

way miss; Bop & DC port 0
OPBLSRES1; used to qualify valid status; else mispredicted

way miss; Bop & DC port 1
PURGE;resets all processes
RESET;resets all processes
[10:0] INSSEG; LSSEC scgment MUX sclect
[1:0] LSCANFWD; LSSECcancelsignal for forwarded data

on the LSRESn bus

[2:0] CDTAG; current destination tag for the incoming
opcode

[31:0] ARES; ALUresult
[31:0] FLGRES; combined EFLAGSresult
[31:0] MULTRES; multiply floating point bus
[31:0] SRES; shifter result
[3:0] OPSIZEIN; size/position of result (dword, word, ah,

al) [7:0] FRESMUX;select lines for MUX to RES bus
MXDRV Output Signals (output multiplier, aligment, and
drivers)
FOBRN_ADR;assert proper branch status
FOBRN_NT;assert proper branch status
FOBRN_OK;assert proper branch status
FOBRN_T_ADR;assert proper branch status
FOBRN_T_OK;assert proper branch status
FOSTAT_LD; RESbus status—load linear address

FOSTAT_MUL; RESbus status—mulitplier
FOSTAT_NONE; RES bus status—noresult
FOSTAT_OPST; RES bus status—operanddata for a store
FOSTAT_SRB; RESbus status—SRB information
FOSTAT_ST; RES bus status—store linear address
FOSTAT_VAL; RES busstatus—valid
[10:0] INSLSB; LSSEC segment MUX
[14:0] RESLA;early result bits send to LSSEC DCACHE
[2:0] DTAG; destination tag
[2:0] RSTAT;result status
[31:0] FDRES; forwarded RES bus
FLGCC Sub-Block

This blockis responsible for the flag generation, condition
code evaluation, and branch evaluation. The CF, carry flag,
is generated the same same and can be immediately tor-
warded with the result data. However, the othersix flags are
generated next cycle and can only be forwarded to such
operations as jumps which can accept the flags mid-cycle.
FLGCC Input Signals (flags generation, condition codes and
branch evaluation)
AOCOUT14; ALU output bit
AOCOUT30; ALU output bit
AOCOUTS3; ALU output bit
AOCOUTS; ALU output bit
FOADD_F; addition type flag generation
FOBCD_FC; BCD clear type flag generation
FOBCD_FS; BCDsettype flag generation
FOCLD_F;clear direction flag generation
FOCMC_F; complement carry type flag generation
FOCOND_CODE; evaluate condition codes
FOCOUTI5; ALU output bit
FOCOUT31; ALU output bit
FOCOUT?7; ALU output bit
FODAA_FS; DAA type flag generation
FOLOG_F;logical type flag generation
FOSTD__F; store direction flag gencration
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FOUNC_BRN; uncondilional branch evaluation
FISTAT_BRN;assert proper branch status
FNCUGO;functional unit GO indication
MOVCC;select Bop from ALU output else take Aop
MULXE;value of all multiply flags
PURGE;resets all processes
RESET;resets all processes
SETCC; set bit 0 if conditions are true
[31:0] OPB; aligned operand B
[31:0] SHP'TOUT, shifter information for flag generation
[3:0] OPSIZEIN;size/position of result (dword, word, ah,

al)
[6:0] IFLG;latched input flags
FLGCC Output Signals (flags generation, condition codes
and branch evaluation)
BRN_ADR;assert proper branch status
BRN_NT;assert proper branch status
BRN_OK;assert proper branch status
BRN_T_ADR;assert proper branchstatus
BRN_T_OK; assert proper branch status
MOVCCSEL;select Bop from ALU output else take Aop
[31:0] FLGRES; combined EFLAGSresult
[6:0] RFLAG; result flags
Multiplier Signal List
Multiplier Input Signals List
MULCYC2X3; number of multiply cycles is 2, else use 3
MULONEOP;opcodeis for the one operand version
MULRQO; multiply request from position 0
MULROQI1; multiply request from position 1
MULRQ2; multiply request from position 2
MULRQ3; multiply request from position 3
MULSIGN;signed values
PURGE;resets all processes in the multiplier
RESET;resets all processes in the multiplier and GRNT__

CNT

[1:0] MULOPSIZE;input operands are 01: byte, 10: word,
or 11: dword

[31:0] SAOPND; shared A operand bus
[31:0] SBOPND; shared B operand bus
Multiplier outputs
MULGRO; multiply grant to position 0
MULGRI1; multiply grant to position 1
MULGR2; multiply grant to position 2
MULGR3; multiply grant to position 3
MULXfF;value of all multiply flags
[31:0] MULRES; multiplier output bus 0

Overview of the Processor 500 FIROB

This section describes the Four-Issue Re-Order Buffer

(FIROB), including methods of reducing the dependency
checking time. The Processor 500 FIROB has a structure
including the data array, the status and control arrays with
associated control logic, and the special registers. The four-
issue ROBis line-oriented which means that the number of

dispatched instructionsis always 4 (someofthe instructions
may be NOOP), and the numberofretired instructions is
always 4. The FIROBsize is 6 lines of 4 instructions for a
total of 24 entries. There are a few exceptionsto retire the
partial line such as branch mis-prediction, interrupt, and
re-synchronization. There are 8 read buses and 4 retire buses
to support a linc of Processor 500 instructions. The number
of result buses are 6, 4 result buses are for results from 4
functional units and 2 results buses are for load/store and

special register instructions to return data to the FIROB. The
buses are 32-bits wide. The FIROB supports a massive
number of comparators to dispatch 4 instructions in a line.
To support the push/popinstructions with indirect references
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to the ESP, the FIROB includes 6 ESP latches. The latches
are strictly for updating the ESPin the registerfile correctly.

Top Level of the FIROB

The FIROB is accessed bya line ofinstructions instead of
an individual instruction. The line has 4 instructions, some
instructions can be NOOP. L.ine-oriention has the advantage
of a single input and allocation in the FIROB. The logic to
deal with one line is much simpler than logic to deal with a
combination of 0 to 4 instructions. Since the clock cycle
time is short, a new methodhas to be implementedto do the
dependency checking in one clock cycle and driving the data
in the next cycle. The FIROB includes of 6 lines of
instructions, where each line has 4 instructions. FIROB will
have one clock cycle to compare the read addresses of the
dispatched line to the destination entries of the previous 5
lines for dependencyand to check the dependency within the
dispatched line. The FIROB implements newstatusbits to
indicate the most up-to-date destination to reduce the depen-
dency checking time. The X86 instructions allow 2
operands, wherein one of the operands can be both destina-
tion and source. The FIROB checks dependency on both
source and destination operands, the dependency of the
destinations sets the last-in-line status which reduces the

future dependency checking. A set of ESP latches are
implemented to provide fast execution of the push/pop
instructions. The FIROB cankeep track and generate depen-
dency data for the ESP withoutstalling or serializing any
ESPinstructions.

Organization of the FIROB

Processor 500 uses fixed issue positions for the decode
units and the functional units. The FIROB andthe register
file conform to this arrangement. The operand addresses
from the decode unit and the result buses from the functional

unit individually access the fixed positions of the FIROB.
The proposed arrangement of the FIROB is to have the
address and data registers, the comparator, and the control
status bits for the comparator in the data path between the
decode units and the functional units. Other status bits and

control logic are on one side of the data path as shown in
FIG.33. A proposed layout of the FIROB andregisterfile is
described below. The read buses can come from anyentry in
the FIROB because of forwarding. An operand bussteering
maybe needed to take the inputs from the FIROB or REGF
and route to the functional units.

FIROBis organized as 6 lincs of 4 instructions cach. The
pointer to the entries has two parts: a 3-bit line pointer and
a 2-bit entry pointer. The line pointer increases after every
dispatch, and the whole line is dispatched orretired at one
time. This is 3-bit incrementor and wraps aroundat the count
of 5. Other reorder buffers (ROBs) are implemented with
read and write pointers, the read pointer increases as instruc-
tions are dispatched and the write pointer increases as the
instructionare retired. Since Processor 500 FIROBallocates
or retires one line of instructions at a time and the number

of dependency comparator is large, FIROB should be a
FIFO (First-In-First-Out) instead of moving the pointers.
The dependency comparators are always at lines 0-4. No
dependency checking is needed in line 5, and theretire line
(write pointer) is always from line 0. Asaline of instructions
is retired from line 0,lines 1-5 will shift up by 1. The read
pointer increases as a new line is dispatched and decreases
as a line is retired. To track the FIROB line numberfor the

instructions in the reservation station, functional units, and
load/store section, a virtual line pointer is assigned to cach
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line as the line is dispatched from the decode units. The
virtual line pointer is used by the reservation stations for
result forwarding, by the functional unit and the load/store
section to return result data to the FIROB, and by the
load/store buffer to access the data cache in program order.
The FIROB use the virtual line pointer to latch the result
data. The virtual line pointer is attached to each line in the
FIROB and circular shifted as the line is retired from the
FIROB.

Trom TIG. 33, the result data of the TIROB and the
registerfile drive the source data to 8 horizontal buses. Each
functional unit receives 2 read buses from these horizontal

buses. The layout of the result data of the FIROB and the
register file sis adjacent to access the horizontal buses
directly. A suggested layout organization is illustrated in
FIG. 34.

Signal list
IRESET—Global signal used to reset all decode units.

Clears all states.

NMI__P—Inputfrom BIU indicates non-maskable interrupt,
the FIROB generates a clean instruction boundarytrap to
a fixed entry point. The FIROB is sensitive only to the
rising edge of this signal

INTR P—Input from BIU indicates the external interrupt.
This signal is qualified with the IF bit of the EFLAGS
register. The interrupt occurs at appropriate instruction
boundaries.

SRBHALT—Input from SRB to enter HALT mode. The
FIROBstopsretiring instructions until RESET, NMI, or
external interrupt occurs. The FIROB must retire the
HALTinstruction before shutting down.

CRONE—Input from SRB indicates the NE bit of the CRO
register. The NE bit indicates the floating point exception
can be trapped directly (NE=1) or via XFERR__Pand an
external interrupt (NE=0).

XIGNNE_P—Input from BIU indicates the copy of pin
IGNNE. When CRONES0, this signal is inspected to
response to enabled floating point exceptions.

XFLUSH_P—Input from BIU indicates an external flush
request occurs. It is falling edge sensitive and trap on
instruction boundary. It is sample during IRESETto enter
tri-state test mode, the FIROB should not generate excep-
tion.

IINIT—Input from BIU indicates an initialization request.It
is rising edge sensitive and trap on instruction boundary.
It is sample during IRESE'Tto enter BISTtest mode, the
FIROB generates on of the two reset entry point.

MVTOSRIAD—Inputfrom SRB, indicates a move to IAD
special register, FIROB needsto checkits pointer against
the pointer driven on IAD.

MVERSRIAD—Input from SRB, indicates a move from
IAD special register, FIROB needs to check its pointer
against the pointer driven on IAD.

MVTOARIAD—Input from SRB, indicates a move to IAD
special register array, FIROB needs to check its pointer
against the pointer driven on IAD.

MVFRARIAD—Input from SRB, indicates a move from
IAD special register array, FIROB needs to check its
pointer against the pointer driven on IAD.

MROMDEC(3:0)—Input from MROMindicates the micro-
codes are being decoded by the decode units. Use to sect
the ROBEXITbit.

RESx(31:0)—Input from FU indicates result data.
DTAGx(2:0)—Inputfrom FU indicates FIROB line number

of the result.

DSTATx(3:0)—Input from FU indicates the status of the
result data:
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0000—noresult
0001—valid result

0010—valid result, shift by zero
0011—exception with vector

0100—software interrupt with vector
0101—TLB miss with vector

0110—load/store breakpoint
0111—exchangeresult
1000—exchange with underflow
1001—exchange abort
1010—branch taken, mis-prediction
1011—branch nottaken, mis-prediction
1100—teserved for FPU
1101—teserved for FPU
1110—teserved for FPU
1111—reserved for FPU

RFLAGx(31:0)—Input from FU indicates result flags.
LSTAGO(4:0)—Input from LSSEC indicates FIROB line

numberofthe first access.

LSTAG1(4:0)—Input from LSSEC indicates FIROB line
numberof the second access.

LSRES0(31:0)—Input from LSSEC indicates result data of
the first access.

LSRES1(31:0)—Input from LSSECindicates result data of
the second access.

IDPC1(31:0)—Inputfrom Idecodeindicates the current line
PC ofthe first instruction in the 4 dispatched instructions.

IDPC2(31:0)—Input from Idecode indicates the current line
PC of a second instruction which cross the 16-byte
boundaryor branch target in the 4 dispatchedinstructions.

ICPOSx(3:0)—ICLK7 Input from Icache to decode units
indicates the PC’s byte position of the instruction.

IDxDAT(1:0)—Input from Idecode indicates the data size
information. 01-byte, 10-half word, 11-word, 00-not use.

IDxADDR—Input from Idecode indicates the address size
information. 1—32 bit, O—16 bit.

ICVALI(3:0)—Input from Icache indicates valid instruc-
tions. NOOPis generated for invalid instruction.

NODEST(3:0)—Input from Icache indicates no destination
for the first rop of the SIB-byte instruction.

DEPTAG(3:1)—Input from Icache indicates forced depen-
dency tag on the first instruction; the second rop of the
SIB-byte instruction.

DxUSEFL(2:0)
DxWRFL(2:0)—Inputfrom Icache indicates the type offlag

uses/writes for this instruction of decode units:

xxl CI'-carry flag,
x1lx OF-overflow flag,
1xx SF-sign, ZF-zero, PF-parity, and AF-auxiliary carry

DxUSE1(1:0)—Input from Icache indicates the type of
operand being sent on operand 1 for decode units. Bit 1
indicates source operand, and bit 0 indicates destination
operand.

DxUSE2—Input from Idecode indicates indicates source
operand.

INSDISP(3:0)—Input from Idecode indicates that the
instruction in decode unit is valid, if invalid, NOOP is
passed to FIROB.

RDxPTR1(5:0)—Input from Icache indicates the register
address for operand 1 of the instructions.

RDxPTR2(5:0)—Input from Icache indicates the register
address for operand 2 of the instructions.

INSLSxB(5:0)}—Input from decode units indicates the pre-
fix values. bit 5—data size, bit 4—address size, bit
3—lock, bit 2:0—scgmentregisters.
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IDECJAMIC—Output indicates that an interrupt or trap is
being taken. Effect on Icache is to clear all pre-fetch or
access in progress, and set all state machines to Idle/
Reset.

EXCEPTION—Global output indicates that an interrupt or
trap is being taken including resynchronization. Effect on
Idecode and Fusis to clear all instructions in progress.

REQTRAP—Globaloutput, one cycle after EXCEPTION,
indicates that the trap is initiated with new entry point or
new PCis driven.

SYNC—Output indicates whether the new entry point or
new PCis driven.

EXCHGSYNC—Output indicates exchange instruction
resynchronization to Icache. This occurs when an
exchange with a masked underflow is retired. It is a
special resynchronize exchange with alternate entry point.

XFERR_P—Output to BIU indicates the floating point
error whichis inverted of the ES bit from the slave of the

floating point status register. It is also used by the FIROB
to generate the plungertraps.

EFLAGSAC
EFLAGSVM
EFLAGSRF

EFIOPL(13:12)
EFLAGSOF
EFLAGSDF
EFLAGSAF

EFLAGSCF—Output generates from the EFLAGSregister,
these bits are visible from the slave copy of the EFLAGS
register. The RF bit is also used in the FIROBto handle
instruction breakpoint.

BRNMISP—Input from the Branch execution of the FU
indicates that a branch mis-prediction. The Idecode clears
all instructions in progress.

UPDFPC—Output to Icache indicate that a new Fetch PC
has been detected. This signal accompanies the FPC for
the Icache to begin access the cache arrays.

TARGET(31:0)—Outputto Icache as the new PCfor branch
correction path.

BRNMISP—Input to Icache indicates that a branch mis-
prediction. The Icache changes its state machine to access
a new PC andclears all pending instructions.

BRNTAKEN—Output to Icache indicates the status of the
mis-prediction. This signal must be gated with UPDFPC.

BRNFIRST—Output to Icache indicates the first or second
target in the ICNX'I'BLK for updating the branch predic-
tion.

BRNCOL(3:0)—Output to Icache indicates the instruction
byte for updating the branch prediction in the ICNXT-
BLK.

FPCTYP—Inputto Icache indicates the type of addressthat
is being passed to the Icache.

BPC(11:0)—Outputindicates the PC index and byte-pointer
of the branch instruction which has been mis-predicted for
updating the ICNXTBLK.

ROBEMPTY—Output indicates the FIROB is empty.
ROBFULL—Output indicates the FIROB is full.
LINEPTR(2:0)—Output indicates the currentline pointer in

the FIROBfor the dispatch line of instructions.
WBLPTR(2:0)—Output indicates the write-back line

pointer in the FIROBforthe retiring linc of instructions.
WBxNC—Output indicates the invalid write-back data to

the register file for retiring instructions.
WBxPTR(5:0)—Output indicates the writc-back pointer to

the register file for retiring instructions.
WRxD@G1:0)—Output indicates the write-back data to the

register file for retiring instructions.
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WBxBYTE(3:0)—Output indicates the write-back selected
bytes to the register for retiring instructions.

RBxDAT1(31:0)—Outputindicatesthe first source operand
data for dispatching instructions.

RBxDAI2(31:0)—Outputindicates the second source oper-
and data for dispatching instructions.

FLGxDAT1(5:0)—Outputindicates the status flags for dis-
patching instructions.

RBxTAG1(4:0)—Output indicates the first dependency tag
for dispatching instructions.

RBxTAG2(4:0)}—Output indicates the second dependency
tag for dispatching instructions.

FCFxTAG(4:0)—Outputindicates the CF flag dependency
tag for dispatching instructions.

FOFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching instructions.

FXFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching instructions.

PUSHPOP(2:1)—Output to register file indicates the pop
bits of the floating pointstatus register to clearthe full bits
of the register being popped. FPTOP(2:0) contains the
current top-of-stack when these bits are asserted.

FPTOP(2:0)—Output to register file indicates the current
top-of-stack to identify the registers being poppedto clear
the full bits.

WBEXCHG—Ouitputto register file indicates the exchange
instruction being retired. It causes the permanent remap-
ping register to be updated from the write-back bus.

WRPTR(4:0)—Output to LSSEC indicates the bottom
(oldest) entry in the FIROB without valid result. If this
entry matches the store or load-miss entry in the LSSEC,
the entry can access the data cache at this time.

CANENTRY—Output to LSSEC indicates the bottom entry
in the FIROB withoutvalid result is canceled. If this entry
matches the store or load-miss entry in the LSSEC, the
entry can return without access the data cacheat this time.

WRPTR1(4:0)—Output to LSSEC indicates the next to
bottom entry in the FIROB without valid result. If this
entry matches the store or load-miss entry in the LSSEC,
the entry can access the data cache.

CANENTRY—Onutput to LSSECindicates the next to bot-
tom entry in the FIROB without valid result is canceled.
If this entry matches the store or load-miss entry in the
LSSEC, the entry can return without access the data
cache.

Basic Operations

The FIROBinterfaces with the decode units for dispatch-
ing instructions, with the functional units and LSSEC for
results, and with theregisterfile for retiring instructions. The
FIROB updates the special registers correctly with each
retiring instructions, handles trap/nterrupt gracefully, and
re-synchronizes the pipeline after branch mis-prediction,
self-modifying code, or changing the code segmentregister.

Dispatch Interface

Every cycle, the FIROB indicates the space status to the
decode unit via ROBFULL or ROBEMPTY. As longas the
FIROBis not full a line of instructions can be dispatched.
The empty status is for scrializcd instructions. The depen-
dency checking is performed for the operands and flags of
the top 5 valid lines of the FIROB. The FIROB performsthe
dependency checking for 2 register operands and validates
the results with decode information and hit signals. The
FIROB keeps the destination operands of the X86 instruc-
tions.
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The FIROB provides the dependency tags for the source
operandsandflags. The destination tags is by the virtual line
number. The fixed location of the instructions is simple for
returning, of the results. The FIROB implements a FIFO
shifter to limit the dependency checkingto the first 5 lines.
The virtual line numberis shifted along with retiring line to
keep track of the instructions in the functional units.

Result Bus Interface

The result buses are dedicated between the functional
units and the destination buffers of the FIROB. The FIROB

compares the line numberfor returning results. The excep-
tions are the floating point unit and LSSEC.The line number
and the entry number are compared in this case. The
functional units send the data and address to the LSSEC for

data cache access. The result buses contain the status flags,
and results. Various status/control bits in the FIROB will be

set and cleared for the benefit of the retire logic. Since the
store and move-to-special-register instructions must access
the data cache in the program order,all previous instructions
must be completed with valid results. The FIROB broadcasts
the top two entries which do not have the valid results to the
LSSEC and SRB.If the broadcasted entries match the store

or load-miss instructions, the LSSEC can access the data
cache and returns results. Similar procedure is used for the
move-to-special-register instruction in the SRB.

The result data and tag are returned to the FIROB in the
execution and data cache access cycle. The status can be a
cycle later because of the zero-detect, carry, and tag-hit in
the data cache. The retire logic may not be ableto retire the
instructions with late result immediately (require some work
in logic and circuit design). There maybe a cycle delay in
retiring instructions with late statuses. Furthermore, the limit
violation checking on data access in the LSSEC canbelater
in the next clock cycle along with the late tag-hit status. The
limit violation results in trap instead of retiring the instruc-
tion.

Write-Back Interface

The write-back interface of the FIROBis to ensure the

retiring of instructions in program order. In addition to
controlling write back to the registerfile, the FIROB updates
the EIP register and flags registers and controls the order of
the load-miss, store accesses and move-to-special-register
instructions. In normal operation, the FIROB retires an
entire line of instructions at a time. All instructions in the
line must have the valid results from the functional units or
LSSEC.All entries with valid result destination will write

back to the register file. The LIL and NC status bits of the
FIROBensures that none of the write-back destinations are

the same. The destination address includes the selected bytes
for writing back data. In the case LIL and NCstatusbits are
set for destinations of different size, and the FIROB masks
the selected bytes before sending to the register file. In some
special case, the FIROBretires a partial line. The LIL and
NCstatus bits must be checked andreset before retiring, an
extra cycle is needed for this case. The LIL and NC status
bits are also used for the flags to simplify updating the flags
registers.

A branch mis-prediction causesa partial line to be retired.
The register file destination addresses are compared to all
the previous destinations within the partial line and reset the
LIL and NCbits before retiring the store instruction in the
next cycle. The writc-back datais in the correct byte position
with byte enables for the register file. The bytes are put in the
correct position from the functional units, no shifting is
necded in the FIROB.
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Two PC’sare kept for each line. Thefirst PC is for the first
instruction in the line, the second PC is for a second
instruction which crosses the 16-byte boundary or the
branchtarget within the line. The PC offset is concatenated
with line PC to get the current PC for retired instructions. A
real register for the flags and program states is updated with
the retired instruction. As the taken branch instruction is

retiring, the PC is updated with the branchtargetor next line
instruction.

Updating the EJP Register

The EIP is used to keep track of the X86 instruction
execution. Instructions can be aligned on any byte boundary
so 32 bits of EIP are implemented. Eachretiring instruction
updates the EIP register, and there is no conceptof freezing.
The MROMinstructions do not update the EIP register,
indicatds by ROBEXIT,except for the last MROM instruc-
tion in the sequence. The EIP update falls into one of three
categories:

Retire the cntire linc, no mis-prediction, EIP=Next line
PCL.

Retire the line with branch mis-prediction, E[P=branch
target.

Retire the partial line, ROBNPC=0, EIP=EIP: next entry
PCoffset.

Retire the partial line, ROBNPC=1, EJP=Next line PC2.

Floating-Point Interface

The FIROB keeps the floating point instruction pointer,
data pointer, floating point status and opcode registers for
floating point interfacing. The data pointer is updated on
each floating point load with the instruction pointer and
opcode registers are updated on floating point exception.
The data pointer is implemented in the load/store section.
The floating pointstatus register is implemented with work-
ing and backup copies to ensure correct operation offloating
point stores.

Trap and Interrupt Processing

Forinternal exceptions from the functional units, LSSEC,
and SRB, the exception entry in the FIROB will be retired
in order. Similar to the branch mis-prediction, the pipe and
fetching should stop on an exception indication. When all
entries before the exception entry have completed and
retired, the exception procedureis initiated. All entries in the
FIROB,the functional units, and TSSEC will be purged. The
exception routine will be fetched. The FIROBis responsible
to generate the entry point to the MROM exception routine
or new PC to the Icache. No state is updated whena trap is
taken. The processor fetches from an appropriate entry point
and allows the microcode to perform the necessary slate
modifications. It is up to the microcode to save the current
EIP on the stack before the user’s trap handler is called.

Dependency Checking & Dispatching

The FIROBis responsible for checking dependencyofthe
source operandsof the dispatchedline ofinstructions against
the destination operandsof the previouslinesof instructions.
The dependency comparators arc necdedfor thefirst 5 lines
in the FIROB and within the current line. The source

addresses are checked for dependency against the previous
destination addresses, and the dependencytags are gener-
ated by the end of this cycle. The forwarding data from the
FIROBis driven in the next clock to the reservation station.

Since the X86 instruction can only have 2 operands, the
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operand can be both destination and source which is indi-
cated by the operand’s tag bits, the current destination
addresses are checked for dependency against the previous
destination addresses with no extra cost in hardware. The

write-after-write dependency informationis usedto set three
new status bits for most up-to-date destination and the
previously match destination. The three new status bits are
referred to as Last-In-Line (LIL) bit for each line, and
No-Compare (NC) bit for the whole FIROB. The NCbits
ensure that there is only a single IJIT for any read operand.
The NC bits are used to qualify the dependency checking
comparator, and the LIL bits are used to restore the most
up-to-date status of the destination in case of partial-linc
retiring by branch mis-prediction. Other ROBs can have
multiple HITs and search for the most current HIT. The
procedure for dependency checking on this type of ROB is:

Compare source addresses to previous destination
addresses.

Search for the most current HIT from multiple HITs.

Encode for the dependencytag.

Route tag and data to reservation station.
On Processor 500, the two intermediate steps are eliminated,
since there is only a single HIT, the HIT signal can be used
as control to mux the tag and data directly. The NC and LIL
bits are also used for retiring the line to the register file. No
two entries have the same destination pointer for the line of
instruction. The same method can be applied to the status
flags. The FNC and FLIL bits are used for the status flags.
The status flags are in three groups, OF, {SF,ZF,AF,PF}, and
CF.

As illustrated in FIG. 35, the matrix for dependency
checking is 20 6-bit destination addresses against the 8
source operand addresses. For read operand,if there is a hit
in the FIROB, the FIROBhasthe highest priority to drive
the data on the operand busto the functional unit.

If there is a branch mis-prediction, all instructions in the
same line after the mis-predicted branch with the LIL bit set
feed back to the RDOPTR to check and reset the previous
entries with the NC bit set. An extra cycle is used to retire
instructions. The CANCELstatus bits for all instruction

after the branch mis-prediction should be used to qualify the
instructions as NC.

Operand’s Size Dependency

‘The size of the operands in dependencycheckingis quite
complex for the X86 instruction set. Processor 500 checks
for dependency from wide to narrow andstalls the dispatch
line in decode for the narrow to wide dependency. Only one
dependency tag is needed for each source operand.
Signal list
TOPPTR(2:0)—Pointer to the top of the FIROB. This

pointer is used to enable the numberoflines in the FIROB
for dependency checking.

ENINTR(3:0)—Input from Idecode indicates external inter-
rupt enable for each instruction. This information is used
for retiring instruction.

IDSIB(3:0)—Input from Idecode indicates which decode
unit has the SIB-byte instruction. The FIROB should
generate dependency on the previous instruction of the
last line in the same issuc position.

MROMDEC(3:0)—Input from MROMindicates the micro-
codes are being decoded by the decode units. Use to set
the ROBEXITbit.

INSDISP(3:0)—Input from Idecode indicates that the
instruction in decode unit is valid, if invalid, NOOPis
passed to FIROB.
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INSLSxB(5:0)—Input from decode units indicates the pre-
fix values. bit 5—data size, bit 4—address size, bit
3—lock, bit 2:0—segmentregisters.

IDSIB(3:0)—tnput from Idecode indicates which decode
unit has the SIB-byte instruction.

RBxTAG1(4:0)—Outputindicates the first dependency tag
for dispatching instructions.

RBxTAG2(4:0)—Output indicates the second dependency
tag for dispatching instructions.

T'CI'xTAG(4:0)—Output indicates the CI’ flag dependency
tag for dispatching instructions.

FOFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching instructions.

FXFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching insructions.

DSETALL(4:0)
DSETEXIT(4:0)
DSETINTR(4:0)—Input to set signals for dispatched

instructions. The bits should be set in the cycle after the
dependency checking.

Handling of Load/Store

IJandling of store and load-miss can also be done with the
broadcasted entry. The FIROB broadcasts the next-in-line
entry which does not vet have a the result from a functional
unit. With this FIROB cntry, WRPTR(4:0), the LSSEC
knows whento execute the store or load-miss instruction

without any handshake from the FIROB. This implementa-
tion will eliminate the signals between the FIROB and the
load/store unit. An extra signal, CANENTRY,will accom-
pany the WRPTR to indicate that this entry has been
canceled by mis-prediction. The LSSEC andthe reservation
stations can use this information to return the results without

any execution, and any data dependency in the load/store
buffer is ignored. The FIROBtreats the load/store instruc-
tions the same as other ALU instructions with this method.

The LSSEC implementsastore buffer to keep track of the
store instructions in the pipe for address dependency check-
ing. The store buffer is capable of issuing 2 store instructions
to the data cache if the store instructions are next-in-line for

retiring. To accomplish this, the FIROB will broadcast
another pointer, WRPTR1(4:0), and CANENTRY1to the
store buffer, if the first two entries in the store buffer match
the WRPTR and WRPTRI1, two stores can be executed
concurrently as long as they accesses two different banks in
the data cache. ‘The WRP'TR and WRPTRI point to two
entries in the FIROB which need results. The two entries da

not necessarily point to store instructions.
Asimilar procedure is also used for in-order execution of

the move-to-special-register instructions. A buffer in the
load/store special register is used for the special register
instructions, the ROB tag is compare to the WRPTR to
execute the instruction and return result to the FIROB.

Load and store instructions assume single cycle access to
the data cache. ‘The results are speculatively latched into the
data buffer. The validation of the load/store is from the HIT

signal of the data cache early in the next cycle. The result
valid bits of the load/store is clear in the next cycle if miss
in the data cache.

Unaligned Accesses

Processor 500 is optimized for aligned 8/16/32 bits
accesses. For aligned access, the operand comparisonis for
bit 31:2 with indication for checking of 8/16/32 bits. The
LSSEC takes two or more clock cycles to execute the
instruction. The operation of the LSSEC for unaligned load
is as followed:
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First cycle: Access the data cache (DC) to read data with
the current address, another access may be concurrent.
Increase the address by 4 for the second access.

Second cycle: Access the DC to read data with the
increased address, other access can be concurrent. Latch the
data of the first access at the beginning of this cycle. The DC
puts the 8 or 16 bits at the least significant byte (same as any
narrow access), and the ILSSEC puts the first half data of the
unaligned at the most significant byte of the result bus.

A missin eitherpart of the unaligned access must wait for
the WRPTR or WRPTR1 of the FIROB to execute the

instruction in program order. The load/store buffer must
keep the status to access the data cache and sendthe results
correctly on the buses.

Both halves of the unaligned store are written into the
cache at one time to avoid any intermediate exception. The
operation of the LSSEC for unaligned store is as follows:

First cycle: Access the data cache (DC) with the current
address, do not write data, another access may be concur-
rent. If miss in the data cache, the reload routine may start
this cycle. Increase the address by 4 for the second access.

Second cycle: Access the DC using twoports to write data
with both addresses

The advantages of the above procedure are:
The LSSEC always does two accesses and the unaligned

access always takes two cycles. ‘he LSSEC has a whole
cycle to increase the address; no different for crossing the
line boundary.

The LSSEC doesall the merging for unaligned load with
ease. The DC does not need to know about the unalignedaccess.

Signal list
TSTAGO(4:0)—Input from LSSEC indicates FIROR line

numberofthe first access.

LSTAG1(4:0)—Input from LSSEC indicates FIROB line
number of the second access.

LSRES0(31:0)—Input from LSSEC indicatesresult data of
the first access.

LSRES1(31:0)—Input from LSSECindicates result data of
the second access.

WRPTR(4:0)—Output to LSSEC indicates the bottom
(oldest) entry in the FIROB without valid result. If this
entry matches the store or load-miss entry in the LSSEC,
the entry can access the data cache at this time.

CANENTRY—Output to LSSEC indicates the bottom entry
in the FIROB withoutvalid result is canceled.If this entry
matches the store or load-miss entry in the LSSEC,the
entry can return without access the data cacheat this time.

WRPTR1(4:0)—Output to LSSEC indicates the next to
bottom entry in the FIROB without valid result. If this
entry matches the store or load-miss entry in the LSSEC,
the entry can access the data cache.

CANENTRY—Output to LSSEC indicates the next to bot-
tom entry in the FIROB without valid result is canceled.
If this entry matches the store or load-miss entry in the
LSSEC, the entry can return without access the data
cache.

Handling of Branch and Re-synchronization

Since branches may be executed in parallel in multiple
functional units, branch mis-prediction is handled in order.
The mis-prediction of branches is handled by the FIROB.
There are two types of branches, the conditional branch and
the unconditional branch. The unconditional branch is

always taken and includes call, return, and unconditional
jump. The mis-prediction is when the targets do not match.
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For conditional branch, the mis-prediction is from taken/
non-taken prediction and/or matching target address. Branch
mis-prediction stops the pipe which can be done from the
functional units, and all instructions in decode are cleared,
and the new target is tetched by the Icache at a later time.
The functional units may send the mis-predicted signal to
stop the pipe and return the correct logical PC address to the
FIROB. Because of the branch holdingregister, the branch
mis-prediction does not update the ICNXTBLK until the
next branch mis-prediction. The 'IROB can speculatively
send the branch mis-prediction to the Icache. If there is
another mis-predicted branch prior to the last one, the
FIROB can invalidate the branch holding register in the
ICNXTBLK.The Icache uses an extra cycle to update the
previously mis-predicted branch into the ICNXTBLK,and
the FIROBusesthis cycle to update the NC status bit and
retire the instruction to the register file. The new logical PC
address from branch mis-prediction should be sent to the
Icache and allow the code segmentto be added to generate
the linear address for accessing the Icache. Whenanentry in
the FIROB is completed with mis-prediction status, entries
after the branch are marked with cancelled status. The
cancelled entries can have incorrect result data from the
functional units or LSSEC.

Another condition to re-fetch the instructions is

re-synchronization. There is a possibility of executing a
wrong instruction from self-modifying code and updating
the code segment register. The stream of instructions must
be re-fetched. From external snooping which cause an
invalidation of a line in the instruction cache or an internal

store instruction which can changea line in the instruction
cache, the FIROB is re-synchronized at this point. As soon
as the write to code-segmentregister is detected, following
instructions are re-fetched upon completion of the code
segment register write.

Recover of Status Bits from Branch Mis-prediction

The status bits are no longer correct with branch mis-
prediction. The FIROB takes one clock cycle to reset the
status bits for each line of the FIROB after the branch

mis-prediction.First, the line with the branch mis-prediction
will be corrected. Within the line if there is any LIL bit is set
after the branch mis-prediction, the destination is compared
against the previous destinations before the branch mis-
prediction. A match will set the LIL bit and clear the NC bit
for that entry

Updating PC

Eachline of the FIROB has two PCs, and each entry has
a PC offset of the next instruction and one status bit to
indicate if the offset is related to the second PC.As the line

is retired, the current PC pointer will point to the next line
PC. Forpartial retiring of the line, the line PC is updated
with the offset of the present entry in the FIROB. Forthe
MROMentry, the offset is with the last MROMinstruction,
and all other MROMinstruction should have the same offset

with the line PC. With this technique, handling of the PC is
relatively simple. In the case of branch mis-prediction for
sequential fetch, (the branch prediction is taken) the PC can
be calculated by concatenating the line PC withthe offset. If
the PC is at the end of the linc, the sequential PC is +16.

Signal list

BRNMISP—Input from the Branch execution of the FU
indicates that a branch mis-prediction. The Idecode clears
all instructions in progress.
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UPDFPC—Outpul to Icache indicate that a new Fetch PC
has been detected. This signal accompanies the FPC for
the Icache to begin access the cache arrays.

TARGET(31:0)—Outputto Icache as the new PC for branch
correction path.

BRNMISP—Input to Icache indicates a branch mis-
prediction. The Icache changes its state machine to access
a new PC andclears all pending instructions.

BRNTAKEN—Output to Icache indicates the status of the
mis-prediction. This signal must be gated with UPDI'PC.

BRNFIRST—Output to Icache indicates the first or second
target in the ICNXTBLKfor updating the branch predic-
tion.

BRNCOL(3:0)—Output to Icache indicates the instruction
byte for updating the branch prediction in the ICNXT-
BLK.

FPCTYP—Inputto Icache indicates the type of addressthat
is being passed to the Icache.

BPC(11:0)—Outputindicates the PC index and byte-pointer
of the branch instruction which has been mis-predicted for
updating the ICNXTBLK.

Handling Traps and Interrupts

A function of the FIROB is to detect and prioritize the
traps and interrupts and to initiate specific redirections at
appropriate times. The LSSEC and functional units send the
highest exceptions to the FIROB. The basic mechanism for
redirection is:

Assert EXCEPTIONto clear out instructions in the pipe.

One cycle later, assert REQTPAP and drive new entry
point to the MROM.

Correct look-ahead registers at decode and in the branch
units.

The FIROB initiates the microcode routine from the

MROMby REQTRAP anddoes not wait for LSSEC to be
idle. There are three groups of traps and interrupts:

Exception results from functional units, FPU, and
LSSEC.

External interrupts (maskable and non-maskable).
Single step traps.

The FIROBincludes a set of entry point vectors which
can be sent to MROM on REQTRAP indication.

Internal ‘lraps and Interrupts
The internal exception results are coded into 3 bits of
ROBEXC:

000—no exception
001—load/store breakpoint
This is set when any load or store breakpoint status is

returned. The instruction is retired normally. The debug
entry point is generated and the B bits of the debug status
register are set according to the 2-bit debug register hit code
reported with the result. The redirection starts when the
whole instruction is completed; the ROBEXIT bit is set.
Another trap or interrupt can have higher priority while the
load/store breakpointis waiting for the rest of the instruction
to complete. The floating point exception causes the FIROB
to update all the floating point exception registers but the
debug trap has higher priority.

010—software interrupt with vector
This is set when a software interrupt status is returned.

This exception includes the INTO instruction. When the
instruction is retired, the PC is updated and the exception
with vector is taken.

011—floating point exception with writc-back/push/pop
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This is set when the correspondingslatus is returned. The
instruction retires normally with the floating point opcode
and instruction pointer registers are updated. The FIROB
does one of the four actions:

if a pending breakpoint exits, take a breakpoint trap.
if NE=1, take a floating point trap directly.
if NE=0 and IGNNE=0,freeze and wait for an external

interrupt.
if NE=0 and IGNNE=1, resync to the next instruction.
100—exception with vector
This is set when an exception result is returned with a

vector (including a TLB miss). When the instruction is
retired, no write-back nor PC update occurs and the redi-
rection with the entry point is initiated. This is used for
majority of traps, the entry pointis provided with the results.

101—exchange abort
This is set when an exchange abortstatus is returned. The

retire procedure is the same as exception with vector except
that the PC is driven back instead of the MROMentrypoint.
The signal SYNC and EXCHGSYNCare asserted along
with REOTRAP to notify the Icache.

110—notused.

111—floating point exception without write-back/push/
pop

This is set when the corresponding status or an exchange
result with underflow is returned. Theretire procedure is the
same as the above floating point exception without write-
back or push/pop.

External Interrupts

The external interrupts include both maskable and non-
maskable interrupts. The non-maskable interrupt (NMI)is a
normal, precise, external interrupt. The NMI should only be
seen by the FIROB. The external interrupt is only recog-
nized during selected windows:

Partially retired valid instructions in the bottom line with
ROBEXITstatus and did not cause a trap or resynchroni-
zation.

Frozen due to having retired a floating point exception
with NE=0 and IGNNE=0.

Onexternal interrupts, the entry point is generated locally
by the FIROBat the time the redirection is initiated. The
maskable interrupt is level sensitive while the NMIis edge
sensitive. FLUSH andINITarealso treated as edge sensitive
asynchronous interrupts, similar to NMI. If the NMI is
taken, it cannot be taken again before an IRET is executed.
The microcode maintains a series of global flags that are
inspected and modified by manyof the trap handler entry
points, and the IRETinstruction.It is also the responsibility
of the microcode to detect the NMI and delay the NMIuntil
after executing of the IRET. The MROM allowsonly one
level of NMI. Many other aspecis of nested trap control
(double fault, shutdown, etc.) will be handled with this
microcode mechanism. There is no hardware support for
this. When an enabledtrap condition arises, the FIROB takes
it at the next available window.

The HALT instruction causes the FIROB to update the
EIP before entering shutdown mode. If the shutdown is
entered as a result of a failed NMI, microcode should also
clear the IF bit before halting.

Single Step Traps

Whcenthe TF bit of the EFLAGSregister is sct, a dcbug
trap is taken at the successful completion of each instruction,
not including the instruction that actually caused TF to be set
(i.c. the POP or IRET). The FIROBtakes a single step trap

10

15

20

25

30

35

40

45

50

55

60

65

154
on the successful retirement of the second instruction after

the setting of the TF bit. When the TF bit is clear the effect
is immediate. When a single step trap is taken, the entry
point is generated locally by the FIROB, and the BS bit of
the debug status register is set. ‘The ‘l'Fbit of the EFLAGS
register is not cleared by hardware; it is cleared by micro-
code after pushing EFLAGSonto the stack.

Debug Interface

Asummary of each type of debugtrap is presentedin this
section. Load and store breakpoints are detected by the
LSSEC andreturned as a status to the FIROB with a 2-bit

code identifying the breakpoint register matched. When the
instruction is retired the FIROB initiates a debug trap and
sets the corresponding B bit in the debug status register. The
entry point for this trap is generated locally. The instructions
with load/store breakpoint trap are considered to have com-
pleted successfully.

Instruction breakpoints are not handled by the FIROB.
The pre-decode disables the Icache and sends a special
serializing instruction to cach new instruction, whenever any
of the debug registers are enabled for code breakpoints. The
special instructionis serially dispatched to the LSSEC where
it compares the pre-decode PC to the breakpoint registers,
accounting for the state of the RF bit. If a breakpoint is
detected, a normal exceptionstatus is returned to the FIROB
and a trap is taken. The provided entry point depends upon
which breakpoint register got the hit, and the setting of the
appropriate B bit is the responsibility of the microcode. The
FIROBis unaware of the nature of the trap being taken. The
RF bit is cleared automatically by the FIROB on the
successful retire of the second instruction following its low
to high transition.

Single step debug traps are handled in hardware by the
FIROBaswasdescribed in previous section. The setting of
the BS bit is done automatically by the FIROB but the
handling of the TF bit is the responsibility of the microcode.

The global detect debug trap is handled by the SRB, by
inspecting the state of the GD bit in the debug control
register whenever a moveto or from any debugregister is
attempted. If it is set, no move is performed andatrap status
is returned. The setting of the BD bit whenthetrap is taken
is performed by microcode; the FIROB is unaware of the
nature of the trap being taken.

The task-switch debug trap is handled by microcode,
including the setting of the BT bit in the debug status
register.

The breakpoint instruction (INT 3-0xC)is treated like a
normal software interrupt. It is dispatched to a functional
unit and returns an appropriate status. The FIROB updates
the EIP register (which is one byte for the INT 3 instruction)
and traps to the provided entry point. The FIROB does not
treat this instruction any different than other software inter-
rupts.

Signal List

NMI__P—Inputfrom BIU indicates non-maskable interrupt,
the FIROB generates a clean instruction boundarytrap to
a fixed entry point. The FIROB is sensitive only to the
rising cdge of this signal

INTR_P—Input from BIU indicates the external interrupt.
This signal is qualified with the IF bit of the EFLAGS
register. The interrupt occurs at appropriate instruction
boundaries.

SRBHAT T—Input from SRB to enter HALT mode. The
FIROBstops retiring instructions until RESET, NMI, or
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external interrupt occurs. The FIROB must retire the
HALTinstruction before shutting down.

CRONE—Input from SRB indicates the NE bit of the CRO
register. The NEbit indicates the floating point exception
can be trapped directly (NE=1) or via XFERR_P and an
external interrupt (NE=0).

XIGNNE_P—Input from BIU indicates the copy of pin
IGNNE. When CRONE=0, this signal is inspected to
response to enabled floating point exceptions.

XFLUSH_P—lInput from BIU indicates an external flush
request occurs. It is falling edge sensitive and trap on
instruction boundary.It is sample during IRESETto enter
tri-state test mode, the FIROB should not generate excep-
tion.

IINIT—Input from BIU indicates an initialization request.It
1s rising edge sensitive and trap on instruction boundary.
It is sample during IRESET to enter BIST test mode, the
FIROB generates on of the two reset entry point.

EFLAGSRF—Output generates from the EFLAGSregister,
these bits are visible from the slave copy of the EFLAGS
register. The RF bit is also used in the FIROBto handle
instruction breakpoint.

EFLAGSIF—Output generates from the EFLAGSregister,
this is the mask bit for INTR_P. When clear, INTR_P is
ignored.

EFLAGSTF—Output generates from the EFLAGSregister,
the interrupt and trace flags are needed locally to control
external interrupts and single step trapping after two
completed instructionsretires.

LOCVEC—Input from ROBCTLindicates whether entry
point of the redirection is from the result status or locally
generated.

ASYNCOK—Input from ROBWB indicates an external
interrupt or NMI can betaken.

DOEXC—Input from ROBWBindicates an EXCEPTION
is asserted and a trap to the entry point returned with the
instruction is initiated.

DOXABORT—Input from ROBWBindicates an EXCEP-
TION is asserted and a resync is initiated. The signal
EXCHGSYNCis asserted in addition to the normal

resync signals.
DOFP—Input from ROBWBindicates an floating point

exception by inspecting CRONE and XIGNNE_P.
Exception, freeze mode, or resync is taken in next cycle.

DOBREAK—Input from ROBWBindicates an EXCEP-
TION is asserted and a trap to a locally generated debug
entry point is initiated.

DOSBZ—Input from ROBWBindicates an EXCEPTIONis
asserted and a resync to the next instruction is initiated.

DOLSYNC—Input from ROBWBindicates an EXCEP-
TIONis asserted and a resync to the next instruction is
initiated.

DOTRACE—Input from ROBWBindicates an EXCEP-
TIONis asserted and a trap to a locally generated single-
step entry point is initiated.

LOCENTRY(9:0)—Output of local entry point vector for
traps or interrupts.

EXCEPTION—Global output indicates that an interrupt or
trap is being taken including resynchronization. Effect on
Idecode and Fusis to clearall instructions in progress.

REOTRAP—Global output, one cycle after EXCEPTION,
indicates that the trap is initiated with new entry point or
new PC is driven.

SYNC—Output indicates whether the new entry point or
new PC is driven.

FREEZE—Output from a latch indicates when an SRB-
HALT occurs, or when DOFPis asserted with CRONE=0
and
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XIGNNE_P=1. The latch is reset when an enabled external

interrupt, NMI, or IRESET occurs.
XFERR_P—Output to BIU indicates the floating point

error whichis inverted of the ES bit fromthe slave of the

floating pointstatus register. It is also used by the FIROB
to generate the plungertraps.
EXCHGSYNC—Output indicates exchange instruction

resynchronization to Icache. This occurs when an exchange
with a masked underflow is retired. It is a special resyn-
chronize exchange with alternate entry point.

Listing of Status Bits
This block describes the status bits and ficlds in the

FIROB. The FIROB keeps track of the processor states,
status flags, handling correct PC, and retires instructions in
program orderto the register file. The numberof status bits
and fields in the FIROB is organized in four groups: the data
path, the entry’s status bits, the line’s status, and the global
field.

The Data Path

The data path contains the necessary data for the 32-bit
communication with the decode units, the registerfile, and
the functional units.
ROBDATA—RESULT DATA—32-bit—Receive data from

functional unit by comparisonofresult line number. Write
data back to the register file from the bottom of the
FIROB.This can also be the branch target to be routed to
the Icache.

ROBDEST—DESTINATION OPERAND—6-bit—

Receive the register address from the decode units into the
top of the FIROB. Send the address to the register file to
latch valid result data from the bottom of the FIROB. The

address routes to the comparators for dependency check-
ing.

ROBTYPE—OPERAND TYPE—1-bit—Receive the type
of the destination operand from the decode units. Indi-
cates if ROBDESTis valid.

ROBBYTE—SELECT BYTE—3-bit—Receive the oper-
andsize from the decode units. Decodeinto 3 bits and for

comparators and write back to the register.
ROBNC—NO-COMPARE—33-bit—Received from the dis-

patch line comparator; indicates that there is another
instruction in the dispatch line with the same destination.
The3 bits is used for the bytes in the data word. This entry
should not used in dispatch dependency checking. If the
ROBLILbit is notset, the destination of this entry should
not be used for writing back to the registerfile.

ROBLIB—LAST-IN-BUFFER BIT—3-bit—From compar-
ing of the dispatch line against the previous line in the
FIROB.The 3 bits are used for the bytes in the data word.
This entry ensures a singlehit for lines in the FIROB. Use
for dispatch dependency checking.

ROBLIL—LAST-IN-LINE BIT—3-bit—Received from the

dispatch line comparator; indicates that there is another
instruction in the dispatch line with the same destination.
The 3 bits are used for the bytes in the data word. Use for
writing back to the register file and for dependency
checking. If the ROBNCbit is also set; indicates the
matched destination with another entry in the buffer.

ROBFNC—FLAG NO-COMPARE—5-bit—Reccived

from the dispatch line comparator, indicates that there is
anotherinstruction in the dispatch line with the sameflag
destination. This cntry is not uscd in flag dependency
checking. If the ROBFLILbit is not set, the destination of
this entry should not be used for updating the flags
registers.
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ROBFLIB—FLAG LAST-IN-BUFFER BIT—5-bit—From

comparing of the dispatch line against the previous line in
the FIROB.This entry to ensure a single hit for all lines
in the FIROB. Use for flag dependency checking.

ROBFLIL—FLAG LAST-IN-LINE BIT—5-bit—Received

from the dispatch line comparator; indicates that there is
another instruction in the dispatch line with the sameflag
destination. Use for updating the flags registers and for
dependency checking. If the ROBFNC bit is also set,
indicates the matched destination with another entry in the
buffer.

ROBPCOFF—PC OFFSET—4-bit—Received from the

decode units, indicates the offset from the current line PC.
This PC offset concatenates with the PC to form the 32-bit
address.

ROBTAG—FIROB TAG—3-bit—The hard-wired tag of
the FIROBentries. A single tag is used for all lines in the
FIROB. This tag in combination with the ROBLTAG is
multiplexed to the reservation station in case of depen-
dency.

ROBFUPD—FLAG UPDATE—3-bit—Received from the

decode units, indicates that the instructions will update
the status flags. Use for flag dependency checking and
writing back to the global status flag registers. Bit 2—OF,
bit 1—SF, ZF, AF,PF, bit O—CF.

ROBFLDAT—FLAG RESULT—6-bit—Received from the

functional units for the updatesflags. Use for writing back
to the global status flag registers.

Signal List

RBOPOHIT1(3:0)—Input from ROBCMPindicates that the
FIROB line 0 matches with the first operand of the
instruction at position 0. There are a total of 24
RBxPxHIT1(3:0) signals. These signals are used to mux
the dependency tag and data to the functional units.

RB1POHIT1(3:0)
RB2POHIT1(3:0)
RB3POHIT1(3:0)—Input from ROBCMPindicates that the

TIROB line 1-3 matches with the first operand of the
instruction at position 0.

RBOPIHIT1(3:0)
RBOP2HIT1(3:0)
RBOP3HIT1(3:0)
RBOP4HIT1(3:0)
RBOPSHIT1(3:0)—Input from ROBCMPindicates that the

FIROB line 0 matches with the first operand of the
instruction at position 1-5.

RBOPOHIT2(3:0)—Input from ROBCMPindicates that the
FIROB line 0 matches with the second operand of the
instruction at position 0. There are a total of 24
RBxPxHIT2(3:0)signals.

RB1POHIT2(3:0)
RB2POHIT2(3:0)
RB3POHIT2(3:0)—Input from ROBCMPindicates that the

FIROBline 1-3 matches with the second operand of the
instruction at position 0.

RBOPIHIT2(3:0)
RBOP2HIT2(3:0)
RBOP3HIT2(3:0)
RBOP4HIT2(3:0)
RBOPSHIT2(3:0)—Input from ROBCMPindicates that the

FIROB line 0 matches with the second operand of the
instruction at position 1-5.

WBENB(3:0)—Input from ROBCTLindicates that writing
back is enable from the bottom of the FIROB.

RESx(31:0)—Input from FU indicates result data.
DTAGx(2:0)—Input from FU indicates FIROR line number

of the result.
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RFLAGx(31:0)—Input from FU indicates result flags.
LSTAG0(4:0)—Input from LSSEC indicates FIROB line

numberof the first access.

LSTAG1(4:0)—Input from LSSEC indicates FIROB line
number of the second access.

LSRES0(31:0)—Input from LSSEC indicates result data of
the first access.

LSRES1(31:0)—Input from LSSECindicatesresult data of
the second access.

WBxNC—Output indicates the invalid write-hack data to
the register file for retiring instructions.

WBxPTR(5:0)—Output indicates the write-back pointer to
the register file for retiring instructions.

WBxD@G1:0)—Output indicates the write-back data to the
register file for retiring instructions.

WBxBYTE@:0)—Output indicates the write-back selected
bytes to the register file for retiring instructions.

RBxDAT1(31:0)—Ouiputindicates thefirst source operand
data for dispatching instructions.

RBxDAT2(31:0)—Output indicates the second source oper-
and data for dispatching instructions.

FLGxDAT1(5:0)—Outputindicates the status flags for dis-
patching instructions.

RBxTAG1(4:0)—Outputindicates the first dependency tag
for dispatching instructions.

RBxTAG2(4:0)—Output indicates the second dependency
tag, for dispatching instructions.

FCFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching instructions.

FOFxTAG(4:0)—Outputindicates the CF flag dependency
tag for dispatching instructions.

FXFxTAG(4:0)—Output indicates the CF flag dependency
tag for dispatching instructions.

TARGET(31:0)—Outputto Icache indicates the new PC for
branch correction path and resynchronization. It is also
used for special register updates in the FIROB.

RBxNC—Output to ROBCMPindicates the invalid entry
for dependency checking.

RBxLIL—Output to ROBCMPindicates the last-in-line
entry for dependency checking.

RBxFNC—Output to ROBCMPindicates the invalid entry
for flag dependency checking.

RBxFLIL—Output to ROBCMPindicates the last-in-line
entry for flag dependency checking.

ICPOSx(3:0)—ICLK7 Input from Icache to decode units
indicates the PC’s byte position of the next instruction.

IDxDAT(1:0)—Input from Idecode indicates the data size
information. 01—byte, 10—half word, 11—word,
00—not use.

IDxADDR—Input from Idecode indicates the address size
information. 1-32 bit, 0-16 bit.

DxUSEFL (2:0)
DxWRFL(2:0)—Input from Idecode indicates the type of

flag uses/writes for this instruction of decode units:
xxl CF—carryflag,
xlx OF—overflowflag,
1xx SF—sign, ZF—zero, PF—parity, and AF—auxiliary

carry

INSDISP(3:0)—Input from Idecode indicates that the
instruction in decode unit is valid, if invalid, NOOPis
passed to FIROB.

DxUSE1(1:0)—Input from Idecode indicates the type of
operand being sent on operand 1 for decode units. Bit 1
indicatcs source operand, and bit 0 indicates destination
operand.

DxUSE2—Input from Idecode indicates indicates source
operand.
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RDxPTR1(5:0)—Input from Idecode indicates the register
address for operand 1 of the instructions.

RDxPTR2(5:0)—Input from Idecode indicates the register
address for operand 2 of the instructions.

INSLSxB(5:0)—Input from decode units indicates the pre-
fix values. bit 5—data size, bit 4—address size, bit
3—lock, bit 2:0—segmentregisters.

The Entry’s Status

Each entry of the FIROB has manystatus’s.
ROBVAL—VALID RESULT—1-bit—Set when functional

units return valid results. The entry can be retired when
this bit is set. A NOOPsets this bit during dispatching.

ROBTKN—TAKEN BRANCH—1-bit—Set when func-

tional units return valid results. Use to update the EIP with
the taken branch target.

ROBJMP—BRANCH INFORMATION—3-bit—Receive

from the decode units, indicates CALL/RETURN(bit 0)
or unconditional jump instruction (bit 1) and valid branch
instruction (bit 2). The branch resets the branch tag in the
global shift register and the return stack.

ROBGBTAG—GLOBAL BRANCH TAG—4-bit—

Receive from the decode units, indicates the global
branch prediction tag. Use to recover the global branch
prediction shift register, the counters, and the byte posi-
tion of the mis-predicted branch instruction. This is to
properly update the ICNXTBLK.

ROBCAN—CANCELED ENTRY—1-bit—Set when

branch mis-prediction is detected or SC-read__after_DC-
write dependency is detected from load/store dependency
checking. The entryis retired normally without updating
the EIP.

ROBLSYNC—LOAD/STORE RESYNC—1-bit—Set

when functional units return valid results with resync
status. The load/store hits in the Icache for sclf-modifying
code. The next instruction should be re-fetched from the
Icache.

ROBSBZ—SHIFT BY ZERO—1-bit—Set when functional
units return valid results with SBZ status. The scheduled

flags updates are canceled. This status is used to qualify
the ROBFUPD.

ROBEXIT—LAST MROM INSTRUCTION—1-bit—Set

for instructions except for MROMinstructions and SIB-
byte instructions. Thisstatus is used to update the EIP and
flags registers when retiring instructions.

ROBNPC—NEXT PC—1-bit—Set for instructions which
use the second PC in the line—ROBLPC2.Thisstatusis

used to update the EIP with ROBLPC2 when retiring
instructions.

ROBEXC—EXCEPTION STATUS—2-bit—Set when

functional units return valid results with exception status.
The exception code ts:

000—no exception
001—load/store breakpoint
010—software interrupt with error
011—floating point exception with write-back/push/pop
100—exception with vector (including TT.B miss)
101—exchange abort
110—reserved

111—floating point exception without write-back/push/pop
ROBFP—FLOATING POINT ENTRY—1-bit—Set for

floating point instruction during dispatching.

Signal List

DSTATx(3:0)—Input from FU indicates the status of the
result data:
0000—no result
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0001—valid result

0010—valid result, shift by zero

0011—exception with vector

0100—software interrupt with vector
0101—TLB miss with vector

0110—load/store breakpoint

0111—exchangeresult

1000—exchange with underflow

1001—exchange abort

1010—branchtaken, mis-prediction

1011—branchnot taken, mis-prediction
1100—teserved for FPU
1101—teserved for FPU

1110—teserved for FPU

1111—teserved for FPU

DSETALL(3:0)
DSETEXIT(3:0)
DSETINTR(3:0)—Input to set signals for dispatched

instructions. The bits should be set in the cycle after the
dependency checking.

RSETTEKN (3:0)
RSETVAL(@:0)
RSETEXC(3:0)
RSETSBZ(3:0)
RSETLSYNC(3:0)—Inputto set signals for result instruc-

tions. The bits are set in the same cycleas the results from
functional units.

WBALL@:0)
WBVAL(3:0)
WBCAN(3:0)
WBTKN(3:0)
WBSBZ(3:0)
WBEXC(23:0)
WBEXIT(3:0)
WBNPC(3:0)
WBLSYNC(3:0)
WBFP(3:0)—Outputindicates the current status of the bot-

tom line of the FIROB forretiring instructions.

The Line’s Status

Eachline in the FIROB hasits ownstatus and information

for dispatching andretiring instructions. The FIROBisa set
of FIFO registers to avoid the dependency checking for the
top line. The virtual line tag whichis routed to the functional
units is rotated with the shifting of the linc.
ROBPC1—LINE PC 1—28-bit—Receive from the decode

units. This is the PC forthefirst instruction in the line. Use

to update the current retired PC, branch mis-prediction, or
re-fetch from Icache.

ROBPC2—LINE PC 2—28-bit—Receive from the decode

units. This is when the instruction cross the 16-byte line
boundary in the Icache, and branchtarget of the instruc-
tion within the 4 entries in the ROBline. Use to update the
current retired PC, branch mis-prediction,or re-fetch from
Icache.

ROBPCBI—PCL BRANCH TARGETS—2-bit—Receive
from the decode units. This is information of the two

branch targets in the ICNXTBLK for the linc PC 1. For
eachbit, reset is non-taken ornotvalid, set is taken branch
target. This information is for selecting a branch target for
replacement in case of branch mis-prediction on the
undetected branch in fetching.

ROBPCB2—PC2 BRANCH TARGETS—2-bit—Receive
from the decode units. This is information of the two
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branch targets in the ICNXTBLK for the line PC 2. For
each bit, reset is non-takenornot valid, set is taken branch
target. This information is for selecting a branchtarget for
replacement in case of branch mis-prediction on the
undetected branch in fetching.

ROBLIAG—VIRTUAL LINE TAG—3-bit—Resetfor each

line from 0 to 4. These virtual line tags are rotated with
retiring instructions. The line write pointer points to the
bottom of the FIROB and the line read pointer points to
the next available line in the FIROB. The virtualline tags
are sent to functional units.

ROBALL—ALLOCATE—1-bit—Setduring dispatching of
a line of instructions. Clear on retiring instructions. This
status qualifies all other status’s.

Signal List

IDPC1(31:0)—Input from Idecode indicates the current line
PC ofthefirst instruction in the 4 dispatched instructions.

IDPC2(31:0)—Input from Idecode indicates the current line
PC of a second instruction which cross the 16-byte
boundaryor branch target in the 4 dispatched instructions.

ROBPC(31:0)—Output indicates the current retire line PC.
ROBEMPTY—Output indicates the FIROB is empty.
ROBFULL—Outputindicates the FIROB is full.
LINEPTR(2:0)—Outputindicates the currentline pointerin

the FIROBfor the dispatch line of instructions.
TOPPTR(2:0)—Pointer to the top of the FIROB. This

pointer is used to enable the numberof lines in the FIROB
for dependency checking.

The Global Status & Registers

The FIROB includes someof the processor special reg-
isters. They are used for instruction execution. These reg-
isters can be accessed using move to/from protocol of the
SRB. The special registers located in the FIROBare:
ROBEIP—PROCESSOR PC—32-bit—The register is

updated on-the-fly by retiring instructions. It tracks the
real instruction execution, regardless of the current state
of the processor i.e. there is no conceptof freezing the PC.
The EIP can be accessed using the standard move to/from
protocol of the SRB.

RCVBASE—RECOVERY PC BASE—32-bit—Update at
the retirement of each taken branch instruction by the
content of the ROBEIP(31:4) and theoffset of the branch
instruction within the line. It is used by microcode to
recover the PC of a branch to an illegal address. This is
necessarysince the limit violation is not detected until the
branch instruction is fetched.

EFLAGS—THE FLAG REGISTER—19-bit—Update at
the retire of the instructions. The six status bits are divided

into three groups OF, {SK,ZF,AF,PF}, and CF. The RF bit
is cleared during certain debug operations. EFLAGSbits
are cleared by IRESET. The non-status bits can be
accessed via the move to/from protocol of the SRB by 10
different pointers. These ten pointers provide independent
software read/write access as:

read/write the entire EFLAG register—bits 18:0.
read/write the lower word—bit 15:0.

read/write the lower byte—bit 7:0.
complement the carry flag—it 0.
set/clear the direction flag—bit 10.
set/clear the interrupt flage—bit 9.
set/clear the carry flag—bit0.

FPIP—FLOATING POINT PC—48-bit—Update at the
retirementof floating point instructions. The FPIP can be
accessed using the standard moveto/from protocol ofthe
SRB.
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FPSR—FLOATING POINT STATUS REGISTER—16-

bit—Update at the retirement of floating point instruc-
tions. The FPSR can be accessed either by using the
standard moveto/from protocol of the SRB or by a unique
pointer to clear the exception bits. Amove to FPSR must
be accompanied by a moveto the look-ahead copy which
is the responsibility of the microcode.

FPOPCODE—FLOATING POINT OPCODE

REGISTER—11-bit—Updateat the retirementof floating
point instructions. The FPOPCODE can be accessed
using the standard move to/from protocol of the SRB.

DR6—DEBUGSTATUS REGISTER—16-bit—Update the
B bits at the retirement of the load/store breakpoints
instruction and update the BS bits during single stepping.
Oninstruction breakpoints, global debug traps, and task
switch debug traps, DR6 must be set by microcode. The
DR6 can be accessed using the standard move to/from
protocol of the SRB.

Signal List

WRFPSR(1:0)—Input from ROBCTL indicates to write the
two floating point flag groups, {C3,C2,C1,CO} and {SF,
PE,UE,OE,ZE,DE,IE}. The updating of FPSR register is
from FPSRIN.

FPSRIN(10:0)—Input data for FPSR register updates.
WREPOPCD—Input from ROBCTLindicates to write the

FPOPCODEregister from FPOPCDIN.
FPOPCDIN(10:0)—Input data for FPOPCODE register

updates.
PUSHPOP(2:0)—Input to increment or decrement the TOP

field of the FPSR register. Bit 0—push, decrement by 1.
Bitl—pop,increment by 1. Bit 2—double pop, increment
by 2.

WRxFLG(2:0)—Input from ROBCTLindicates to write the
three flags of EFLAGSregister.

EFTOFLGB(2:0)—Input from ROBCMPindicates to drive
the flags to functional units on flag dependency checking.

CLRRI'—Input from ROBCTLindicates to clear the RI bit
of EFLAGSregister.

UPDFPIP—Input from ROBCTL indicates to update FPIP
from LSCSSEL and EIP.

SETBS—Input from ROBCTLindicates to update the B bit
of DR6.

LSCSSEL(15:0)—Input from LSSEC indicates the current
code segment used for updating FPIP.

WRPC(3:0)—Input from ROBCTL indicates which PC off-
set ta use to update EIP.

RBLPC(31:4)—Input from the next to bottom line PC for
updating of EIP.

MVTEIP—Input ROBCTLindicates EIP register updates
from IAD bus.

MVFEIP—Input ROBCTLindicates EIP register move to
IAD bus.

MVTCVB—Input ROBCTLindicates RCVBASEregister
updates from IAD bus.

MVFCVB—Input ROBCTL indicates RCVBASEregister
move to JAD bus.

MVTCVIO—Input ROBCTL indicates RCVIO register
updates from IAD bus.

MVFCVIO—Input ROBCTL indicates RCVIO register
move to IAD bus.

MVTIPCS—Input ROBCTL indicates the upper 16 bits of
the FPIP register updates from IAD bus.

MVFIPCS—Input ROBCTLindicates the upper 16 bits of
the FPIP register move to IAD bus.

MVTIPOFS—Input ROBCTT. indicates the lower 32 bits of
the FPIP register updates from IAD bus.
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MVFIPOFS—Input ROBCTLindicates the lower 32 bits of
the FPIP register move to IAD bus.

MVTDR6—Input ROBCTT. indicates DR6 register updates
from IAD bus.

MVFDR6—Input ROBCTLindicates DR6 register move to
IAD bus.

MVTEFLAGS(2:0)—Input ROBCTT indicates EFLAGS
register updates in three pieces (the upper half-word and
the lower two bytes) from IAD bus.

MVFEFLAGS(2:0)—Input ROBCTL indicates EFLAGS
register moves in three pieces (the upper half-word and
the lower two bytes) to IAD bus.

MVTEFBIT(6:0)—Input ROBCTLindicates manipulation
of individual bits in the EFLAGSregister. The action
performed for each of these bits is:
bit 6: complement the carry flag (bit 0)
bit 5: set the direction flag (bit 10)
bit 4: set the interruptflag (bit 9)
bit 3: set the carry flag (bit 0)
bit 2: clear the direction flag (bit 10)
bit 1: clear the interrupt flag (bit 9)
bit 0: clear the carry flag (bit 0)

MVFDR6—Input ROBCTLindicates DR6 register move to
IAD bus.

EFLAGSAC
EFLAGSVM
EFLAGSRF

EFIOPL(13:12)
EFLAGSOF
EFLAGSDF
EFLAGSAF

EFLAGSCF—Outputgenerates from the EFLAGSregister,
these bits are visible from the slave copy of the EFLAGS
register. The RF bit is also used in the FIROBto handle
instruction breakpoint.

EFLAGSIF

EFLAGSTF—Output generates from the EFLAGSregister,
the interrupt and trace flags are needed locally to control
external interrupts and single step trapping.

XRDFLGB(3:0)—Output to flag operand bus, the bits are
read by EFTOFLGB. Theorderofthe bits is OF, SE,ZF,
AF,PE,CF.

MVTEFPSR—Input ROBCTL indicates FPSR register
updates from IAD bus.

MVFFPSR—Input ROBCTL indicates FPSR register move
to LAD bus.

CLRFPEXC—Input ROBCTLindicates to clear the stack
fault and exception bits {SI,PE,UL,OL,ZL,DL,IL}in the
FPSRregister. Indirectly the ES and B bits are cleared.

FPTOP(2:0)—Output to register file indicates the current
top-of-stack to identify the registers being poppedto clear
the full bits.

REOQTRAP—Global output, one cycle after EXCEPTION,
indicates to drive the XLASTKPTR.

XFERR_P—Output to BIU indicates the floating point
error whichis inverted of the ES bit from the slave of the

FPSR.It is also used by the FIROB to generate the
plungertraps.

XLASTKPTR(2:0)—Output to Idecode indicates the TOP
bits for the FPSR for correct floating point stack pointer.

MVTI'POPCD—Input ROBCTL indicates TPOPCODE
register updates from IAD bus.

MVFFPOPCD—Input ROBCTL indicates FPOPCODE
register move to [AD bus.

Timing

Since the clock cycle is short, the comparators and
detection of the hit for dependency can be done in a phase
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using CAM cells. The tag and decision to send data should
be done in another cycle.
ICLK2: The operand linear address and register address is

available at the end of this cycle.
ICLK3: Dependency checking. Generate dependency tag

and read data to operand steering if hit.
ICLK4: Read and mux data to the operand data busesto the

functional units. Update statusbits.
Forretiring instructions:
ICLKS: Results from the functional units. Compare tag to

latch data. Update status and check for branch mis-
prediction.

ICLK6: Retire a linc if all cntrics have valid results. Update
PC, flags. Drive new WRPTR and WRPTRI.

Layout

The layout of the FIROBis in three locations:
The operand addresses and comparators in the data path

next to the decode units.

The result data in the data path next to the reservation
stations and functional units.

The status and global controls on the left side of the data
path.

A block diagram of the layout is shown as ['IG. 36.

Register File Overview

Processor 500 has the standard x86 register file (EAX to
ESP) which is read from four dispatch positions and written
to from the FIROB using four writeback positions.It is the
FIROB’s responsibility to make sure that no two writebacks
go to the same register. There are also 16 scratch registers
available to all 4 dispatch positions. Eight registers are
currently in the design for microcode use. Only the real
(non-speculative) states are stored in the register file. No
floating point registers are stored in the integer registerfile.
Eachof the 8 visible registers and the 16 temporaryregisters
have enables to selectively write/readto bits (31:16), (15:8),
or (7:0). The FIROB send bytes enable bits and valid write
bits to the register file. Read valid bits and read byte enables
will be sent by the dispatch/decode unit. Constants are not
handledin the register file but rather get sent on the BOPND
bus using the decode unit.

Registers:

Address Register Name
00 EAX
01 EDX
02 ECX
03 EBX
04 EBP
0s ESI
06 EDI
07 ESP
10 TMPREGCO
aa TMPREGC1
12 TMPREG(O2
13 TMPREG(C3
IF TMPREGCF

Register File Timing

A register file timing diagram is illustrated in FIG. 37.
Instcad of the normal method of a write to the registerfile
followed by a read from theregisterfile, Processor 500 does
a read first followed by a write. The early read allows
sufficicnt time for multiplexing between the register valuc
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(the one actually read) and forwarding from the incoming
writes. The end of the cycle is neededto drive the read value
overto the operandsteering unit. A self timing circuit is used
to provide sufficient delay for the write and read decoding
logic to complete before the read and wile actually lake
place. Both the read and write decoding sections start
decoding immediately after the ALAT’s latch in the read and
write pointer busses. There are sixteen 5 bit comparators
which detect if forwarding is needed from a writeback port
to a read port. ‘The forwarding will bypass the delay through
the register latch and help allow the read to complete within
the cycle. The Read outputs from the register file will drive
on a dedicated bus over to the operand steering unit. For
maintaining fast logic, 3 input nand gates are used in the
decode section. The 4 input nand gate is a large decrease in
speed, and the 5 bit pointer bus along with an cnable signal
fit a two 3 input nand gate structure. There is not any reset
logic for the register array.

Register File Sub Blocks

A block diagram of the registerfile sub blocks is given as
FIG. 38. The register sub-blocks are the register cell array
with four data inputs and eight data outputs, the compare
array, the read decode array, the write array, the muxing
section, and the output drivers. The ability to both read and
write in during the same cycle is important to this block, and
careful attention needs to be paid to the layout, capacitive
loading and the bussing. Due to problems with fringing
capacitance between adjacent metal lines, the register file
does not contain precharge/discharge logic. It makes use of
multiplexers,tristate gates, and static logic.

Signal List

RDnPTR1(4:0)—thefirst operand pointer for reading from
the register file for positions 0 to 3.

RDnoPTR2(4:0)—the second operand pointer for reading
from the register file for positions 0 to 3.

USE1RD(3:0)—These signals are valid bits from IDE-
CODEindicating which reads are valid for the 1st oper-
and. Each bit in these busses correspond to a dispatch
position.

USE2RD(3:0)—These signals are valid bits from IDE-
CODEindicating which reads are valid for the 2nd
operand. Eachbit in these busses correspond to a dispatch
position.

RDoENB1(2:0)—byte enablesfor position n and for the 1st
operand. Bit 2 refers to the upper two bytes while bits 1
and 0 refer to the lower bytes (bits 15:8) and (bits 7:0).

RDnENB2(2:0)—byte enables for position n and for the 2nd
operand. Bit 2 refers to the upper two bytes while bits 1
and 0 refer to the lower bytes (bits 15:8) and (bits 7:0).

WBnPTR(4:0)—the writeback pointer for position n. This
must be qualified with the register write valid bits.

VRWB(3:0)—-valid register writeback indication for each of
six positions.

WBnENB1(2:0)—byte enables for position n and for the
register writeback. Bit 2 refers to the upper two bytes
while bits 1 and 0 refer to the lower bytes (bits 15:8) and
(bits 7:0).

RDnREGA(31:0)—tead data from the register file for posi-
tion n and operand A.

RDnoRLEGB(GB1:0)—read data from the register file for posi-
tion n and operand B.

WBnD(31:0)—writeback data from the FIORBfor positionn.

LOAD/STORE SECTIONOverview

The load store section in Processor 500 can perform
single-cycle acecss of two memorybased operands (2 loads
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or 1 load and 1 store). It can also perform out-of-order loads
requested by the functional units. The stores go in-order and
are performed as pure writes. The data cache is a linear
cache, dual ported for the two concurrent accesses, 16 KB
8-wayset associative with way prediction. KIG. 39 shows
the basic organization of the load/store section. It is com-
prised of a special unified load-store buffer. The information
on whether an instruction is a load or a store is sent to the

LSSECby the decode unit. The linear address and data are
computed by the functional units and sent to the LSSEC on
the RESLA and result buses. The load/store unit then

performs two data cache accesses. The loads may be per-
formed out-of-order, but the stores are always in order. The
unified load-store buffer is 8-entries deep. It can accept up to
four instructions per cycle.

Other Features are:

Unaligned accesses have at least one cycle penalty
(2-cycle latency).

The current scheme supports non-blocking loads. Note:
Unaligned accesses in this section means accesses crossing
double word boundaries.

Unified Load-Store Buffer (LDSTBUF)

The loads and stores are buffered up in a common queue,
called the unificd load-store buffer. The load and store

instructions are buffered up in this common queuein pro-
gram order with the earliest instruction at the bottom and the
latest instruction at the location pointed to by LDSTPTR-1,
as shown in FIG. 40.

The advantages of this scheme over the conventional
scheme where the loads and stores are buffered up in
different queues are:

1. Efficient utilization of space due to which the dispatch
would stall based on the total numberof loads and stores as

opposed to the number of loads or numberof stores in the
conventional method.

2. Also, since communication is between the decode unit
and load-store section, the functional units would neverstall.
They can keep executing the instructions in their reservation
stations.

3. The order of loads and stores are knownsince they are
dispatched directlyto the load-store section, instead of going
through the functional units which could send requests out
of order.

Each entry (as shown in FIG. 41) in the buffer is broken
down into three fields. The first field is made up of the
FIROBinstruction tag and the instruction type (load, store
or load-op-store). The source of updates for this field is the
decode unit/FIROB. The secondfield has the linear address

and store data and the associated valid bits, the update
source being the functional units. The third field is made up
of some control information (for e.g. M bit indicating that
this entry missed in the data cache on a prior access, D bit
indicating that the load in the entry is dependent on a store
in the buffer), the update source being the load-store section
itself.

LSCNT[2:0] indicates to the decode unit the number of
free entries in the buffer so that decode can take the

necessary action. It is the difference between 8 and
LDSTPTR.

Updating the entries

FIG. 42illustrates a timing diagram of whenthe different
fields of each entry in the buffer are updated. The instruction
types (ITYPEnB[1:0]) and ROB tags (DTAGnB[2:0]) arc
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sent in a given (i) th ICLK. The corresponding mux select
lines are generated and the entries updated. Also the
LDSTPTRis incremented/decremented and by the end of
that cycle LSCNT[2:0] is generated. At the beginning of the
(i+1)th ICLK, the functional units send the tags of the
instructions they are currently processing. The LSSEC looks
at the tag information from the functional units, compares
against the DTAG information in the LDSTBUFandsets up
the appropriate mux selectlinesto latch in the linear address
and store data. Also, the corresponding valid bits (LV and
DV)are set up at this point so that they can be latched when
the address and data getlatched on the rising edge of (i+2)th
ICLK. The load-store section then accesses the data-cache.

Prioritizing the Accesses

The accesses to be performedsit in the unified load-store
buffer with or without the linear addresses and store data.
The load-store section is able to forward the linear addresses

from the functional units for data cache accesses. In general,
the processing of instructions is prioritized according to the
following:

1. Misses and stores have the highest priority. They are
processed as soon as they arc known to be non-speculative.
The reason that the stores have higher priority over loads is
because of the line-oriented nature of the reorder buffer and

we would wantto retire instructions as quickly as possible.

2. Loads can go out of order. The linear address for a load
can be in the buffer or can be forwarded directly from the
functional units. The result can come back from the data
cache or the unified load-store buffer from stores that have
not been retired. The results are returned on the dedicated
load-store result buses LSRESO and LSRES1.

Forwarding the linear address from the functional units
directly for data cache accesses is based on the assumption
that there is no valid outstanding load in the butter. If there
is any load (even one) in the buffer, it is sent to access the
data cache andthe linear addresses from the functional units
are latched in the LDSTBUF. This scheme is followed

because of cycle time constraints.

Data-Cache Accesses

The data-cache accesses are performed through the LSLI-
NADO and LSLINAD1 buses. LSLINADOis connected to

port A and LSLINAD1is connected to port B of the data
cache. The results are returned on LSRESO and LSRES1
buses. The data for store accesses is driven on SBADAT and
SBBDATbuses.

Hits

Bits 13:0 of the linear address are presented to the data
cache just before a given clock edge, so that the DCACHE
has enoughtimeto latch it. ‘The array is accessed and the tag
is compared with the upper 17-bits of the linear address to
generate the hit signal. The data is driven to the functional
units prior to the hit being generated. A cancel signal is sent
in the next cycle based on whether the access hits/hits in
unpredicted way/misses.

Misses

If there is a miss, the M bit (Miss) for that entry is set. The
load/store section based on the WRPTR information deter-

mines whether the instruction is non-speculative in order to
go external to fetch the data. There is no handshaking
between LSSEC and FIROB.Once the data is written to the

data cache, the LSSEC performs the access again.
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Handling Branch Mispredictions

Whenever a branch misprediction is encountered, the
FIROBasserts the BRNMISPsignal. The load-store section
then sets a latch based on this signal. When a new load or
store instruction gets dispatched, the load-store section sets
the NF bit for all stores in the buffer and clears the latch.

Setting the NF bit for a store indicates that the data from that
store should not be forwarded. If there is a load that is

dependent on a store with the NF bitset, it is serialized by
setting the S bit. The loads keep returning results as they
would normally. The stores and load misses are canceled
when the FIROBasserts CANENTRYfor that instruction.

Handling Misses

After a data cache miss, the load-store section performs
speculative MMU/PTaccesses for possible alias. If an alias
exists, the data cache tag is updated and the access per-
formed again. If cache master reports a miss in the physical
tags, the load-store section marks the M bitin the entry. ‘he
miss is processed after the instruction becomes non-
speculative. This is similar to stores based on the WRPTR
information.

If the CMASTERreports that the line is in the ICACHE
(self-modifying code) andif the access happensto be a store,
the LSSEC sendsa “store-with-resync”status to the ROB to
flush out the instructions after the store.

Unaligned Accesses

Unaligned loads are performed as 2-cycle single port
accesses. Whena load accessis unaligned, the LSSECsplits
that access into 2 single port accesses and issues them in two
separate cycles to the data cache. Another aligned load or
store can accompanythe access on the otherport. In the first
cycle as thefirst half of the access is occurring, the address
is incremented by 4 and in the second cycle, the other half
of the access is performed. The merging is done by the
LSSEC.

Unaligned stores as single port accesses have a problem
if they cross a line boundary.If one accesshits and the other
misses, and if a fault occurs while processing the miss, it
could leave the processor in an undesirable state. The safest
and probably the easiest approach is to let the LSSEC
performa dual port access so that if any of the two accesses
misses, the other is canceled and is performed only atter the
appropriate line is brought in.

Checking for Unaligned Accesses

To determine whether an access is unaligned or not, the
LSSECdetects the least significant two bits of LSLINADO
and LSLINAD1and the corresponding data operand sizes.
Anaccessis unaligned if the operand size ts 32-bits and any
one of the two least significant address bits is set or if the
operand size is 16 bits and both the least significant bits of
the linear address areset.

Aliasing Problem and Solution

The data cache is a linear cache with two ports. There is
a potential that two or more lincar addresses map to the same
physical address (aliasing). There can never be more than
one location in the data cache for a physical address. The
problem is with the loads going out-of-order. A load with
linear address LAI has the potential of going out-of-order
andif that location exists in the data cache, it hits and returns
the result. Astore with lincar address LA2 aheadof the load
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might be mapped to the same physical address. Then, the
result that the load returned is wrong since the load wasnot
able to see the dependency. The solution to the problem is
the way load-store dependency checking is performed
(described later).

Non-Blocking Loads

The gap between microprocessor and memory speeds is
widening with every new generation of microprocessors.
This speed discrepancy can impact performance if the
load-store section of the processor stalls whenever a data
cache miss occurs. To prevent stalling of the load-store
section, loads in the buffer can access the data cache as any
miss is being processed. The following describes, in brief,
the method that Processor 500 uses to perform non-blocking
loads.

Load andstore instructions in Processor 500 are sent to a

unified load-store buffer. Each entry in this buffer has a bit
M that indicates if the load or store in the entry missed on
a prior access. Whenever a data cache access misses, the M
bit (miss) is set in the entry. Since the processor allows
speculative execution, the miss cannot be processed imme-
diatcly. It can be processed only when the instruction is no
longer speculative. In conventional implementations, when
a miss is being processed, loads or stores in the queue are
held up till the miss gets resolved. The load-store section
requests the Cache Master (CMASTER) to perform an
external access to process a miss. The CMASTER goes
external and takes a long time before it can fetch the line of
interest. The fetched line comesin packets of 64 bits over the
data bus to CMASTER whichin turn sends the packet over
to the data cache. The data cache latches the packets in a
local buffer (BUF1).In the meantime, the load-store section
can keep sending load accesses to the data cache. If the
accesseshit in the cache, the results are returned. If an access
misses, the M bit for that entry is set and the remaining loads
in the buffer can be sent to the data cache. Once the data

cache receives the entire line from CMASTER,it initiates
the reload sequence. This reload sequence involves reading
the line to be replaced into another local buffer (BUF2) and
then updating the line and tag with the contents of BUFI1.
Whenit performsthe line write, the load-store section clears
the M bit for all the entries in the LDSTBUF,sothatif any
of the accesses missed on the line that was being broughtin,
it need not go external again.If the line in BUF2is dirty, the
load-store section initiates an external write cycle through
the CMASTER.

Possible Data Cache Access Scenarios

Port A:

Reloads from Physical Tags (PT)
Accesses from LSLINADO

Drives result on LSRESO
Port B:

Reload invalidations
Accesses from LSLINAD1

Drives result on LSRES1

Before accessing the data cache, the load-store section
will check for bank conflicts and unaligned accesses.If there
is a bank conflict, the load-store section will issue only one
access. This is transparent to the data cache.
Port A—load, Port B—load
Port A hit, port B hit—Complete both accesses
Port A miss, port B hit—Complete Port B access, mark entry

as miss
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Port A hit, port B miss—Complete Port A access, mark entry
as miss

Port A miss, port B miss—Markentries as misses
Port A access unaligned—Perform access. Take penalty.

Port B acecss unaligned—Perform access. Take penalty.

Port A—store, Port B—load
Port A hit, port B hit—Complete both accesses
Port A miss, port B hit—Complete Port B access, mark entry

as miss

Port A hit, port B miss—Complete Port A access, mark entry
as miss

Port A miss, port B miss—Serialize
Port B access unaligned—Perform access. Take penalty.

Port A—load, Port B—store
Sameas the previous case.
Port A—store, Port B—store

 
The ROB provides two signals: WRPTR—the current
instruction (store) to be retired and WRPTR1—the next
store in the currentline that can be retired. By lookingat this
information, the LSSEC should be able to perform two
simultaneous stores to the DCACHE.

Port A hit, port B hit—Complete accesses
Port A miss, Port B hit—Complete Port B access
Port A hit, port B miss—Complete Port A access
Port A miss, Port B miss—Serialize
Port B access unaligned—do not perform access

FIG. 43 gives the timing of aligned data cache accesses.
As can be seen, there are three different cases—hit, hit in
unpredicted way and miss. The data cache uses a way
prediction scheme to access its data and tag arrays. If the
prediction is wrong and the data happens to reside in the
cache, a 1-cycle penalty is taken. The result is returned in the
next cycle. It is also important to cancel the previousresult.

Unaligned accesses are more complicated. The following
flow charts give the details. Note that cycles for speculative
MMU/PTaccesses are not taken into consideration in the
flow charts.

Unaligned Load:
Single Port access

Cycle 1:
Cycle 2:

Perform MA1access, increment address
Hit / Hit in unpred way / Miss indication for MA1
Perform MA2 access
Hit / Hit in unpred way / Miss indication for MA2
If MA1_hit,
Perform next access
If MA1_hit_inunpred_way,
Perform MA2 again
If MA1_miss,
Mark M bit
If MA2_hit
Instruction out of buffer
If MA2_hitinunpred_way,
Perform next access again
Instruction oul of buffer
If MA2_miss,
Mark M2bit.

Unaligned Store
2-port access

Cycle 3:

Cycle 4:

Cycle 1: Unmerge data, increment addiess
Cycle 2: Perform dual port access
Cycle 3: Hit / Hit in unpred way / Miss indication for MA1

and MA2. Perform next access
Cycle 4: If MA1 hit and MA2_hit,



5,854,921
171

-continued

Instruction out of buffer
If MA1 hit and MA2_hit_ in unpred_way,
Perform next B access again
Instruction out of buffer
If MA1 hit in unpred way and MA2hit,
Perform next A access againInstruction out of buffer
If MA1_miss,
Mark M bit
If MA2__miss,
Mark M2bit

Checking for Bank and Index Conflicts

For circuit reasons, two concurrent accesses to the data
cache cannot be to the same bank. Therefore, the LSSEC
must determineif there is a bank conflict and cancelthe port
B access and issue it in the next cycle. Since the tag array
is also dual ported, the data cache needs information if two
concurrent accesses are to the same index.

Bank Conflict: LSBNKCTis driven high if LSLINAD1[4:2]
==LSLINADO[4:2]

Index Conflict: LSINDXCT is driven high if LSLINAD1
[10:5]==LSLINAD0[10:5]

Also for the way prediction array, which is also dual ported,
another signal LSPRWYCTis driven if LSLINAD1[13:5 ]
==LSLINADO([13:5].

Dependency Checking Against Stores in the Buffer

When the load-store section performs data cache
accesses, it also performs dependency checking against the
stores in the store butter. Bits 11:2 of the linear addresses are

compared against the corresponding bits of the linear
addresses of the stores ahead of the load [Also, the operand
sizes and other misaligned address information are used in
the equation to figure out dependency]. If the addresses
match,the data of the latest store to that address is forwarded
on to the result bus. To perform dependency checking and
forward the store data, the load-store section has one whole
cycle. In the following cycle, the rest of the bits (31:12) are
compared.If this compare fails, the LSSEC signals FIROB
and the functional units to cancel that result just the waythe
data cache does and the LSSECserializes that load.

The advantage of using 10/12-bit comparators instead of
32-bit comparatorsis the reduction in hardware and increase
in speed. By comparing bits 11:2, and serializing loads that
have partial address matches, the the aliasing problem may
be solved.

Onthe condition that the addresses match and the operand
sizes are different, the load is serialized. A timing diagram of
dependency checkingis given as FIG. 44. A hardware block
diagram is given as FIG. 45.

Summary of Dependency Checking/Store
Forwarding

1. Forward data operand fromastore if:
the load and store addresses match completely, store data

1s valid and the operand sizes are equal.
This is true if both the load and store accesses are

misaligned.
2. Set 'D' bit for the load if:

the store address is not computed yetor

the addresses match, opsizes match and data is not valid.
The D bit is cleared on any store data or address update

from the functional units.
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3. Set 'S' bit if

the addresses match and opsizes are differentor

the load access is to the same bankasthe store and not to

the same byte (partial dependency)or

the load access is to the adjacent bank as a misaligned
store (partial dependency—tricky case)
S—-—this load is serialized—wait till load is at the

bottom of the load-store buffer.

Snooping the Load-Store Buller

During prefetch, the CMASTER snoops the LDSTBUF
entries to check if there are valid pendingstores to that line.
If there is a pending loadto the line, then the prefetch holds
till the store is done. To limit hardware supporting this
feature, eight dedicated 8-bit comparators are provided for
partial comparison of the line address. This structure can be
used for the general snooping issues.

No snooping structures are required in the load-store
buffer. The reasoning goes as follows:

In previous processors, a store sitting in the store buffer is
retired as far as the ROB and the execution core of the
machine are concerned. The ROB canretire instructionsthat

are past the store even before the store is written to the data
cache.

During prefetch of a cacheable line, the store butter
entries need to be snooped make sure that a store in the store
buffer is not to the same prefetched line. If it is (self-
modifying code case), the prefetch stalls till the store is
written.

The reservation stations need not be snoopedin this case
since the store has not performed the data cache lookup yet.
When the store does the lookup (a speculative read), it is
going to miss in the data cache and the Physical Tags (PT)
will assert IC_CACHEDsignal indicating the LSSEC to
return with the “store with resyne” status. The ROB will then
flush all instructions after the store and instructions are

redispatched.

If the prefetched line is non-cachcable, prefetch stalls if
there are stores in the store buffer to the samelineorif there

isa store in the reservation stations. The reason for making
sure that the reservation stations do not have stores is that

Physical Tags (PT) will not assert IC_CACHEDsince the
prefetchedlineis not cached and might not bein the prefetch
buffer.

Scrialization Conditions

a) Miss—Anyentry that misses has to wait for WRPTR
from FIROB to compare against its tag before it can go
external.

b) Storc—Wait for WRPTR from FIROB.
c) Store address match, data not ready—Wait for store

data.

d) Store address match, data ready but ofdifferent size—
wait till the store is done.

e) Store linear address not ready—wait for store linear
address.

f) Store address match, NF bit set.
g) Bits 11:0 match and 31:12 don’t—possiblealias.

Handling Non-Zero Segment Bases
The discussion above assumesthat the linear addresses

are scnt over to the load store section by the functional units.
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This is true if the corresponding segmentbaseis zero. If the
segment base is non-zero, the functional units send the
logical address. This logical address when added to the
segment base in the corresponding segment register gener-
ates the linear address.‘he butter stores linear addresses and

therefore, the following scheme where an extra cycle is
taken to compute the linear address is proposed.

For null segment indications from microcode and when
all the segmentbases are zero, there is a bypass path to the
load-store buffer from the functional units. This is shown in
FIG. 46.

Floating Point Loads and Stores

The floating point instructions are done in microcode.
Thus the load-store section handles the FP loads and stores
as normal loads and stores. The unit load/store does not

knowthat it is performing an FP load orstore.

Special Registers (LSSPREG)

Special Registers in the load store section include the
segment registers and the debug registers. The addresses that
are generated by the functional units do not account for the
segmentbase. If the appropriate segmentbase is notzero,it
has to be added to the result generated by the functional
units. In the case of non-zero segment base, an extra clock
cycle is taken to compute the linear address. The LSSEC
maintains all the segment registers and their invisible
portion—the 8-byte descriptor. The segment registers can be
loaded using a load instruction with the selector value as the
operand. The special registers are summarized below:

cs Selector, CSDES.HI, CSDES.LO
SS Selector,|SSDES.HI, SSDES.LO
DS Selector, DSDES.HI, DSDES.LO
ES Selector,|ESDES.HI, ESDES.LO
FS Selector,|FSDES.HI, FSDES.LO
GS Selector, GSDES.HI, GSDES.LO
LDTR Selector, LDTRDES.HI, LDTRDES.LO
TR Selector, TRDES.HI, TRDES.LO
TEMP Selector, .TEMPDES.HI, TEMPDES.LO 

All of the above have BASE, LIMIT and ATTR fields
within their descriptor HI and LO fields and can be read
independently.

BASE,
BASE,
FPDP.HI,

LIMIT
LIMIT
FPDP.LO

DR7
The SRB can access all the following fields: DESC.HI,
DESC.LO, LIMIT, ATTR, BASE, SELECTOR.

Limit Checking

The limit checking is done in the LSSPREGsection. The
following information is necded to perform limit checking.
Data size—byte, word, dword.
PE, VMbits.
D, G, ED from the deseriptor.

The load-store buffer has the linear address, and the limit
obtained from the segment descriptor is a logical limit. In
order to perform limit checking with these two quantitics,
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the segment base is added to the limit to obtain the linear
limit. The linear limit is computed when performing the
segment load and a copy of it stored for use during limit
checking. Protection checking logic ts also in this block. The
limit/protection check logicis pipelined, as shown in FIG.
47.

Handling Special Register Moves
It has been found that serialization in microcode of

several instructions limits performance. To improve
performance, some instructionsare not serialized in Proces-
sor 500. This requires hardware support in the respective
units.

All moves to and from GS, ES and FSarenotserialized
in dispatch. These moves will be dispatched to the LSSEC
similarto a load ora store, but they sit in a special four-entry
FIFO. This FIFO is physically located in the LSSPREG
block. The move-to’s in this buffer are performed when they
are non-speculative. This is very much similar to the store
operation. FIG. 48 illustrates the details of each entry of this
LSRBUF.

Segment Loads

A segmentload instruction will be dispatched both to the
LDSTBUFand the special registers FIFO. These instruc-
tions are interpreted by the LDSTBUFasloadsand as writes
(or moveto’s) by the special register FIFO. The results from
the loads are forwarded into the FIFO which writes the

appropriate segmentregisters after the FIROB indicatesthat
the instruction is non-speculative.

In addition to the imstruction type information, the
decode/microcode unit sends additional control bits to the

load-store section directly as summarized below. The infor-
mation is to inform the LTSSEC which segment is being
accessed, the type of protection checks that need to be
performed, etc. That there are four buses INSLSnB[10:0]
that supply this information.

Also, the LSSEC needsthree bits of information commu-
nicated by the microcode about types of segment loads,
types of protection checking, reporting of error codes,etc.
INSLSnB([10:8]
CS loads

000 Normal segment load for a far jump, call, move, etc.
001 due to selector from call gate when executing jmp

instruction.

010 due to selector call from call gate when executing call
instruction.

011 duc to sclector from task gate. Should not result in
another gate. Should be type TSS

100 Selector from RETinstruction.
101 Selector from IRET instruction.
110 Selector from INT instruction.

111 This is used when loading selectors from TSS on a task
switch.

SS loads

001 Selector from TSS. This is used when performing SS
load on a privilege level change using a selector that has
been read out of TSS.

111 Report errors as TSS faults as selector came from TSS.
DS, ES, FS, GS, LDTR, TR
111 Report errors as TSS faults as selector came from TSS.

TR loads

001 All busy checks are done by microcode when perform-
ing task switches. However, when loading TR using [TR
instruction, the busy check has to be done by LSSEC.
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000 This is the normal TR load. No busy checks. When
performing task switches.

General loads and stores

010 When these operations are performed, report CPL as
zero to DCACHEand TLBsothat they can do page level
protection checking using CPL of 0 instead of CURCPL.

001 All pushes and pops of copying parameters, when
switching stacks, will report errors as TSS faults.

011 Ignore alignment checking.
110 Used in CMPXCHGBBroutine.

IDT loads

001 This switch indicates that the IDT lookup wasinitiated
by a software interrupt and the DPL and CPL checks
should be done.

010 When these operations are performed, report CPL as
zero to DCACHEand TTB so that they can do page level
protection checking using CPL of 0 instead of CURCPL.
A diagram of protection checking hardwareis illustrates

in FIG. 49.

LSSEC—Cache Master Interface

This section covers the following topics:

1. Protocol for handling data cache misses

2. Protocol for handling non-cacheable accesses

3. Protocol for handling locked accesses

Misses

Load Miss [Paging on, DCACHEon]
Whena load access to the data cache misses, the LSSEC

does a speculative lookup of the TLB/PT to check if there is
an alias. It does this by asserting LS_MMU_RDsignal
with the linear address on the DADDR[31:0] bus. The
CMASTERcan respond with the following signals

TLB_MISS—Thelook up in the TLB missed. Therefore,
a true miss.

PT_MISS—tThelookup hit in the TLB but missed in the
PT. Therefore, a true miss.

CM_DC_ALIAS—Thereis an alias in the data cache.

IC_CACHED—Theline requested is in the instruction
cache.

Load Miss—Data cache on, paging off

When paging is off, the linear address and the physical
address are the same. If a load accesses misses in the data

cache, it is also going to miss in the TLB. So, in this case,
as soon asthere is a data cache miss, LSSEC goes external
to get the data of interest. The M bit forthe load is set when
a dcache miss is encountered.

As soonas the instruction becomes non-speculative, the
address is sent on the DADDR bus and the signals
LS_~MMU_RD and LS_NOT_SPare asserted. At this

point in timc, the CMASTERand the DCACHEgothrough
the reload sequence. After reload is done, the data cache
asserts the DCDATRDYsignal and in the next cycle the
dcache drives the result on the LSRES bus while the Issec
drives the LSTAG bus.

Load Miss—Data cache on, paging on
In this case, when the load-store section encounters a data

cache miss, it does a speculative TLB/PT access. It does sa
by asserting LS_MMU_RDanddriving the DADDR bus
with the load linear address.[It is noted that LS_NOT_SP
signal is not asserted during speculative lookups. During
speculative look up, the CMASTER can assert onc of the
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following three signals—TLB_LS_MISS [access missed
in the TLB], CM_DC_ALIAS[access hit in the TLB and
the physical tags reported an alias], PT_MISS[access hit in
the TLB but missed in the physical tags], MMULSPGFLT
[encountered a protection violation in theLB]. For the case
of CM_DC_ALIAS, the CMASTER sends the column
information to the data cache and the LSSEC drives the

address and LSUPDATERDsignal to the data cache which
will then update its tag and drive the result. For TLB_LS_
MISS and PT_MISScases, the M bit in the entry is set.
Whenthe instruction becomes non-speculative, the address
is sent on the DADDRbusand the signals LS_MMU_RD
and LS_NOT_SPareasserted.It is now the responsibility
of the CMASTERto resolve TLB miss and get the line of
interest from memory. Forthe case of page fault, the LSSEC
sends a page fault status to the FIROB with a page fault
vector on the result bus.If the instruction is non-speculative,
the FIROB then asserts EXCEPTION and drives the entry
point of the page fault routine.

Handling Physical Addresses From Microcode

The microcode can send physical addresses for HDT
mode, microcode patch, cte. The LSSEC and the cache
master handles this. There is an indication on the INSLS bus

if an address from the functional unit is a physical address.
The LSSEClatches this informationin the unificd load-store
buffer. It treats this access as a non-cacheable access. The
address is driven on the DADDRbusto the CMASTERand

the signal LS_PHYSICAL is asserted. The cache master,
whenit sees this signal, disables translation and performs a
physical tags look up. If there is an alias, the CMASTER
asserts CM_DC_ALIASsignal and drives the column
information over to the data cache. After the data cache

signals that it is ready to receive the access, the LSSEC
drives the index without LSUPDATERDbeingasserted. The
data cache then drives the data and presents the hit status to
the functional units and FIROB.

If there is no alias, the accessis treated as a non-cacheable
access.

There is a problem with this approach—load-store depen-
dency checking is disabled when there is a combination of
physical and linear addresses. But, this may be handled if
only linear addresses and only physical addresses are used.
The best solution is if microcode introducesserialization

when switching between HDT (patch) and non-HDT (non-
patch) modes. Dependency checking can now be handled in
the same way for all the modes.

SIGNAL LIST

INPUTS:

BIU_NC[2:0] Input from CMASTER
Whenthis signal is asserted, the reload data should not be
placed in the data cache.
CANENTRY Input from FIROB ICLK7
Whenthis bit is asserted, the instruction pointed to by
WRPTRis invalidated.
CANENTRY1 Input from FIROB ICLK8 
Whenthis bit is asserted, the instruction pointed to byWRPTR1is invalidated.

CMSTRBUSY Input from CMASTER
This signal indicates that the cache masteris busy.
CM_DC_ALIAS Input from CMASTER
This signal indicates that there is an alias in the data
cache for the request sent.
CROWP
CROAM
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SIGNAL LIST

CROPE Inputs from SRB
Bits from the CRO register. WP bit is used in preventing
supervisory accesses to read-only pages. The AM flag if set
meansthat all unaligned accesses will generate exceptions.
The PE bit is used to change the mode of processor to
protected mode from real mode.DCCNCLA Input from DCACHE

This signal indicates that the port A access must be
canceled and reissued in the next clock cycle.DCCNCLB Input from DCACHE

This signal indicates that the port B access must be
canceled and reissued in the next clock cycle.DCDATARDY Input from DCACHE
DCBUSY Input from DCACHE

The data cache asserts this signal to inform that it is busy
either doing a snoop read, snoop invalidation, reload or a
cache line read that is done prior to a reload. The LSSEC
does not send any access as long as this is asserted.
DCFINRLD Input from DCACHE
Indication from the data cache that a reload has been
completed. The LSSEC can now request for DCACHEloads andstores.

DCLSD[1:0] Input from DCACHE
DCLSD[0] and DCLSD[1] are the dirty bits corresponding to
port A and port B respectively. The are used by the LSSEC
during stores to determine if the corresponding dirty bit in
the page table entry is set correctly in the TLB.
DCLSPROK[1:0] Input from DCACHE
Indicates that a protection violation occured during a
DCACHEaccess. Bit 0 corresponds to port A while bit 1
corresponds to port B.DCPAPRHIT Input from DCACHE

Indication that the port A access hit in the predicted way.DCPBPRHIT Input from DCACHE
Indication that the port B access hit in the predicted way.
DCUNPAHIT Input from DCACHE
Indication that the port A access hit in one of the
unpredicted ways.DCUNPBHIT Input from DCACHE

Indication that the port B access hit in one of the
unpredicted ways.
EFIOPL[1:0]EFLAGSAC
EFLAGSVM

EFLAGSRF Inputs from FIROB [EFLAGS]
Various bits from the EFLAGS register that are needed
elsewhere in the processor. AC is the alignment check bit
used in preventing unaligned memory accesses if AM is selin
CRO. The VM bit is for virtual mode of operation. The RF
flag is looked up by the break point detection hardware
before reporting any breakpoint matches. If RF is set,
breakpoint matches are not reported. IOPL bits are used for
input/output protection checking.
EXCEPTION Input from FIROB
Global exception indication from ROBto cancel all pending
instructions and to not return any moreresults.
IC_CACHED Input from CMASTER
Indication that the line the LSSEC/DCACHErequestedis in
the ICACHE.
INSLSOB[10:0]
INSLS1B[10:0]
INSLS2B[10:0] Input from FU
INSLS3B[10:0] Input from FU
These buses give the load-store section information as to
which segmentis currently being accessed and types of
protection checking that need to be performed. The
information is sent to the FU by decode/microcode and the FU
sends the information while computing the linear address.
IRESET Input from CLOCKS
Global reset signal. Clears all LDSTBUFentries. Puts the
control state machine to idle/reset state.
ITYPEOB[1:0] Input from IDECODE
ITYPE1BP[1:0] Input from IDECODE
ITYPE2B[1:0] Input from IDECODE
ITYPE3B[1:0] Input from IDECODE
These buses give the type of instructions dispatched.

00 NULL
01 LOAD

ICLK7

ICLK7

ICLK13
ICLK12

 
ICLK13 
ICLKS

 
ICLKS

ICLK3

ICLK3

ICLK3

    
ICLK3

ICLKS

ICLK5

Input from FU
Input from FU

ICLK3

ICLK3 
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-continued

SIGNAL LIST

10 STORE
11 LOAD-OP-STORE

LINEPTR[2:0] Input from FIROB ICLK3
These buses give the FIROB line numberassociated with the
instructions dispatched.
RESOB[31:0] Input from FU
RES1B[31:0] Input from FU
RES2B[31:0] Input from FU
RES3B[31:0] Input from FU ICLK12
The store data is driven onthe result buses by the
‘unctional units.

RESLAOB[14:0] Input from FU
RESLA1B[14:0] Input from FU
RESLA2B[ 14:0] Input from FU
RESLA3B[14:0] Input from FU ICLK10Linear addresses from the functional units. The result
buses are slow. The linear addresses need to come to the
LSSECfaster so that it can perform two accesses at the end
of the cycle. If needed, the bus width can be reduced to 14
bits - so that the cache indexing can be done. Therest of
he bits can be grabbed from the result buses.
RSTATOLS[2:0] Input from FU
RSTATILS[2:0] Input from FU
RSTAT2LS[2:0] Input from FU
RSTAT3LS[2:0] Input from FU ICLK300 Null

01 Address is driven by the functional unit ontheRESLA bus
10 Data is driven on the result bus by the functional

unit
Bit 2 = 1 indicates that the linear address generated

is for a load instruction. This is used by the LSSEC to
forward linear addresses to the data cache directly to the
functional units.
RTAGOB[2:0] Input from FU
RTAGOB[2:0] Input from FU
RTAGOB[2:0] Input from FU
RTAGOB[2:0] Input from FU ICLK3
This gives the ROB line numberofthe instruction that the
FU is processing.
TLB_LS_MISS Input from CMASTER
This is the TL hit/miss indication from MMU.
WRPTR[S5:0] Input from FIROB ICLKS5
This gives the line and entry numbers of the instruction
that is ready to got retired.
WRPTR1[5:0] Input from FIROB ICLK6
This gives the line and entry numbers of the next store in aFIROBline thal can be retired with another store. This aids
in sending out two store accesses.OUTPUTS:

CURCPL[1:0] Output to DCACHE ICLK10
‘This indicates the current privilege level. ‘he data cache
uses the D, R/Wand U/Sbits in conjunction with the CURCPL
information to determine the protection violations.
LDORST[1:0] Output to DCACHEIndication whether an accessis a load orastore.
LSBNKCT Output to DCACHE
This indicates if there is a bank conflict for the two
concurrent data cache accesses to be performed.
LSBREAK[1:0] Output to FIROB
Load/Store breakpoint identification from LSSEC. When a
load or store breakpointstatus is returned, this 2-bit code
indicates which of the four debug address registers had the
match.

LSCNT[2:0] Output to IDECODE ICLK11Numberof free entries in the LDSTBUF. Decode can make use
of this information and dispatch instructions accordingly.

ICLK12

ICLK13

ICLK13

 

LSDCEXC[1:0] Output to DCACIIE ICLK13
This signal indicates the data cache that limit check or
protection violation has occured on the current port A
[bitO] or port B [biti] access. If the access is a store,the data cache has to restore the data back into the data
cache.

LS_FAKE_LOAD Output to CMASTER ICLKS
LS_FAKE_LOCK Output to CMASTER ICLKS
LSINDXCT Output to DCACHE ICLK14
This indicates if there is an index conflict for the two
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SIGNAL LIST

concurrent data cache accesses to be performed.
LS_IO_CYCLE Output to CMASTER
LSLINADO[31:2] Output to DCACHE
The linear address which would be sent as the port A accessto the data cache.
LSLINAD1[31:2] Output to DCACHE
The linear address which would be sent as the port B accessto the data cache.
LS_LOCK Output to CMASTER
LS_MMU_RD Output to CMASTER

his signal is asserted when the load-store section is
erforming a data cache read. The read is done
eculatively.
,UNLOCK Output to CMASTER
,MMU_WR Output to CMASTER

his signal is asserted when the load-store section is
erforming a data cache write. The look up is done
eculatively.
PASHFT[1:0] Output to DCACHE

his signal gives the shift count to the data cache when
performing unaligned accesses within a double word on port A.

00 shft by 0
01 shft by 1 byte
10 shft by 2 bytes
11 shft by 3 bytes

LSPBSHFT[1:0] Output to DCACHE
This signal gives the shift count to the data cache when
performing unaligned accesses within a double word on port B.
LSRESOB[31:0/XLSRESO Output to FNCU/FIROB ICLK13
Result bus returning results for ACO. The intermediate
results for load-op-store instructions are indicated by theLSSTATCOBbus.
XLSRESOB is the inverse of LSRESOB. The differential buses

are used for speed.
LSRES1B[31:0|/XLSRES1 Output to FNCU/FIROB
Result bus returning results for AC1 The intermediate
results for load-op-store instructions are indicated by the
LSSTAT1Bbus.
TST_SRB
LST_LDOP
LST_LOAD
LSSTATOB[3:0] Output to FIROB/FNCUStatus of the result returned on LSRESOB. Bit 3 defines
whether a result is intermediate.

LSSTAT1B[3:0] Output to FIROB/FNCUStatus of the result returned on LSRES1B. Bit 3 defines
whethera result is intermediate.

LSTAGOB[5:0] Outpul to FNCU/FIROB
This gives the tag of the instruction retumed on LSRESOB.
LSTAG1B[5:0] Output to FNCU/FIROB
This gives the tag of the instruction retumed on LSRESIB.
LSUNALGN[1:0] Output to DCACHE
LSUNALGN[0] indicates that the load/store access to the data
cache from port A is unaligned. LSUNALGN|1| indicates the
same for port B. An unaligned load can be issued to either
port A or port B whereas an unaligned store uses both ports
simultaneously.LSUPDATERD Output to DCACHE
This signal indicates the data cache to update its tag with
the newlinear address. The data cache also needs to update
its valid and status bits.
LSWYPRCT Output to DCACHE
This indicates if there is an index conflict in the way
prediction array for the two concurrent accesses to he performed.
PABYTEN{3:0] Output to DCACHE ICLK14
The byte enables saying which of the bytes in a bank are
being accessed. [port A]
PBBYTEN|3:0] Output to DCACHE
The byte enables saying which of the bytes in a bank are
being accessed. [port B]
SBADAT][31:0] Output to DCACHE
This bus is used to drive the store data for port A. This is
a static bus.
SBBDAT{31:0] Output to DCACHE
This bus is used to drive the store data for port B.
ST_NC Output to CMASTER
This signal indicates the CMASTERthat the store that just
got retired is a non-cacheable store.
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-continued

SIGNAL LIST

SUPERV
CS32X16
SS32X16 Outputs to IDECODE ICLK10
BIDIRECTS:

DADDR[31:2] Birdirect. Connects to DCACHE and
CMASTER ICLK13

This bus is used by the load-store section to send linear
address to the cache master to check for aliases, initiate
reloads and writebacks. The cache master sends the new tag
on this bus to the data cache for the case of analias.
DATB[63:0] Birdirect. Connects to DCACHE andCMASTER ICLK13
‘This shared bus is used to send data to the CMASTERfor

non-cacheable and write through stores. The data cache andthe cache master use this bus for reloads and writebacks.
SRBB[31:0] Bidirect - SRB
This bi-directional bus is used by the SRB for moving to and
from special registers and accessing arrays.

ICLK14

Partitioning of LSSEC

The load-store scction is partitioncd into the following
blocks:

1. LDSTDAT—Thestore data array.

2. LDSTADR—Thearray having the address portion of
the load-store buffer. It also contains the dependency check-
ing logic for store data forwarding.

3. LDSTSTAT—Array holding the status information.
The status information is looked at mostly by the control
unit.

4. LDSTTAGS—Array containing the instruction tags.
This array is updated by the decode unit and the information
is needed to update LDSTDAT and LDSTADRblocks and
to perform dependency checking.

5. LSSPREG—Arrayof segmentregisters. Further details
of this block are provided above.

6. LSCr'L—the load-store section control block.

A block diagram ofthis partitioning is shown as T'IG. 50.

Layout of LSSEC

FIG. 51 shows a possible layout configuration of the
LSSEC. LDSTDAT, LDSTADR, LDSTTAGS and LDST-
STAT constitute the unified load-store buffer (LDSTBUF).

LDSTDAT(Thearray containing the store data)

This array contains the store data. There are eight entries
of 32-bits each. The sources of updatesto this array are the
functional units. The array looks at the LATYPE signal
which indicates whether address or data is driven on the
result bus. The control section indicates which of the entries

need to be updated (LSUPD[15:0]). LSRDDATO0[15:0and
LSRDDAT1[15:0] indicate which of the two entries go out
as accessesfor stores. LSFWD0[15:0] LSFWD1[15:0] indi-
cate as to which entries need to get forwarded over to
LSRESO and LSRES1buses.

Signal List

RESOB[31:0]
RES1B[31:0]
RES2B[31:0]
RES3B[31:0] Inputs from Functional Units
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Signal List

The result buses from the functional units.
RSTATOLS[2:0] Input from FU
RSTATILS[2:0] Input from EU
RSTAT21 S[2:0] Tnput from FU
RSTAT3LS[2:0] Input from FU ICLK300 Null

01 Address is driven by the functional unit on theRESLA bus
10 Data is driven on the result bus by the functionalunit

Bit 2 = 1 indicates that the linear address generated
is for a load instruction. This is used by the LSSEC to
forward linear addresses to the data cache directly to thefunctional units.

LSOUPD[3:0]
LS1UPD[3:0]
LS2UPD[3:0]
LS3UPDJ3:0]
LS4UPD[3:0]
LSSUPD[3:0]
LS6UPD[3:0]
LS7UPD[3:0] Inputs from LDSTTAGS

The update signals after comparing the tags.
LSORDDAT[7:0] Input from LSCTL
Indicates which of the entries must go out as ACO forstores.

LS1RDDAT[7:0] Input from LSCTL
Indicates which of the entries must go oul as ACI forstores.

LSOFWD[7:0] Input from LDSTADRIndicates which of the entries need to be forwarded on to
LSRESO.

LS1FWD[7:0] Input from LDSTADRIndicates which of the entries need to be forwarded on to
LSRES1.
LSRESO[31:0], XLSRESO[31:0] Output to FUn/FIROB
Load-store result bus.
LSRES1[31:0], XLSRES1[31:0] Output to FUn/FIROBT.oad-store result bus.
SHF1ENT[7:0]
SHF2ENT[7:0] Inputs from LSCTL
Shift signals to shift the entries down.
shflent xor SHF2ENT = 1 - shift entry by 1
shflent and SHF2ENT = 1 - shift entry by 2

DATB[63:0] Birdirect. Connects to DCACHE and CMASTER
This shared bus is used to send data to the CMASTERfor
non-cacheable and write through stores. The data cache andthe cache master use this bus for reloads and wrilebacks.

SBADAT{31:0] Output to the data cache
This bus is used to drive the store data for port A. This isa static bus.

SBBDAT[31:0] Output to the data cache
‘This bus is used to drive the store data for port B.

LDSTADR(The Array Containing the Load-Store
Address)

This array of eight entries contains the address for the
load-store accesses. The update sources for the array are the
functional units. The functional units send thebits [14:0] on
the RESLAn buses and the entire address on the RESnB

buses. The array gets updated via the RESnB buses. The
RESLAbuses are muchfaster than the result buses and are
used to sendout the index for the data cache accesses as soon

as possible. Also, the LSSEC needs to determine bank
conflicts and unaligned accesses. This again needs the LSBs
of the address available to the LSSEC early.

This block also contains the logic for dependency check-
ing against stores in the buffer and sending the forwarding
signals to LDSTDAT.
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Signal List

RESOB [31:0]
RES1B [31:0]
RES2B [31:0]
RES3B [31:0] Tnputs from Functional UnitsThe result buses from the functional units.

RSTATOLS[2:0] Input from FU
RSTATILS[2:0] Input from FU
RSTAT2LS[2:0] Input from FU
RSTAT3LS[2:0] Input from FU ICLK300 Null

01 Address is driven by the functional unit on theRESLAbus
10 Data is driven on the result bus by the functionalunit

Bit 2 = 1 indicates that the linear address generated
is for a load instruction. This is used by the LSSEC to
forward linear addresses to the data cache directly to thefunctional units.

LSOUPD[3:0]
LS1UPD[3:0]
LS2UPD[3:0]
LS3UPD[3:0]
LS4UPD[3:0]
LSSUPD[3:0]
LS6UPD[3:0]
LS7UPD[3:0] Inputs from LDSTTAGS

The update signals after comparing the tags.
LSLINADO[31:0] Oulpul lo DCACHEThe address for access ACO.

LSLINAD1[31:0] Output to DCACHE‘he address for access AC1.
SHF1ENT[7:0]
SHF2ENT[7:0] Inputs from LSCTL
Shift signals to shift the entries down.
shflent xor SHF2ENT = 1 - shift entry by 1
shflent and SHF2ENT = 1 - shift entry by 2
LSORDDAT[7:0] Input from LSCTL
Indicates which of the entries must go out as ACO forstores.

LS1RDDAT[7:0] Input from LSCTL
Indicates which of the entries must go out as AC1 forstores.

LSOFWD[7:0] Input from LDSTADRIndicates which of the entries need to be forwarded on to
LSRESO.

LS1FWD[7:0] Input from LDSTADRIndicates which of the entries need to be forwarded on to
LSRES1.

LDSTSTAT(The Array Containing the Control/
Status Information)

This array is also eight entries deep and contains the
control/status information of the loads and stores in the

LSSEC. The update source for this array is the load-store
section itself.

Signal List:

ALLCENT[2:0]
ALLIENT[2:0]
ALL2ENT[2:0]
ALL3ENT[2:0] Inpuls from LSCTLThese indicate what entries can be allocated for the next
dispatch.
ALLOV[3:0]
ALLI1V{[3:0]
ALL2V{[3:0]
ALL3V[3:0] Inputs from LSCTL

These signals are associated with ALLnENT andindicate which
of the four dispatch positions they correspondto.
SETOMISS[2:0] Input from LSCTL
Set the M bit for the entry indicated by SETOMISSif a port
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Signal List:

A access missed.
SET1MISS[2:0] Input from LSCTL
Set the M bit for the entry indicated by SETIMISSif a port
B access missed.

SETM2[2:0] Input from LSCTL
Based on this, the M2 bit for an entry in the array is set.
SETODEP[2:0] Input from LSCTL
Set the D (dependent) bit.
SET1DEP[2:0] Input from LSCTL
Set the D (dependent) bit.
SETOSER[2:0] Input from LSCTL
Set the S (Serialize) bit.
SET1SER[2:0] Input from LSCTL
Set the S (Serialize) bit.
LDAC[7:0] Output to LSCTL
Indicates which of the entries have valid loads that can goout as accesses.

LSAC]1:0] Output to LSCTL
Indicates which of the entries have valid stores that can goout as accesses.  CLRDEP Input from LSCTL
Clear the D bit for all the entries.
CLRMISS1 Input from LSCTL
Clear the M bitfor all the entries.
SETNF Input from LSCTL
Sct the NFbit for all the stores in the buffer. This will

prevent forwarding store data for dependent loads.
SHF1ENT[7:0]
SHF2ENT[7:0] Inputs from LSCTL
Shift signals to shift the entries down.
shtlent xor SHF2EN'T= 1 - shift entry by 1
shflent and SHF2ENT = 1 - shift entry by 2 

LDSTTAGS(Array Containing the FIROB Tags)

This 8-entry array contains the FIROB tags for the
instructions in the LSSEC. The tags are looked up by the
control unit during access prioritization. The tags in the
entries are compared against the tags from the functional
units when updating the address and data arrays. The tags
information is also needed when performing dependency
checking.
 

Signal List
RLINE[2:0] Input from FIROB
These buses give the FIROB line number associated with the
insutructions dispatched.
RTAGOB[2:0] Input from FUn
RTAGOB[2:0] Input from FUn
RTAGOB[2:0] Input from FUn
RTAGOBJ2:9] Input from FUn
This gives the ROB line numberofthe instruction that the
FU is processing.
LSOUPD[3:0]
LS1UPD[3:0]
LS2UPD[3:0]
LS3UPD[3:0]
LS4UPD[3:0]
LSSUPD[3:0]
LS6UPD[3:0]
LS7UPD[3:0] Output to LDSTDAT, LDSTADRandLDSTSTAT.

The update signals afler comparing the lages.
LSTAGOB[5:0] Output to FNU/FIROB
This gives the tag of the instruction retumed to LSRESOB
LSTAG1B[5:0] Output to FNU/FIROB
This gives the tag of the instruction retumed on LSRESIB
LSORDDAT{[7:0] Input from LSCTL
Indicates which of the entries must go out as ACO forstores

LS1RDDAT[7:0] Input from LSCTL
Indicates which of the entries must go out as AC1 forstores
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LSOFWD[7:0] Input from LDSTADRIndicates which of the entries need to be forwarded on to
LSRESO.
LS1FWD[7:0] Input from LDSTADR
Indicates which of the entries need to be forwarded on to
TSRES1.
ALLOENT[2:0]
ALLOENT[2:0]
ALLIENT[2:0]
ALL2ENT[2:0]
ALL3ENT[2:0] Inputs from LSCTLThese indicate whate entries can be allocated for the next

dispatch.
ALLOV[3:0]
ALLOV[3:0]
ALL1V[3:0]
ALL2V[3:0]
ALL3V[3:0] Inputs from LSCTL
These signals are associated with ALLnENT and indicated which
of the four dispatch positions they correspond to.

 

WRPTR Input from FIROB
This is the indication of head of the ROB.
WRPTRI1 Input from FIROB
This indicates the ROB position of the next non-speculative
store instruction

LSCTL(The Control Block for LSSEC)

Signal List
LSORDDAT]2:0] Output to LDSTDAT/LDSTADDR/LDSTTAGS
Indicates which of the entries must go out as ACO forstores.

LS1IRDDAT [2:0]|Output to LDSTDAT/LDSTADDR/LDSTTAGS
Indicates which of the entries it must go out as AC1 forstores.

ALLOENT[2:0]
ALLIENT[2:0]
ALL2ENT[2:0]
ALL3ENT[2:0] Outputs to LDSTTAGS/LDSTSTATThese indicate what entries can be allocated for the next
dispatch.
ALLOV[3:0]
ALL1V[3:0]
ALL2V[3:0]
ALL3V[3:0] Outputs to LDSTTAGS/LDSTSTAT
These signals are associated with ALLnENT and indicate which
of the four dispatch positions they correspond to.
SETOMISS[2:0] Output to LDSTSTAT
Set the M bit for the entry indicated by SETOMISSif a portA access missed.
SETIMISS[2:0] Output to LDSTSTAT
Set the M bit for the entry indicated by SET1MISSif a portB access missed.
SETM2[2:0] Output to LDSTSTAT
Based on this, the M2 bit for an entry in the arrayis set.
SETODEP[2:0] Output to LDSTSTAT
Set the D (dependent) bit.
SET1DEP[2:0] Output to LDSTSTAT
Set the D (dependent) bit.
SETOSER[2:0] Output to LDSTSTAT
Set the S (Serialize) bit.
SET1SER[2:0] Output to LDSTSTAT
Set the S (Serialize) bit.
LDAC[7:0] Input from LDSTSTAI
Indicates which of the entries have valid loads that can gooul as accesses.

LSAC[1:0] Input from LDSTSTAI
Indicates which of the entries have valid stores that can goout as accesses.

CLRDEP Output to LDSTSTAT
Clear the D bit for all the entries.
CLRMISS1 Output to LDSTSTAT
Clear the M bitfor all the entries.
SETNF Output to LDSTSTAT
Set the NF bit for all the stores in the buffer. This will
prevent forwarding store data for dependent loads.
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SHF1ENT[7:0]
SHF2ENT[7:0] Output to
LDSTDAT/LDSTADDR/LDSTTAGS/LDSTSTAT
Shift signals to shift the entries down.
shflent xor SHF2ENT = 1 - shift entry by 1
shflent and SHF2ENT = 1 - shift entry by 2
LSSPREG (The Load-Store Special Registers)
Signal List
LSRESO[31:0], XLSRESO[31:0]
Load-store result bus.
LSRES1[31:0], XLSRES1[31:0]
Load-store result bus.
IRESET Input from CLOCKS
Global reset signal. Clears all LDSTBUFentries. Puts the
control state rnachine to idle/reset state.
INSLSOB[10:0] Input from FU

Input from LDSTDAT

Input frorn LDSTDAT

INSLS1B[10:0] Input from FU
JINSLS2B[10:0] Input from FU
JINSLS3B[10:0] Input from FU ICLK3
These buses give the load-store section inforrnation as to
which segmentis currently being accessed and types of
protection checking that need to be performed. The
information is sent to the FU by decode/microcode and the FU
sends the information while computing the linear address.  

 

ITYPEOB[1:0] Input from IDECODE
ITYPE1B[1:0] Input from IDECODE
ITYPE2B[1:0] Input from IDECODE
ITYPE3B[1:0] Input from IDECODEICLK3

These buses give the lype of ihstructions dispatched.00 NULL
Ol LOAD
10 STORE
11 LOAD-OP-STORE

LINEPTR[2:0] Input from FIROB ICLK3
These buses give the FIROB Iine numberassociated with the
instructions dispatched.
LSRLMQDE Input from LSCTL ICLK3
Indicates that the processor is in real mode.
LSPRMODE Input from LSCTL ICLK3
Indicates that the processor is in protected mode.LSEFLAGSVM Input from LSCTL ICLK3

Indicates that the processor is in V86 mode.
RESOB[31:0] Input from FU
RES1B[31:0] Input from FU
RES2B[31:0] Input from FU
RES3B[31:0] Input from FU
ICLKJ2

The store data is driven on the result buses by theunclional unils.
RESLAOB[14:0] Input from FU
RESLA1B[14:0] Input from FU
RESLA2B[14:0] Input from FU
RESLA3B[14:0] Input from FU ICLK10

  
Linear addresses froin the functional units. ‘he result buses
are slow. The linear addresses need to come to the LSSEC
aster so that it can perforrn two accesses at the end of the

cycle. If needed, the bus width can be reduced to 14 bits -
so that the cache indexing can be done. Therest of the
bits can be grabbed frorn the result buses.
RSTATOLS[2:0] Input from FU
RSTATILS[2:0] Input from FU
RSTAT2LS[2:0] Input from FU
RSTAT3LS[2:0] Input from FU

00 Null
01 Address is driven by the functionalunit on the

RESLA bus
10 Data is driven on the result bus by the functionalunit
Bit 2 1 indicates that the linear address generated

is for a load instruction. This is used by the LSSEC to
forward linear addresses to the data cache directly to thefunctional units.
RTAGOB[2:0]
RIAGOB[2:0]

ICLK3

 
Input frorn FU
Input from FU

RIAGOB[2:0] Input from FU
RTAGOB[2:0] Input from FU ICLK3
This gives the ROB line nurnberof the instruction that the
FU is processing.
WRPTRI5:C] Input from FIROB ICLKS
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DIBRKPT Output to LSCTL ICLKS
DBGMTCH Output to LSCTL ICLKS
LSLMTCHEJ1:0] Output ta LSCTL ICLKS
LSRDAT[31:0] Output to LDSTDAT ICLKSDCACHE

DCACHE

Overview

The data cache (henceforth referred to as dcache) on
Processor 500 is a 16 KB linearly addressed, 8-way set
associative cache. In orderto facilitate single cycle dcache
access, a way prediction scheme is used. This section
discusses a 16 KB deache.

Someofthe other salient features of this dcache are 8-way
interleaving, two concurrent accesses per cycle if they are
not to the same bank, random replacement policy and one
cycle penalty for unaligned loads and unaligned stores.

Deache Organization

The dcache on Processor 500 is a 16 KB linearly
addressed cache implementing the MESI protocol. ‘The line
size is 32 bytes and the arrays are organized in a 8-wayset
associative structure with 8 banks. The 8 banks allow two

concurrent accesses per cycle as long as the two accessesare
not to the same bank. Bits 4:2 of the two linear addresses
from the Processor 500 core are used for bank sclection and

identifying bank conflicts. Due to the interleaving, the data
arrays are effectively dual ported and do not need to be
implementedas actual dual ported structures. FIG. 52 shows
a diagram of the dcache organization.

The deacheis partitioned into three functionally separate
arrays. They are the tag array, data array and the way
prediction array. The tag arrays are physically dual-ported.
Since it is a 16 KB dcache with a 32 byte line size, there are
64 tags per way. Bits 10:5 of the linear address are used to
index the tag array with bits 31:11 used for comparison to
determine hit or miss.

The data arrays are organized as 8 set arrays in each of the
8 banks. In order to facilitate 8/16 bit accesses as well as

unaligned accesses, the LSSEC will generate byte enables
for each of the two accesses. Bits 10:5 of the linear address

are used to index the data arrays. The two ports that allow
two concurrent accesses per clock cycle will henceforth be
called Port A and Port B. The actions supported on Port A
are: aligned loads/stores, unaligned loads/stores, reloads,
SRB accesses, line reads(both snoop and non-snoop) and
line invalidations. The actions supported on Port B are
aligned/unaligned loads, unaligned stores(since a unaligned
store uses both ports) and snoop invalidations.

Wayprediction will allow the Processor 500 dcache to
attain single cycle access at our targeted clock speeds while
using a set-associative cache array. Single cycle dcache
access is feasible only when the predicted way hits in the tag
compare. If a hit occurs in any of the unpredicted ways then
there is a one cycle penalty which would be equivalent to a
replacement cache performance. However, unlike a replace-
ment cache there will be no swap penalty. The way predic-
tion array entry is updated with the new predicted value. Bits
13:5 of the lincar address arc used to index the way
prediction array. Like the tag array, the way prediction array
is also dual ported. The details of the way prediction scheme
are described below.
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Tag Array

The tag array is organized into an 8-way set associative
structure. It is dual ported so as to allow two concurrent
accesses per cycle and is laid out as one 64 rowsx200
columnarray. This is optimal since the speed target does not
allow a contiguousarray larger than 64 rows.Bits 10:5 of the
port linear address will be used to index the array. This will
be true for both port A and B accesses. A tag array entry per
way consisting of 25 bits is as shown in FIG. 53.

A description of the various fields is as follows:

Tag is bits (31:11) of the linear address.
D is the dirty bit that indicates that the line has been

previously modified. This information is used duringa store
by the LSSEC when the TLB is accessed to determine
whether the corresponding dirty bit in the page table entry is
correctly set. If the dirty bit in the page table entry is not set
then an exception must occur to write the dirty bit in the
external page table entries so that the page gets written back
to external memory.

USS*is the user/supervisor bit that indicates the access
privilege of the dcacheline. If this bit is 0 then user level
programs cannot access this dcache entry. The supervisor
can access any line regardless ofthis bit.

R/W* indicates the read/write privilege for user level
programs. Supervisor level programs ignore this bit when
the WPbit in CROregister is 0. If the WPbit is set to 1 then
supervisor level programswill use the R/W* bit. The dcache
does the protection checking and sends an exception to the
LSSEC if a violation occurs.

V is the linear valid bit. This bit is 0 on reset andis set to

1 when a newline gets loaded into the dcache. This bit is
also reset to 0 on invalidation.

The tag and the protection bits (D, U/S* and R/W*) are
always accessed together. The V bit can be accessed inde-
pendently for invalidations andresets.

Data Array

The data array is effectively dual ported due to banking.
Each bankis physically laid out as one 64 rowx256 column
array. This again is optimal since the speed target for
Processor 500 does not allow a contiguousarray larger than
64 rows. During a clock cycle (regular load/store accesses),
at most two banks can be accessed. The banks are selected

by the bank select bits 4:2 of the port addresses. Bits 10:5 of
the port linear address will be used to index each selected
bank. The data array is byte addressable. Two sets of byte
enables are generated per clock corresponding to the two
banks being accessed. The byte enables are generated using
the operand size information as well as bits 1:0 of the linear
address. The byte enables are critical to doing stores in a
single cycle for aligned accesses since stores are done as
pure writes. Unaligned accesses and 8/16 bit accesses use
byte enable information in the same fashion as well. All 8
banks are accessed on port A only during a reload or during
a writeback. At this time (i.e. during reload or writeback)
port B is unused.

WayPrediction Array

The way prediction array is a 512 rowsx8 columnsdirect
mapped cache that is physically organized into eight 64x8
arrays. Each column correspondsto oneof the cight ways of
the data and tag arrays as shown in FIG. 54. The way
prediction array is implemented as a dual ported array to
allow two concurrent accessesper cycle. It is indexed bybits
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13:5 of the port A and B linear addresses. Note that unlike
the data and tag array the index hereis 9 bits wide. Therefore
for each tag/data array index, there are 8 possible indexes in
the way predict array (provided by extra index bits 13:11).
It is noted here that greater the mapping (i.e. more index bils
for way prediction array), the more accurate the way pre-
diction. This mapping was determined ta be optimal based
on performance/implementation tradeoffs. Each of the eight
arrays will be addressed by bits 10:5 of the linear address.
Bits 13:11 will select the output of one of the eight arrays.

Aligned Loads
There are two cases to be considered here.

(a) 32 bit aligned loads and
(b) “ce bit aligned loads.
FIG. 56 shows a block diagram of the hardware to do

aligned loads for both these cases.
The dcache receives the linear address before the end of

the 7th XICLK. The LSSEC also sends the index conflict

and way conflict signals before the end of the 7th XICLK.
At the beginning of the 8th XICLK,the dcache latches these
signals, does the row decode and also the bank selection.
The index conflict and way conflict signals are used to fire
only one port of the dual ported tag and way prediction
arrays. If a bank conflict occurs the LSSECserializes the
two accesses. Therefore, for that clock cycle, only one
dceache access will be issued on port A. The LSSEC should
also in the 8th XICLKsend the shift code that is based on

the operand size and bits 1:0 of the port linear address and
also the byte enables. For the 32 bit load, the shift code is
zero. The data from the predicted way will be driven on the
LSRESn (n=0 or 1) and XLSRESn buses differentially
towards the end of the 8th XICLK. The appropriate func-
tional unit latches this data at the beginning of the 9th
XICLK and uses it. The dcache meanwhile computes the
hit/miss indication for the 8 ways and sends that indication
to the functional unit and LSSEC.If there was a hit in the

predicted way, then there is single cycle dcache access and
the dcache can proceed with the next pending access. If there
was a miss in the predicted way and a hit in one of the
unpredicted ways the LSSEC will cancel the next access that
it had initiated on that port and drive the previous tag again
on the LSTAGnbus. The functional unit will then cancel the

operation and wait for data to be driven to it again in the 9th
XICLK.The data from one of the unpredicted waysis driven
to the functional unit during the 9th XICLKand is latched
at the beginning of the 10th XICLK.Therefore,thereis a one
cycle penalty whenthere is a miss in the predicted way and
a hit in one of the unpredicted ways. Also, the way predic-
tion array will be updated with the new prediction in the 9th
XICLK.FIG. 55 showsa timing diagram of the abovestated
actions.

For the %4s bit loads that are contained within one

doubleword, the flow is the same except that the shift logic
that is present before the bus driveris utilized. This logic is
present for the 32 bit loads also, butit is a shift by 0. This
shift logic can be implemented using transmission gate
muxes.Forthe 8 bit data, we can have either a shift by 0,8,16
or 24. For 16 bit data,it is a shift by 0, 8 or 16. The shift will
be determined by the operand size information and bits 1:0
of the port linear address. Both of these controls should be
knownat the beginning of the 8th XICLK and the muxes can
be setup before the data is available.

If there is a miss onall the ways, the LSSEC marksthat
access aS a miss and proceeds with the next dcache access
if one is pending. The LSSEC also sends the address of the
missed access to the CMASTERto check for an alias. If no

aliasing has occurred, the LSSEC waits until the missed
accessis no longer speculative and then will initiate a reload
sequence.
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Aligned Stores
Stores on Processor 500 are done as pure writes. The

dcache on Processor 500 supports byte write capability
which allows pure writes. The byte enables used to do this
are generated based on the operandsize and bits 1:0 of the
port linear address. Processor 500 dcache supports single
cycle dcache access for stores if the store is to the predicted
way. FIG. 57 is timing sequence of the actions that take
place during the store.

‘The sequence of actions until the dcache access are
similar for both the load and store accesses. When the

senseamps are turned on, the arrays are isolated from the
senseamp to prevent the bit lines from being pulled down.
Thus, the senseamp provides an automatic latch structure to
hold the read data. When the wayprediction is available, the
write strobe for the predicted way is turned on thereby
writing the store data speculatively into the predicted way.
At the beginning of the 9th XICLK,the hit/miss indications
are generated and protection violations detected. If there was
a hit to the predicted way and noprotection violation, then
a single cycle dcache store access has been performed.If
there is a miss in the predicted way but a hit in one of the
unpredicted ways and no protection violations, then in the
9th XICLKthe store data is written into the way that hit and
the predicted wayis restored with the data that was read out
in the 8th XICLK.Also the way prediction array is updated
with the new prediction. If there is a protection violation,
then the predicted wayis restored with the data that was read
out in the 8th XICLK. The protection violation information
is sent to LSSEC to generate an exception. The access is thus
terminated and the dcache can proceed with the next pend-
ing access on the following clock cycle.

For %ebit stores, the above actions still hold except that
depending on the byte enables that are active, only enabled
bytes are updated with the new store data.

Unaligned Loads
Unaligned loads on Processor 500 require at least a two

cycle dcache access. FIG. 58 illustrates the sequence of
actions for unaligned loads when both accesses hit in the
predicted way.

In the 8th XICLK,the LSSECwill access the dcache with
the current address. During this time, the LSSEC also
increments the address by 4 to set up for the second half of
the unaligned access. The dcache latchesthefirst half of the
unaligned load at the beginning of the 9th XICLK and does
the shift necessary to set up the data to drive on the
appropriate bits of the LSRESn and XLSRESnbuses. Dur-
ing the 9th XICLK,the dcache reads the secondhalf of the
unaligned load. The actions taken are exactly the same as for
a “eo bit aligned load. The two halves of the data will be
driven on the LSRESn and XLSRESnbusesat the end of the

9th XICLK. Note that in this process, the byte enables are
used to select the appropriate bytes from the two double-
words that have been read out.

There are three more cases that are considered:

(a) Unpredicted wayhit in first access—Predicted way hit
in second access. FIG. 59 showsthe timing diagram for
handling this case. This case occurs both when the
unaligned load is contained within a line and when the
load crosses a line boundary. As can be seen from FIG.
59, this case requires 3 clock cycles.

(b) Predicted wayhit in first acecss—Unpredicted wayhit
in second access. FIG. 60 showsthe timing diagram for
handling this case. This case occurs whenthe unaligned
load crosses a linc boundary. This is because if the
access were completely contained within the sameline,
there would not be a unpredicted wayhit in the second
access. This case also requires 3 clock cycles.
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(c) Unpredicted wayhit in first access—Unpredicted way
hit in second access. This case will also occur when the

unaligned load crosses the line boundary. This case will
require 4 clock cycles to complete. FIG. 61 shows the
timing diagram for this case.

The cases covered so far only involvedhits in the deache.
There are two cases of misses: Miss in first access and miss

in second access. When there is a miss during the first
access, the LSSEC will mark that load as a miss. The LSSEC
will then process the miss as described below.If there is a
miss on the second half of the unaligned load,thefirst half
of the unaligned load that has been read out will be dis-
carded. This case would occur when the load crosses a line

boundary. The LSSECsets the M2 bit in the LSSEC buffer
and then processes the miss as described below.

Unaligned Stores
Unaligned stores are executed in a slightly different

fashion from unaligned loads. For unaligned stores, the
incremented address is generated in the 8th XICLK.In the
9th XICLK,port A is accessed with the original address and
port B with the incremented address. The byte enables for
both the ports are used to write the appropriate bytes of the
two doublewords.If there is a miss on any oneof the ports
then the old data that is read out on the otherport is restored
in the next cycle. The LSSECthen processes the store miss
as described below. FIG. 62 showsa timing diagram when
both store accesses hit in the predicted way.

The other two cases that are considered are:

(a) At least one of the two accesses misses in the predicted
way but hits in an unpredicted way. FIG. 63 showsthe
timing diagram for this case

(b) There is a miss in all the ways for at least one access.
FIG. 64 showsthe timing diagram for each case.

Processing a Load Miss
On a load miss, the LSSEC sends the address on the

DADDRbusto the CMASTERto checkforaliasing.If it is
a speculative request, then LSSEC does not assert the
ROB_RELLsignal. The CMASTERin this case checks for
an alias. If aliasing has occurred, the CMASTERsends the
CM_DC_ALIASsignal back to LSSEC and dceache and
also drive the way to be replaced to the dcache on the
CM_REPCOL bus and the protection information on
PAGE_PROT(2:0). The LSSEC,upon receiving the alias-
ing indication, drives the LSLINADO bus with the tag and
index on the following cycle and also assert the LSUPDAT-
ERDsignal. ‘This causes the newtag and protection bits to
be written in the selected way on the next cycle. The valid
bit for that way also sct. Sce FIG. 65 for timing diagram.

If there is a miss in the physical tags, the CM_MISSis
asserted. The LSSEC then waits until the dcache request that
caused the miss is no longer speculative and then again
sends the address on DADDRbus. The ROB_RELsignalis
now asserted. The CMASTER latches the address and

checks for aliasing again. If no aliasing has occurred,it will
initiate the bus cycle and fetch the line in four packets of 64
bits each( external data bus=64 bits). The CMASTER can
transfer each packet to the dcache on the DATB busas soon
as it is received. The dcache will latch each packet into the
appropriate location in a 256 bit buffer(BUF1). The dcache
on receiving the first packet asserts DCFSTPCK to the
LSSEC. The LSSEC, on the next cycle, sends the reload
address(tag and index) to deache. After this point the LSSEC
does not issue any more requests to dcache. The CMASTER
also sclects the way in the deache to be replaced and sends
that selection to the dcache along with the last packet on the
CM_REPCOT.(2:0) bus. The last packet will be flagged by
the CMASTERby the assertion of CM2LS. The replace-
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ment policy is pseudo-random and is determined in the
CMASTER.After all 4 packets have been received, the
dcacheasserts the DCBUSYsignaland theninitiates the line
swap. The dceache reads the line to be replaced into another
256 bit buffer(BUF2) and writes the line in BUF1into that
way.

This swap can be done in one clock cycle. Note that this
is a store to all eight banks and hence there is no port B
access. The dcache will also update the tag and way pre-
diction arrays. The way into which the new line wasput will
be the new way prediction for that index. See FIG. 66 for a
timing diagram for reloads.If the line that was replaced was
dirty, the CMASTER requests the deache to send the linc
from BUF2. The dceache sendsthe line in four packets of 64
bits each on the DATB bus. The CMASTERtheninitiates an

external write cycle to send each of these packets as theyare
received.

Processing a Store Miss
The Processor 500 dcache implements a no-write allocate

policy for store misses. A no write allocate policy will still
require the CMASTERto check for aliasing using the same
protocol described for load misses. If no aliasing occurred,
the LSSEC initiates a memory write cycle through the
CMASTER. The data is sent to the CMASTER from the
LSSEC on the DATB bus. The deacheis not involved in this
transaction.

Non-cacheable accesses

Non-cacheable accesses are detected in three ways: The
first is when the PCD bitis set. The second is through the
sampling of KEN# inactive during the same clock that the
first BRDY#is sampled active. The third is when the CD and
NW bits in the CRO register are programmed as follows
CD=1, NW=0. The actions when a miss occurs are the same
for all these three cases.

For a miss( load or store), the LSSEC still sends the
address to the CMASTERto check foraliasing. If aliasing
has occurred then the procedure for handling of non-
cacheable accesses is the same as for cacheable accesses (see
above). For a load miss, the LSSEC requests the CMASTER
to initiate an external memory read cycle. The CMASTER
reads the requested doubleword(orless if a byte or word is
requested) and sends it to the dcache over the DATB bus.
This data is latched in the dcache. The deache will inform
the LSSECthat the data has been transferred. The LSSEC

then drives the tag for that load on the LSTAGO busand also
commands the dcache to route/mux the data so as to drive

the appropriate bits of the LSRESO and XLSRESO buses.
For a store miss (if no aliasing), the LSSEC initiates a

memory write cycle through the CMASTER. The data is
sent to the CMASTERfrom the LSSEC on the DATB bus.
The dcache is not be involved in this transaction.

Deache hooks to support Snooping
The dcache is involved when an inquire cycle hits a

modified line since a writeback cycle is issued to update the
modified line in external memory. The dcache is also
involved during snoop invalidations.

Deache/SRB Interface

The dcache interfaces to the SRB through one
bi-directional bus—SRBB(31:0) and two unidirectionalsig-
nals SRB__VAL and DCTARVAL.The functions that can be

requested by the SRB of the dcache include array reads/
writes, line invalidations and global invalidations.

An array read cycleis initiated by the SRB whenit wishes
to perform an array read. The array to be accessed (c.g.
dceache, icache ... ) and the action performedare specified
in the first packet sent on the SRBB bus with the SRB__VAT.
signal in cycle N. The SRB will then scnd out the array
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locator doubleword on the SRBB bus in cycle N+2. The
dcache will latch this array locator at end of cycle N+2 and
read the appropriate word in cycle N+6. The dcache drives
the requested data on the SRBB busand also assert the
DCTARVAL signal during cycle N+7. Note that the SRB/
deache interface is slow and hence, the data read from the
array can be latched and driven out on a later clock cycle.

An array write cycle is initiated by the SRB whenit
wishes to write to an array. During cycle N, the SRB will
specify the array to be accessed and the action to be
performed. The SRB then sendsoutthe array locator double-
word on the SRBB busin cycle N+2. The deache latchesthis
array locator at end of cycle N+2. During cycle N+4 the SRB
sends the data to be written into the dcache. The dcache

writes this data in cycle N+6. The dcache will assert the
DCTARVAL signal during cycle N+7 to indicate the end of
the write operation.

For invalidations, the SRB initiates the array invalidate
bus cycle on the SRBB busin cycle N. The array locator is
sent on the SRBB bus in cycle N+2. The type of
invalidation( line/global) is based on the OPfield in the array
locator. During cycle N+6, the dcache executes the invali-
dation requested(line/global). In cycle N+7, the dcache
asserts the DCTARVAL signal to indicate end of the
requested operation.

Deache Top level I/O Signal List
DATB(63:0) : Input/Output Connects to LSSEC/

CMASTER

This is a bi-directional bus between the CMASTER,
LSSEC and the deache. This bus has the following uses:

(a) to send data to the dcache from the CMAS'TER during
reloads.

(b) to send data to the CMASTERfrom the dceache during
writebacks.

(c) to send data to CMASTER from the LSSEC for
non-cacheable stores( bits 31:0 only) SRBB(31:0):
Input/Output Connects to SRB/LSSEC/CMASTER/
ICACHE

This bi-directional bus is used by the SRB to move data
to/from arrays and special registers, to send the array locator
and to send the command word.

SRB_VAL:Input/Output of SRB
This signal is asserted by the SRB wheneverit sends the

command word on the SRBB busto initiate an access.

LSLINADO(31:2): Input. Connects to
LSSEC/FIROB/CMASTER—ICLK14

This bus carries the dcache port A linear address. In
addition to having the port A lincar address for loads/stores,
this bus will also carry the linear address when a reload from
the CMASTERis ready to be done. i.e. the new line from
CMASTERhasbeenread into the 256bit buffer(BUF1)that
exists in the dcache and it is ready to be put in place of the
replaced line.

LSLINAD1(31:2): Input. Connects to LSSEC/FIROB/
CMASTER—ICLK14

This bus carries the dcache port B linear address.
SBADAT(31:0): Input/Output of LSSEC—ICLK13
This bus drives the store data for port A. This is a static

bus. This bus can be driven from the beginning of the clock
thereby ensuring that the data has enough time to propagate
to the deache and CMASTERblocks. This bus is required
because the LSRESO bus cannot be used for this purpose.
The LSRESO and XLSRESObusesare differential buses that

are cvaluated by a senscamp onthe falling edge of XICLK.
Therefore the data would be available only in the next cycle
which would prevent single cycle stores.

SBBDAT(31:0): Input/Output of LSSEC—ICLK13
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This bus drives the store data for port B. This is a static
bus. This bus can be driven from the beginning of the clock
thereby ensuring that the data has enough time to propagate
to the dcache and CMASTERblocks. This bus is required
because the LSRES1 bus cannot be used for this purpose.
‘The LSRES1 and XLSRES1busesare differential buses that

are evaluated by a senseamp onthe falling edge of XICLK.
Therefore the data would be available only in the next cycle
which would prevent single cycle stores.

LSPASHEF'T(1:0): Input/Output of LSSEC—ICLK14
This bus determines how muchthe data that is read from

the deache on port A should be shifted. This shift code is
determined based on the operand size as well as bits 1:0 of
the linear address.

LSPASHFT(1:0) Shift Value

00 shift by 0
01 shift by 8
10 shift by 16
11 shift by 24

LSPBSHFT(1:0): Input/Output of LSSEC—ICLK14
This bus determines how muchthe data that is read from

the dcache on port B should be shifted. This shift code is
determined based on the aperand size as well as bits 1:0 of
the lincar address.

LSPBSHFT(1:0) Shift Value

00 shift by 0
01 shift by &
10 shift by 16
11 shift by 24

LSINDXCT: Input/Output from LSSEC—ICLK14
This signal indicates an index conflict for the two dcache

accesses. An index conflict is generated if bits 11:5 of the
two linear addresses match. This signal will be used to read
only one port of the dual ported tag arrays. As long as there
is no bank conflict, this signal will not cause anyserializa-
tion of dcache accesses.

LSWYPRCT:Input/Output from LSSEC—ICLK14
‘This signal indicates an index conflict for the way pre-

diction array in dcache. Note that the index forthis array is
bits 14:5 of the lincar address. This signal will be uscdto fire
only one port of the way predict array.

CM2LS__CPBK(3:0): Input/Output from CMASTER
The CMASTERsends the information as to which 64 bit

packet of the 32 byte line is to be sent by the dcache on the
DATBbusduring a writeback. The decoding of this bus is
as follows:

CM2LS_CPBK(3:0) Actions taken
0001 bits 63:0 of writeback line

driven on DATB(63:0)
0010 bits 127:64 of writeback line

driven on DATB(63:0)
0100 bits 191:128 of writeback line

driven on DATB(63:0)1000 bits 255:192 of writeback line

driven on DATB(63:0)

RD_SNP: Input Output of CMASTER
The CMASTERsendsthis signal to the dcache to start

driving bits 63:0 of the line that has been read as part of a
snoop writcback(initiated by CM_DC_SNP) on the DATB
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bus. On the next XICLK,the dcache will drive bils 127:64
of the line. The dcache will then drive bits 191:128 and

255:192 on the two following clocks.
LS_IDX(5:0): Input/Output of CMASTER
This is the index sent to the dcache from the CMASTER

to be used for snoop read, snoop invalidates, wntebacks and
non-snoop invalidations.

CM2DC(3:0): Input/Output from CMASTER
This busis part of the reload sequence. It indicates which

64 bit packet of the requestedline is being sent to the dcache
from the CMASTER on the DATB bus.

CM2DC(3:0) Actions taken

0001 bits 63:0 of requested lin
driven on DATB(63:0) byCMASTER
bits 127:64 of requested line
driven on DATB(63:0) byCMASTER

bits 191:128 of requested line
driven on DATB(63:0) byCMASTER

bits 255:192 of requested line
driven on DATB(63:0) byCMASTER

0010

0100

1000  
LSDCEXC:Input/Output of LSSEC—ICLK13
This signal informs the dcache that an exception has been

detected by the LSSEC during its protection checking and
limit checkingactions. This signalis used only duringstores.
Whenthis signal goes active during a store, we restore the
cache location that was written.

LDORST(1:0): Input/Output from LSSEC—ICLK12
LDORST(0) indicates whether the port A access when

issued from the LSSECis a load or a store. LDORST(0)=0
indicates a load and LDORST(0)=1 indicates a store.
LDORST(1) does the same for port B.

PABYTEN(3:0): Input/Output from LSSEC—ICLK14
These are the byte enables for the dcache port A access. They
will be used in unaligned accesses and 8/16 bit accesses.

PBBYTEN(3:0): Input/Output from LSSEC—ICLK14
These are the byte enables for the dcache port B access.

They will be used in unaligned accesses and %6 bit accesses.
LSUNALGN(1:0): Input/Output of LSSEC—ICLK13
LSUNALGN(0)indicates that the load/store access to the

dcache from port A is unaligned. LSUNALGN(1)indicates
the same for port B. An unaligned load can be issued to
either port A or port B. An unaligned stare uses both ports
simultancously.

BIU_NC:Input/Output of CMASTER
Whenthere is a missin the dcache, this signal whenactive

indicates that the external data access caused by the miss is
non-cacheable.

CM_REPCOL(2:0): Input/Output from CMASTER
This bus selects the way to be replaced during an external

reload cycle. Note that the pseudo-random replacement
strategy will be implemented in the CMASTER.It will also
be used during writebacks and non-snoop invalidations.

IRESET: Input
This is the global internal reset signal. All entries in the

deache must be invalidated on assertion of IRESET.

PAGE_PROT(2:0): Input/Output of CMASTER
These are the page protection bits(D, U/S* ,R/W*) that are

sent by the TLB on dcache misses. They are written into the
tag array. In the case of non-cacheable accesses, the PAGE__
PROTbits should be used for page protection checks.

CM_DC_INV: Input/Output of CMASTER
This signalis uscd to (non-snoop)invalidate a deache line.
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CM_DC_RD: Input/Output of CMASTER
This signal is used by the CMASTERtoinitiate a dcache

read as part of the reload or writeback sequence.
CM_DC_SNP: Input/Output of CMASTER
Used by the CMAS'TERto initiate a snoop related read of

the dceache.

CM_DC_SINV:Input/Output of CMASTER
Used by the CMASTERto do a snoop invalidation of a

dcacheline.

CM2LS_RST: Input/Output of CMASTER
Used to restart the CMASTER—dcache line transfer if

the transfer was halted. For example, if BOFF# wasasserted
in the middle ofthis transfer, Processor 500 would relinquish
the external bus to another bus master. When BOFF# is

de-asserted, the bus cycle that was interrupted has to be
restarted. Therefore, the all four packets would be trans-
ferred regardless of how manyhad beentransferred before
the assertion of BOFF#.

CM2LS: Input/Output from CMASTER
This signal is a flag from the Cmaster to the dcache and

the LSSECthat the last packet of a reload sequenceis being
sent.

CM2LS_CAN:Input/Output from CMASTER
This signal is used by the CMASTERhandles a special

case of invalidation. If during the reload sequence, we get a
snoopinvalidate for the new linethat is to be loaded into the
dcache. This signal is used to reset the valid bit for the new
line when it is loaded into the cache when the line swap
occurs during the reload.

CROWP: Input/Output from SRB
This is the write protect(WP) bit in the CRO special

register. This bit is used with the page protection bits to
determine protection violations.

CURCPL(1:0): Input/Output of LSSEC ICLK10
This is the Current Privilege level information. The

dcache uses the D, R/W* and U/S* bits in conjunction with
the CURCPLbits to determine protection violations.

CM_DC_ALIAS: Input/Output of CMASTER
This signal from the CMASTERindicates to the dcache

and LSSECthat an alias was detected by the CMASTER.
The CMASTERwill also send the way information on the
CM_REPCOLbus along with this signal. The dcache will
use this to update the linear tag in the aliased way.

CROPG:Input/Output from SRB
This is the paging enabled (PG) bit in the CRO special

register. Paging is enabled when CROPG=1.
LSUPDATERD: Input/Output from LSSEC—ICLK10
This signal is uscd to generate write signals to update the

tag, status and valid bits in the tag array when aliasing has
occurred.

LS_SNP_COL(2:0): Input/Output from CMASTER
This bus selects the way in the dcache to be used for the

writeback cycle that follows an inquire cycle. This writeback
cycle occurs only if the inquire cycle hits a M-state line.It
is also used to select the way during snoop invalidations.

LSRSLD(1:0) Input/Output from LSSEC—ICLK13
LSRSLD(0)indicates that there is a port A dcache access

issued from the LSSEC. LSRSLD(1) does the samefor port
B.

LSDCFWD(1:0):Input/Output from LSSEC—ICLK11
LSFWD(0) indicates to the deache not to drive the

LSRESO/XLSRESO buses. LSFWD(1) indicates to the
dcache not to drive the LSRES1/XLSRES1 buses.

LSCPLISZERO: Input/Output from LSSEC
The protection checking in the dcache uses the current

CPT. bits CURCPT(1:0). LSCPLISZERObeing active will
causc them to be overridden with zcro.
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LSCNMA(1:0): Input/Output from LSSEC
LSCNMA(0) whenactive, indicates to the dcache that it

must cancel the misaligned load being executed on port A.
This condition happens whenthe first half of the misaligned
access is complete and the LSSEC finds out that it can
forward the data from the store buffer. The LSSEC then will
discard the data and will not drive the LSRESO bus.

LSCNMA(1)serves the same function for port B and the
LSRES1 bus.

BSTRSTInput/Output from JTAG_BIST
This signal causes the address counter for the BIST logic

in deacheto reset.

BSTRUN:Input/Output from JTAG_BIST
This signal causes BISTtostart.
BSTRD: Input/Output from JTAG_BIST
This signal is asserted to read the deache arrays and do the

compare in the TAECregisters.
BSTWR: Input/Output from JTAG_BIST
This signal is asserted to write the dcache arrays when in

BIST mode.

BSTINCR:Input/Output from JTAG_BIST
This signal is asserted to request an incrementof the BIST

address counter.

BSTDIN:Input/Output from JTAG BIST
This is the data to be loaded into the TAEC inputregisters

prior to being written into the arrays.
FLUSHON:Input—Connects to JTAG_BIST
This signal enablesthe shifting of the data on the BSTDIN

input into the TAEC inputregisters.
UPDOWN:Input—Connects to JTAG_BIST
This signal control whether the BIST address counter will

counter up or dowo. UPDOWN=1is up and UPDOWNZF0is
down.

BSTSHF1:Input—Connects to JTAG_BIST
This is the signal that clocks the master latch in the TAEC

registers.
BSTSHE2:Input—Connects to JTAG_BIST
This is the signal that clocks the slave latch in the TAEC

registers.
BSTFALSE:Input—Connects to JTAG_BIST
BSTFALSEwhenactive will cause the test pattern to be

inverted.

PORTSEL:Input—Connects to JTAG_BIST
This signal when active selects the second port of the tag

and way predict arrays.
DCYARVAL: Output—Connects to SRB—ICLK8
This signal is asserted by the dcache to indicate the end of

the requested SRB operation.If the requested operation was
aread, then the dcache will also drive the SRBB bus with the
read data.

LSRESO(31:0): Output. Connects to LSSEC/FNCU/
FIROB. ICLK14

This is the true portion of the LSSEC/dcacheport A access
result bus. On Processor 500, driving buses is a major task
and it has been determinedthat for speed reasonsthis bus in
conjunction with XLSRESO(31:0) will be a differential bus.
Data is output from deache on this bus during loads.

XLSRESO0(31:0): Output. Connects to LSSEC/FNCU/
FIROB. ICLK14

This is the false portion of the LSSEC/dcache port A
accessresult bus. As stated above, the XLSRESObusis part
of a differential bus.

LSRES1(31:0): Output. Connects to LSSEC/FNCU/
FIROB. ICLK14

This is the true portion of the LSSEC/dcache port B
accessresult bus. On Processor 500, driving buses is a major
task and it has been determined that for speed reasons this
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bus in conjunction with XLSRES1(31:0) will be a differen-
tial bus. Data is output from dceache onthis bus during loads.

XLSRES1(31:0): Output. Connects to LSSEC/FNCU/
FIROB. ICLK14

‘This is the false portion of the LSSEC/dcache port B
access result bus. As stated above, the XLSRES1 busis part
of a differential bus.

DCLSPROK(1:0): Output—Connects to LSSEC—
ICLK5

Indicates a protection violation during a dcache access.
DCLSPROK(0) corresponds to port A and DCLSPROK(1)
corresponds to port B.

DCLSD(1:0) : Output—Connects to LSSEC—ICLKS5
DCLSD(0) and DCLSD(1) are the dirty bits correspond-

ing to port A and port B respectively. They are used by the
LSSECduring stores to determineif the corresponding dirty
bit in the page table entry in the TLBis correctly set. If the
store is released and wefind that the page table entry thinks
it is clean, then an exception must occur to write the dirty bit
into the external page table entries so as to insure that this
page gets written back to external memory.

DCFINRLD: Output—Connects to LSSEC/CMASTER
ICLK13

This signal indicates to the LSSEC and CMASTERthat
the reload has been completed. The LSSEC may now issue
load/store requests to the dcache. The CMASTERonreceiv-
ing this signal may request a writeback cycle if the replaced
line was dirty.

DCDATRDY:Output—Connects to LSSEC—ICLK13
This signal informs the LSSEC that the data for a non-

cacheable loadis available to be driven on the LSRESO bus.

The LSSEC must then on the next clock, drive the tag on the
LSTAGO bus when the dcache drives the data on the
LSRESObus.

DCFSTPCK: Output—Connects to LSSEC—ICLK11
This signal informs the LSSEC thatthe first packet for a

reload has arrived at the dcache. The LSSEC on the next

cycle will cancel any access it had in progress and send the
reload address(tag and index) on the LSLINADO bus.

DCPAPRHIT: Output—Connects to LSSEC/FNCU—
ICLK3

This signal indicates to the functional units and the
LSSEC that there was a hit on the port A predicted way.
Single cycle dcache access is achieved on port A when this
signal is active.

DCPBPRHIT: Output—Connects to LSSEC/FNCU—
ICLK3

This signal indicates to the functional units and the
LSSEC that there was a hit on the port B predicted way.
Single cycle dcache access is achieved on port B whenthis
signal is active.

DCUNPAHIT: Output—Connects to LSSEC/FNCU—
ICLK3

This signal indicates to the functional units and the
LSSECthat there was a hit in one of the port A unpredicted
ways. Two cycle dcache access is achieved on port A when
this signal is active.

DCUNPBHIT: Output—Connects to LSSEC/FNCU—
ICLK3

This signal indicates to the functional units and the
LSSECthat there wasa hit in one of the port B unpredicted
ways. Two cycle dcache access is achieved on port B when
this signal is active.

DCBUSY: Output—Connects to LSSEC—ICLK12
This signal is asserted to inform the LSSEC that the

dcacheis busy doingeither a snoop read, snoop invalidation,
non-snoop invalidation, rcload or a cache line read that is
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donepriorto a reload. The LSSEC must not send any dcache
accesses as long as this signal is active.

DCCNCLA: Output—Connects to LSSEC—ICLK7
This signal indicates to the LSSECthat it must cancel the

port A access and reissue it on the next clock. ‘his signal
will be activated when the port B access hits in the unpre-
dicted way in cycle N. During cycle N, port A has hit in the
predicted way and achieved single cycle access. Nowin
cycle N+1, the LSSEC issues another access to port A. Now
if there is a bank conflict between the new access on port A
and the old access on port B, then we wantto cancel the port
A access. This signal will achieve this purpose.

DCCNCLB:Output—Connects to LSSEC—ICLK7
This signal indicates to the LSSECthat it must cancel the

port B access and reissue it on the next clock. This signal
will be activated when the port A access hits in the unpre-
dicted way in cycle N. During cycle N,port B has hit in the
predicted way and achieved single cycle access. Now in
cycle N+1, the LSSECissues another access to port B. Now
if there is a bank conflict between the new access on port B
and the old access on port A, then we wantto cancel the port
B access. This signal will achieve this purpose.

BSTDDOUT:Output—Connects to JTAG_BIST
This signal is the output of the result register path of the

TAECchain for the data array.
BSTDTOUT: Output—Connects to JTAG_BIST
This signal is the output of the result register path of the

TAECchain for the tag and wayprediction arrays.
MAXADDR:Outpui—Connects to JTAG_BIST
This signal indicates that the address counter for the

arrays has reached its maximum count.
Deache Hierarchy and Internal signal definition
The deacheat the first level of hierarchyis partitioned into

two blocks: DCARRAYS and DCCTL. DCCTL will be the

synthesized control block and DCARRAYSwill haveall the
custom logic. DCARRAYis further partitioned into four
blocks: DCTSVARRAYwhichis the tag, protection, valid
bit array, DCDATARRAY which is the data array, DCW-
YPRARRAYwhichis the way prediction array and DCD-
CBUS which will provide a clean interface to the arrays
from the LSSEC and CMASTER.Theinternal signals down
2 levels of hierarchy will be described in the following four
sections. For each block, only output signals will be
described since the outputs of one block will be inputs of
another and repetition can be avoided. Also signals that are
top level I/O for the deache will also not be described here.
See above for their description.

DCCTLSignal List
DCDATWR(7:0): Output—Connects to DCDATARRAY

ICLK9

This busis the write strobe for each bank of the dataarray.
DCDATARRD(7:0): Output—Connects to

DCDATARRAY—ICLK6
This bus is the evaluate strobe for each bank of the data

array. This signal is asserted for any access of the data array
(read or write).

SRBVALP2: Output—Connects to DCDCBUS ICLK3
This signal is asserted two clocks after the SRB_VAL

signal is received if the dcache is the target of the SRB
access. SRBVALP2is then used to latch the array locator.

SRBVALP4: Output—Connects to all array blocks
ICLK3

This signal is asserted four clocks after the SRBVAL
signal is reccived if the dcache is the target of the SRB
access and the requested operation is a write. SRBVALP4 is
then used to latch the write data.

SRBDCACC: Output—ICLK5
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This signal is a decode of the SRB control word(CW(4:0)
=14 h) that is sent out in thefirst packet. It indicates that the
dcache is the target of the dcache access.

SRBWYRD: Output—Connects to DCDCBUS—ICLK4
This signal indicates that the requested operation is a read

of the way predict array.
DCTSWR: Output—Connects to DCTSVARRAY/

DCDCBUS—ICLK3

This is the write strobe for the tag and protection bits in
the tag array. ‘This signal is asserted during a reload or an
SRB access or during an update when an alias has been
detected by the CMASTER.Write to the tag and protection
bits can occur only from port A.

DCPAVALWR: Output—Connects to DCDCBUS/
DCTSVARRAY—ICLK3

This is the write signal corresponding to port A for the
valid bit in the tag array. This signal is asserted for either
reloads, line invalidations, SRB access or updates when an
alias is detected by CMASTER.

DCPBVALWR: Output—Connccts to DCDCBUS/
DCTSVARRAY—ICLK3

This is the write signal corresponding to port B for the
valid bit in the tag array. This signal is asserted for snoop
invalidations.

DCPAVALIN: Output—Connects to DCTSVARRAY—
ICLK3

This is the bit correspondingto port A that is to be written
into the valid bit in the tag array. This bit will be 1 for reloads
and updates whenanalias has been detected. Thisbit will be
0 for line invalidations (through CMASTER and SRB).

DCLTRLDAD: Output—Connects to DCDCBUS/
DCTSVARRAY—ICLK3

This signal when active indicates the presence of the
reload/aliased address(tag and index) on the LSLINADO
bus. The DCDCBUSblock will latch the index and the

DCTSVARRAYwill latch the tag.
DCUSERLDAD: Output—Connects to DCDCBUS

ICLK1

This signal chooses the previously latched reload address
for the next dcache access on port A. The index and the
column to be written (PAWRITECOL)will be generated in
the DCDCBUSblock. No port B access will occur.

DCENRLD:Output—Connects to DCTSVARRAY
ICLK2

This signal goes active when the address and data are
ready to do a reload.

DCENNC: Output—Connects to DCTS VARRAY ICLK5
This signal goes active when the access on port A is a

non-cacheable load.

DCALLBNKS:Output—Connects to DCDATARRAY—
ICLK2

This signal is used to select all the banks of the data array
in orderto do either a writeback or a reload. The port Aindex
will be used forall the banks.

DCPABKEN: Output—Connects to DCDATARRAY—
ICLK2

This signal enables the choosing of the appropriate bank
for the port A access. It is generated when either LSRSLD
(0)=1 or there is an SRB access.

SELPAIDX:Output—Connects to DCDCBUS—ICLK2
This signal selects the LS_IDX busas the index for the

port A deache access. This signal is active when a writcback
(snoop and non-snoop)or invalidation is being processed by
the dcache.

DCSNPLIN:Output—Connccts to DCDATARRAY—
ICLK9

This signal when active will latch the line that is read out
of the data array on a snoop read into a 32 byte buffer. The
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CMASTER will then assert RD_SNP to indicate to the

dcache that it may start driving the DATB bus with 64 bit
packets of the data in this buffer.

SRBWYWR:Output—Connects to DCDCBUS—ICLKS5
‘This signal indicates that the requested operation is a

write of the way predict array.
SRBGLINV:Output—Connects to DCTSVARRAY—

ICLK7

This signal will cause a global invalidation of the tag
array.

SRBTAGRD:Output—Connects to DCDCBUS—ICLKS5
This signal indicates that the requested operation is a read

of the deache tag array.
DRSRBDAT:Output—Connects to DCTSVARRAY/

DCWYPRARRAY/DCDATARRAY—ICLK3

This signal when active will drive the data from the
chosen dceache array on the SRBB bus to the SRB.

DCDCRUSSignal T.ist
DCPATSVRD: Output—Connects to DCTSVARRAY—

ICLK5

This is the port A evaluate signal for the tag array. This
signal is asserted for any port A access ofthe tag array (read
or write).

DCPBTSVRD: Output—Connects to DCTSVARRAY—
ICLK5

This is the port B evaluate signal for the tag array. This
signal is asserted for any port B access ofthe tag array (read
or write).

DCPAINDX(5:0): Output—Connects
DCTSVARRAY/DCDATARRAY—ICLK3

This is the index for the port A access to both the tag and
data arrays. The index corresponds to either bits 10:5 of
LSLINADO or LS_IDX(5:0).

DCPBINDX(5:0): Output—Connects
DCTSVARRAY/DCDATARRAY—ICLK3

This is the index for the port B access to both the tag and
data arrays. The index corresponds to either bits 10:5 of
LSLINAD1or the LS_IDX(5:0) orthe bits of the SRBB bus
corresponding to index.

WYAIND X(8:0):
DCWYPRARRAY—ICLK3

This is the index for the way prediction array, port A
access. Correspondsto bits 13:5 of the LSLINADObus.

WYBINDX(8:0): Output—Connects
DCWYPRARRAY—ICLK3

‘This is the index tor the way prediction array, port B
access. Correspondsto bits 13:5 of the LSLINAD1bus.

WAYRDA: Output—Connects to DCWYPRARRAY—
ICLK5

This is the port A evaluate signal for the way predict array.
This signal is asserted for any port A access of the way
predict array (read or write).

WAYRDB: Output—Connects to DCWYPRARRAY—
ICLK5

This is the port B evaluate signal for the way predictarray.
This signal is asserted for any port B access of the way
predict array( read or write).

WAYWRA: Output—Connects to DCWYPRARRAY—
ICLK9

This is the port A write signal for the way predict array.
This signal is asscrtcd when updating the array when a
misprediction occurs or when a reload occurs.

WAYWREB: Output—Connects to DCWYPRARRAY—
ICLK9

This is the port B evaluate signal for the way predictarray.
This signal is asserted when updating the array when a
misprediction occurs.
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PABNKSEL(7:0): Output—Connects
DCDATARRAY—ICLKS5

This bus selects the bank in the data array for the port Aaccess.

PBBNKSEL(7:0):
DCDATARRAY—ICLKS5

This bus selects the bank in the data array for the port Baccess.

DCPABNKSEL(2:0): Output—Connects ta DCCTL—
ICLK3

This bus is the encoded version of PABNKSELbus.It

selects the bank in the data array for the port A access.
DCPBBNKSEL(2:0): Output—Connects to DCCTL—

ICLK3
This bus is the encoded version of PBBNKSELbus.It

selects the bank in the data array for the port B access.
DCWYXFER: Output—Connects

DCWYPRARRAY—ICLK7

This signal is used for a very specific case. Consider the
case as follows: There are two load accesses to the dcache

on cycle I. The port A accesshits in the predicted way while
the port B access hits in unpredicted way. Now in cycle I+1,
there can be a new access on port A while the data from
unpredicted way will be driven out on port B. Also, the way
prediction array will be updated. Now if there is a way
conflict between the new port A access and the old port B
access, the way predict array need not be read since the port
B update to way predict array is the prediction for port A.
DCWYXFERwill facilitate transfer of this update from one
port to the other port in such a case. The direction of the
transfer can be determined by looking at the HIT signals for
both ports(DCPAPRHIT,DCPBPRHIT,DCUNPAHIT,
DCUNPBHIT).

PAWRITECOL(2:0):Output—Connects to
DCTSVARRAY/DCDATARRAY ICLK4

This bus selects the way to be used for reloads, updates to
fix aliases, SRB accesses and invalidations.

PBWRITLCOL(2:0):Output—Connects
DCTSVARRAY/DCDATARRAYICLK4

This bus selects the way to be used for snoop invalida-
tions.

ARRTYP(2:0): Output—Connects to DCCTL—ICLK4
This bus carries the type information of the array locator

word. ARRTYP specifies the array in the dcache that the
SRB wishes to access.

ARROP(1:0):Output—Connects to DCCTL—ICLK4
This bus carries the OP field of the array locator word.

ARROPspecifics the type of invalidation(linc/global) to be
done if the SRB requested action was a dcache invalidation.

DCTSVARRAYSignal List
PATAGCOM: Output—Connects to DCDATARRAY/

DCWYPRARRAY/DCCTL—ICLK14

This bus indicates the result of the tag compare for all 8
ways for port A. This bus will therefore provide the update
to the way predict array if a misprediction occurs on port A.

PBTAGCOM: Output—Connects to DCDATARRAY/
DCWYPRARRAY/DCCTL—ICLK14

This bus indicates the result of the tag compare for all 8
ways for port B. This bus will therefore provide the update
to the way predict array if a misprediction occurs on port B.

Turning now to FIG. 67, a computer system 1000 includ-
ing microprocessor 200, an interrupt controller 1004, a
plurality of input/output (I/O) devices 1006A-1006N
(referred to collectively as I/O devices 1006), a bus bridge
1008, a main memory 1010, and a cache 1012 is shown.
Microprocessor 200, interrupt controller 1004, bus bridge
1008, main memory 1010, and cache 1012 arc coupled to a
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CPU bus 1014 which effects high speed, high bandwidth
communication between the connected devices. Lower

speed, lower bandwidth communication ts provided for I/O
devices 1006 via input/output bus 1016. I/O devices 1006
are coupled to interrupt controller 1004 via an interrupt bus
1018.

Interrupt bus 1018 includes at least one interrupt conduc-
tor per YO device 1006A—1006N. An interrupt request
signal conveyed on the associated interrupt conductor is
indicative of a request for interrupt of microprocessor 200
by the associated I/O device 1006A-1006N.Interrupt con-
troller 1004 is configured to receive the interrupt request
signals and to convey an interrupt signal to microprocessor
200 upon CPU bus 1014 in response to the interrupt request
signals. In one embodiment, interrupt controller 1004 is an
8259A intcrrupt controller used in IBM compatible personal
computer systems. In another embodiment, interrupt con-
troller 1004 includes multiple interrupt controllers similar to
the 8259A cascaded to allow a larger numberofI/O devices
1006 to be connected. Interrupt controller 1004 is
programmable, and may be enabled to assert the interrupt
signal individually for each interrupt requestsignal. In other
words, interrupt controller may be enabled to assert the
interrupt signal if the interrupt request signal from I/O
device 1006A is asserted but not if the interrupt request
signal from I/O device 1006B is asserted (or vice-versa). In
another embodiment, interrupt controller 1004 may be pro-
grammed with a priority scheme for the interrupt request
signals. The priority scheme is devised such that, if multiple
interrupt request lines are asserted concurrently: the highest
priority interrupt request is servicefirst; followed by the next
highest priority interrupt request; etc.

Interrupt controller 1004 provides an interrupt vector
which identifies the location of the interrupt service routine
associated with the interrupting I/O device 1006A-1006N.
Theinterrupt vectoris transferred across CPU bus 1014after
microprocessor 200 acknowledges receipt of the interrupt
signal. In one embodiment, microprocessor 200 issues an
interrupt acknowledge transaction on CPU bus 1014 when
acknowledgingthe interrupt signal, and then issues a second
interrupt acknowledge transaction to collect the interrupt
vector. Other transactions upon CPU bus 1014 are used to
transfer data among devices coupled to CPU bus 1014. An
exemplary bus implementing such an interrupt acknowledge
transaction may be found within the publication entitled:
“16-bit and 32-bit Microprocessors Architecture, Software
and Intertacing ‘lechniques” by Singh,et al, Prentice Hall,
Englewood Cliffs, N.J., 1991. This publication is incorpo-
rated hercin by reference in its entirety.

Busbridge 1008 is provided to assist in communications
(other than interrupt requests) betweenI/O devices 1006 and
devices coupled to CPU bus 1014. I/O devices 1006 typi-
cally require longer bus clock cycles than microprocessor
200 and other devices coupled to CPU bus 1014. Therefore,
bus bridge 1008 provides a buffer between CPU bus 1014
and input/output bus 1016. Additionally, bus bridge 1008
translates transactions from one bus protocol to another. In
one embodiment, input/output bus 1016 is an Enhanced
Industry Standard Architecture (EISA) bus and bus bridge
1008 translates from the CPU busprotocol to the EISA bus
protocol. In another embodiment, input/output bus 1016 is a
Peripheral Componcnt Interconnect (PCI) bus and bus
bridge 1008 translates from the CPU busprotocol to the PCI
bus protocol. It is noted that many variations of CPU bus
protocols cxist. Microprocessor 200 may cmploy anysuit-
able bus protocol.

/O devices 1006 provide an interface between computer
system 1000 and other devices external to the computer
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system. Exemplary I/O devices include a modem,a serial or
parallel port, a sound card, etc. I/O devices 1006 may also
be referred to as peripheral devices. Certain I/O devices
1006 may also be used to enhance the performance of
computer system 1000 by performingcertain tasks such that
microprocessor 200 may perform other tasks. Exemplary
devices include hardware accelerators. Main memory 1010
stores data and instructions for use by microprocessor 200.
In one embodiment, main memory 1010 includes one or
more dynamic random access memory (DRAM)cells and a
DRAM memory controller. It is understood that main
memory 1010 may be configured as multi-banked or inter-
leaved memory. Cache 1012 is a small, high speed memory
for temporarily storing data and instructions from main
memory 1010. If microprocessor 200 requests an address
from main memory 1010 and cache 1012 is storing data
associated with the requested address, then cache 1012
provides the data. Cache 1012 is an optional component, and
computer system 1000 is fully functional without it.
However, cache 1012 may improve the performance of
computer system 1000. It is noted that cache 1012 may also
be inserted between microprocessor 200 and CPU bus 1014
in other embodiments. Although FIG. 67 shows a computer
system 1000 including one microprocessor 200, computer
system 1000 may include multiple microprocessors similar
to microprocessor 200 coupled to CPU bus 1014.

It is noted that a superscalar microprocessor in accordance
with the foregoing may further employ the latching struc-
tures as disclosed within the co-pending, commonly
assigned patent application entitled “Conditional Latching
Mechanism and Pipelined Microprocessor Employing the
Same”, Ser. No. 08/400,608 filed Mar. 8, 1995, by Pflumet
al. The disclosure of this patent application is incorporated
herein by reference in its entirety.

It is further noted that aspects regarding array circuitry
maybe found in the co-pending, commonlyassigned patent
application entitled “High Performance Ram Array Circuit
Employing Self-Time Clock Generator for Enabling Array
Access”, Ser. No. 08/473,103, filed Jun. 7, 1995 by Tran,
now US. Pat. No. 5,619,464. The disclosure of this patent
application is incorporated herein by referencein its entirety.

It is additionally noted that other aspects regarding super-
scalar microprocessors may be found in the co-pending,
commonly assigned patent application entitled “Superscalar
Microprocessor Including a Righ Performance Instruction
Alignment Unit”, Ser. No. 08/377,843,filed Jan. 25, 1995 by
Witt, et al. The disclosure of this patent application is
incorporated herein by reference in its entirety.

In accordance with the above disclosure, a data address
prediction structure is described which allows an implicit
memory operation of an instruction to be performed before
the instruction reaches a reservation station. Therefore, the
numberof cycles that the instruction is stored in the reser-
vation station is advantageously reduced. Performance may
be increased by implementing such a data prediction struc-
ture.

Numerous variations and modifications will become

apparent to those skilled in the art once the above disclosure
is fully appreciated. It is intended that the following claims
be interpreted to embrace all such variations and modifica-
tions.

Whatis claimedis:

1. A method for predicting a data address which will be
referenced by a plurality of instructions when said plurality
of instructions are fetched, comprising:
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generaling a data prediction address from a base address
and a stride value during a clock cycle in which a data
prediction counter indicates that said base address and
said stride value are valid, wherein said base address,
said stride value, and said data prediction counter are
stored in a prediction array;

fetching data associated with said data prediction address
from a data cache;

storing said data within a plurality of reservation stations;

updating said prediction array with a new base address
during a second clock cycle in which a second data
address is generated by executing said plurality of
instructions;

incrementing said data prediction counter during said
second clock cycle if said data prediction address is
correctly predicted; and

updating said prediction array with a new stride value
during said second clock cycle if said data prediction
counter indicates that said stride value is invalid.

2. The method as recited in claim 1 wherein said new

stride value is a difference between said data prediction
address and said second data address.

3. The method as recited in claim 1 further comprising
decrementing said data prediction counter during said sec-
ond clock cycle if which said data prediction address is
found to be mispredicted and said data prediction counter
indicates that said stride valueis valid.

4. A data address prediction structure comprising:

an array including a plurality of storage locations for
storing a plurality of base addresses and a plurality of
stride values wherein a particular one of said plurality
of storage locations in which a particular one of said
plurality of base addresses and a particular one of said
plurality of stride values are stored is selected by an
instruction address, and wherein said instruction

address identifies an instruction which generates said
particular one of said plurality of base addresses;

an adder circuit coupled to said array for adding a base
address and a stride value conveyed from said array to
produce a data prediction address; and

a reservation station for storing said instruction and data
associated with said data prediction address, wherein
said reservation station further comprises a comparator
circuit, a first register, and a second register wherein
said comparator circuit is coupled to said first register
and to said secondregister.

5. The data address prediction structure as recited in claim
4 wherein said first register is configured to store said data
prediction address.

6. The data address prediction structure as recited in claim
4 wherein said second register is configured to store a linear
address computed by executing said instruction.

7. The data address prediction structure as recited in claim
4 wherein said comparator circuit is configured to produce
a value indicative of the correctness of said data prediction
address.

8. The data address prediction structure as recited in claim
7 wherein said comparator circuit is configured to convey
said value to said array.
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