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1 Desqy1ptuo SYSTEM AND METHOD FOR REDUCI NG PONER, CONSUMPTI ON | N AN
ELECTRONI C CI'RCUI T CROSS- REFERENCES TO RELATE APPLI CATI ONS Thi s paqryg e
appglication i's related'to copending United States patent applicatio eri aq '
No. 08 /726, 871 Attoney Docket No. AA9-96-071, entitled System and og OIO:)
for Reduci ng Power Consunption in an Electronic Crcuit, by Loper ®t a
and to copending United States patent application Serial No. 08/726, 396
Attorney Docket No. AT9-96-197, entitled System and Method for Reducing
Power Consunption in an Electronic Crcuit, by Loper et al, and to
copending United States patent application Serial No. 08/726 395 At t-orney
Docket No. AT9-96-198, entitled System add Method for Reduci ng Power
Consunption in an Electronic Circuit, by Loper et al., each filed

concurrently herew th. TECHNI CAL FI ELIDé’éﬁ,_—Pﬁm ent application relates in

general to electronic circuitry and in partrcular to a method and system
for reducing power consunption in an electronic circuit.

‘ SYSTEM AND METHOD FOR REDUCING POWER: -
| ~ CONSUMPTION IN AN ELECTRONIC CIRCUIT

CROSS-REFERENCES TO RELATED APPLICATIONS
| This patent application is related to copending United States patent

application Serial No.08/726, 871 Attorney Docket No. AA9-96-071,
entitled Sys'tem and Method for Reducing Power Consumption m an

~ Electronic Circuit, by Loper et al., and to copending Umted States patent
application Serial No. 08 /726,396 Attorney Docket No. AT9-96-1 97,
entitled System and Method for Reducing Power Consumption in an

~ Electronic Circuit, by Loper et al., and to éopending United States patent
application Serial No.08/726,395 Attorney Docket No. AT9-96-198,
entitled System and Method for Reducing Power Consumption in an

Electronic Circuit, by Loper et al., each filed concurrently herewith.

TECHN"ICAL FIELD
This patent application relates in general to electronic c1rcu1try and
in particular to a method and system for reducing power consumption in

an electronic circuit.



2 BACKGEROUND In recent years, portable |aptop conmputers have becone

i ncreasi ngly popul ar. Frequently, such |aptop conputers are battery powered
i ngorder to enhance their portability. Preferably, a battery powered | aptop
conput er operates for an extended period of tinme under battery power before
its battery is either recharged or replaced. Accordingly, it is inportant
to reduce power consunption within an electronic circuit of the laptop
conputer, in order to extend the period of tine during which the electronic
circuit operates before recharging or replacing the battery. For this

pur pose, sone previous techni ques disable power or disable clock signals to
the electronic circuit in response to 3 specified tine el apsing wthout
sensing a particular type of activity. “A shortcom ng of such previous

"tinmer" technigues is that the electronic circuit can unnecessarily consune

excess pow@AﬂiﬁME&g for the tinmer to expire, even when the

electronic cire uIint relcsen? %al?sf go?{a%lg ?agt?)p computers have become
increasingly popular. Frequently, such laptop computers are battery
powered in order to enhance their portability. Preferably, a battery
powered laptop computer operates for an extended period of time under
battery power before its battery is either recharged or replaced.

" Accordingly, it is important to reduce power consumption within an
electronic circuit of the laptop computer, in order to extend the period of
time during which the electronic circuit operates before recharging or
replacing the battery. For this purpose, some previous techniques disable
power or disable clock signals to the electronic circuif in response to a
specified time elapsing without sensing a particular type of activity. A
shortcoming of such previous "timer" techniques is that the electronic
circuit can unnecessarily consume excess power while waiting for the
timer to expire, even when the electronic circuit is not performing an
opénmmmm

Thus, a need has arisen for a method and system in which an
electronic circuit consumes less excess power relative to previous

teéiixquues.



operation. Thus, a need has arisen for a nmethod and systemin which an
el ectronic circuit consunes |ess excess power relative to previous

t gchni ques. 3 SUWARY OF THE INVENTION It is an object of the present
i nvention to aneliorate one or nore disadvantages of the prior art.
According to one aspect of the present invention there is provi
conprising: operating dispatch unit of a data processor
rate; selecting between a first and a second power node fid
unit responsive to a power control signal, wherein; whil
di spatch unit in a first power nDde,.dlspatchlng up to N nunber of -
instructions per cycle of the dispatch3junit at said first clock rate to
execution unit for execution, wherein Nis an integer nunber and N > 1; and

whi | e operslbgﬂﬂzggghdispatch unit in a second power node, dispatching up
to M.nunbe ctions per cycle of the dispatch unit at said first

clock rate to sgyflie dispatch circuitry operates in a first power mode, per cycle of

the-dispatch circuitry, up to N number of instructions are dispatched to sowee

execution circuitry for execution, where N is an integer number and N > 1.
While the d:spatch circuitry operates in a secc_:nd power mode, per cycle
of the dispatch circuitry, up to M number of mstrucuons are dispatched to
the execution circuitry for execution, where M is an integer number and
O<M<N.

It is a technical a?ivantage that an electronic circuit consumes less

excess power relative to previous techniques.

This bheet Has Been Reﬂ
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execution unit for execution, wherein Mis an integer nunber and O.
Accordlng t o anot her aspect of the present invention there is provided
cigcuitry of a data processor, conprising: neans for operating dispatch
unit in said processor at a first clock rate; means responsive to a power
control signal for said dispatch unit to dispatch up to N nunber of :
I nstructions to execution unit for execution, per cycle of said dispatch
unit at said first clock rate, while dispatch unit operates in a first
power node, wherein N is an integer nunber and N> 1; and means responsive
to a power control signal for said dispatch unit to dispatch up to M nunber
of instructions to said execution unitgqfor execution, per cycle of said
di spatch unit at said first clock rate, while said dlspatch uni t- operates
in a second | 18lc NUMber and O neans
respon5|v-'1' A spatch up to M nunber of

di spat ch 32?&2&3&1" e eiabe . cﬁé@ia%e% s, B ufenBhid. .
::)ES?:R?IGD‘(I:'?&YEF%AH mode re| n elsscrlap | ntarﬂfacc&%%%nyﬁgd?awm f'iERl EF
which: |
FIGURE 1 is a block diagram of a processor system for processing
information according to the illustrative embodiment;
FIGURE 2 is a block diagram of a sequencer unit of the processor

of FIGURE 1;
. FIGURE 3 is a block diagram of an instruction buffer queue of the
sequencer unit of FIGURE 2;
| FIGURE 4 is a conceptual illustration of a reorder buffer of the
sequencer unif of FIGURE 2; |
FIGURESisa éonceptual illustration of rename buffers of the
processor of FIGURE 1;
FIGURE 6 is a block diagram of an instruction cache of the
~ processor of FIGURE 1; and

FIGURE 7 is a schematic electrical circuit diagram of sense
amplification circuitry of the instruction cache of FIGURE 6.



An illadstrative enmbodi ment and its advantages are better understood by
~referring to the followi ng descriptions and acconpanyi ng draw ngs, in
which: FIGURE 1 is a block diagram of a processor system for processing

i nformation according to the illustrative enbodinent; FIGURE 2 is a bl ock
di agram of a sequencer unit of the processor of FIGURE 1; FIGURE 3 is a

bl ock di agram of an instruction buffer queue of the sequencer unit of
FIGURE 2; FIGURE 4 is a conceptual illustration of a reorder buffer of the
sequencer unit of FIGURE 2; FIGURE 5 is a conceptual illustration of renane
buffers_of the processor of FIGURE 1, FIGURE 6 is a bl ock diagram of an

I nstruction cache of the processor of GURE 1; and FIGURE 7 is a schematic
el ectrical circuit diagramof sense anplification circuitry of the

i nstructi OMM

An illustrative embodiment and its advantages are better understood
by referring to FIGURES 1-7 of the drawings.

FiGURE 1 is a block diagram of a prbcessor 10 system for
processing information according to the illustrative embodiment. In the
illustrative embodiment, processor 10 is a single integrated circuit
sui)erscalar microprocessor. Accordingly, as discussed further
hereinbelow, processor 10 includes various units, registers, buffers,

memories, and other sections, all of which are formed by integrated
circuitry. Also, in the illustrative embodiment, processor 10 operates
according to reduced instruction set computing ("RISC") techniques. As
shown in FIGURE 1, a s&stem bus 11 is connected to a bus interface unit
("BIU") 12 of processor 10. BIU 12 controls thé transfer of information
between processor 10 and system bus 11.

BIU 12 is connected to an instruction cache 14 and to a data cache
16 of processor 10. Instructioﬂ cache 14 outputs instructions to a
sequencer unit 18. In response to such instructions from instruction cache
14, sequencer unit 18 selectively outputs instructions to other execution
circuitry of processor 10.

In addition to sequencer unit 18, in the illustrative embodiment the
execution circuitry of processor 10 includes multiple execution units,

namely a branch unit 20, a fixed point unit ("FXU”) 22, a cbmplex fixed



5 DETAI LED DESCRI PTION An illustrative enbodi ment and its advantages are
better” understood by referring to FIGURES 4-7 of the drawings. FIGURE 1 is
a bl ock diagram of a processor 10 system for processing information
according to the illustrative enbodinent. In the illustrative enbodi nent,
processor 10 is a single integrated circuit superscal ar m croprocessor.
Accordingly, as discussed further hereinbel ow, processor 10 includes
various units, registers, buffers, nmenories, and other sections, all of
which are formed by integrated circuitry. Also, in the illustrative
enbodi nent, processor 10 operates according to reduced instruction set
conputing ("RISC') techniques. As shomﬂpin FIGURE 1, a systembus 11 is
connected to a bus interface unit ("BIU) 12 of processor 10. BIU 12
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- operand information from general purpose architectural registers<¢"GPRs")
| 32 and fixed point rename buffers 34. Moreover, FXU 22 inputs a "carry

bit" from a carry bit ("CA") register 42. FXU 22, CFXU 26 and LSU 28
output results (destination operand information) of their operations for
storage at selected entries in fixed point rename buffers 34. Also, CFXU

26 inputs and outputs' source operand information and destination operand
information to and from special purpose registers ("SPRs") 40.

FPU 30 inputs its source operand information from floating point
architectural registers ("FPRs") 36 and floating point rename buffers 38.
FPU 30 outputs results (aesﬁnaﬁon operand information) of its operation
for storage at selected entries in floating point rename buffers 38.

In response to a Load instruction, LSU 28 inputs information from
data cache 16 and copies such information to selected ones of rename
buffers 34 and 38. If such infomiaﬁon is not stored in data cache 16, then
data cache 16 inputs-(through BIU 12 and system bus 11) such
information from a system memory 39 connected to system bus 11.
Moreover, data cache 16 is able to output (through BIU 12 and system bus
11) information from data cache 16 to system memory 39 connected to

system bus 11. In response to a Store instruction, LSU 28 inputs



14, sequencer unit 18 selectively outputs instructions to other execution
circuitry of processor 10.. In addition to sequencer unit 18, in the

i L ustrative enmbodi ment the execution circuitry of processor 10 includes
mul ti pl e execution units, nanmely a branch unit 20, a fixed point unit
("FXU ) 22, a conplex fixed 6 point unit ("CFXU') 26, a |oad/store unit
("LSU') 28 and a floating point unit ("FPU') 30. FXU 22, CFXU 26 and LSU 28
i nput their source operand information from general purpose architectural
register ("GPRs") 32 and fixed point renane buffers 34. Mreover, FXU 22
Inputs a "carry bit" froma carry bit ("CA") register 42. FXU 22, CFXU 26
and LSU 28 output results (destinationepperand information) of their
operations for storage at selected entries in fixed point renane buffers

dost | nat | ornERAHGN B HaRIetPd Bng a8 GFBa Lo B KPR SRRl pafiitheh
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Sequencer unit 18 inputs and outputs:information to and from GPRs
32 and FPRs 36. From sequencer unit 18, branch unit 20 inputs
instructions and signals indicating a present state of processor 10. In
response to such instructions and signals, branch unit 20 outputs (to
sequencer unit 18) signals indicating suitable memory addresses storing a
sequence of instructions for execution by processor 10. In response to
such signals from branch unit 20, sequencer unit 18 inputs the indicated
sequence of instructions from instruction cache 14. If one or more of tpe
sequence of instructions is not stored in instruction cache 14, then
instruction cache 14 inpufs (through BIU 12 and system bus 11) such
instructions from system memory 39 connected to system bus 11.

In response to the instructions input from instruction cache 14,
sequencer unit 18 selectively dispatches the instructions to selected ones
of execution units 20, 22, 26, 28 and 30. Each execution unit executes
one or more instructions of a particular class of instructions. For example,
FXU 22 executes a first class of fixed point mathematical operations on
source operands, such as additioﬁ, subtraction, ANDing, ORing and
XORing. CFXU 26 executes a second class of fixed point operations on

source operands, such as fixed point multiplication and division. FPU 30



archijtectural registers ("FPRs") 36 and floating point renane buffers 38.
FPU 30" outputs results (destination operand information) of its operation
for storage at selected entries in floating point rename buffers 38. In
response to a Load instruction, LSU 28 inputs information fromdata cache
16 and copies such information to selected ones of renane buffers 34 and
38. If such information is not stored in data cache 16, then data cache 16
i nputs (through BIU 12 and system bus 11) such information froma system
menory 39 connected to system bus 11. Mreover, data cache 16 is able to
.output (through BIU 12 and system bus 11) information fromdata cache 16 to
system nenory 39 connected to systembug 11. In response to a Store

i nstruction, LSU 28 inputs 7 information froma selected one of GPRs 32
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-As information is stored at a selected one of rename buffers 34,
such -infbrmation is associated with a storage location (e.g. one of GPRs
32 or CA register 42) as specified by the instruction for which the selected
rename buffer is allocated. Information stored at a selected one of rename
buiffers 34 is copied to its associated one of GPRs 32 (or CA register 42)
in response to signals from sequencer unit 18. Sequencer unit 18 directs

such copying of information stored at a selected one of rename buffers 34
in response to "completing" the instruction that gelilerated the information.
Such copying is called *writeback". |

As information is gtored at a selected one of rename buffers 38,
such information is assdciated with one of FPRs 36. Information stored at
a selected one of rename buffers 38 is copied to its associated one of FPRs
36 in response to signals from sequencer unit 18. Sequencer unit 18
directs such copying of information stored at a selected one of rename
buffers 38 in response to "completing" the instruction that generated the
information.

Processor 10 acliieves high performance by processing multiple
instructions simultaneously at various ones of execution units 20, 22, 26,
28 and 30. Accordingly, each instruction is processed as a sequence of

stages, each being executable in parallel with stages of other instructions.



I nstr,uctions and signals indicating a present state of processor 10. In
response to such instructions and signals, branch unit 20 outputs (to
sequencer unit 18) signals indicating suitable nmenory addresses storing a
sequence of instructions for execution by processor 10. In response to such
signals frombranch unit 20, sequencer unit 18 inputs the indicated
sequence of instructions frominstruction cache 14. If one or nore of the
sequence of instructions is not stored in instruction cache 14, then

i nstruction cache 14 inputs (through BIU 12 and system bus 11) such

I nstructions fromsystem nenory ‘39 connected to systembus 11. In response
to the instructions input frominstructgon cache 14, sequencer unit 18

sel ectively dispatches the instructions to Selected ones of execution units
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In the fetch stage, sequencer unit 18 selectively inputs (from

instructions cache 14) one or more instructions from one or more memory
addresses storing the sequence of instructions discussed further
heteinabove in connection with branch unit 20 and sequencer unit 18.

In the decode stage, sequencer unit 18 decodes up to two fetched
instructions. o

Inthe dispatéh stage, sequencer unit 18 selectively dispatches up to

two decoded instructions to seleéted (in response to the decoding in the
decode stage) ones of ex;cuﬁon units 20, 22, 26, 28 and 30 after reserving
rename buffer entries for the dispatched instructions' results (destination
operand information). In the dispatch stage, operand information is
supplied to the selected ex_ecutioh units for dispatched instructions.
Processor 10 dispatches instructions in order of their programmed
sequence. |

In the execute stage, execution units execute their dispatched
instructions and output results (destination operand information) of their
operations for storage at selected entries in rename buffers 34 and rename

buffers 38 as discussed further hereinabove. In this manner, processor 10



8 exeeutes floating point operations on source operands, such as floating
point multiplication and division. As informationis stored at a sel ected
ong of renane buffers 34, such information is associated with a storage

| ocation (e.g. one of GPRs 32 or CA register 42) as specified by the
instruction for which the selected renane buffer is allocated. Information
stored at a selected one of renane buffers 34 is copied to its associ ated
one of GPRs 32 (or CA register 42) in response to signals from sequencer
unit 18. Sequencer unit 18 directs such copying of information stored at a
sel ected one of renane buffers 34 in response to "conpleting"” the -

I nstruction that generated the informagQon. Such copying is called
"witeback". As information is stored at a selected one of rename buffers
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FPRs 36 in fgese to signals fromsequencer.unit 18. Sequencer unit 18
directs suc opyr'ng of information stored at a sel ected one of renane

buffers 38 in regpdRsCompleticiBlage, 38quéhicer iiit 18GhiRatéd ah iASRGEAAYs! Ne
"complete". Processor 10 "completes" instructions in order of their
programmed sequence. .
In the writeback stage, sequencer 18 directs the copyingof
information from rename buffers 34 and 38 to GPRs 32 and FPRs 36,
respectively. Sequencer unit 18 directs such copying of information stored

at a selected rename buffer. Likewise, in the writeback stage of a
particular instruction, processor 10 updates its architectural states in
response to thie particular insirucﬁdn. Processor 10 proces;es the
respective “writeback" stages of instructions in order of their programmed
sequence. Processor 10 advantageously merges an instruction's
completion stage and writeback stage in specified situations.

In the illustrative embodiment, each instruction requires one
machine cycle to complete each of the stages of instruction processing.
Nevertheless, some instructions (e.g., complex fixed point instructions
executed by CFXU 26) may require more than one cycle. Accordingly, a
variable delay may occur between a particular instruction's execution and
completion stages in response to the variation in time required for

completion of preceding instructions.



I nfor,mati on. Processor 10 achi eves high performance by processing nultiple
instructions sinultaneously at various ones of execution units 20, 22, 26,
28 and 30. Accordingly, each instruction is processed as a sequence of
stages, each being executable in parallel with stages of other

I nstructions. 9 Such a technique is called "pipelining". In the
illustrative enbodi nent, an instruction is normally processed as six
stages, nanely fetch, decode, dispatch, execute, conpletion, and witeback
In the fetch stage, sequencer unit 18 selectively inputs (frominstructions
cache 14) one or nore instructions fromone or .nore senory addresses
storing the sequence of instructions dygcussed further hereinabove in
connection with branch unit 20 and sequencer unit 18. In the decode stage,

St sequencerbranessan 10dmplEmss, A AReratESadTHitE To, fi%e pdwer P2 "
modes. Four of these five power modes are “power saving” modes of
-operation. The five power modes are séleclively enabled and disabled in R
respons:e to states of control bits in a machine state register (“MSR™) and
hardware implementation register. These registers are located in SPRs 40.
Accordingly, the control bits are set and/or cleared in response to CFXU
26 executing move instructions directed to SPRs 40. The five power

=

modes are Full-power, Doze, Nap, Sleep, and, in a significant aspect of
the illustrative embodiment, Special.

i. Full-power mode. The Full-power mode is the default power
mode of processor 10. In the Full-power:mode, processor 10 is fully
powered, and units operate at the processor clock speed of processor 10.
Processor 10 further implements a dynamic power management mode
which can be selectively enabled and disabled. If the dynamic power
management mode is enabled, then idle units within processor 10
automatically enter 5 low-power state without affecting performance,
software execution, or external hardware circuitry.

The aforementioned dynamic power management mode, and the
Full-power, Doze, Nap, and Sleep power modes, are more completely
described in the publication entitled PowerPC 603¢ RISC Microprocessor
User’s Manual, published by IBM Microelectronics Division, Hopewell
Junction, New York, Telephone 1-800-PowerPC, which is hereby fully



two decoded instructions to selected (in response to the decoding in the

. decode” st age) ones of execution units 20, 22, 26, 28 and 30 after reserving
renane buffer entries for the dispatched instructions' results (destination
operand information). In the dispatch stage, operand information is
supplied to the selected execution units for dispatched instructions.
Processor 10 dispatches instructions in order of their programred sequence.
In the execute stage, execution units execute their dispatched instructions
and output results (destination operand information) of their operations
for storage at selected entries in rename buffers 34 and renane buffers 38
as di scussed further hereinabove. In tRhs manner, processor 10 10 is
able to execute instruetions out-of-order relative to their programed
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of their  anagement mode is described in United States Patent 5,420,808, which
is hereby fully incorporated by reference herein. In the illustrative
embodiﬁlent, processor 10 is an enhanced version of the PowerPC 603e
RISC microprocessor available from IBM Microelectronics Division,
Hopewell Junction, New York. Processor 10 is enhanced relative to the

PowerPC 603e RISC microprocessor, as processor 10 implements the

Special power mode. Accordingly, the Special power mode is a
 significant aspect of the illustrative embodiment.

2. Doze mode. In the Doze mode, all units of processor 10 are
disabled except bus snooping logic of BIU 12, time base/decrementer
registers (not shown in FIGURE 1) of processor 10, and a phase-locked
loop (“PLL”) (not shown in FIGURE 1) of processor 10. In the Doze
mode, the PLL of processor 10 dontinues in a fully powered state and
remains synchronized to an external system clock of system bus 11, so
that any return to the Full-power mode occurs within only a few clock
cycles of processor 10. |

From the Doze mode, processor 10 returns to the Full-power mode

_in'response to an external asynchronous interrupt via assertion of an
interrupt line INT, so that INT provides a signal having a logic 1 state to
processor 10. Likewise, from the Doze'n_lode, processor 10 returns to the

Full-power mode in response to a system management interrupt via



progr.ammed sequence. In the witeback stage, sequencer 18 directs the
copying of information fromrenane buffers 34 and 38 to GPRs 32 and FPRs
36, respectively. Sequencer unit 18 directs such copying of infornmation
stored at a selected renane buffer. Likew se, in the witeback stage of a
particular instruction, processor 10 updates its architectural states in
response to the particular instruction. Processor 10 processes the
respective "witeback"” stages of instructions in order of their progranmed
sequence. Processor 10 advantageously nerges an instruction's conpletion
stage and witeback stage in specified situations. In the illustrative
enbodi nent, each instruction requires e machine cycle to conplete each of
the stages of instruction processing. ﬁgvertheless, some instructions
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the Doze mode, processor 10 returns to the Full-power mode in response -
to a decrementer exception, a hard or soft reset, or a machine check input.

A hard reset occurs in response to a voltage supply node Vdd
switching from a low voltage (e.g. 0 volts) to a predetermined voltage (e.g.
2.5 volts) relative to a voltage reference node GND. Notably, for clarity,
FIGURES 1-6 show less than all connections from INT, SMI, Vdd, and
GND to various circuitry throughout processor 10. From any power
saving mode, processor 10 returns to the Full-power mogie in response to a
soft reset, in which control bits are set and/or cleared in response to
CFXU 26 executing suitable move instructions directed to SPRs 40, where
such move instructions are part of a software reset sequence of
instructions. |

3. Nap mode. Relative to the Doze mode, the Nap mode further
reduces power consumption of processor 10 by disabling bus snooping
logic of BIU 12, so that only the PLL and time base/decrementer registers
of processor 10 remain in the full-power state. From the Nap mode,
processor 10 returns to the Full-power mode in response to an external
asynchronous interrupt via assertion of interrupt line INT, a system
management interrupt, a decrementer exception, a hard or soft reset, or a

machine check input. As with the Doze mode, any return from the Nap



Processor 10 inplenents, and operates according to, five power nodes. Four
of these five power nodes are "power saving" nodes of operation. The five
pewer nodes are sel ectively enabled and di sabled in response to states of
control bits in a machine state register ("MSR') and hardware

I npl ementation regi ster. These registers are |located in SPRs 40.
Accordingly, the control bits are set and/or cleared in response to CFXU 26
executing nove instuctions directed to SPRs 40. The five power nodes are
Ful | - power, Doze, Nap, Sleep, and, in a significant aspect of the

il lustrative enbodi ment, Special. 1. Full-power node. The Full-power node
is the defitult power node of processqy 10. In the Full-powertnode,
processor 10 is fully powered, and units operate at the processor clock
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dynamc p (Fgg gpnent node is enabled then idle units wthin processor
10 aut onat y-efiter a | ow power state w thout affecting performance,
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to near minimum by disabling all units of processor 10, after which logic
external to processor 10 can disable the PLL and the external system
clock. From the Sleep inode, processor 10 returns to the Full-power mode

in response fo a reenabling of both the PLL and the external system clock,

'D

-

followed by a suitable minimum time elapsing for PLL to become
synchronized to the external system clock, and then followed by assertion
.of interrupt line INT, a system management interrupt, a decrementer
'exception, a hard or soft reset, or a machine check input.

5. Special mode. Ina significant aspect of the illustrative
embodiment, processor 10 enters the Special mode in response to either
(1) a hardware event or (2) a software event. In the illustrative
embodiment, the hardware event occurs when transducers 41 output a
signal having a logic 1 state on a line HPS (Hardware event, Power
saving, Special mode). Similarly, the software event occurs when SPRs
40 output a signal having a logic 1 state on a line SPS (Software event,
Power saving, Special mode). SPRs 40 output such a signal on SPS in
response to CFXU 26 executing a suitable “Move to Special Purpose
Register” (“MTSPR”) instruction directed to a predetermined bit of a
“HIDO" register of SPRs 40.



Ful | ~-power, Doze, Nap, and Sl eep power nodes, are nore conpletely described
in the publication entitled Power PC 603e RI SC M croprocessor User's Manual,
publ i shed by I BM M croel ectronics Division, Hopewell Junction, New York,

Tel ephone 1-800- Power PC, which is hereby fully 12 incorporated by

ref erence herein. Mreover, the dynam c power nmanagenent node is described
in United States Patent 5,420,808, which is hereby fully incorporated by
reference herein. In the illustrative enbodi nent, processor 10 is an
enhanced version of the Power PC 603e RI SC mi croprocessor available from | BM
M croel ectronics D vision, Hopewell Junction, New York. Processor 10 is
enhanced relative to the Power PC 603e f% SC m croprocessor, as processor 10
i npl ements the Special power node. Accordingly, the Special power node is a
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of BIU 12, t hBeraties of i grrTa?tréheélrcmtry which forms processor 10. The
hardware event occurs (i.e. transducers 41 output a signal having a logic 1
state on:HPS) in response to the thermal sensors (of trandsducers 41)
sensing a relative temperature that exceeds a threshold temperature. In the
illustrative embodiment, the threshold temperature is preselected to be a
ma:nmum safe temperature of processor 10 operating in the Full-power
mode. Accordingly, if the temperéture of processor 10 were to exceed the
maximurn safe temperature of processor 10 operating in the Full-power
mode, then damage to processor 10 would likely result from continued
operation of processor 10 in the Full-powsr mode. Advantageously, such
damage is substantially a'-voi_ded by processor 10 entering the Special
“power saving” mode of operation in response to the hardware event.

If processor 10 enters the Special mode in response to the hardware
event, processor 10 reduces the maximum number of instructions fetched
during a single cycle of processor 10, so that fewer instructions are
dispatched per cycle of processor 10 as discussed further hereinbelow in
connection with FIGURES 2 and 3. In this manner, execution units are
more likely to be idle, and consequently the low-power state of the |
dynamic power management mode (described in United States Patent
5,420,808) advantageously is more readily invoked. Moreover, if

processor 10 enters the Special mode in response to the hardware event,



regi sters (not shown in FIGURE 1) of processor 10, and a phase-| ocked | oop
("PLL") (not shown in FIGURE 1) of processor 10. In the Doze node, the PLL
of« processor 10 continues in a fully powered state and remains synchroni zed
to an external systemclock of systembus 11, so that any return to the

Ful | -power node occurs within only a few clock cycles of processor 10. From
the Doze node, processor 10 returns to the Full-power node in response to
an external asynchronous interrupt via assertion of an interrupt |ine |NT,
so that INT provides a signal having a logic 1 state to processor 10.

Li kew se, fromthe Doze node, processor 10 returns to the' Full-power node

I n response to a system nanagenent intéﬁrupt Vi a 13 assertion of a
system managenent interrupt line SM, so that SM provides a signal having
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By comparison; if processor 10 enters the Special mode in response
to the software event, processor 10 (a) reduces the ma:ﬁmum.number of
instructions fetched during a single cycle of processor 10 as discussed
further hereinbelow in connection with FIGURES 2 and 3, (b) changes the
operation of LSU 28 as discussed further hereinbelow in connection with
FIGURE 5. and (c) reduces power consumption within instruction cache
14 and data cache 16 by reducing their number of “ways” as discussed
further hereinbelow in connection with FIGURE 6. | |

From the Special jnode, processor 10 returns to the Full-power |
mode in response to neither SPS nor HPS having a logic 1 state.
Moreover, if processor 10 entered the Special mode in response only to
the software event (i.e. SPS has a logic 1 state while HPS has a logic 0
state), then processor 10 further returns to the Full-power mode (from the
Special mode) in response to (1) an external asynchronous interrupt via
assertion of INT, or (2) a hard or soft reset, or (3) a machine check input.
In an alternative embodiment, if processor 10 entered the Special mode in
response only to the software event, processor 10 further returns to the
Full-power mode (from the Special mode) in response to a system
management interrupt via assertion 6f SMI. In such an alternative

embodiment, processor 10 would return to the Full-power mode in



A hard reset occurs in response to a voltage supply node Vdd swi tching from
a low voltage (e.g. 0 volts) to a predeterm ned voltage (e.g. 2.5 volts)
reblative to a voltage reference node GND. Notably, for clarity, FIGURES 1-6
show | ess than all connections fromINI, SM, Vdd, and G\D to vari ous
circuitry throughout processor 10. From any power saving node, processor 10
returns to the Full-power node in response to a soft reset, in which
control bits are set and/or cleared in response to CFXU 26 executing

sui tabl e nove instructions directed to SPRs 40, where such nove

i nstructions are part of a software reset sequence of instructions. 3. Nap
nmode. Relative to the Doze node, the NHp node further reduces power
consunption of processor 10 by disabling bus snooping logic of BIU 12, so

that only ¢ | gssor 10

remain in t o?islblt;ﬁpower stmfomt e Ngrf&ﬂifﬁﬂ%rﬁgggns% 10 returns to
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assertion nt errupt stem nanagenent interrupt, a
decr enent egNgxception, a hard or soft reset, or a machine-check input. As
with the Doze node, any return fromthe Nap

In yet another alternative embodiment, processor 10 also returns to
the Full-power mode in response to a decrementer exception. - SPRs 40
include circuitry for decrementing a count in response to a processor clock
signal (not shown in FIGURE 1 for clarity). A decrementer exception is
generated in response to such a count being decremented to a value of
zero. ' :

FIGURE 1 shows the single SPS line connected to each of
mstruction cache 14, data cache 16, sequencer unit 18 and LSU 28.
Likewise, FIGURE 1 shows the single HPS line connected to each of
mstruction cache 14, data cache 16, sequencer unit 18 and LSU 28.
Similarly, FIGURE 1 shows the single INT line connected to each of
instruction cache 14, data cache 16, sequencer unit 18 and LSU 28.

FIGURE 2 is a block diagram of sequencer unit 18. As discussed
hereinabove, in the fetch stage, if processor 10 (and hence also fetch logic
71) is operating in the Full-power mode, then fetch logic 71 selectively
requests up to a maximum number of two instructions (per cycle of
processor 10 and hence also of fetch logic 71) from instruction cache 14
and stores such instructions in an instruction buffer 70. Accordingly,

during a particular cycle of processor 10, sequencer 18 requests a variable



14 node to the Full-power nobde occurs within only a few clock cycles of
processor 10. 4. Sleep node. In the Sl eep node, power consunption is
reduced to near mninum by disabling all units of processor 10, after which
| ogi c external to processor 10 can disable the PIL and the external system
clock. Fromthe Sl eep node, processor 10 returns to the Full-power node in
response to a reenabling of both the PLL and the external system cl ock,
followed by a suitable mnimumtinme elapsing for PLL to beconme synchroni zed
to the external systemclock, and then followed by assertion of interrupt

| ine INT, a system managenent interr.upt, a decrenenter exception, a hard or
soft reset, or a nmachine check input. 38 Special nbde. In a significant
aspect of the illustrative enbodi ment, processor 10 enters the Special nopde
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| insiructipns able to-be stored in instruction buffer 70 (i.e. depends upon
 the number of available buffers in instruction buffer 70).

In the decode stage, if processor 10 (and hence also decode logic
72) is operating in the Full-power mode, then decode logic 72 selectively
inputs and decodes up to a maximum number of two fetched instructions
(per cycle of processor 10 and hence also of decode ldgié 72) from
instruction buffer 70. Accordingly, during a parﬁcular cycle of processor
10, decode loglc 72 mputs and decodes a variable number (ranging from 0
to 2) of instructions from mstructlon buffer 70, where the variable number
depends upon the number 'of instructions to be dispatched by dispatch
logic 74 during the particular cycle.

In the dispatch stage, if processor 10 (and hence also dispatch logic
74) is operating in the Full-power mode, then dispatch logic 74 selectively
dispatches up to a maximum number of two decoded instructions (per
cycle of processor 10 and hence also of dispatch logic 74) to selected (in
response to the decoding in the decode stage) ones of execution units 20,
22,26, 28 and 30. Accordingly, during a particular cycle of processor 10,
dispatch logic 74 dispatches a variable number (ranging from 0 to 2) of
decoded instructions to the execution units, where the variable number

depends upon the number of additional instructions able to be stored in the



savi ng,, Special node). Simlarly, the software event occurs when SPRs 40
output a signal having a logic 1 state on a line SPS (Software event, Power
savi ng, Special node). SPRs 40 output such a signal on SPS in response to
CFXU 26 executing a suitable "Mwve to Special Purpose Register” ("MISPR")
instruction directed to a predetermned bit of a "H DO' register of SPRs
40. 15 Transducers 41 include thernmal sensors for sensing a relative
tenperature of integrated circuitry which forns processor 10. The hardware
event occurs (i.e. transducers 41 output a signal having a logic 1 state on
HPS) in response to the thermal sensors (of trandsducers 41) sensing a-

rel ative tenperature that exceeds athf@shold tenperature. In the
illustrative enbodi ment, the threshold tenperature is preselected to be a
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| SR By comparison, in the illustrative embodiment, if processor 101s. .-

| operaﬁxig in the Special power mode, then fetch logic 71 (in response to
logic states of SPS, MPS and INT) requests a maximum of one instruc_ﬁon
per cycle of processor 10 (instead of fwo instructions) from instruction
cache 14 and stores the one instruction in instruction buffer 70. In this
manner, (a) decode logic 72 inputs and decodes (on average)
approximately one fetched instructions from instruction buffer 70 per cycle
of processor 10, (b) dispatch logic 74 dispatdhes (on average)
approximately oiile instruction (per cycle of processor 10) to a selected one
of execution units 20, 22, 26, 28 and 30, and (¢) completion logic 80
indicates (on average) “completion” (as discussed further hereinbelow) of
approximately one instruction per cycle of processor 10. Accordingly, the
execution units are more likely to be idle (relative to the Full-power
mode), and consequently the low-power state of the dynamic power
management mode (described in United States Patent 5,420,808)
advantageously is more readily invoked.

In an alternative embodlment, if processor 10 is operatmg in the
Special power mode, then dispatch logic 74 (in response to logic states of
SPS, MPS and INT) dispatches a maximum of one instruction per cycle of

processor 10 (instead of two instructions) to a selected one of execution



node, - t hen danmage to processor 10 would likely result from continued
operation of processor 10 in the Full-power node. Advantageously, such
datvage is substantially avoi ded by processor 10 entering the Special "power
savi ng" node of operation in response to the hardware event. |If processor
10 enters the Special node in response to the hardware event, processor 10
reduces the nmaxi mum nunber of instructions fetched during a single cycle of
processor 10, so that fewer instructions are dispatched per cycle of
processor 10 as di scussed further hereinbelowin connection with FI GURES 2
and 3. In-this manner, execution units are nore likely-to be idle, and
consequently the | ow power state of thggdynam c power managenent node
(described in Unlted States Patent 5,420,808) advantageously is nore
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technique of reducing the maximunr mumber of instructions fetched during
a single.cycle of processor 10. Hence, FIGURE 2 shows SPS, HPS and
INT connected to both fetch logic 71 and dispatch logic 74.

FIGURE 3 is a block diagram of instruction buffer 70. Instruction
buffer 70 stores an I0 instruction and an I1 instruction in a buffer I0 and a
buffer I1, respectively, of dispatch buffers 56. In the illustrative

embodiment, in response to a cycle of processor 10, either the I0
instruction is dispatched by itself to decode logic 72 (FIGURE 2), both the
10 and I1 instructions are dispatched together to decode logic 72, or the I1
instruction is dispatched By itself to decode logic 72. The contents of
buffers I0 and I1 are output to decode logic 72 through lines 55a-b,
respectively.

In the illustrative embodiment, instruction buffer 70 is able to input
up to two 32-bit instructions in parallel from instruction cache 14 through
64-bit bus 50 during a single cycle of processor 10. In response to both
the IO and I1 instructions being dispatched together to decode logic 72,
instruction buffer 70 transfers any previously stored instructions from
instruction buffers 54a-b to buffers I0 and I1, respectively. Also, in such a
situation, instruction buffer 70 transfers any previously stored instructions

from instruction buffers 52a-b to instruction buffers 54a-b, respectively.



By comparison, if processor 10 enters the Special node in response to the
software event, processor 10 (a) reduces the maxi num ninber of instructions
fetthed during a single cycle of processor 10 as di scussed further

her ei nbel ow i n connectionwith FIGURES 2 and 3, (b) changes the operation of
LSU 28 as di scussed further hereinbelowin connection with FIGJRE 5. and
(c) reduces power consunption within instruction cache 14 and data cache 16
by reducing their nunber of "ways" as discussed further hereinbelowin
connection with FIGURE 6. Fromthe Special node, processor |0 returns to the
Ful | - power node in response to neither SPS nor HPS having a logic 1 state.
Moreover, if processor 10 entered the Spgecial node in response only to the
software event (i.e. SPS has a logic 1 state while BPS has a logic O
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instruction) pair of buffers, i.e. either iri (a) buffers I0 and I1, (b) 54b and
54a, or (c) 52b and 52a, beginning with buffer I0.
" Inresponse to the I0 instruction being dispatched by itself to decode
logic 72, instruction buffer 70 transfers any previously stored instruction
from buffer I1 to buffer I0. Also, in such a situation, instruction buffer 70
transfers any previously stored instructions from instruction buffer 54a to
buffer 11, from iﬁsiructiq_n buffer 54b to instruction buffer 54a, from
mstruction buffer 52a to 1:1'1struction buffer 54b, and from instruction buffer
52b to instruction buffer 52a. Moreover, in such a situation, instruction

buffer 70 inputs a single 32-bit instruction from instruction cache 14
through 64-bit bus 50 and stores this instruction in the first available
buffer, i.e. either in buffer I0, I1, 54b, 54a, 52b or 52a, beginning with
buffer I10.

If processor 10 is operating in the Full-power mode, then instruction
buffer 70 is able to input up to two 32-bit instructions in parallel from
instruction cache 14 through 64-bit bus 50 during a single cycle of
processor 10. In this manner, as an example, since instruction cache 14 is

a four-way set-associative cache, at least 256 sense amplifiers (64



enbodi ment, processor 10 would return to the Full-power node in 17
response to assertion of SM, anal ogously to the manner in which processor
10 Yeturns to the Full-power node in response to assertion of INT. In yet
anot her alternative enbodi nent, processor 10 also returns to the Full-power
node in response to a decrenenter exception. SPRs 40 include circuitry for
decrenenting a count in response to a processor clock signal (not shown in
FIGURE 1 for clarity). A decrementer exception is generated in response to
such a count being decrenented to a value of zero. FIGURE 1 shows the
single SPS |ine connected-to each of instruction cache 14, data.cache 16,
sequencer unit 18 and LSU 28. Likew se,2¥I GURE 1 shows the single HPS |ine
connected to each of instruction cache 14, data cache 16, sequencer unit 18

and LSU 28, LBRk0Y) ookl S sins ADIIHAG ) O iistrbiibh Each@ VPG Lo each

of
active during such a single cycle of processor 10. Activation of these

sense amplifiers contributes to the average power consumption of
processbr 10.

By comparison, if processor 10 is operating in the Special power
mode, then instruction buﬂ‘ér 70 is able to input a single 32-bit instruction
from instruction cache 14 through 64-bit bus 50 during a single cycle of
processor 10. In this manner, as an example, 128 sense anipliﬁers (32
bits/way x 4 Ways x 1 sense amplifier/bit) of instruction cache 14 are
active '_duﬁng each cycle of processor 10 (while the other 128 sense
amplifiers of instruction cache 14 are disabled). Advantageously, by
activating only 128 sensé amplifiers (in the Special mode) instead of 256
sense amplifiers (in the Full-power mode), the average power consumption
of processor 10 is reduced, because only 1/2 as many of these sense
amplifiers are activated per cycle of processor 10.

Additional reductions are achieved if processor 10 enters the
Special “power saving” mode in response to the software event, because
in that situation processor 10 reduces the number of “ways” within
instruction cache 14 and data cache 16 as discussed further hereinbelow in
connection with FIGURE 6. For example, if processor 10 reduces the
number of “ways” within instruction cache 14 to two-way instead of four-

way in response to the software event, then 64 sense amplifiers (32



i nstruction cache 14, data cache 16, sequencer unit 18 and LSU 28. FlI GURE 2
is a block diagram of sequencer unit 18. As discussed herei nabove, in the
fetch stage, if processor 10 (and hence also fetch logic 71) is operating
in the Full-power node, then fetch logic 71 selectively requests up to a
maxi mum nunber of two instructions (per cycle of processor 10 and hence

al so of fetch logic 71) frominstruction cache 14 and stores such
instructions in an instruction buffer 70. Accordingly, during a particul ar
cycle of processor 10, sequencer 18 requests a variable 18 nunber
(ranging fromO to-2) of instructions frominstruction cache 14, where the
vari abl e nunber depends upon the nunbeQ3of additional instructions able to
be stored in instruction buffer 70 (i; depends upon the nunber of

S0 Rl 4 M 0Bl o B e
e e IR A58 b O G " 1

disabled) during each of the aforementioned two cycles of‘processor 10

while pi'ocessor 10 is operating in the Special power mode.
Advantageously, by activating only 64 sense amplifiers (if processor 10
enters the Special “power saving” mode in response to the software event)
mstead of 256 sense amplifiers (in the Full-power mode), the average
power consumption of processor 10 is reduced, because only 1/4 as many
of these sense amplifiers are activated per cycle of processor 10.

FIGURE 4 is a conceptual illustration of a reorder buffer 76 of
sequencer unit 18 of the illust_aﬁve embodiment. As shown in FIGURE 4,
reorder buffer 76 has ﬁve entries respectively labelled as buffer numbers
0-4. Each entry has five primary fields, namely an "instruction type" field,
a "number-of-GPR destinations" field, a "number-of-FPR destinations"
field, a "finished" field, and an "exception" field.

Referring also to FIGURE 2, as dispatch logic 74 dispatches an
instruction to an execution unit, sequencer unit 18 assigns the dispatched
instruction to an associated entry in reorder buffer 76. Sequencer unit 18
assigns (or "associates") entries in reorder buffer 76 to dispatched
instructions on a first-in first-out basis and in a rotating manner, such that
sequencer unit 18 assigns entry 0, followed sequentially by entries 1-4,
and then enfry 0 again. As the dispatched instruction is assigned an



(per eycle of processor 10 and hence al so of- decode |ogic 72) from

i nstruction buffer 70. Accordingly, during a particular cycle of processor
10y, decode logic 72 inputs and decodes a variable nunmber (ranging fromO to
2) of instructions frominstruction buffer 70, Were the variabl e nunber
depends upon the nunber of instructions to be dispatched by dispatch |ogic
74 during the particular cycle. In the dispatch stage, if processor 10 (and
hence al so dispatch logic 74) is operating in the Full-power node, then

di spatch logic 74 selectively dispatches up to a nmaxi mum nunber of two
decoded instructions (per cycle of processor 10 and hence al so of dispatch
| ogic 74) to selected (in response to24he decoding in the decode stage)
ones of execution units 20, 22, 26, 28 and 30. Accordingly, during a
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e | subﬁelds of the associated entry in reorder buffer 76.
For example, in entry 1 of FIGURE 4, reorder buffer 76 indicates

the instruction is dispatched to FXU 22. In other aspects of the illustrative

embodiment, entry 1 further indicates the dispatched instruction has one

GPR destination register (such that "number-of-GPR destinations" = 1),

has zero FPR destination registers (such that “number-of-FPR

destinations” = 0), is not yet finished (such that “finished" = 0), and has

not yet caused an exception (such that "exception" = 0).

As an execution unit executes a dispatched instruction, the
execution unit modifies tli'e instruction's associated entry in reorder buffer
76. More particularly, in response to finishing execution of the dispatched
instruction, the execution unit modifies the entry's "finished" field (such
that "finished" = 1). If the execution unit encounters an exception during
execution of the dispatched instruction, the execution unit modifies the
enfry's "exception" field (such that "exception" = 1).

FIGURE 4 shows an allocation pointer 173 and a completion
poiiiter 175. Processor 10 maintains such pointers for controlling reading
from and writing to reorder buffer 76. Processor 10 maintains allocation
pointer 173 to indicate whether a reorder buffer entry is allocated to (or
“associated with") a particular instruction. As shown in FIGURE 4,



execution units for execution (e.g. depends upon the nunber of avail able
reservation stations in the execution units). By conparison, in the

i l{rustrai ve enbodi nent, if processor 10 is. Opering in the Special power
node, then fetch logic 71 (in response to logic states of SPS, MJS and | NT)
requests a maxi num of one instruction per cycle of processor 10 (instead of
two instructions) frominstruction cache 14 and stores the one instruction
in instruction buffer 70. In this manner, (a) decode logic 72 inputs and
decodes (on average) approximtely one fetched instructions from
instruction buffer 70 per cycle of processor 10, (b) dispatch l-ogic 74

“di spatches (on average) approximately gge instruction (per cycle of
processor 10) to a selected one of execution units 20, 22, 26, 28 and 30,
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embodi ment, 11 PARES S5icedSor £0 MihRing Sontbiblitn pointer 175 to indicate (for
a reorder buffer enfry previously allocated to a particular instruction)
whether the partlcular instruction séﬁsﬁgs the following conditions:
" Condition 1 - The execution unit (to which the instruction is
dispatched) finishes execution of the instruction; |

Condition 2 - No exceptions were encountered in connection with
any stage of processing the instruction; and .-

bonditioﬁ 3 - Any previously dispatched instruction satisfies
Condition 1 and Condition 2.

As shown in FIGURE 4, cbmpleﬁon pointer 175 points to reorder
buffer entry 1, thereby indicating that reorder buffer entry 1 is the next
reorder buffer entry capable of satisfying Conditions 1,2 and 3. -
Accordingly, "valid" reorder buffer éntries can be defined as the reorder
buffer entry pointed to by completion pointer 175 and its subsequent
reorder buffer entries that precede the reorder buffer entry pointed to by
allocation pointer 173.

Referring again to FIGURE 2, the entries of reorder buffer 76 are
read by completion logic 80 and exception logic 82 of sequencer unit 18.

In response to the "exception" fields of reorder buffer 76, exception logic



Speci al power node, then dispatch logic 74 (in response to |logic states of
SPS, MPS and | NT) dispatches a nmaxi nrum of one instruction per cycle of
precessor 10 (instead of two instructions) to a sel ected one of execution
20 units 20, 22, 26, 28 and 30; this technique of the alternative

enbodi nent is instead of (but can also be in addition to) the illustrive
enbodi nent' s techni que of reducing the nmaxi mum nunber of instructions
fetched during a single cycle of processor 10. Hence, FIGURE 2 shows SPS,
HPS and | NT connected to both fetch logic 71 and dispatch logic 74. FlI GURE
3 is a block diagramof instruction buffer 70. Instruction buffer 70 stores -
an 10 instruction and an I'1 instructiomgn a buffer 10 and a buffer 11,
respectively, of dispatch buffers 56. In the illustrative enbodi nent, in
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reorder buffer 76, completion logic 80 outputs signals to dispatch logic 74
and to reorder buffer 76. Through these signals, completion logic 80
indicates "completion" of instructions in order of their programmed
- sequence. Completion logic 80 indicates "completion” of an instruction if
it satisfies the following conditions: |
Condition 1 - The execution unit (to which the instruction is
dispatched) finishes execution of the instruction (such that "finished" = 1
in the instruction's associated entry in reorder buffer 76); |
Condition 2 - No *qixceptions were encountered in connection with
any stage of processing tﬂe instruction (such that “exception" = 0 in the
instruction's associated entry in reorder buffer 76); and
Condition 3 - Any previously dispatched instruction satisfies
Coﬁdition 1 and Condition 2.
In response to information in reorder buffer 76, dispatch logic 74
determines a suitable number of additional instructions to be dispatched.
FIGURE 5 is a conceptual illustration of floating point rename
buffers 38. As shown in FIGURE 5, rename buffers 38 include four
rename buffers respectively labelled as buffer numbers 0-3. Sequencer
unit 18 allocates (or "associates") rename buffer numbers 0-3 to

dispatched instructions on a first-in first-out basis and in a rotating



buffers 10 and 11 are output to decode logic 72 through |ines 55a-b,
respectively. In the illustrative enbodi nent, instruction buffer 70 is able
to-dinput up to two 32-bit instructions in parallel frominstruction cache
14 through 64-bit bus 50 during a single cycle of processor 10. In response
to both the 10 and 11 instructions being dispatched together to decode

|l ogic 72, instruction buffer 70 transfers any previously stored
instructions frominstruction buffers 54a-b to buffers 10 and 11
respectively. Also, in such a situation, instruction buffer 70 transfers
any previously stored instructions frominstruction buffers 52a-b to
instruction buffers 54a-b, respectivel pg 21 Moreover, in such a
situation, if processor 10 is operating in the Ful | -- power node,

cache 14 ¢ rRGHBRTE @M%&%M ol & 80 8iAred ARG I8 071 S
?Y:!lgPiﬁeEﬁﬁﬁvﬁ9agﬁépﬁpéa“ ead ?Hbﬁg ﬁnst_gc%haqheg LI of buffers, .
buffer number 0 again. -
Referring to FIGURE 5, rename buffer 2 is allocated to store
destination operand information for instructions dispatched by dispatch
logic 74 (FIGURE 2). FIGURE 5 shows an allocation pointer 180, a
writeback pointer 182, and a completion pointer 184. Processor 10

maintains such pointers for controlling reading from and writing to rename
buffers 38. Processor 10 maintains allocation pointer 180 to indicate
whether a rename buffer is allocated to a particular instruction. As shown
i FIGURE 5, allocation pointer 180 points to rename buffer 3, thereby
indicating that rename buffer 3 is the next rename buffer available for
allocation to an instruction.

Processor 10 further maintains writeback pointer 182 to indicate
whether a rename buffer (previously allocated to a particular ihstruction) is
available for reallocation to another instruction. As shown in FIGURE 5,
writeback pointer 182 points to rename buffer 2, thereby indicating that
rename buffer 2 is the next rename buffer from which pfocessqr 10 will
copy destination operand information (as stored in the rename buffer's
"information" field of FIGURE 5) to one of FPRs 36 (as specified in the
rename buffer's "register number" field of FIGURE 5).



54a, or (c) 52b and 52a, beginning with buffer 10. In response to the 10
i nstuct'i on being dispatched by itself to decode logic 72, instruction
buffer 70 transfers any previously stored instruction frombuffer 11 to
buffer 10, Also, in such a situation, instruction buffer 70 transfers any
previously stored instructions frominstruction buffer 54a to buffer I1,
frominstruction buffer 54b to instruction buffer 54a, frominstruction
buffer 52a to instruction buffer 54b, and frominstruction buffer 52b to
i nstruction buffer 52a. Mreover, in such a situation, instruction buffer
70 inputs a singl-e 32-bit instruction frominstruction cache 14 through
64-bit bus 50 and stores this instruct?2®n in the first avail abl e buffer,
i.e. either in buffer 10, 11, 54b, 54a, 52b or 52a, beginning with buffer
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particular instruction from the rename buffer for storage in an architectural
register. In this manner, processor 10 reserves an allocated rename buffer
to store the result (destination operand information) of the particular

| inéiruction until processor 10 copies the result to an architectural register.

Also, processor 10 maintains completion pointc}r 184 to indicate (for
a rename buffer previously allocated to a particular instruction) whether
the particular instruction satisfies the following conditions:

Condition 1 - The gxecuﬁon unit (to which the instruction is
dispatched) finishes execution of the instruction;

Condition 2 - No exceptions were encountered in connection with
any stage of processing the instruction; and

Condition 3 - Any previously dispatched instruction satisfies
Condition 1 and Condition 2.

As shown in FIGURE 5, completion pointer 184 points to rename
buffer 2, thereby indicating that rename buffer 2 is the next rename buffer
capable of satisfying Conditions 1, 2 and 3. In the illustrative embodiment,
processor 10 maintains completion poiﬁter 184 independent of whether the
mstruction's result is copied from the rename buffer for storage in an

architectural register.



22 bits/way x 4 ways x 1 sense anplifier/bit): of instruction cache 14 are
active during such a single cycle of processor 10. Activation of these
sense anplifiers contributes to the average power consunption of processor
10. By conparison, if processor 10 is operating in the Special power node,
then instruction buffer 70 is able to input a single 32-bit instruction
frominstruction cache 14 through 64-bit bus 50 during a single cycle of
processor 10. In this manner, as an exanple, 128 sense anplifiers (32
bits/way x 4 ways x 1 sense anplifier/bit) of instruction cache 14 are
active during each cycle of processor 10 (while the other 128 sense
anplifiers of instruction cache 14 are2d sabl ed). Advantageously, by
activating only 128 sense anplifiers (in the Special node) instead of 256

o ooessor 10 1o PSRBT enRBE bt oo BE deNAEAGR (S fERaRRTBUTRE | .7
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softvare eVl pregedd the rename buffer pointedto by allocation pointer 180.

"Writebéck entries" can be defined as the rename buffer pointed to by

writeback pointer 182 and its subsequent rename buffers that precede the

rename buffer pointed to by completion pointer 184. The writeback

entries store results of instructions that are "complete" but whose results

have not been copied from the rename buffers to architectural registers, as

for example due to unavailability of write ports to the architectural

registers.

Conceptually, the writeback entries are located bet\m;en the rename
entries and the architeculfal registers. Adifantageously, a result may
bypass the writeback entries and be written directly into the architectural
registers if a writeback port is available at the completion stage. |
Moreover, like the rename entries, processor 10 operates the writeback
entries to output- information to an execution unit in situations where the
execution unit executes an instruction specifying an architectural register
associated with such information. ]

FPU 30 is fully IEEE 754-compliant for both single-precision (i.e.
32-bit) and double-precision (i.e. 64-bit) operands. Accordingly, for
supporting double-precision operations, each rename buffer's
"information" field of FIGURE 5 is 64-bits wide. Referring also to



in that situation processor 10 reduces the nunber of "ways" within

I nstruction cache 14 and data cache 16 as di scussed further hereinbel ow in
connection'wth FIGURE 6. For exanple, if processor 10 reduces the nunber
of "ways" within instruction cache 14 to two-way instead of four- way in
response to the software event, then 64 sense anplifiers (32 23 bi ts/ way
X 2 ways x 1 sense anplifier/bit) of instruction cache 14 are active (while
the other 192 sense anplifiers of instruction cache 14 are disabl ed) during
each of the aforenentioned two cycles of proccessor 10 while processor 10
I's operating in the Special power nopde. Advantageously, by activating only
64 sense anplifiers (if processor 10 e?bers t he Speci al "power saving" node
in response to the software event) instad of 256 sense anplifiers (in the
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FPRs 3§) 64 bits of information from data cache 16 into a single rename
buffer’s “information” field (of rename buffers 38) during a single cycle
(i.e. 64 bits of information per cycle) of processor 10. In this manner, as
an example, since data cache 16 is a four-way set-associative cache, at
least 256 sense amplifiers (64 bits/way x 4 ways x 1 sense amplifier/bit) of
data cache 16 are active during such a single cycle of processor 10.
Acﬁvaﬁon of these sense amplifiers contributes to the average power
consumption of processor 10. '_ i

By comparison, if processor 10 is uperating in the Special power

mode, then LSU 28 loads (in response to LSU 28 executing a “load”

instruction directed to FPRs 36) 64 bits of information from data cache 16

into a single rename buffer’s “information” field (of rename buffers 38)

during two cycles (i.e. 32 bits of information per cycle) of processor 10.

In this manner, as an example, 128 sense amplifiers (32 bits/way x 4 ways

x 1 sense amplifier/bit) of data cache 16 are active (while the other 128

sense amplifiers of data cache 16 are disabled) during each of these two

cycles of processor 10. Advantageously, by activating only 128 sense

amplifiers (in the Specia_l mode) instead of 256 sense amplifiers (in the

Full-power mode), the average power consumption of processor 10 is



sequencer unit 18 of the illustrative enbodi nent. As shown in Fl GURE 4,
reorder buffer 76 has five entries respectively |abelled as buffer nunbers
0-4. Each entry has five primary fields, nanely an "instruction type"
field, a "nunber-of-GPR destinations” field, a "nunber-of-FPR destinations”
field, a "finished" field, and an "exception" field. Referring also to

FI GURE 2, as dispatch logic 74 dispatches an instruction to an execution
unit, sequencer unit 18 assigns the dispatched instruction to an associ at ed
entry in reorder buffer 76. Sequencer unit 18 assigns (or "associates")
entries.in reorder buffer 76 to dispatched instructions on a first-in
first-out basis and in a rotating nannegy such that sequencer unit 18
assigns entry 0, followed sequentially by entries 1-4, and then entry O

agai n. As the di s ched instrugtion is ned _an aSSOCI ntry
in reorder F&%ec%ﬁ‘ﬁé’hf &fﬁlﬁg‘f’ g"ﬁ?ﬁg t he

di spat ched |nstru t|%n for stgﬁfge I n the various flelds and subflelds of
t he aSSOC|aﬂ§H *buf fer 76.

Additional reductions are achieved if processor-10 enters the
Special “power saving” mode in response to the sofiware event, because
in that situation prodessor 10 reduces the number of “ways” within
instruction cache 14 and data cache 16 as discussed further hereinbelow in

| connection with FIGURE 6. For example, if processor 10 reduces the
number of “ways” within data cache 16 to two-way instead of four-way in
response to the sofiware event, then 64 sense amplifiers (32 bits/way x 2
ways x 1 sense amplifier/bit) of data cache 16 afe active (while the other
192 sense amplifiers of data cache 16 are disabled) during each of the
aforementioned two cyclés of processor 10 while processor 10 is
operating in the Special power mode. Advantageously, by activating only
64 sense amplifiers (if processor 10 enters the Special “power saving”
que in responée to the software event) instead of 256 sense amplifiers (in
the Full-power mode), the average power consumption of processor 10 is
reduced, because only 1/4 as many of these sense amplifiers are activated
per cycle of processor 10.

' FIGURE 6 is a block diagram of instruction cache 14. Instruction

cache 14 of FIGURE 6 is likewise representative of data cache 16. Each
of instruction cache 14 and data cache 16 is a 16-kilobyte, four-“way” set-



For example, in entry 1 of FIGURE 4, reorder buffer 76 indicates the

I nstruction is dispatched to FXU 22. In other aspects of the illustrative
enbodi ment, entry 1 further indicates the dispatched instruction has one
GPR destination register (such that "nunber-of-GPR destinations” = 1), has
zero FPR destination registers (such that "nunber-of-FPR destinations" =
0), is not yet finished (such that "finished" = 0), and has not yet caused
an exception (such that "exception” = 0). As an execution unit executes a
di spat ched instruction, the execution unit nodifies the instruction's
associated entry in reorder buffer 76. Mre particularly, in response to-
finishing execution of the dispatchedijfuruction, t he execution unit

nodi fies the entry's "finished" field (Ssuch that "finished" = 1). If the
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associated physical addresses. For example, effective addresses are

received from fetch logic 71 (FIGURE 2) of sequencer unit 18. In the

illustrative embodiment, an effective address’s bits 2° through 2! are

unchanged By translation into its associated physical address, so the

effective address’s bits 2° through 2'! have the same digital logic values as

the associated physical address’s bits 2° through 2"

Each of instruction cache 14 and data cache 16 is logically arranged
into 128 congruence classes (i.e. sets) as shown in FIGURE 6. As an
example, for instruction cache 14, each set has a respective preassigned
associated group of four lines (i.e. four “ways”, Blocks 0-3) within
instruction cache 14. Each line is able to store a respective address tag,
respective state bits (e.g. including a “valid” bit), and a respective group
of eight words of information. Each word has 4 bytes (i.e. 32 bits).

Thus, Block 3 of Set 0 is able to store an Address Tag,,, state bits
Stétego, and words W, through W,,. Likewise, each Block y of Set x is
able to store an Address Tag,,, state bits State,, and words W, , through
W, where X is a variable integer set number ranging from 0 through 127,

and where y is a variable integef block number ranging from 0 through 3.



25 allocation pointer 173 points to reorder buffer entry 3, thereby

i ndicating that reorder buffer entry 3 is the next reorder buffer entry
available for allocation to an instruction. Al so, processor 10 maintains
conpl etion pointer 175 to indicate (for a reorder buffer entry previously
allocated to a partiar instruction) whether the particular instruction
satisfies the following conditions: Condition 1 - The execution unit (to
which the instruction is dispatched) finishes execution of the instruction;
Condition 2 - No exceptions were encountered in connection with any stage
of processing the instruction; and Condition 3 - Any previously dispatched
I nstruction satisfies Condition 1 and ndition 2. As shown in FlI GURE 4,
conpl eti on pointer 175 p0|nts to reorder buffer entry 1, thereby indicating
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each set mcludes multiple addresses, all of which share the same seven
physical address bits 2° through 2"'. Accordingly, at any single monrent,
instructibn cache 14 stores information for up to four physical addresses
belonging to a particular Set x, as specified by Address Tag,, _throilgh
Address Tag,, stored in Set X's assoclated group of four lmes within
instruction cache 14.

For example, (2) in Block 0 of Set 0, instruction cache 14 can store

. Address Tag,, including a first address's bits 2'2 through 2%, (b) in Block 1
of Set 0, instruction cache 14 can store Address Tag,, including a second
address's bits 2‘2'throug!h 2%, (¢) in Block:2 of Set 0, instruction cache 14
can store Address Tag,, iﬁcluding a third address's bits 2'2 through 2*', and
(d) in Block 3 of Set 0, instruction cache 14 can store Address Tag,,
including a fourth address's bits 2% through 2*!. Thus, each Address Tag,,
has 20 bits. __ _

FIGURE 7 is a schematic electrical circuit diagram of sense

" amplification circuitry, indicated generally at 121, of instruction cache 14
of FIGURE 6. Sense amplification circuitry 121 is a representative sense
amp of sense amps 104, 106 and 108a-h of FIGURE 6. Accordingly,
since each Address Tag,, has 20 bits, sense amps 104 includes 80 sense
amps (20 sense amps multiplied by 4 Blocks 0-3) each substantially
identical to circuitry 121.



Accordingly, "valid" reorder buffer entries can be defined as the reorder
buffer entry pointed to by conpletion pointer 175 and its subsequent
reerder buffer entries that precede the reorder buffer entry pointed to by
al l ocation pointer 173. Referring again to FIGURE 2, the entries of reorder
buffer 76 are read by conpletion [ ogic 80 and exception |ogic 82 of
sequencer unit 18. In response to the "exception"” fields of reorder buffer
76, exception logic - 26 82 handl es exceptions encountered during
execution of dispatched instructions. In response to the "finished" fields
and "exception" fields of reorder buffer 76, conpletion |ogic 80 outputs
signals to dispatch logic 74 and to rqptder buffer 76. Through these
signals, conpletion |ogic 80 indicates "conpletion" of instructions in

order of nel . SiRIRRPnF ISR SGor Y Ky L8 Biback o Bimber,
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~--respective group of 128 sense amps (32 sense amps multiplied by 4 s
Blocks 6—3) each substantially identical to circuitry 121, so that sense
- amps 108a-h include a combined total of 1024 sense amps (128 sense
amps multiplied by 8 Words 0-7). Likewise, the number of sense amps in
sense amps 106 is equal to four times the number of bits per State,, aﬁd

each of these sense amps is substantially identical to circuitry 121.

. Each 20-bit Address Tag,, includes a respective group of 20
dynamic random access memory (* ‘DRAM”) cells, each DRAM cell being
able to store a respectlve single bit of digital information. Similarly, each
32-bit word W, includes’a respective group of 32 DRAM cells, each
DRAM cell being able to store a respective single bit of digital
information. Likewise, the number of DRAM cells in each State, is equal
to the number of bits per State,,.

The 80 sense amps of sénse amps 104 are organized so that (1)
each of the 128 sets of 20 DRAM cells denoted as Address Tag,, (where x
is the set number) is coupled to a first group of 20 sense amps (of sense
amps 104), respectively, (2) each of the 128 sets of 20 DRAM cells
denoted as Address Tag,, is coupled to a second group of 20 sense amps
(of sense amps 104), respectively, (3) each of the 128 sets of 20 DRAM
cells denoted as Address Tag,, is coupled to a third group of 20 sense



di spatched) finishes execution of the instruction (such that "finished" 1
in the instruction's associated entry in reorder buffer 76); Condition 2 -
No “Excepti ons were encountered in connection with any stage of processing
the instruction (such that "exception”™ =0 in the instruction's associ ated
entry in reorder buffer 76); and Condition 3 - Any previously dispatched

I nstruction satisfies Condition 1 and Condition 2. In response to
information in reorder buffer 76, dispatch |ogic 74 determines a suitable
nunber of additional instructions to be dispatched. FIGURE 5 is a
conceptual illustration of floating point rename buffers 38. As shown in
FI GURE 5, renane buffers 38 include fo rename buffers respectively
Iabelled as buffer nunbers 0-3. Sequencer unlt 18 al l ocates (or
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sequencer U %f{A]I\% gltlgtsédrfsnﬁ%rggsf arg,,:4 s ré%%pled to a fourth group of 20
‘sense amps (of sense amps 104), respectively.
Accordingly, each sense amp (of sense amps 104) is coupled to a
- respective family of 128 DRAM cells which store digital information for
bit 29 of Address Tag,,, where: (a) q is a constant (i.e. common to all
DRAM cells of the family) bit number from 0 through 19, (b) x is a
variable (i.e. different for all DRAM cells of the family) set number from 0
through 127, and (c) y is a constant block number from 0 through 3.

As shown in FIGURE 7, each sense amp (circuitry 121) has an
ENABLE line. With fefgrence to FIGURE 6, enable lines 102 include a
total of 4 address tag ENABLE lines (1.e. 4 blocks * 1 address tag
ENABLE line per block). Each such address tag ENABLE line is
connected from control logic 100 to a respective one of the four groups of
sense amps 104, where the respective group is coupled to a family of
DRAM cells which store digital information for Address Tag,,, where (a)
X is a variable set number from 0 through 127, and (b) y is a constant
block number from 0 through 3.

" The 1024 sense amps of sense amps 108a-h are organized so that
(1) each of the 128 sets of 256 DRAM cells denoted as W, is coupled
through a first group of 256 sense amps (of sense amps 108a-h),
respectively, to a multiplexer 114a via a bus 120a, (2) each of the 128 sets



foll owed sequentially by renane buffer nunbers 1-3, and then renane buffer
nunber O again. Refrring to FIGURE 5, renane buffer 2 is allocated to store
destination operand information for instructions dispatched by dispatch
logic 74 (FIGURE 2). FIGURE 5 shows an allocation pointer 180, a witeback
poi nter 182, and a conpletion pointer 184. Processor 10 mai ntains such
pointers for controlling reading fromand witing to renane buffers 38.
Processor 10 nmintains allocation-pointer 180 to indicate whether a renane
buffer is allocated to a particular instruction. As shown in FI GURE 5,

al I ocation pointer 180 points to renanme buffer 3, thereby indicating that
rename buffier 3 is the next renane buBfer available for allocation to an
i nstruction. Processor 10 further maintains witeback pointer 182 to
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specified igy W is coupled through a third group of 256 sense amps (of sense amps
108a-h), respectively, to a multiplexer 114c via a bus 120c, and (4) each
of the 128 sets of 256 DRAM cells denoted as W, is coupled through a
fourth group of 256 sense amps (of sense amps 108a-h), respectively, to a
multiplexer 114d via a bus 120d.

Accordingly, each sense amp (of sense amps 108a-h) is coupled to
a respective family of 128 DRAM cells which store digital information for
bit 21 of words Wm, where: (a) q is a constant bit number from 0 through
31, (b) x is a variable set riumber from 0 through 127, (¢) y is a constant
block number from 0 through 3, and (d) s is a constant word number from
0 through 7.

Enable lines 102 include a total of 32 word ENABLE lines (i.e. 4
blocks * 8 words/block * 1 word ENABLE line per word). Each such
word ENABLE line is connected from control logic 100 to a respective
subgroup of the four groups of sense amps 108a-h, where the respective
subgroup is coupled to a family of DRAM cells which store digital
information for words W,,, where (2) x is a variable set number from 0

~ through 127, (b) y is a constant block number from 0 through 3, and (c) z

is a constant word number from 0 through 7.



rename buffer's "register nunber" field of FIGURE 5). . 28 Accordingly,
processor 10 advances writeback pointer 182 (past a renane buffer
previously allocated to a particular instruction) in response to processor
10 copying the result (destination operand information) of the particul ar
i nstruction fromthe renane buffer for storage in an architectural
register. In this manner, processor 10 reserves an allocated renane buffer
to store the result (destination operand information) of the particul ar

i nstruction until processor 10 copies the result to an architectural

regi ster. Al so, processor 10 maintains conpletion pointer 184 to indi-cate
(for a renane buffer previously allocat8gd to a particular instruction)
whet her the particular instruction satisfies the follow ng conditions:
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coupled_to a first group of sense amps (of sense amps 106), (2) each of the
128 seté of DRAM cells denoted as State,, is coupled to a second group of
sense amps (of sense amps 106), (3) each of the 128 sets of 20 DRAM
cells denoted as State,, is coupled to a third group of sense amps (of sense
amps 106), and (4) each of the 128 sets of DRAM cells denoted as State,,

is coupled to a fourth group of sense amps (of sense amps 106).

-

Accordingly, each sense amp (of sense amps 106) is coupled to a
respective family of 128 DRAM cells which store digital information for
bit 29 of Sm,exy, where: (a) q is a constant bit number, (b) x is a variable
set number from 0 through 127, and (c) y is a constant block number from
0 through 3.

Enable lines 102 include a total of 4 state ENABLE lines (i.e. 4
blocks * 1 state ENABLE line per block). Each such state ENABLE line
is connected from control logic 100 to a respective one of the four groups
of sense amps 106, where the respective group is coupled to a family of
DRAM cells which store digital information for State,,, where (a) x is a
variable set number from 0 through 127, and (b) y is a constant block
number from O through 3. '

With reference to FIGURE 7, each sense amp (circuitry 121) inputs
a differential voltage through lines D and D from one of its 128 coupled



Condition 3 - Any previously dispatched instruction satisfies Condition 1
and Condition 2. As shown in FIGURE 5, conpletion pointer 184 points to
renane buffer 2, thereby indicating that renane buffer 2 is the next renane
buffer capable of satisfying Conditions 1, 2 and 3. In the illustrative
enbodi nment, processor 10 nmaintains conpletion pointer 184 independent of
whet her the instruction's result is copied fromthe renanme buffer for
storage in an architectural register. 29 Accordingly, "renanme entriest’
can be defined as the renane buffer pointed to by conpletion pointer 184
and its subsequent renane buffers that precede the rename buffer pointed to
by allocation pointer 180. "Witeback ries" can be defined as the renane
buffer pointed to by WW|teback p0|nter 82 and its subsequent renane
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“compl ete” %es of controf ﬂnes, 124 output from control logic 100 according to the
set number (i.e. according to-an address's bits 2° through 2"! as discussed
hereinabove). If ENABLE has a logic 1 state, then circuitry 121 is
activated; otherwise, circuitry 121 is not activated. If circuitry 121 is not
activated, processor 10 consumes less power, and an output node OUT
has a high impedance state. If D has a voltage greater than D while
circuiuy 121 is activated, then OUT has a voltage substantially equal to
Vdd (i.e. alogic 1 state). By .compaiison, if D has a voltage less than D
while circuitry 121 is activated, then OUT has a voltage substantially
equal to GND (1 e.a loglc 0 state).

Through a bus 110 -address tag information is transferred between
control logic 100 and Address Tag,,, and state information is transferred
between control logic 100 and State,,. Through buses 116, 118 and 120a-
d, instruction information (or data information in the case of data cache
16) is transferred between control logic 100 and W, ,

| In an example instruction fetch operation, control logic 100 receives
an effective address from sequencer unit 18. Control logic 100 determines
a particular Set x in response to the received effective address’s bits 2°
through 2! (as discussed hereinabove), and control logic 100 inputs
information from Blocks 0-3 of Set x. More particularly, through bus 110,
control logic 100 reads the four address tags, Address Tag,,, Address



have nqt been copied fromthe renane buffers to architectural registers, as
for exanple due to unavailability of wite ports to the architectural

regi sters. Conceptually, the witeback entries are | ocated between the
renanme entries and the architectural registers. Advantageously, a result
may bypass the witeback entries and be witten directly into the
architectural registers if a witeback port is available at the conpletion
stage. Moreover, like the renane entries, processor 10 operates the
writeback entries to output information to an execution unit in situations
where the execution unit executes an instruction specifying an
architectural register associated with ch information. FPU 30 is fully

| EEE 754-conpliant for both single-precision (i.e. 32-bit) and
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| Fgrther, control logic 100 outputs the received effective address’s
bits.2* and 2* to multiplexers 114a-d through control lines 122. In
response to the logic states of control lines 122, multiplexer 114a outputs
a selected double-word from Block 0 of Set x to bus 118. For example,
the selected double-word is from either (a) the DRAM cells denoted as
- W90 and Wy, (b) the DRAM cells denoted as Wy, and W, () the

DRAM cells denoted as W4, and W, or (d) the DRAM cells denoted as
W06 and W,

Likewise, -in response to the logic states of control lines 122,
multiplexer 114b outputs a selected double-word from Block 1 of Set x to
bﬁs 118, multiplexer 114c¢ outputs a selected double-word from Block 2 of
Set x to bus 118, and multiplexer 114d outputs a selected double-word
from Block 3 of Set x to bus 118. Throuéh bus 118, multiplexer 112
receives all four double-words from multiplexers 114a-d.

MMU of contrbl logic 100 translates the received effective address
into a specific physical address. Control logic 100 compares the specific
physical address’s bits 22 through 2! against any valid Address Tag,,
from bus 110. Validity of an Address Tag,, is indicated by a digital logic
value of the “valid” bit in State,, associated with Address Tag,,. In

response to such a comparison, if the specific physical address’s bits 2'2



FIGURE 1, if processor 10 is operating |n t he FuII-pomer node, then LSU 28
| oads: (|n response to LSU 28 executing a "load" instruction directed to
FPRs 36) 64 bits of information fromdata cache 16 into a single renane
buffer's "information" field (of rename buffers 38) during a single cycle
(i.e. 64 bits of information per cycle) of processor 10. In this manner, as
an exanple, since data cache 16 is a four-way set-associative cache, at

| east 256 sense anplifiers (64 bits/way x 4 ways x | sense anplifier/bit)
of data cache 16 are active during such a single cycle of processor 10.
Activation of these sense anplifiers contributes to the average power
consunption of processor 10. By conpariggon, if processor 10 is operating i.n
t he Speci al power node, then LSU 28 | oads (in response to LSU 28 executi ng
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Address Tag,,, (b) the double-word from multiplexer 114b if the match is

with Address Tag,,, (c) the double-word from multiplexer 114c if the

match is with Address Tag,, or (d) the double-word from multiplexer 114d

if the match is with Address Tag,,.

Accordmgly, contral loglc 100 inputs a double-word from
multiplexer 112. prrocessor 10 is operatmg in the Full-power mode, then
control logic 100 outputs the double-word from multiplexer 112 to
sequencer unit 18 as part of the example instruction fetch operatlon.

By comparison, if processor 10 is operating in the Special power
mode, then control logic 100 outputs only a single word (i.e. half of the
double-word) from mulfiplexer 112 to sequencer unit 18. Control logic
100 selects the single word in response to the effective address’s bit 22.
This is because, if processor 10 is operating in the Special power mode,
then mstruction buffer 70 (FIGURE 3) is able to input only a single 32-bit
instruction (instead of up to two 32-bit instructions) from instruction cache
14 through 64-bit bus 50 during a single cycle of procéssor 10.

In the Special power mode, control logic 100 outputs suitable
signals on ENABLE lines 102, so that only selected subgroups of sense



anpli.fiers (in the Special node) instead of 256 sense anplifiers (in the
Ful | ~-power node), the average power consunption of processor 10 is 31
reduced, because only 1/2 as many of these sense anplifiers are activated
per cycle of processor 10. Additional reductions are achieved if processr
10 enters the Special "power saving" node in response to the software
event, because in that situation processor 10 reduces the nunber of "ways"
within instruction cache 14 and data cache .16 as di scussed further

her ei nbel ow i n connection with FIGURE 6. For exanple, if processor 10
reduces the nunber of "ways" within data cache 16 to two-way instead of
four-way in response to the software gyent, then 64 sense anplifiers (32
bits/way x 2 ways x 1 sense anplifier/bit) of data cache 16 are active
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a variable set number from 0 through 127, (b) y is a variable block number

from O through 3, and (c) z is a constant word number from 0 through 7

which is éelected in response to the effective addresss bits 22 through 2°.

In this manner, processor 10 activates fewer (relative to the Full-power

mode) sense amplifiers of instruction cache 14 per cycle of processor 10,

so the average power consumption of instruction cache 14 (and hence of

processor 10) is reduced. | ; -

Additional reductions are achieved if I;rocessor 10 enters the
Special “power saving” mode in response to the software event (i.e. SPS
has a logic 1 state), because in that situation control logic 100 reduces the
number of “ways” within instruction cache 14 to two-way instead of four-
way. Accordingly, while processor 10 operates in the Special “power
saving” mode, control logic 100 operates in a manner which ensures that
Address Tag,, and Address Tag,; are not valid (as indicated by digital
logic values of “valid” bits in State,, and State,,, respectively) and (b) only
Address Tag,, and Address Tag,, are allowed to be valid (as indicated by
digital logic values of “valid” bits in State,, and State,,, respectively).
Accordingly, for an instruction fetch operation in that situation, 64

sense amplifiers (1 word/way x 4 bytes/word x 8 bits/byte x 2 ways x 1



64 sense anplifiers (if processor 10 enters the Special "power saving" node
I n response to the software event) instead of 256 sense anplifiers (in the
Futl - power node), the average power consunption of processor 10 is reduced,
because only 1/4 as nmany of these sense anplifiers are activated per cycle
of processor 10. FIGURE 6 is a block diagram of instruction cache 14.
Instruction cache 14 of FIGURE 6 is |ikew se representative of data cache
16. Each of instruction cache 14 and data cache 16 is a 16-kil obyte,
four-"way" set- 32 associ ative cache. Instruction cache 14 and data
cache 16 are addressed in response to physical (i.e. "real") addresses.
Accordingly, FIGQURE 6 shows control |ogdZ 100 which includes a nenory
managenent unit ("MMJ' ) for translating effective addresses to associ ated
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enbodi ment . yaErdivagyt H%ﬁﬂgfv?éﬁi % FoltSbHE RS wais %8 senkEe anphfir/bit),
as discussed further hereinabove in connection with FIGURES 2 and 3.
Advantageously, this significantly reduces the average power consumption
of instruction cache 14 (and hence of processor 10). , _

- Likewise, if processor 10 enters the Special “power saving” mode
in response to the sofiware event, processor 10 reduces the number of
ys” within data cache 16 to two-way instead of four-way.

Accordingly, for an LSU 28 floating point load operation in that situation,
64 sense amplifiers (1 wordlway x 4 bytes/word x 8 bits/byte x 2 ways x 1
sense amphﬁer/blt) are actlvated instead of 256 sense amplifiers (2
words/way x 4 bytes/word x 8 bits/byte x 4 ways x 1 sense amplifier/bit),
as discussed further hereinabove in connection with FIGURE 5.
Advantageously, this significantly reduces the average power consumption
of data cache 16 (and hence of processor 10).

The software event occurs at a moment when SPS transitions from a
logic 0 state to a logic 1 state. SPS transitions to the logic 1 state in
response to CFXU 26 executing a first MTSPR instruction directed to a
predetermined bit of a “HID0" register of SPRs 40. The first MTSPR
instruction specifies the logic 1 state of SPS. |

Immediately before the first MTSPR instruction, it is helpful (iﬁ

order to reduce complexity of circuitry within processor 10) for the



unchanged by translation into its associated -physical address, so the
effective address's bits 2[err] through 2[err] have the sane digital logic
vakues as the associ ated physical address's bits 2[err] through 2[err].
Each of instruction cache 14 and data cache 16 is logically arranged into
128 congruence classes (i.e. sets) as shown in FIGURE 6. As an exanple, for
I nstruction cache 14, each set has a respective preassi gned associ at ed
group of four lines (i.e. four "ways", Blocks 0-3) within instruction cache
14. Each line is able to store a respective address tag, respective state
bits (e.g. including a "valid" bit), and a respective group of eight words
of information. Each word has 4 bytes g.e. 32 bits). Thus, Block 3 of Set
O is able to store an Address Tag[err], state bits State[err], and words

Aldr b TagR WIS 1 Kbestsy B -Siuetiig CRYNG amSiuftion, Aldwrdsper T, ™"
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- following the first MTSPR instruction, it is helpful for the software to -
specify another ISYNC instruction. .
As just discussed hereinabove, if processor 10 enters the Special
“power saving” mode in response to the software event (i.e. SPS has a
logic 1 state), processor 10 reduces the number of “ways” within
instruction cache 14 and data cache 16 to two-way instead of four-way.
- Accordingly, immediately before the SYNC instruction that precedes the
first MTSPR instruction, it is important for the software to specify “Data
Cache.i310ck Flush” (“DCBF”) and “Instruction Cache Block Invalidate”
(“ICBI”) instructions.
Similarly, SPS transitions to a logic 0 state in response to CFXU 26
executing a second MTSPR instruction directed to the predetermined bit
of the “HIDO" register of SPRs 40. The second MTSPR instruction
specifies the logic 0 stéte of SPS. immediately before the second MTSPR
instruction, it is helpful for the software to specify a SYNC instruction,
followed by an ISYNC instruction. Immediately following the second
MTSPR instruction, it is helpful for the software to specify another
ISYNC instruction.

The DCBF instruction specifies an effective address. In response to
the DCBF instruction, if any line within data cache 16 stores information



A set-is specified by a physical address's bits 2[err] through 2[err].
Thus, * each set includes nultiple addresses, all of which share the sane
seven physical address bits 2[err] through 211. Accordingly, at any single
nmonment, instruction cache 14 stores information for up to four physical
addresses belonging to a particular Set x, as specified by Address Tag[err]
t hrough Address Tag[err] stored in Set x's associated group of four |ines
within instruction cache 14. For exanple, (a) in Block 0 of Set O,

i nstruction cache 14 can store Address Tag[err] including a first address's
bits 2[err] through 2[err], (b) in Block 1 of Set 0, instruction cache 14
can store Address Tag[err] including ggecond address's bits 2[err] through
2[err], (c) in Block,2 of Set 0, instruction cache 14 can store Address
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stored within memory 39 (FIGURE 1) at the same physical address

(translated in response to the effective address), then processor 10 updates

mémory 39 by copying the modified information from data cache 16 to the

same physical address within memory 39. Before transitioning SPS to a
logic 1 state, it is important for th_e software to specify enough DCBF
instructiions to ensure that all lines are invalidated w1thm Blocks 2 and 3 of
all 128 sets within data cache 16.

The ICBI instmctic;n specifies an effective address. In response to
the ICBI instruction, if any line within instruction cache 14 stores
information (e.g. iﬁsiructions) at the effective address, then processor 10 .
invalidates the line by clearing the line’s “valid” bit in State . Before
transitioning SPS to a logic 1 state, it is important for the software to
specify enough ICBI instructions to ensure that all lines are invalidated
within Blocks 2 and 3 of all 128 sets within instruction cache 14.

" The SYNC instriction provides an ordering function for the effects
of all instructions executed by processor 10. In executing the SYNC
instruction, before processor 10 executes any subsequent instructions (i.e.

instructions following the SYNC instruction within the programmed



since’each Address Tag[err] has 20 bits, sense anps 104 includes 80 sense
anps :((20 sense anps nultiplied by 4 Bl ocks 0-3) each substantially
identical to circuitry 121, 34 Simlarly, since each word Werr] (where
z is an integer word nunber fromO through 7) has 32 bits, each of sense
anps 108a-h includes a respective group of 128 sense anps (32 sense anps
multiplied by 4 Bl ocks 0-3) each substantially identical to circuitry 121,
so that sense anps 108a-h include a conbined total of 1024 sense anps (128
sense anps multiplied by 8 Wrds 0-7). Likew se, the nunber of sense anps
In sense anps 106 is equal to four tinmes the nunber of bits per State[err]
and each of these sense anps is substads ally identical to circuitry 121.
Each 20-bit Address Tag[err] includes a respective group of 20 dynamc

anom accegsqdERR it nghohy 05t EhecRG. ROV gt BB LR ¢ ¢
Werr] i ncl Hifdidnsexcept Stdtich18ad™ offeraliohk Gfd istridfibn fetches) have
completed, at least to the point where such prior instructions (i.e.
mstrucuons preceding the SYNC instruction within a programmed
sequel_lée of instructions for execution) are no longer able to cause an
exception.
" 'When processor 10 completes the SYNC instruction, processor 10
will have performed (with respect to all other mechanisms that access
memory 39) all external accesses initiated by processor 10 prior to the
SYNC instruction. Further, processor 10 will have completed all its load

and store cache/bus activities initiated in response to prior instructions.

=1

Processor 10 delays comﬁletion of the SYNC instruction until all prior
“Data Cache Block Touch” (“DCBT”) and “Data Cache Block Touch for
Store” (“DCBTST”) instructions have completed, at least through address
translation, but without regard to whether such DCBT and DCBTST
instructions have completed on system bus 11. The SYNC, DCBT and
DCBTST instructions are more completely déscribed in the PowerPC
603¢ RISC Microprocessor User’s Manual, identified hereinabove.

“  Inresponse to the ISYNC instruction, processor 10 waits until it is
able to complete all prior instructions (i.e. instructions preceding the
ISYNC instruction within the programmed sequence of instructions for

execution). Then, processor 10 discards any fetched instructions, so that



DRAM eel | being able to store a respective single bit of digital

I nformati on. Li kew se, the nunber of DRAMcells in each State[err] is equal
t o=t he nunber of bits per State[err]. The 80 sense anps of sense anps 104
are organi zed so that (1) each of the 128 sets of 20 DRAM cells denoted as
Address Tag[err] (where x is the set nunber) is coupled to a first group of
20 sense anps (of sense anps 104), respectively, (2) each of the 128 sets
of 20 DRAM cel | s denoted as Address Tag[err] is coupled to a second group
of 20 sense anps (of sense anps 104), respectively, (3) each of the 128
sets of 20 DRAM cel]ls denoted as Address-Tag[err] is coupled to a third
group of 20 sense 35 anps (of sense ggps 104), respectively, and (4)
each of the 128 sets of 20 DRAM cells denoted as Address Tag[err] is

coupl o4 0, BuhguShingas S HcBT T oD ARLSRAEA b conteny o ¢ o
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by processor 10 has no effect on other processors or their caches.

In executing the ISYNC instruction, processor 10 achieves refetch -

serialization. In this manner, before processor 10 executes any subsequent
instructions (i.e. instructions following the ISYNC instruction within the
programmed sequence of instructions for execuﬁon)_, processor 10 ensures
that (a) all prior instructions have completed, at leaét to the point where
such prior instructions are no longer able to cause an exception, and (b) all
prior store operations have completed, at least through addréss translation.
These subsequent instructions are subject-to all effects of the prior
instructions. The ISYNC instruction is context synchronizing.

The hardware event occurs at a moment when HPS transitions from
a logic O state to a logic 1 state. In response to HPS transitioning from a
logic O state to a logic 1 state, processor 10 performs the following
enumerated actions.

1. Sequencer unit 18 (FIGURE 1) aborts any pending instructions
in instruction buffer 70 (FIGURE 3) which have not already been
dispatched to execution units of processor 10.

2. Processor 10 aborts any pending instructions in the execution
units (branch unit 20, FXU 22, CFXU 26, LSU 28 and FPU 30), so that
such pending instructions are not executed. In that regard, LSU 28



bit 2[err] of Address Tag[err] where: (a) g is a constant (i.e. common to
all PRAMcells of the famly) bit nunber fromO through 19, (b) x is a
variable (i.e. different for all DRAMcells of the famly) set nunber from
0 through 127, and (c) y is a constant bl ock nunber fromO through 3. As
shown in FIGURE 7, each sense anp (circuitry 121) has an ENABLE line. Wth
reference to FIGJRE 6, enable lines 102 include a total of 4 address tag
ENABLE lines (i.e. 4 blocks * 1 address tag ENABLE |ine per block). Each
such address tag ENABLE line is connected fromcontrol logic 100 to a
respective one of the four groups of sense anps 104, where the respective
group is coupled to a famly of DRAM ce4f7s which store digital information
for Address Tag[err] here (a) x is a variable set nunber fromO through

ams of senSEIGHRE BEABOAS Y Rl Sabie b bHobS @%i%ﬁ AL A
sense anps. (SPullEd B SthraBe iGhfdmidio B g5t R 18, For, rRimBIS IR 6,250,
a bus 120a, .ﬂﬁéuﬁﬁﬁ@ ctibd dinekt LS 28 includes a store queue. Accordingly,

LSU 28 aborts any pending store requests in the store queue, so that such
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pending store requests are not performed.

3. Processor 10 invalidates all entries in rename buffers 34 and 38
(FIGURE 1). For example, processor 10 moves writeback pointer 182
(FIGURE 5) and completion pointer 184, so that writeback pointer 182
and completion pointer 184 point to the same rename buffer entry as
allocation pointer 180.

4, Sequeﬁcer unit 18 (FIGURE 2) saves the address of the
instruction pointed to by 'c'ompletion pointer 175 (FIGURE 4) of reorder

~ buffer 76. Thén, processor 10 invalidates all entries in reorder buffer 76
by moving completion pointer 175, so that completion pointer 175 points
~ to the same reorder buffer entry as allocation pointer 173.

After processor 10 performs the foregoing enumerated actions,
fetch logic 71 (FIGURE 2) resumes fetching instructions, beginning at the
address saved by sequencer unit 18 as discussed hereinabove in the
immediately preceding paragraph (i.e. in enumerated action 4
hereinabove).

In an alternative embodiment, processor 10 reduces the number of

“ways” within instruction cache 14 and data cache 16 to two-way instead



36 of. 256 DRAM cells denoted as Werr] is coupled through a second group of
256 sense anps (of sense anps 108a-h), respectively, to a nultiplexer 114b
vi.a a bus-120b, (3) each of the 128 sets of 256 DRAM cells denoted as
Werr]oupled through a third group of 256 sense anps (of sense anps
108a-h), respectively, to a nmultiplexer 114c via a bus 120c, and (4) each
of the 128 sets of 256 DRAM cells denoted as Werr]is coupled through a
fourth group of 256 sense anps (of sense anps 108a-h), respectively, to a
mul ti plexer 1 14d via a bus 120d. Accordingly, each sense anp (of sense
anps 108a-h) is coupled to a respective famly of 128 DRAM cel I s which
store digital information for bit 2[er&?mords Werr]where: (a) gis a
constant bit nunmber fromO through 31, (b) x is a variable set nunber from

0 through 127, (c) y is a constant hl ock nupbeg fr.om.O through 3, and (d) s
is a const aftfonsrway @ysime psacessos i gnters {%139?@4?‘993"%&2 | ude a

total of 32 word ENABLE e, 4 blocks * 8 ock ¥.1 word
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|l ogic 100 to respectijve R :
¥ sav?ng” n{)o e in response to the software event or the hardware event. In

such an alternative embodiment, in response to HPS transitioning from a
logic 0 state to a logic 1 state:

(1) control logic 100 (FIGURE 6) ensures that all lines within
Block 2 and Block 3 of all 128 sets within instruction cache 14 are
invalidated, such that the “valid” bits in State,, are cleared;

(2) likewise the control logic of data cache 16 ensures that all lines
within Block 2 and Block 3 of all 128 sets within data cache 16 are
invalidated; and o

(3) if any such invalidated line within data cache 16 stores
information which has been modified by processor 10 relative to an
original version of the information stored within memory 39 (FIGURE 1)
at the same physical address (translated in response to the effective
address), then processor 10 updates memory 39 by copying the modified
information from data cache 16 to the same physical address within
memory 39.

" Control logic 160 implements a least recently used (“LRU”)
replacement policy for storing new information within instruction cache
14. In that regard, data cache 16 is substantially identical to instruction
cache 14. Relative to instruction cache 14, data cache 16 additionally



subgreup of the four groups of sense anps 108a-h, where the respective
subgroup is coupled to a famly of DRAM cells which store digital
information for words We, where (a) x is a variable set nunber from?O
through 127, (b) y is a constant bl ock nunber fromO through 3, and (c) z
Is a constant word nunber from O through 7. 37 Li kew se, sense anps 106
are organi zed so that (1) each of the 128 sets of DRAM cells denoted as
State[err] (where x is the set nunber) is coupled to a first group of sense
anps (of sense anps 106), (2) each of the 128 sets of DRAM cells denoted as
State[err] is coupled to a second group of sense anps (of sense anps 106);
(3) each of the 128 sets of 20 DRAM ce#Ps denoted as State[err] is coupled
to a third group of sense anps (of sense anps 106), and (4) each of the 128

sets of gﬁg&f‘d&%&ﬁf’ }Wﬁ?@%%ﬁ&nﬁ o fhe P62 l‘r@%#bﬂ@@ of

sense anps e anps i ngly, each sense anp sense anps

é?gi) t gls f ﬁ;“g}lﬁ;??flf(}ﬁf?l? %ﬁ%ﬁtﬁvﬁﬁe Bﬁéfdﬂoﬁ ot 4bytBABY-byte, Shalivierd WWofd,
or double-word basis. Moreover,-processor 10 is able to perform a full
read-mddify—write operation to data cache 16 ina singlé cycle of |
processor 10. Data cache 16 selectively operates in either write-back or
write-through mode, and it implements control of cacheability, write
policy, and memory coherency on a page-by-page and line-by-line basis.

Although an illustrative embodiment and its advantages have been

described in detail hereinabové, they have been described as example and
not as limitation. Various changes, substitutions and alterations can be
madé in the illustrative 'egnbodiment without departing from the bireadth,

scope and spirit of the présent inventions.



bit 2Ferr] of State[err] where: (a) g is a constant bit nunber, (b) x is a
vari abl e set nunber fromO through 127, and (c) y is a constant bl ock

nunber from O through 3. Enable lines 102 include a total of 4 state ENABLE
lines (T. & 4 bteeks*_1 state ENABLE |ine per block). Each such state
ENABLE nected fromcontrol logic 100 to a respective one of the
four g u'@m,ﬂgﬂﬂ s 106, where the respective group is coupled to a
famly o ch store digital information for State[err] where

(a) xis a varlable set nunber from 0 through 127, and (b) y is_a _constant '\j

bl ock nunmber from O-through 3. Wth reference to Fl GURE 7, gam1s SSHEES Wkp oLt
(circuitry 121) inputs a differential %0 tage through |ines and ﬂ@p[gm
one of its 128 coupl ed 38 DRAM cel I's, where the one DRAM .

sel ected in response to |logic states @ L@Rrol |ines 124 out put from
control logic 100 according to the set nunber (i.e. according to an
address's bits 2[err] through 2[err] as discussed

WHAT IS CLAIMED IS:

1. A method, comprising:

while dispatch circuitry operates in a first power mode, per cycle of
said dispatch circuitry, dispatching up to N number of instructions to
execution circuitry for execution, wherein N is an integer number and
N>1;and ' |

while said dispatch circuitry operates in é second power mode, per
cycle of said dispatch circuitry, dispatching up to M number of
instructions to said execution circuitry for execution, wherein M is an

integer number and 0 <M <N,

2. The method of Claim 1 wherein said first power mode is a full

power mode, and said second power mode is a low power mode.

3. The method of Claim 1 wherein said dispatch circuitry operates

in said second power mode in response to a software event.

4. The method of Claim 1 wherein said dispatch circuitry operates

in said second power mode in response to a hardware event.
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her ei nabove). If ENABLE has a logic 1 state, then circuitry 121 is
actlvat%dw:;itry 121 is not activated. If circuitry 121 is
not activated, processor ) consunes | ess power, and an output node OUT has
a high |H”"ﬂﬁﬂﬂ' D has a voltage greater than D while circuitry
121 is a mmul”m has a voltage substantially equal to Vvdd (i.e. a
logic 1 st'at ) LBy" conparison, if D has a voltage | ess than D while
circuitry 121 is activated, then OUT has a voltage substantig )
G\D (i.e. alogic O state). Through a bus 110, address tag if
transferred between control |ogic 100 and Address Tag[err] o
information is transferred between conflol |ogic 100 and Sta :
buses 116, 118 and 120a- d, instruction information (or data |nfornat|on in
the case of data cache 16) is transferred between control |ogic 100 and
Werr]. In an exanple instruction fetch operation, control |ogic 100

recei ves an effegt The medicd of Claith s wiripein said iard®ar€evenpbctass ¢ 100

determines a particular Set x in response to the received effective

address’ s kyhén altefiperatureusfisaid dispatchcifbuitrysastelds acthresild) . and

control logic 100 inputs information from Bl ocks 0-3 of. Set x. More
parti cul ar lgg tow@h bus 110, control |ogic 100 reads the four address
tags, Address Tag[err] Address _ '

_ 6. The method of Claim 5 wherein said threshold temperature is a
maximum safe temperature of said dispatch circuitry operating in said first

power mode.
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39 Tag[err] Address Tag[err] and Address Tag[err and their respectively
associrated four states, State[err] State[err] State[err] and State[err]

Furt her, ol _logic 100 outputs the received effective address's bits
2[err] ;%WI exérs 1l1l4a-d through control lines 122.1n
responseimmmﬂ”' i es of control lines 122, nmultiplexer 114a outputs
a sel ect m«}mlmnl)m Bl ock O of Set x to bus 118. Fo

sel ected doulSl etwotd §s # rom eit her (a) .the DRAM cel | s dend

cells denoted as Werr] and Werr] or (d) the DRAM cel | s dewnete Werr]
and Werr] Likewise, in response to thes2 ogic states of control lines 122,
mul ti pl exer 114b outputs a sel ected double-word fromBlock 1 of Set x to

Set x to bus 1187 sy SPRPESAETS CUi D s a sl ect ed doubl evord from
Bl ock 3 of Set x (flﬂ)z{wﬁ c}g&ﬁ@%@gh bus 118, nultipl exer 112 :
__ dispatching up to N number of instructions to execution
circuitry for execution, per cycle of said dispatch circuiﬁy, while dispatch
circuitry operates in a first power mode, wherein N is an integer number
and N>1; and _
dispatching up to M number of instructions to said execution
circuitry for execution, per cycle of said dispatch circuitry, while said
dispatch circuitry operates in a second power mode, wherein M is an

integer number and 0 <M <N.

i i

8. The circuitry of Claim 7 wherein said first power mode is a full

power mode, and said second power mode is a low power mode.

9. The circuitry of Claim 7 wherein said dispatch circuitry operates |

in said second power mode in response to a software event.

10. The circuitry of Claim 7 wherein said dispatch circuitry

operates in said second power mode in response to a hardware event.
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recei ves alkl four double-words fromnultiplexers 114a-d. MVU of contr ol
Iogi ¢ 100 translates the.received effective address into a specific
ysical address. Control logic 100 corrpares the specific physical
addr esﬁm“m“ﬁwnﬂmu!"hr ough 2[err] .agai nst any valid Address Tag[err]
from b of an Address Tag[err] is indicated by a digital-—
| ogi ¢ val ue of fhe®"valid" bit in State, associated with Addre ﬂ
In response to such a conparison, if the specific physical AWR &
2[err] 40 through 2[err] are a match with any valid Addrless T&6
then control logic 100 outputs suitable control signals to e Tmultipl exer
112 through control lines 126, so that58ultiplexer 112 outputs (to control
| ogic 100 through bus 116) either (a) the double-word from mJI t| pl exer 1
14a if the matchiis THe Girdditiyes CIah0 Whekdin!hid Sardhvarye

mul tiplexer 114b if the matcl is wth Address Tag[err] (c) the Sou e-word

fromnmulti fs ‘ﬂﬁ?meﬁg d (d) the
i I pI exer- 114dcdi|sP§%dkyeél?rcat s W t%%ﬁr ess

doubl e-word from mnul Tag[err].
temperature.

12. The circuitry of Claim 11 wherein said threshold temperature is
a maximum safe temperature of said dispatch circuitry operating in said
first power mode.
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ACCOI‘di.Elg| y, control logic 100 inputs a double-word frommultiplexer 112.
| f processor 10 is operating in the Fuld:pewer node, then control |ogic 100
out'puts the double-word fromnultiplexer 112 to sequencer unit 18 as part
of the exanple instruction fetch operation. By conparison, if processor 10
I's operating in the Special power node, then control |logic 100 outputs only

a single word (i.e. half of the double-word) fromnmultiple H“‘ém %% QEBN
o .
GED

sequencer unit 18. Control |ogic 100 selects the single wor
the effective address's bit 2[err]. This is because, if prdcessoREP
operating in the Special power node;-then instruction buffer 70 (FI GURE 3)
Is able to input only a single 32-bit hstruction (instead of up to two
32-bit instructions) frominstruction cache 14 through 64-bit bus 50 during

a single cycle of $YSIENDAND METHODSFOR REDUHEMNGROWER! r ol | ogi c
100 outputs suitable signals on ENABLE |lines 102, so that only sel ected

subgroups of sense CONS[MTKDMANBEEBGTMI@(CIEOW sel ected

subgroups of sense anps

" ABSTRACT OF THE DISCLOSURE

Whilé dispatch circuitry operates in a first power mode, per cycle of
thé'dispatch circuitry, up to N number of instructions are dispatched to
execution circuitry for execution, where N is an integer number atid N > 1.
While the dispatch circuitry operates in a second power mo&é, per cycle
of the dispatch circuitry, up to M ﬁumber 6f instructions are dispatched to
the execution circuitry for execution, where M is an integer number and
0<M<N.
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108a-h.are di sabl ed. The sel ected subgroups are the ones coupled to DRAM
cells which store digital information for words Werr] where (a) x is a
vari‘abl e set nunbér from O through 127, (b) y is a variable bl ock nunber
fromO through 3, 'ﬁ’xﬂ@h&?ﬂaséeénsﬁe a& nstant wor.d nunmber from O through 7

whi ch is sel ected e effective address's bits 2[err] .
through 2[err]. In ﬂmmm m Iir ocessor 10 activates fe it
the Full - povver node iers of instruction caclg ’é :

processor so the average power consurrptron of instrugtion B& nd
hence of processor 10) is reduced Addi ti ayﬁ reductions ] [
processor 10 enters the Special "power g" node in response to the

sof twar e eV gHt—ft—er—SRS~has—a-logi-c-1 Q'ra.r..e.)-,—b.ec:4.1!.L.lse_l_la...r..h.a.r.._|tuatron
control |ogic 100—reduces the numher qf " ' structidn cache T4
to two-way nst‘ead of four- way . Accordingly, essor 14 oper at qgy
in the Speci gt—=ppwer { no(g erates ijn a man
whi ch ensur ¢3 thaj Addriess frag[ er|r are notf valid (as
i ndi cated by|digifal |dgic 3 (Ez‘galrd" bi L. teferr] jand =
State[err] {g¢speclively) anf (b) orﬁPE?&ddress nd Address“Tag[err]-
are allowed|to belvaliq (as i ndi dated by digit al ues off "yalid"
bits in Stat }[Edr and {St@t k[ err] TespectiveI y).
(o]
8l 2| w 1 S
<> we? Q. 2=
& =W ik |—Jo||
w S 2= o
Q. < —— [T Q> =
S i B 2 o
< @ =z =
> =
3l [ | i i
= '\
§ = =
= = % L o col ‘L
] = & & -
= ! o o L
= LLl g LI
J O = > NE P '<T:O
= a> o<
Li§
w <C S
: o
31| =
73] l’ '
ww .
- ' ge t 1 111
<1 L Qe
=
[72] <
& £ R - we
: o <t 21
) < =
. o~ w=s
T m
1 e
1! - 73] o
(:S A
[l PP 3 Y 4
=z = I* >
= =
%3 - = o I =
= s ] L]
11125 I o~ it‘-‘ <1
T X P2 I < =
= 28 . Ww
114 & Sec o
) o jl< S
l § O]
s B o 2l =
S~ Has g o Tl = =
oE% w
L O &




Accordingly, for an instruction fetch operation in that situation, 64 sense
anplifiers (1 word/way x 4 bytes/word x 8 bits/byte x 2 ways x 1 42
sense anplifier/bit) are activated instead of 256 sense anplifiers (2
words/way x 4 bytes/word x 8 bits/byte x 4 ways X 1 sense anplifier/bit),

as discussed further hereinabove in connection with FI GU B8 *’ﬁ AS BEEN
Advant ageously, this significantly reducsg t he average po §o %&jﬁn of
i nstruction cache 14 (and hence of proce 10). Likew s i f d .
enters the Special "power saving" rmde |n response to the Software event,
processor 10 reduces the nunber of "ways" within data cache 16 to two-way

I nstead of four-way. Accordingly, for an LSU 28 floating point |oad
operation in that situation, 64 sense anplifiers (1 word/way x 4 bytes/word
X 8 bits/ byfOANSTRUGENN GAGHE ¢nse FRDMINSTRUGTION CACBIEAgt | vat ed i nstead of
256 sense anplifiersd(2 words/way x 4 bytes{yword x 8 bits/byte x 4 ways x 1
sense anplifier/bit)}] as discussed further herei nabove in connection with
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Advant ageously, this significantly reduces the average power consunption of
data cache 16 (and hence of processor 10). The software event occurs at a
nonent when SPS transitions froma logic O state to a logic 1 state. SPS
transitions to the logic 1 state in response to CFXU 26 executing a first

Lo

MISPR i nstruction directed to a predetermned bit of a "H D4 THIS SHEEET @ BEEN
SPRs 40. The first MISPR i nstruction speci fgss the logic 1 gtate %’5@ :
| medi ately before the first MISPR instruct i s hel pf &al—(i.n Dt o

reduce conplexity of circuitry within processor 10) for the 43 software
to specify a " Sypgbmnszﬁucf(()ﬁm% i;pstruction, followed by an
"I'nstruction Synchroni ze" ('1SYNC') instruction. Imrediately follow ng the
first MISPR instruction, it is | pful for the software to specify another
I SYNC instruction. As j ust pScussed herei nabove, |f processor 10 enters
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logic 1 state), processor 10 reduces the nunmber of "ways" within
I nstruction cache 14 and data cache 16 to two-way instead of faur-way.

Accordingly, imediately before the SYNC i nstruction that pre qqﬁs @%é BEEN "
|
f

first MISPR instruction, it is inportant for the software to ppeci
Cache Bl ock Flush" ("DCBF"') and "Instruction Cache Bl ock Inva
("ICBI") instructions. Simlarly, SPS tkﬁg itions to a logic O state in
response to CFXU 26 executing a second R instruction directed the
predeterm ned bit of the "H DO" register of SPRs 40. The second SPR
instruction specifies the logic O state of SPS. Immediately before the

second MISPR instryction, |t ,\@- h f,?r the s ftwatrle to spftci fy a SYNC
i nstruction, {$p! | oedU Ral NG anfrur LoriGRRMMEERR elﬂl fol lowi ng the
second MTSPR j nst r JOWUMBER | exesutreinefiniT f or |DESTsoDESR | SFINISHEPe EXCEPRION her

| SYNC instruction. |The DCRE instruction spegifieslan efifectiveladdress n
response tCOMﬁEEDCﬁF igstryction, if any Ilrje wi thin data cachg¢ 16 store

A2

informati onTION —» 1 22 1 0 0 0
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‘44 (e.g. data) at the effective address, then processor 10 .invalidates the
line by clearing the line's "valid" bit in State[err]. Further in response....
to the DCBF instruction, if the invalidated |ine stores |hf@£ﬁp§pﬂﬁ'whtcm;ﬁl
has been nodified by processor 10 relative to an ori ginal Ver3|q9
information stored within nmenory 39 (FIGURE 1) at the sanmeiphy

(translated in response to the effective g§dress), then processor 10

updates nenmory 39 by copying the nodified information fromdata cache 16 to
t he same physical address within nmenory 39. Before transitioning SPS to a
logic | state, it is inportant for the software to specify enough DCBF

instructions to ensure that all lines are invalidated within Blocks 2 and 3
of all 128 FeTf]s |n data cache 16. The ICBI-instruction specifies an
effective ajddes~ esponse to the ICBl instruction, if any line within
I nstruction]cgch sfores information (e.g. instructions) at the

effecti ve afituries
line's "val{d"
state, it i§ i

10 invalidates the line % clearing the
are transitioning SPS alogic 1
e to specify enough | instructions

i aﬂ i
[eo] [al]
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The SYNC instruction provides an ordering function for the effects al
instructions executed by processor 10. In executing the SYNC instr 17bdhﬁ72-47
bef ore-processor 10 executes any subsequent instructions (i.e. instructions
following the SYNC instruction within thggprogranmed 45 sequencaﬁﬁ% 4%:7
instructions for execution), processor ensures that all prior instruction
(except "touch | oad" operations and instruction fetches) have conpl eted, at
| east to t hSYSTEM AND METHOREQR REBUCING BOWER CONSIBVPTIONIN AN
precedi ng the SYNC instuction within a programed sequence of instructions
for execution) are no |onger ab@*@%TgﬁﬁgﬁgiRMption. When processor 10
conpletes the SYNC instruction, processor 10 will have perfornmed (with
respect to all other mechani sns that access nenory 39) all external

accesses j@%&kﬁ%&ﬂ%by processor 10 prior to the SYNC instruction. Further,
processor ave conpleted all its |oad and store cache/ bus

activities | niNyuiteilspdicl SHBRRTE(HY dPetdtds I8 fitdf PoRRS mode, per cyéle of the
dispatch circuitry (74), up to N number of instructipns are dispatched to execution
circuitry for execution, where N is an integer number and N>1. While the dispatch
circuitry (74) operates in a second pbwer mode, per cycle of the dispatch circuitry (74),
up to M number of instructions are dispatched to the execution circuitry for execution,

where M is an integer number and 0 < M < N.

Fig. 2
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Processor 10 del ays conpletion of the SYNC instruction until all prior
"Data Cache Bl ock Touch" ("DCBT") and "Data Cache Bl ock Touch for St OIEVD() “;m
("DCBTST") instructions have conpleted, at |east through address -
transl ation, but" without regard to whether such DCBT and DCBTST

I nstructions have conpl eted on system bu$ 11. The SYNC, DCBT and DCBTST
instructions are nore conpletely described in the Power PC 603e RI SC

M croproce§gmm®@ﬁqugmﬂi fied hereinabove. In response to the
processor wa

I SYNC instruction, pi _ alts until it is able to conplete all
prior instruct}iq@an objedt of B! présent %ﬂbﬁ%%@ﬁo&@oﬂ%ﬁﬁo&@&fsﬁ%ﬁ%@s of

within the programmed sequence of instructions for execution).

processor the pitiop@ey, ds any fetched instructions, so that 46 future

i nstructions are fetched (or refetched) and executed in the context

est abl i shed byAtd¢urdingi tir onesdspeatt o tise pFesentuinventiorf thdre ik édWidedsd miethodn

by processor 10 has no effect on other processors or their caches. In

execut i ng ¢ameprisingupenating. dispatch upitoefea slata pmcesshr ey asfinsttlock rate; selecting

| between a first and a second power mode for said dispatch unit responsive to a power
control signal, wherein; while operating said dispatch unit in a first power mode,
dispatching up to N number of instructions pef 'cycle of the dispatch unit at said first

clock rate to execution unit for execution, wherein N is an integer number and N> 1;

s,

and while operating said dispatch unit in a second power mode, dispatching up to M
number of instructions per cycle of the dispatch unit at said first clock rate to said
execution unit for execution, wherein M is an iiitéger mimber and 0.

According to another aspect of the present invention there is provided circuitry of a
data processor, comprising: means for operating dispatch unit in said processor at a first
clock rate; means responsive to a power contr01 signal for said dispatch unit to dispatch
up to N number of instructions to execution unit for execution, per cycle of said dispatch
unit at said first clock rate, while dispatch unit operates in a first power mode, wherein
N is an integer number and N>1; and means responsive to a power control signal for
said dispatch unit to dispatcﬁ up to M number of instructions to said execution unit for
execution, per cycle of said dispatch unit at said first clock rate, while said dispatch unit
operates in a second power mode, wherein N is an integer nmumber and 0 means
responsive to a power control signal for said dispatch up to M number of instructions to
said execution unit for execution, per c&cle of said dispatch unit at said first clock rate,
while said dispatch unit operates in .a second power mode. wherein M is an integer

number and 0.
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serialization. In this manner, before processor 10 executes any subsequent

I nstructions (i.e: |nstruct|ons fO||OMAng the ISYNC instruction within the
progranmed sequence of instructions for execution), processor 10 ensures
that (a) all prior instructions have co Ieted at least to the point where
such prior instructions are no |onger abP® to cause a b)
all prior store operations have conpl ¢ﬁg§M§£ | east t “ﬂlﬂ"ﬂumle"lgmn
transl ati on. These subsequent instruct e subject tocallt effetts*o

t he prior ' E &h%ﬂ The 1 SYNC i nstruction is context synchroni zing. The
har dwar e even occurs at a nonment when HPS transitions from.a logic O state
to a logicyl sh; ﬁ@ se to HPS transitioning froma logic O state
to alogic 1 state pro ssor 10 perforns the foll owi ng enunerated actions.

1. Sequencer da%&lﬁ?:%ibfalaﬁfat o8éd¥or it AirsBclofle FidiCt 1 ons i n
I nstruction b | GURE 3) whi have not already been di spatched to

execution uni t&laimgrlﬁﬁ;mmﬁfsﬂan&a setondgoeert nidde F00sdid dizpatch afillirégponsive
instructions in the execution units (branch unit 20, FXU 22, CFXU 26, LSU
28 and FPUo3Dpowerocantml sigual) wherginng i nstructi ons are not executed. In that
regard, LSU 28

while operating said dispatch unit .in a first power mode, dispatching up to N

mumber of instructions per cycle of the dispatch unit at said first clock rate to execution
unit for execution, wherein N is an integer mumber and N> 1; and |
while operating said dispatch unit in a second power mode, dispatf:hing' up to M
number of instructions per cycle of the dxspatch unit at said first clock rate to said
executlon unit for execution, wherein M is an integer m1mber and 0.
2. 'The method of claim 1 wherein said first power mode is a full power mode, and
saidisecond power mode is a lctw poWer-mode.
3. The méthod of claim 1 wherein said power control signal is generated in response
| to a software event.
4. The method of claim 1 wherein said power control signal is generated in response
to a hardware event.
5.  The method of claim 4 wherein said hardware event occurs when a temperature of
a selected processor circuit exceedé a threshold temperature.
6. The method of claim S5 wherein said threshold temperature is a maximum safe
temperature of said setected processor circuit operating in said first power mdde.
7. Circuitry of a data pfocessor, comprising:
means for operating dispatch unit in said processor at a first clock rate;
means responsive to a power contfol signal for said dispatch unit to dispatch up to
N number .of instructions to execution unit for execution, per cycle of said dispatch unit
at said first clock rate, while dispatch unit operates in a first power mode, wherein N is

an integer number and N> 1; and
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47 (FIGURE 1) aborts any pending store instructions-whi-ch-have not al ready
resulted in storage of information in data cache 16. exanple, in the
illustrative enbodi ment, LSU 28 includes a store qum’@m, ’ :Hl,lmuhsu 28
aborts any pending store requests in theistore queue, e . di ng
store requests are not performed. 3. Processor 10 invalidates all” entries
in rename buffers 34 and 38 (FIGURE 1). For exanple, processor 10 noves

wri teback poi mieans 1&sponsivGCURE poven sanizolngignal ifemsaid dispateh pgit to géspatehrup to
writeback .pointer 182 and conpl etion pointer 184 point to the_ samne.renanme
buf f er entMynusbesof drssructions;t) s exepytion ynit o exeqution, psr £yelg of ﬁ?‘gﬁh@aﬁ%

saves the address of the instruction ppinted to by conpletio ointer ,175
(I GURE 4 st spit Bt ol e e il sl Bou poraSs 18 2 et iR BOUPY Hogh 7o
i n reorder buf.fﬁ{l.?6 b mlg\rlliu”%ef;%gg)getion poi nter 175, so that conpletion
poi nter 175hERAT & ! JaE 88t der buffer entry as allocation pointer

173. ATLer Pr QGRS FespbBsiN'th U PowdiCordtfdi SR Sor MM BisBAER vBCHb! MM umber of

instructions to said execution unit for execution, per cycle of said dispatch unit at said

first clock rate, while said dispatch unit operates in a second power mode. wherein M is
an integer number and O.

8.  The circuitry of claim 7 wherein said first power mode is a full power mode, and

T4

said second power mode is a low power mode.
9.  The circuitry of claim 7 wherein said power control signal is generated in response
to a software event.

10. The circuitry of claim 7 wherein said power control signal is generated in response
to a hardware event.

11. The circuitry of claim 10 wherein said hardware event occurs when a temperature
of selected processor circuit exceeds a threshold terﬁperamre.

12. The circuitry of claim 11 wherein . said threshold temperature is a maximum safe

temperature of said selected process circuit operating in said first power mode.
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fetch logic 71 (FIGURE 2) resunes fetching instructions, beginning at the
address saved by sequencer unit 18'a5;diSchsspd her ei nabove in the

i mredi at el y precedi ng paragraph (i*e. in enunkrated action 4 herei nabove):
In an alternative enbodi ment, processor 1@,reduces the nunber of "ways"

Wi thin instruction cache 14 and data cache 16 to two-way i nstead 48 of
four-way anytine processor 10 enters the Special "power savi n&i‘pmde,
wi t hout r egaS¥STEMMNDVIEFHOR: FOR RERUCENG RO CONSUMBREONSEN AN

node in response to the software _event or_the hardware event. In such an
alternative enhodi nent, in respoﬂwqmﬂﬁgcﬁg%moni ng froma logic O
state to a logic 1 state: (1) control logic 100 (FIGURE 6) ensures that all
lines within Block 2 and Block 3 of all 128 sets within instruction cache
14 are inv@stdﬁigg such that the "valid" bits in State[err] are cleared;
(2) likew g‘n_trol | ogi c of data cache 16 ensures that all [|ines

While dispatch circuitry (74) operates in a first power mode, per cycle of the

dispatch circuitry (74), up to N number of instructions are dispatched to execution
circuifry ’for execution, where N is an integer number and N>1. While the dispatch
circuitry (74) operates in a second povc)er mode, per cycle of the dispatch circuitry (74),
up to M number of instructions are dispatched to the execution circuitry for execution,

4,

where M is an integer' numberand 0 < M < N.

Fig. 2
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wi.thin Block 2 and Block 3 of all 128 sets within data cq4c .

i nval i dated; and (3) if any such invalidated |ine withi nﬂdﬂﬂﬁg%@rl%wr
stores information which has been nodified by processor -
original version of the information stored within nenory
t he sane physical address (translated in response to the
address), then processor 10 updates mem)r‘l)‘539 by copyingjtf

information fromdata cache 16 to the sane physical addreéss. withi.n nenory

39. Cont fotr—togrc—to0—mprenents—a teastTecem 1y used ( CROTT epl acenant
policy f%r S ' ' ' H-RtA—tstruocttom—qache 14.LIn that .
regard, datg cache 16 is substantially identical to ingtruction]cache 142
Rel ati ve|tfo=rmgt ructifon chche 1§, data cache additignal ly 49 suppddt s
processolf {10 wjite operatjons tp e caché3l Procesqor 10 isjable to
perform gych wlite operat|ems—vh EHFEe-by-bytf, half-vord, worll, ,
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or doubl e-word basis. Mreover, processor 10 is able to performa ful
read-nodify-wite operation to data cache 16 in a single cycle of processor
10. Data cache 16 selectively operates in either wite-back or
‘wite-through node, and it inplenments control of cacheability, wite
policy, and nenory coherency on a page-by-page and |ine-by-1ine basis.

Al t hough an illustrative enbodi nent and2ﬁ5s advant ages have been descri bed
in detail hereinabove, they have been descri bed as exanple and not as
limtation. Various changes, substitutions and alterations can be nade in
the illustrative enbodi ment wi thout departing fromthe breadth, scope and
spirit of the present inventions. 50 CLAIMS What is clained is: 1. A

ook rad QNSTRIET wﬁ\ﬁ%@%&,ﬂ%hd;%@W@Wﬁé@éﬂﬁkﬁsﬁé?ﬁié? for Said
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means responsive to a power -control
di'spat’ch up to N nunber of

signal for said disp
instructions to execution uni

per cycle of said dispatch unit at said first clock rate,

unit operates in a first power node, wherein Nis an int
1, and 51 neans responsive to a power control signal

unit to dispatch up to M nunber of instryetions to said
execution, per cycle of said dispatch uA’ at said first
sai d dlspatch unit operates in a second power node, wher

q
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10. The circuitry of claim7 wherein said power

IS generated in response to a hardware event.
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circuitry of claim 10 wherein said hardware event oc

to a software event.
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