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- 1.D0escripti o SYSTEM AND METHOD FOR W%&E‘? JO\ISUIVPTI ON I N AN
.+ ELECTRONI C Cl RCUI T CROSS- REFERENCES TO RE aﬁgpggleCATICNS Thi s pat ent

application is’related to copending Unite patent application Seri al
No. 08/726, 396 Attorney Docket No. AT9-96-197, entitled System and Met hod
for Reduci ng Power Consunption in an Electronic Crcuit, by Loper et al.,
and to copending United States patent application Serial No. 08/ 726, 395
Attorney Docket No. AT9-96-198, entitled System and Met hod for Reducing
Power Consunption in an Electronic Crcuit, by Loper et al., and to
copending United States patent application Serial No. 08/ 726,370 Attorney
Docket No. AT9-96-199, entitled Systemand Method for Reduci ng Power
Consunption in an Electronic Circuit, by Loper et al., each filed

concurrently herewith. TECHN CAL FI EL Byd ' ent application relates in
general to electronic circuitry and i ar to a nethod and system

for reducing power consunption in an electronic circuit.

SYS'I.‘EM' 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.08/726,396 Attorney Docket No.
AT9-96-197, entitled System and Method for Reducing Power
Consumption in an Electronic Circuit, by Loper et al., and to
copending United States pateht application Serial No. 08/726,395 |
Attorney Docket No. 'AfI‘9-96-198, entitled System and Method for
Reducing Power Consumption in an Electronic Circuit, by Loper et al.,
and to copending United States patent application Serial No.
08/726,370 Attorney Docket No. AT9-96-199, entitled System and
Method for Reducing Power Consumption in an Electronfc Cizrcuit, by

. Loper et al., each filed concurrently herewith. - o

 TECHNICAL FIELD

This patent application relates in general to electronic circuitry
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and in particular fo a method and system for reducing power

consumption in an electronic circuit.
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2 BACKGROUND I n recent years, portable |aptop conputers have becone
_Yincreasingly popular. Frequently, such |aptop conputers are battery powered
in order 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 tinme 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 agfpecified time el apsing w thout
sen5|ng a partlcular type of activity. shortcom ng of such previous

"timer" tec the electronic circuit can unnecessarily consume
excess power ' for the tinmer to expire, even when the

el ectronic circui is n erform n eratl
in récen epars porta rtabla laptoﬁ) compucfers have become

increasingly popular. Frequently, such laptop computers are battery

poweréd 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 previoué techniques disable
power or disable clock s1gnals to the electronic circuit in response to a
specified time elapsmg w1thout 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
operation. | —

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

‘techniques.



Thus a need has arisen for a nmethod and systemin which an electronic
,.perU|t consunes | ess excess power relative to previous techni ques.
SUMVARY OF THE I NVENTION It is an object of the present invention to
anel i orate one or nore di sadvantages of the prior .art. According to one
aspect of the present invention there is provided a nethod of operating a
processing systemhaving a nultiple way set-ssociative cache nenory,
conprising: operating said processing system in a first power node during
which information is stored in up to N nunber of said multiple ways of said
cache nenory, wherein N is an integer nunber and N>1; operating said
processi ng systemin a second power nnded?uring whi ch information is stored
inup to Mnunber of said nmultiple ways said cache nenory, wherein Mis
an integer nunber and O invalidating said information stored in ways of
sai d cache meSUMMARY t han sai d M nunber of ways, in response to

operating in said second power npde
ca set-assoclatlve cache memory operates in a first power

mode, information is stored in up to N number of ways of the cache
memofy, where N is an integer number and N > 1. While the cache
memory operates in a second power mode, the informaﬁo:i is stored in up
to M number of ways of the cache memory, where M is an integer number
and 0 <M<N. _

It is a technical advantage that an electronic circuit consumes less

excess power relative to previous techniques.
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Accordlng to another aspect of the present invention there is provided
_circuitry in a processing system conprising: a multiple way

set-associ ative cache nenory in said processing system neans for storing
information in up to N nunber of said nmultiple ways of said cache nenory
whil e said processing systemoperates in a first power node, wherein Nis
an i nteger nunber and N>1; neans for storing said information in up to M
nunber of said nmultiple ways of said cache nmenory while said processing
system operates in a second power node, wherein Mis an integer nunber and

0 nmeans for invalidating said information stored in 3a ways of said
cache nenory ot her than satd M nunber of ;ways, in response to operating in
sai d second power node. 4 BRI EF DESCRﬂPTICN OF THE DRAW NGS

BRIEF DESCRIPTION OF THE DRAWINGS
An illustrative embodiment and its advantages are better understood

by refgrring to the following descriptions and accompanying drawings, in
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 séquencer unit of the processor
of FIGURE 1;

FIGURE 3 is a block diagram of an instruction buffer queue of the
sequencer unit éf 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 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 s-ense
amplification circuitry of the instruction cache of FIGURE 6.
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An illustrative enbodinent and its advantages are better understood by
~feferring to the follow ng descriptions and acconpanyi ng drawi ngs, in
which: FIGURE 1 is a block diagram of a processor system for processing

i nformati on according to the illustrative enbodinment; 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 block diagramof an

i nstruction cache of the processor of FIGRE 1, and FIGURE 7 is a schematic
el ectrical circuit diagramof sense anplification circuitry of the

instruction cagheadf 51 BRSCRIPTION

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

:FIGURE'I is a block diagram of a processor 10 system for ‘
processing information according to the illustrative embodiment. In the
illustrative embodiment, processor 10 is a single integrated circuit
superscalar microprocessor. Accordingly, as discussed further
hereinbelow, processor 10 includes various units, registers, buffers,
memories, and other sections, all of which are formed by integrated
circuiuy.i Also, in the illustrative embodiment, processor 10 operates
according to reduced instruction set computing ("RISC") techniques. As
shown in FIGURE 1, a system bus 11 is connected to a bus interface unit
("BIU") 12 of processor 10. BIU 12 controls the transfcr 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. Instruction 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 pci_nt unit ("FXU™) 22, a complex fixed



5 DETAILED DESCRI PTI ON.An il lustrative enbodi ment and its advantages are
better understood by referring to FIGURES 1-7 of the drawngs. FIGURE 1 is
a bl ock diagram of a processor 10 systemfor 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 ment, processor 10 operates according to reduced instruction set
conmputing ("RISC') techniques. As showngn FIGURE 1, a systembus 11 is
connected to a bus interface unit ("BIU") 12 of processor 10. BIU 12
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circuitry of ©

32 and fixed point rename buffers 34. Moreover, FXU 22 mputs a "carry
bit" from a carry bit ("CA") register 42. FXU 22, CFXU 26 and LSU 28
output results (destination operand infdrmation) 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 infbrmation from floating point
architectural registers ("FPRs") 36 and floating point rename buffers 38.
FPU 30 outputs results (desﬁnaﬁon 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 informatioﬁ is not stored in data cach'e—16, then
data cache 16 inputs (through BIU 12 and system bus 11) sucﬁ )
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 connectedto =~ ™~ ~~

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



Inaddition to sequencer unit 18, in the illustrative enbodinment the

. .execution circuitry of processor 10 includes nultiple execution units,
nanely 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 input their source operand
information from general purpose architectural registers ("GPRs") 32 and

fi xed point rename buffers 34. Mdireover, FXU 22 inputs a "carry bit" froma
carry bit ("CA") register 42. FXU 22, CFXU 26 and LSU 28 output results
(destination operand |nfornat|on) of their operations for storage at
selected entries in fixed point rename bgffers 34. Also, CFXU 26 inputs and
out puts source operand i nformati on and destination operand information to

and from spegi o ere 4
operand i nf omﬁ}mﬁiﬂf %’fiﬁ"ﬁﬁaé{ﬂ m S&W %@éﬁ?&é@eé%ﬁgﬁ) 36
and floatlng. Oi nt rengna?gyf 68 FPU 30 outputs results (destination
oper and i nf ot ?ﬁéhel on for storage at selected entries in
floating point r e'?e’?ue%et%ft 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 the
sequence of instructions is not stored in instruction cache 14, then
instraction cache 14 mputs (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 umt executes
one or more instructions of a partlcular class of instructions. For example
FXU 22 executes a first class of fixed point mathematical operations on

" source operands, such as addition, 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
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In response to a Load instruction, LSU 28 inputs information fromdata
..cache 16 and copies such information to sel ected ones of renane buffers 34
and 38. If such information is not stored in data cache 16, then data cache
16 inputs (through BlIU 12 and system bus 11) such information froma system
menory 39 connected to system bus 11. Mreover, data cache 16 is able to
out put (through BIU 12 and system bus 11) information fromdata cache 16 to
system nmenory 39 connected to systembus 11. In response to a Store
instruction, LSU 28 inputs 7 information froma selected one of GPRs 32
and FPRs 36 and copi es-such information to data cache 16. Sequencer unit 18
I nputs and outputs information to and fr@n GPRs 32 and FPRs 36. From
sequencer unit 18, branch unit 20 inputs instructions and sighals

i \ .
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As information is stored at a selected one of rename buffers 34,

such information 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 renéme
buffers 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 generated the information.
Such copying is called.’ wnteback"

As information i 1s stored at a selected one of rename buffers 38,
such information is associated 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 ﬁoin sequencer unit 18. Sequencer unit 18
directs such copying of information sfered at a selected one of_' fename
buffers 38 in response to "completing” the instruction that generated the |
information. '

Processor 10 echieves 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.



hsucﬁ 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 frominstruction cache 14, sequencer unit 18

sel ectively dispatches the instructions to sel ected ones of execution units
20, 22, 26, 28 and 30. Each execution unit executes one or nore

I nstructdions of a particular class of instructions. For exanple, FXU 22
executes a first class of fixed point maghemati cal operations on source
operands, such as addition, subtraction, AND ng, ORi ng and XORi ng. CFXU 26
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34, dispatch, execute, completlon,- and writeback.

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
hereinabove in connection with branch unit 20 and sequencer unit 18.

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

-instructions.

In the dispatch stage, sequencer unit 18 selectively dispatches up to
two decoded instructions to selected (in response to the decoding in the
decode stage) ones of éicecution 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 execution units for dispatched instructions.
Processor 10 dispatches instructions in order of their progranmé&
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"



such information is associated with a storage location (e.g. one of GPRs 32
or CA register 42) as specified by the instruction for which the sel ected
rename buffer is allocated. Information stored at a selected one of renane
buffers 34 is copied to its associated one of GPRs 32 (or CA register 42)
in response to signals fromsequencer unit 18. Sequencer unit 18 directs
such copying of information stored at a selected one of renane buffers 34
in response to "conpleting"” the instruction that generated the infornmation.
Such copying is called. "witeback”. As information is stored at a sel ected
one of renane buffers 38, such infornation I s associated with one of FPRs
36. Information stored at a sel ected onz renanme buffers 38 is copied to
its associated one of FPRs 36 in respon Q to signals from sequencer unit
18. Sequencer unit 18 directs -such copyi ng of |nfornat|on stored atdg
sel ect ed ondsaibledo@xecnts instmictonsouteaf-ordar nelatrve te thair progragame
I nstruction that generated the information. Processor 10 achi eves high
per formance sgquenceessi ng nmul tiple instructions sinultaneously at various
ones of execution units 20, 22, 26, 28 and 30. or N each .. .
hetruct fon 15 or b e campleton stasss sequenesrauRit | Sanchoalet ag JesUuGtioniis | n
parallel with sta es"of ot her |ns£ructi ns, .

"complete”. Processor 10 "completes” instructions in order of their

programmed sequence.

In the writeback stage, sequencer 18 directs the copying of
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 buﬂ'er; Likewise, in the writeback stage of a |
particular instruction, processor 10 updates its architectural states in
response to the particular instruction. Processor 10 processes the
respective "writeback” ;tages 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 coinplete each of the stages of instruction prpcéssing_. )
Nevertheless, some instructions (e.g., complex fixed point instructions
executed by CFXU 26) may reqiiire more than one cycle. Accordingly, a
variable delay may occur between a particular instruction's execution and
completion stages in responseé to the variation in time required for T

completion of preceding instructions.



9 Such a technique is called "pipelining". In the illustrative enbodi ment,
.an instruction is normally processed as six stages, nanely fetch, decode,
di spatch, execute, conpletion, and witeback. In the fetch stage, sequencer
unit 18 selectively inputs (frominstructions cache 14) one or nore

I nstructions fromone or nore nenory addresses storing the sequence of
instructions discussed further hereinabove in connection with branch unit
20 and sequencer unit 18. In the decode stage, sequencer unit 18 decodes up
to two fetched instructions. In the dispatch stage, sequencer unit 18
selectively dispatches up to two decoded instructions to selected (in
response to the decoding in the decode qqgge) ones of execution units 20,
22, 26, 28 and 30 after reserving renane buffer entries for the dispatched
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operation. The five power modes are selectively enabled and disabled in

response 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 sét 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. _

1. Full-power mode. The Full-power mode is the default power
mode of processor 10.-.In the Full-power mode, processor 10 is ﬁJ.lly
powered, and units ope;éte at the processor clock speed of processor 10.
Processor 10 ﬁnthér 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 a low-power state'.;wifhout affecting pelforgné;ce, o
software execution, or external hardware circuitry.

The aforementioned dynamic power management dee, and the

“Full-power, Doze, Nap, and Sleep power modes, are more completely

described in the publication entitled PowerPC 603e RISC Microprocessor ~  ~

User’s Manual, published by IBM Microelectronics Division, Hopewell
Junction, New York, Telephone 1-800-PowerPC, which is hereby fully




In tthe execute stage, execution units execute their dispatched instructions
.and output results (destination operand information) of their operations
for storage at selected entries in renane buffers 34 and renane buffers 38
as discussed further hereinabove. In this manner, processor 10 10 is
able to execute instructions out-of-order relative to their programed
sequence. In the conpletion stage, sequencer unit 18 indicates an
instruction is "conplete". Processor 10 "conpletes” instructions in order
of their programed sequence. In the witeback stage, sequencer 18 directs
the copying of information fromrenanme buffers 34 and 38 to GPRs 32 and
FPRs 36, respectively. Sequencer unit 18jdirects such copying of '
informati on stored at a selected renane buffer. Likew se, in the witeback

stage of a particular ruction, roce or 10 updates its _architectural

s}]at es in respOGAIPOL @tedﬁbymé‘f( re!lhs QREOVED. ‘iﬂ@@% %rocesses
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progr amed IV(ranan\l\::{glen(aaeriitcmodg 2% Scbed S Unipld SBied Bafiifl% 49b 808! which
is hereby fully incorporated by reference herein. In the illustrative

embodiment, 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 processdr 10 imj)lements the
Special power mode. Accordingly, the Special power mode is a
significant aspec.:t 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, ti;ne base/decrementer
registers (not shown inlf"IGURE 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 continues 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 feyG_élock B
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

Tt b

interrupt line INT, so that INT provides a signal having a logic 1 state to' -

processor 10. Likewise, from the Doze mode, processor 10 returns to ‘the

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



sequence. Processor 10 advantageously nerges an instruction's conpletion
stage and witeback stage in specified situations. In the illustrative
enbodi ment, each instruction requires one machi ne cycle t'o conpl ete each of
the stages of instruction processing. Neverthel ess, sone instructions
(e.g., conplex fixed point instructions executed by CFXU 26) nmay require
more than one cycle. Accordingly, a variable delay may occur between a
particular instruction's execution and conpletion stages in response to the
variation in tine required for conpletion of preceding instructions.
Processor 10 inplenents, and operates according to, five power nodes. Four
of- these five power nodes are "power saqgng" nodes of operation. The five
power nodes are sel ectively enabled and di sabled in response to states of

T e St ket Ind S F I
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Full - pover, Ex%z bzel\lalﬁbdesa,l 513&35389 10ir%t€m§it8%feifiﬁf-&)o%@reﬁfod%fin response
toa deé:rementer 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. O 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 ciréuitty throughout processor 10. From any power
saving mode, procéssor 10 returns to the Full-power mode in response to a
soft reset, in which control bits are set and/or cleared in response to
CEFXU 26 executing suﬁfable 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 proceééor 10 by disabling bus sriébping
logic of BIU 12, so that only the PLL and time base/decremer;ter regiéte-fs
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 By
management interrupt, a decrementer exception, a hard or soft reset, ora

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



the illustrative enbodi nent, Special. 1. Full-power node. The Full - power
fmode is the default power node of processor 10. In the Full-power node,
processor 10 is fully powered, and units operate at the processor clock
speed of processor 10. Processor 10 further inplenents a dynam c power
managenent node whi ch can be sel ectively enabled and di sabled. If the
dynam ¢ power nmanagenent node is enabled, then idle units within processor
10 automatically enter a | ow power state w thout affecting performance,
sof tware execution, or external hardware circuitry. The aforenentioned
dynam ¢ power nmanagenent node, and the Full-power, Doze, Nap, and Sl eep
power nodes, are nore conpletely describﬁg in the publication entitled
Power PC 603e RI SC M croprocessor User's nual , published by I'BM

1" 500- Pover PEIOARIToHS FUHkpoRYST TPy DGt MR SHY Siiew SPACerEs of

herei n. Moreover, the . dynan ¢ power nmanagenent node is described in United
States Pat entPOCESI8HA. whi ch |

4. Sleep mode. In the Sleep mode, power consumption is reduced

to near minimum by disabling all units of processor 10, after which logic
external to pfocess.or 10 can disable the PLL and the external system
clock. From the Sleep mode, processor 10 returns to the Full-power mode
in response to a reenabling of both the PLL and the external system clock,
followed by a sﬁitable minimum time elapsing for PLL to become
~ synchronized to the external system clock, and then followed by assertion
of interrupt iline INT, a system management interrupt, a decrementer
exception, a hard 6r soft reset, or a machine check input.
5. Special mode. Ina significant aspect of the illusﬁative
embodiment, processor 10 enters the Special mode in response to either
(Da 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 =~ T~
Register” (“MTSPR”) instruction directed to a predetermined bit ofa =~
“HIDO" register of SPRs 40.



LS hereby fully incorporated by reference herein. In the illustrative
enbodi nent, processor 10 is an enhanced version of the Power PC 603e RI SC
m croprocessor available fromIBM M croel ectronics Division, Hopewell
Junction, New York. Processor 10 is enhanced relative to the Power PC 603e
RI SC m croprocessor, as processor 10 inplenents the Special power node.
Accordingly, the Special power node is a significant aspect of the
illustrative enbodinent. 2. Doze node. In the Doze node, all units of
processor 10 are di sabl ed except bus snooping logic of BIU 12, tine

basef decrenenter registers (not shown in FIGURE 1) of processor 10, and a
phase-| ocked | oop ("PLL") (not shown inqkl GURE 1) of processor 10. In the
Doze node, the PLL of processor 10 continues in a fully powered state and

| remai ns synchroni zed tQ an externpa stem cl ock of systembus.l1l, so that
any return to theﬁ?msgwﬁnmiu&%@iﬂsmﬁﬂ%ﬁfﬁe SWE?IS%W%ycI es of

processor 10, Fromthe ze npde, .processor returns to e &ul | - powner

node in respmﬁqmogﬁl@wﬁﬂ&\@ﬁydﬂm '%Pr@ﬁpssﬁraiQs %ion of an
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sensing a relative temperature that exceeds a threshold temperature. In the
illustrative embodiment, the threshold temperature is preselected to be a
maximum safe temperature of processor 10 operating in the Full-power
mode. Accordingly, if the temperature of processor 10 were to exceed the
maximum 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-power mode. Advantageously, such
damage is substantially ;lvoided 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 cyclé of processor 10;;:;50 that fewer imnstructions 'é;'e
dispatched per dycle of processor 10 as discussed further heréinbelow m
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,



13 assertion of a system management interrupt line SM, so that SM
.provides a signal having a logic 1 state to processor 10. Moreover, .from

t he Doze node, processor 10 returns to the Full-power nbde in response to a
decrenenter exception, a hard or soft reset, or a machine check input. A
hard reset occurs in response to a voltage supply node Vdd switching froma
| ow voltage (e.g. 0 volts) to a predeterm ned voltage (e.g. 2.5 volts)
relative to a voltage reference node GND. Notably, for clarity, FIGJRES 1-6
show | ess than all connections fromINT, 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 respon(@ to a soft reset, in which
control bits are set and/or cleared in response to CFXU 26 executing
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By comparison, if processor 10 enters the Special mode in response

to the s;oftware event, processor 10 (a) reduces the maximum 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 mode, 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 inten:ﬁpt via
assertion of INT, or (2) a hard or soft reset, or (3) a machine <->heck inpti%.
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 Sp_ecial mode) in response to a system o e——~
management interrupt via assertion of SMI. In such an alternative

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



logic of BIU 12, so that only the PLL and tine base/decrenmenter registers
.of processor 10 remain in the full-power state. Fromthe Nap node,
processor 10 returns to the Full-power node in response to an external
asynchronous interrupt via assertion of interrupt line INI, a system
managenent interrupt, a decrenenter exception, a hard or soft reset, or a
machi ne check input. As with the Doze node, any return fromthe Nap 14
node to the Full-power node occurs within only a few cl ock cycl es of
processor 10. 4. Sleep node. In the Sleep nobde, power consunption is
reduced to near m ninum by disabling all units of processor 10, after which
| ogic external to processor 10 can disable the PLL and the external system
cl ock. Fromthe Sl eep node, processor 10 retUrns to the Full-power node in

fgfféuég E)S ie%%ﬂd'e%"gﬁﬂﬂ%@%%b fort@f@%tecorre syﬁlcﬁflc()m zed
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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 sﬁch a count being decremented to a value of
Zero. | |
FIGURE 1 shows the single SPS line connected to each of
instruction cache 14, data cache 16, sequencer unit 18 and LSU 28.
Likewise, FIGURE 1 shows the single HPS line connected to each of
instruction 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 ioéic
71) is operating in the Full-power mode, then fetch logic 71 selectively
'..requests up to a.ma‘ximum 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, s

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



excéptio_n,' a hard or soft reset, or a machine check input. 5. Special node.

’In a si gnificant aspect of the illustrative enbodiment, processor 10 enters
t he Special nobde in response to either (1) a hardware event or (2) a
software event. In the illustrative enbodi ment, the hardware event occurs

when transducers 41 output a signal having a logic 1 state on a |ine HPS
(Har dware event, Power saving, Special node). Simlarly, the software event
occurs when SPRs 40 output a signal having a logic 1 state on a |ine SPS
(Sof tware event, Power saving, Special node). SPRs 40 output such a signal
on SPS in response to CFXU 26 executing a suitable "Mwve to Special Purpose
Regi ster"” ("MISPR') instruction directed8t o a predeternmined bit of a "H DO
regi ster of SPRs 40. 15 Transducers 41 include thermal sensors for
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instructions 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 procéssor 10 and hence also of decode logic 72) from
instruction buffer 70. Accordingly, during a particular cycle of processor
10, decode logic 72 inputs and decodes a variable number (ranging from 0
to 2) of instructions from instruction 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 maxxmum number of two decoded instructions (per
cycle of processor 10 and hence also of dispatch logic 74) to selected (m
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 addiﬁonal instructions able to be stored in the



sensing a relative tenperature that exceeds a threshold tenperature. In the
Jllustrative enbodi nent, the threshold tenperature is preselected to be a
maxi num saf e tenperature of processor 10 operating in the Full-power node.
Accordingly, if the tenperature of processor 10 were to exceed the maxi num
safe tenperature of processor 10 operating in the Full-power node, then
damage to processor 10 would likely result from continued operation of
processors in the Full-power node. Advantageously, such danmage is
substantially avoi ded by processor 10 entering the Special "power saving"
node of operation in response to the hardware event. If processor 10 enters
the Special node in response to the hardfgre event, processor 10 reduces

t he maxi mum nunber of instructions fetchéd during a single cycle of

processor 10, so that f r instructjons,are dispatched r cyel e .of
processor 10 %?sew%%%@?%%wﬁ%@gnﬂepm& ﬁ%iﬂ%@%’ﬁﬁ?ﬁv@fﬂvﬂrﬁsﬁs 2
and 3. In this manner £cut.i units..are e lirkely to be idle, and
consequent | y W@W&?‘bﬁ%"n&@t e SXeCHHOB M) power management node

R e

response 1ot BeeRing A the"5¢lial power mode, then fetch logic 71 (in response to

logic states of SPS, MPS and INT) requests a maximum of_'one instruction
per cycle of processor 10 (instead of two 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 proceésor 10, (b) di§patch logic 74 dispatches (on average)
approximately one instruction (per cycle of processor 10) to a selected one
of execution units 20, 22, 26, 28 and 30, and (c) completion logic 80
indicates (on avefage)'"completion“ (as discussed further hereinbelow) of
ﬁpproximately 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-povs;er state of the dynamic péi;re'r
management mode (described in United States Patent 5,420,808)
advantageously is more readily invoked. .
In an alternative embodiment, if processor 10 is operating 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



16 processor 10 changes the operation of LSU 28 as di scussed further

herei nbelow in connection with FIGURE 5. By conparison, if processor 10
enters the Special node in response to the software event, processor 10(a)
reduces the maxi mum nunber of instructions fetched during a single cycle of
processor 10 as di scussed further herei nbelow in connection with FlI GURES 2
and 3, (b) changes the operation of LSU 28 as di scussed further hereinbel ow
in connection with FIGURE 5. and (c) reduces power consunption within

i nstruction cache 14 and data cache 16 by reducing their nunber of "ways"
as discussed further hereinbelow in connection with FIGURE 6. Fromthe
Speci al node, processor 10 returns to th@QFull-power node in response to
nei ther SPS nor HPS having a logic 1 state. Mreover, if processor 10
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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 11, respectively, of dispatch buffers 56. In the illustrative
emb_odiment, in respoﬁse to a cycle of processor 10, either the I0
insui'uction is dispatched by itself to decode logic 72 (FIGURE 2), both the

-I0 and I1 instructions are dispatched together to decode logic 72, or the I1

instruction is dispatchégl-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 illustratiye lembodiment, instruction buffer 70 is able to input
up to two 32-bit instructions in paralIel from instruction cache 14 through
64-bit bus 50 during a single cycle of processor 10. In respoﬁse to botﬁ
the I0 and I1 instruc_tions being dispatched together to decode logic 72,

~ instruction buffer 70 transfers any previously stored instxﬁctions 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.



response only to the software event, processor 10 further returns to the
-Ful'l -power node (fromthe Special npde) in response to a system managenent
interrupt via assertion of SM. In such an alternative enbodi nent,
processor 10 would return to the Full-power node in 17 response to
assertion of SM, analogously to the manner -in which processor 10 returns
to the Full-power node in response to assertion of INT. In yet another
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 €lock signal (not shown in
FIGURE 1 for clarity). A decrenenter excEption is generated in response to
such a count being decrenented to a value of zero. FIGURE 1 shows the

singl e SPS Ii he 16,
sequencer uni t and%%%cggl ﬁgﬁgﬁ’slgﬁé‘?éé&q? lﬁwﬁaﬁﬁg lgﬁhg PS i ne
connected to [ft?\ﬁgr fode, instruction buffer 70 inputs up to two 32-bit instructions

from instruction cache 14 through 64-bit bus 50 and stores such

instructions in the first available (i.e. empty, not already storing an
instruction) pair of buffers, i.e. either in (2) buffers I0 and I1, (b) 54b and
54a, or () 52b and 52a, beginning with buffer I0. |

In response to the I0 instruction being dispatched by itself to decode
logic 72, instructidn 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 ii, from instruction buffer 54b to instruction buffer 54a, from
instruction buffer 52a to instruction 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, beginnirig with
buffer 10. | - -

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 paraliel from

instruction cache 14 through 64-bit bus 50 during a single cycle of e
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



i nstruction cache 14, data cache 16, sequencer unit 18 and LSU 28.
Simlarly, FIGURE 1 shows the single INT |ine connected to each of

i nstruction cache 14, data cache 16, sequencer unit 18 and LSU 28. FI 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 nrum 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 butfer 70. Accordingly, during a particul ar
cycle of processor 10, sequencer 18 requé2s a variable 18 nunber
(ranging from0O to 2) of instructions frominstruction cache 14, where the

vari abl e nu”bwits%agpgg, ryvgggxthseﬁwmguﬁfemgidﬁinsahcﬁontmh@ Pharebl e to

be stored in instru ffer 70 (1.e. depends upon the nunber of
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~ By comparison, if processor 10 is operating in the Spécial power
mode, then instruction buffer 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 amplifiers (32
| bits/way x 4 ways x 1 sense amplifier/bit) of instruction cache 14 are
active during each cycle of processor 10 (while the other 128 sense
amplifiers of instruction cache 14 are disabled). Advantageously, by
activating only 128 sense 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 eveﬁt, because
in that situation processor 10 reduces the number of “ways” within
 instruction cache 14 and data cache 16 as discussed furthér 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 fotir- "

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



I nputs and decodes up to a maxi num nunber of two fetched instructions (per
-cycle of processor 10 and hence al so of decode logic 72) frominstruction
buf fer 70. Accordingly, during a particular cycle of processor 10, decode
l ogic 72 inputs and decodes a variabl e nunber (ranging fromO to 2) of

i nstructions frominstruction buffer 70, where the variabl e nunber depends
upon the nunber of instructions to be dispatched by dispatch logic 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 maxi mum nunber of two
decoded instructions (per cycle of proceggor 10 and hence al so of dispatch
logic 74) to selected (in response to the decoding in the decode stage)

par i cul ar oy PEve s Zoways T inshle ABhifies @1;0@%@%%?%%%1?%&. abl e
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| nstructions (ﬁgﬁﬁletds difting 8488 of thé Qforemé’tﬂmned two cycles of processor 10

while processor 10 is operating in the Special power mode.

)

Advantageously, by activating only 64 sense amplifiers (if processor 10
enters fhe Special “power saving” mode in response to the software event)
instead of 256 sense amplifiers (in tﬁe Full-power mode), the average
power consumption of processbr_ 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 illustrative 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 d1$patch logic 74 dlspatches an
instruction to an execution unit, sequencer unit 18 assigns the d1spatched
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 entry 0 again. As the dispatched instruction is assigned an



~

execution units for execution (e.g. depends upon the nunmber of avail able
yeservation stations in the execution units). By conparison, in the
illustrative enbodinment, if processor 10 is operating in the Special power
node, then fetch logic 71 (in response to |logic states of SPS, MPS 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

I nstruction buffer 70 per cycle of processor 10, (b) dispatch logic 74

di spatches (on average) approxi mately on@4i nstruction (per cycle of
processor 10) to a selected one of execution units 20, 22, 26, 28 and 30,

i scussed or ARIASRE R in PO ARG HiShARE loeie 78, Gl ifBfmation,
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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 modiﬁeiﬂétthe 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 instructioﬁ, the execution unit modiﬁes the
entry's "exception” field (such that "exception" = 1). - )

FIGURE 4 shows an allocation pointer 17?; and a completion

. pointer 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 pérticular instruction. As shown in FIGURE 4,



_SPSf MPS and | NT) dispatches a maxi num of one instruction per cycle of
.processor 10 (instead of two instructions) to a selected 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 illustrative
enbodi nment' s techni que of reducing the maxi num nunber of instructions
fetched during a single cycle of processor 10. Hence, FIGJURE 2 shows SPS,
HPS and | NT connected to both fetch logic 71 and dispatch logic 74. Fl GURE
3 is a block diagramof instruction buffer 70. Instruction buffer 70 stores
an 10 instruction and an |1 instruction in a buffer 10 and a buffer 11, -
respectively, of dispatch buffers 56. In2§he illustrative enbodi nent, in
response to a cycle of processor 10, either the 10 instruction is
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respectively. gjjocation to an instruction.

:Also, processor 10 maintains completion pointer 175 to indicate (for
a reorder buffer entry previously allocated to a particular 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

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

As shown in FIGURE 4, completion 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 entries 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_pomted 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
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Ln the i I'l ust.rative enbodi nent, instruction buffer 70 is able to input 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 I1 instructions being dispatched together to decode | ogi
I nstruction buffer 70 transfers any previously stored instructions

I nstruction buffers 54a-b to buffers 10 and 11, respectively. Al so,

a situation, instruction buffer 70 transfers any previously stored
instructions frominstruction buffers 52a-b to instruction buffers
respectively. 21 Moreover, in such a situation, if processor 10
operating in the Full- power node, instrq&;ion buffer 70 inputs up

c 72,
from
in such

54a-b,
i's
to two

32-bit instructions frominstruction cache 14 through 64-bit bus 50 and
stores such ingtyuctions in. the first, available (i.e. e , _hat al

- storing an i n&iﬁ%‘l‘h@ﬁﬁxﬁﬁpﬁoﬁ %GPFE@?SﬂWg&’éQ?@S%O?a;’SP&W%@fS 10 and

11, (b) 54b and 54a, or (c) 52b and 523, begifni w th,buffer 10, |

response to tH@Wﬂ?ﬂﬁ-rt@WﬁPP@@&Hg‘gﬁﬁigﬁ&&%ﬁg%aasiapggquqepaﬁoﬁ%ldg&ﬁc

72, instruction buffer..70.5ransfers apy .pr
| reorder buffer 70, Completion 10gi6
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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 exceptions were encountered in connection with

any stage of processing the instruction (such that "exception" = 0 in the

instruction's associated entry in reorder buffer 76); and
Condition 3 - Any previously dispatched instruction satisfies
Condition 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

©



trorﬁbuffer |1 to buffer 10. Also, in such a situation, instruction buffer
40 transfers any previously stored instructions frominstruction buffer 54a
to buffer I'1l, frominstruction buffer 54b to instruction buffer 54a, from
instruction buffer 52a to instruction buffer 54b, and frominstruction
buffer 52b to instruction buffer 52a. Moreover, in such a situation,
I nstruction buffer 70 inputs a single 32-bit instruction frominstruction
cache 14 through 64-bit bus 50 and stores this instruction in the first
avai l abl e buffer, i.e. either in buffer 10, 11, 54b, 54a, 52b or 52a,
beginning with buffer 10. If processor 10 ks operating in the Full-power
node, then instruction buffer 70 is able t70 I nput up to two 32-bit
instructions in parallel frominstructiofi'cache 14 through 64-bit bus 50
during a single cycle qf processor 10.,1n this nmanner, as,an ex | e, since
i nstruction cHYFHICT,SY ﬂlﬁtmwfsmégséfq%¢%@n@mg, mlélgh r6456
sense anplifier 6 22 bjts/way x 4 S X sensge anplifier/bit) of
i nstruction cg‘éﬁ@é"fé seauent Ylﬁj{%ﬁ%e bﬁﬁ’éraumhﬁrﬁ g'aé'ﬁﬂ?ﬁn FFRABSsor 10.
Activation of hﬁese .
bufier 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
in 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 instruction) 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 processor 10 will
| copy destination operand information (as stored in the rename buffer's
"information" field of FIGURE 5) to one of FPRs 36 (as specifiedinthe ~—~ ~~

rename buffer's "register number" field of FIGURE 5).



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 amplifiers (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 are disabl ed). Advantageously, by
activating only 128 sense anplifiers (in the Special node) instead of 256
sense anplifiers (in the Full-power nod t he average power consunption of
processor 10 is reduced, because only 1/2 as many of these sense anplifiers
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register. In this manner, processor 10 reserves an allocated rename buffer

to store the result (destination operand information) of the parﬁcular
instruction until processor 10 copies the result to an architectural register. -
Also, processor 10 maintains completion pointer 184 to indicate (for
a rename buffer previously allocated to a particular instruction) whether
the particular instruction satisfies the following conditions:
Condition 1 - T];e execution unit (to which the instruction is
dispatched) finishes exééution 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 satisﬁ__es
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 pointer 184 independent of whether the ~  ~

instruction's result is copied from the rename buffer for storage in an

architectural register.



23 bits/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

di sabl ed) during each of the aforenentioned two cycles of processor 10
while processor 10 is operating in the Special power node. Advantageously,
by activating only 64 sense anplifiers (if processor 10 enters the Speci al
"power saving" node in response to the software event) instead of 256 sense
anplifiers (in the Full-power node), the average power consunption of
processor 10 is reduced, because only 1/4 as many of these sense anplifiers
are activated per cycle of processor 10. FIGURE 4 is a conceptual

!Ilustrat!on of a reorder buffer 76 of uencer unit 18 of the
illustrative enbodi ment. As shown in Fl E 4., reorder buffer'76 has five
entries respectively | abelled as buffer, ntr as.five
primary fields, naAec9nhng y,nsenamemmes/p@m Eﬁéf@ne&l Hjﬁer
destlnatlons fleld a "nunber-of-FPR d t.i ong" flel n| hed"
field, and arpointedto byrcomplqu@np@n&rrf aa dts § S ch

| ogic 74 dispatches an
) Iothat precede the rename buffer pointed to by a]locatlon pomter 180.

"Writeback 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 lﬁorts to the architectural
registers.

Conceptually, the writeback entries are located between the rename
entries and the architectural registers. Advantageously, 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 eﬁtries, processor 10 operates the writeback
entries to output information to an exeeution unit in situations _vrlhere the
execution unit executes an instruction specifying an architeetural 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 T
supporting double-precision operations, each rename buffer's o
"information" field of FIGURE 3 is 64-bits wide. Referring also to



instruction to an execution unit, sequencer unit 18 assigns the dispatched
Jdnstruction to an associ at ed entry In reorder buffer 76. Sequencer unit 18
assigns (or "associates") entries in reorder buffer 76 to di spatched
instructions on a first-in first-out basis and in a rotating manner, such
t hat sequencer unit 18 assigns entry 0, followed sequentially by entries
1-4, and then entry 0 again. As the dispatched instruction is assigned an
24 associated entry in reorder buffer 76, dispatch |ogic 74 outputs

i nformati on concerning the dispatched instruction for storage in the
various fields and subfields of the associated entry in reorder buffer 76.
For exanple, in entry 1 of FIGURE 4, reorder buffer 76 indicates the
instruction is dispatched to FXU 22. In other aspects of the illustrative

enbodi ment, eRIGURE §! iffysfocesshic PO ¢ opbatitigsincthe Fall ipswver fiddy) thea m‘?as

GPR dest i natlon regi st er (such that "nunber-of - GPR desti nati ons” =
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an exception (FRR$36)%4 bits of iaforniation 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 processbr 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.
Activation of these sense amplifiers contributes to the average power
consumption of processor 10.
By comparison, if processor 10 is operating 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/wa§ 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 oniy 128 sense
amplifiers (in the Special mode) instead of 256 sense amplifiers (in the  -=-~

Full-power mode), the average power consumption of processor 10 is = -
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As an execution unit executes a dispatched instruction, the execution unit
Jnodifies the instruction's associated entry in reorder buffer 76. Mre
particularly, in response to finishing execution of the dispatched

i nstruction, the execution unit nodifies 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 nodifies the
entry's "exception" field (such that "exception" = 1). FIGURE 4 shows an

al l ocation pointer 173 and a conpl etion pointer 175. Processor 10 mai ntains
such pointers for controlling reading fromand witing to reorder buffer
76. Processor 10 maintains allocation poiariter 173 to indicate whether a
reorder buffer entry is allocated to (or ™ associated with") a particul ar

i nstruction. As,sho i n Fl GURE 25 al |l ocation pointer 173 points to
r eor der buffeFe@Fﬁ"f‘Xu\%caPﬁ% l?%ase,my]gf these sense aanphliersareagtivated; s
t he next reorder buié;eﬁ entry ayailable for allocation to an instruction.
Al so, processBFT €YCIEP: P’é‘?@\éeﬁmi etion pointer 175 to indicate (for

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 data cache 16 to two-way instead of four-way in
response to the software event, then 64 sense amplifiers (32 bits/way x 2 :
ways x 1 sense amplifier/bit) of data cache 16 are active (while the other !_
192 sense amplifiers of data cache 16 are disabled) during each of the
‘aforementioned two c&éles 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”
mode in response to the software event) instead of 256 sense amplifiers (in
the Full-power mode), the average pdwer consumption of proc_:éésor 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-



a réorder buffer entry previously allocated to a particular instruction)
whether the particular instruction satisfies the foll owing 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 instruction satisfies Condition 1
and Condition 2. As shown in FIGURE 4, conpletion 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 entr82s can be defined as the reorder
buf fer entry pointed to by conpletion pointer 175 and its subsequent

reorder. buff e iAfGS i, BESARAfo BCHE PLARY B/ GHCRI6 UroRlataRelO bY

al l ocati-on porlnter erring again to e entries of reorder
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76, exception |ogi Accordingly, FIGURE 6 shows control logic 100 which includes a
memo}y management unit (“MMU”) for translating effective addresses to
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 transléﬁon 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 21!.

Each of instruction cache 14 and data cache 16 1s logically arranged
into 128 congruence clééses (i.e. sets) as shown in FIGURE 6. Asan
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 “@id” bit), and a respectii"/; 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

" State,,, 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,,7» where x is a variable integer set number.ranging from 0 through 127,

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



26 82 handl es exceptions encountered during execution of dispatched
Jdnstructions. In response to the "finished" fields and "exception” fields
of reorder buffer 76, conpletion |ogic 80 outputs signalS to dispatch |ogic
74 and to reorder buffer 76. Through these signals, conpletion |ogic 80

i ndi cates "conpletion” of instructions in order of their programred
sequence. Conpletion logic 80 indicates "conpletion" 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 exceptions3fre encountered in connection with
any stage of processing the instruction (such that "exception” = 0 in the

TS S 7, 508 SoGRU iy AL Bl 2 ALY T, )
|SEPOT L, SHEREEIAidhe AEpIERANEL oo WITSHArL K Gk AL
a concept ual phiysitpl 'addreds Bits 2° fifough 20 NcdordfiPly, at any single moment,
instruction cache 14 stores information for up to four physical addresses
belonging to a particular Set x, as specified by Address Tag,, through
Address Tag,; stored in Set x's associated g'roui) of four lines within
instruction cache 14. ,
For example, (a) in Block 0. of Set 0, instruction cache 14 can store
- Address Tag,, including a first address's bits 2'* through 2*, (b) in Block 1
of Set 0, instruction cache 14 can store Address Tag,, including a second
address's bits 2'? through 2*, (c) in Bfock 2 of Set 0, instruction cache 14
can store Address Tag,, including a third address's bits 2!2 through 2%, and
(d) in Block 3 of Set O,.instruction cache 14 can store Address Tag,,
including a fourth address's bits 2'? through 2*'. Thus, each Address Tag,,
has 20 bits.
FIGURE 7is a échematic electrical circuit diagram of sen§; _
amplification circuitry, indicated generally at 121, of instructioﬁ cache 1&
of FIGURE 6. Sense amplification circuitry 121 is a representative sense
amp of sense amps 1-64, 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.

T e



buf fers 38. As shown in FIGURE 5, rename buffers 38 include four renane
Jbuffers respectively | abelled as buffer nunmbers 0-3. Sequencer unit 18

al l ocates (or "associates") renane buffer nunbers 0-3 to di spatched
instructions on a first-in first-out basis and in a rotating 27 manner,
such that sequencer unit 18 allocates rename buffer nunber 0, followed
sequentially by renane buffer nunbers 1-3, and then renane buffer nunber O
again. Referring to FIGURE 5, renane buffer 2 is allocated to store
destination operand information for instructions di spatched by di spatch
logic 74 (FIGURE 2). FIGURE 5 shows an allocation pointer 180, a witeback
poi nter 182, and a conpletion pointer 1834 Processor 10 mai ntains such
pointers for controlling reading fromand witing to renane buffers 38.

Processor 10 mai nt &.{3.AL ] i 1 Lndi me
buffer is allocated .lgagyb%c%bg%ggsyﬁﬁ@yﬁ?e Zggs?ﬁl%w&@ﬁgﬁ
al l ocation ' ' t el iang t hat
Cenane. burf orrant Q thShEP T¥has 32 BEESCHRIDYE Seifse hmbs 1 D8a inkludes &0
respective group of 128 sense amps (32 sense amps multiplied by 4
Blocks 0-3) 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,, and
each of these sense amps is substantially identical to circuitry 121.

Each 20-bit Address Tag,, includes a respective group of 20
dynémic random access memory (“DRAM™) cells, each DRAM cell being
able to store a resi)ective single bit of digital information. Similarly, each
32-bit word W,y includés 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 sense ami)s 104 are organized so_th;t 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 seﬁse

“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
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allocation to an instruction. Processor 10 further maintains witeback
.pointer 182 to indicate whether a renane buffer (previously allocated to a
particular instruction) is available for reallocation to another

i nstruction. As shown in FIGURE 5, writeback pointer 182 points to renane
buffer 2, thereby indicating that renanme buffer 2 is the next renane buffer
fromwhich processor 10 will copy destination operand information (as
stored in the renane buffer's "information"” field of FIGURE 5) to one of
FPRs 36 (as specified in the renane buffer's "register nunber" field of

FI GURE 5). 28 Accordingly, processor 10 advances writeback pointer 182
(past a renane buffer previously allocat8§ to a particular instruction) in
response to processor 10 copying the result (destination operand
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result to an semid amphYofsensdhfiipd’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 2¢ 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 reference to FIGURE 6, enable lines 102 include a
total of 4 address tag ENABLE lines (i.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,,, "‘v—\-/here (a)
X 1s a variable set number from 0 through 127, and (b) yis a cénstant )
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
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Al so, processor 10 mai ntains conpletion pointer 184 to indicate (for a
Jrenane buffer previously allocated to a particular instruction) whether the
particular instruction satisfies the followi ng conditions: Condition 1 - '
The execution unit (to which the instruction is dispatched) finishes
execution of the instruction; Condition 2 - No exceptions were encountered
i n 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, conpletion pointer 184 points to renane buffer 2,

t hereby indicating that renane buffer 2 is t-he next renane buffer capable
of satisfying Conditions 1, 2 and 3. In 8fie illustrative enbodi nent,
processor 10 mai ntains conpl etion pointer 184 independent of whether the
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as the renanme256idense amps (of sense amps 108a-h), respectively, to a multiplexer

114b via a bus 120b, (3) each of the 128 sets of 256 DRAM cells denoted
as Wm is coupled through a third group of 256 sense amps (of sense amps
108a-h), respecti\(ely, to a multiplexer 114c via a bus 120c, and (4) each
of the 128 sets of 256 DRAM cells denoted as W4, 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 2% of words W,_,, where: (a) q is a constant bit number from 0 through
31, (b) x is a variable sét number from 0 through 127, (c) 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 réspective )
-subgroup of the four groups of sense amps 108a-h, where the respective

- subgroup is coupled to a family of DRAM cells which storé digital

information for words W, ,, where (a) x is a variable set number from 0 -—
through 127, (b) y is a constant block number from 0 through 3, and (¢yz -

is a constant word number from 0 through 7.
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pointed to by conpletion pointer 184 and its subsequent rename buffers that
Jprecede the renane buffer pointed to by allocation pointer 180. "Witeback
entries" can be defined as the renane buffer pointed to by witeback
pointer 182 and its subsequent renanme buffers that precede the renane
buffer pointed to by conpletion pointer 184. The witeback entries store
results of instructions that are "conpl ete" but whose results have not been
copied fromthe rename buffers to architectural registers, as for exanple
due to unavailability of wite ports to the architectural registers.
Conceptual ly, the witeback entries are | ocated between the renane entries
and the architectural registers. Advantagﬁpusly, a result may bypass the
writeback entries and be witten directly'into the architectural registers
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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).
Accoi'dingly, 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 State,, where: (a) q is a constant bit num‘ber, (b) x is a variable
set number from 0 thrdugh 127, and (¢) 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 td '.a respective one of the _fBur groups
of sense amps 106, where the respective group is coupled to a family of
DRAM cells which store &igital information for State,,, where (a) xis a
' variable set number from 0 through 127, and (b) y is a constant block
number from 0 through 3. - T
With reference to FIGURE 7, each sense amp (circuitry 121) mputs -
a differential voltage through linés D and D from one of its 128 coupled
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"information" field of FIGURE 5 is 64-bits wide. Referring also to 30
JFIGURE 1, if processor 10 is operating in the Full-power node, then LSU 28
| oads (in response to LSU 28 executing a "load" instruction directed to
FPRs 36) 64 bits of information fromdata 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 exanple, since data cache 16 is a four-way set-associative cache, at

| east 256 sense anplifiers (64 bits/way x 4 ways x 1 sense anplifier/bit)
of data cache-16 are active during such a single cycle of processor 10.
Activation of -these sense anplifiers conggibutes to the average power
consunption of processor 10. By conparison, if processor 10 is operating in

2 "1 oad" | nst DeaMGpall, i the oedoRatyt tell it S8R im Bonans fo 1B gat o
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processor 10 ot number (i.e. according to an address's bits 2° through 2! as discussed
hereiliabove). 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
circuitry 121 is activated, then OUT has a voltage substantially equal to
Vdd (i.e. a logic 1 state). By comparison, if D has a voltage less than D
while circuitry 121 is activated, then OUT has a voltage substantially
equal to GND (i.e. a logic 0 state).

Through a bus 1 10, 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 datal cache
16) is transferred between control .logic 100 and W . _ o

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 o
information from Blocks 0-3 of Set x. More particularly, through bus i10,

control logic 100 reads the four address tags, Address Tag,,, Address



In this manner, as an exanple, 128 sense anplifiers (32 bits/way x 4 ways X
.1 sense anplifier/bit) of data cache 16 are active (while the other 128
sense anplifiers of data cache 16 are di sabled) during each of these two
cycles of processor 10. Advantageously, by activating only 128 sense
anplifiers (in the Special nobde) 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 cycl e of processor. 10. Additional reductions are achieved if processor
-10 enters the Special "power saving" node in response to the software
event, because in that situation processgg 10 reduces the nunber of "ways"
Wi t hi n |nstruct|on cache 14 and data cache 16 as di scussed further

feduces the nh %ﬁ%ﬁ%ﬁi%&?ﬁ nEHQTRES reheRli P aocited
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(while the other pgyrher 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, mqltiplexer 114a outputs
a selected double-word from Block 0 of Set x to bué 118. For example,
the selected double-word is from either (a) the DRAM cells denoted as
W,o0 and W, (b) the DRAM cells denoted as W, and W, (c) the
DRAM cells denoted as W,,, and W, or (d) the DRAM cells denoted as
W06 and W,

Likewise, in response to the logic states of control lines 122,

—th

multiplexer 114b oufputs-a selected double-word from Block 1 of Set x to
bus 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. Through bus 118, multiplexer 112
receives all four double-words from mﬁltiplexers 114a-d. _ ) )
MMU of control logic 100 translates the received effective address
into a specific physical address. Control logic 100 compares the specific
" physical address’s bits 2'? 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'?



192 ‘sense anplifiers of data cache 16 are disabled) during each of the

.af orementioned two cycles of processor 10 while processor 10 is operating
in the Special power node. Advantageously, by activating only 64 sense
anplifiers (if processor 10 enters the Special "power saving"” node in
response to the software event) instead of 256 sense anplifiers (in the
Ful | - power node), the average power consunption of processor 10 is reduced,
because only 1/4 as nany 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 dat gncache 16 is a 16-kil obyte,
four-"way" set- 32 associative cache. I'nstruction cache 14 and data

Aecor dimly. FNGUB 2 e ATialh Wb Fh VALY RGNS T a8ar HEBOLIORE

Phyer cal addr d00ceutpres skl ontglsgals & 2dmoliaBer 112 Hrbigh 238kl °
lines 126, so that multiplexer 112 outputs (to control logic 100 through bus
116) éither (a) the double-word from multiplexer 114a if the match is with
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,.

Accordingly, control logic 100 inputs a double-word from
multiplexer 112. If processor 10 is operating in the Full-power mode, thel}
control logic 100 outputs the double-word from multiplexer 112 to
sequencer unit 18 as part of the example instruction fetch operation.

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 multiplexer 112 to sequencer unit 18. Contrgl logic
100 selects the single word in responsé to the effective address’s bit 2°.
This is because, if processor 10 is operating in the Special power mode,
then instruction buffer 70 (FIGURE 3) is able to input only a single 32-bit

' instruction (instead df up to two 32-bit instructions) from instruction cache
14 through 64-bit bus 50 during a single cycle of processor 10.

In the Special power mode, control logic 100 outputs suitable

signals on ENABLE lines 102, so that only selected subgroups of sense



received fromfetch logic 71 (FI GURE 2) of sequencer unit 18. In the
Jllustrative enbodi nent, an effective address's bits 2[err] through 2[err]
are unchanged by translation into its associ ated physical address, so the
effective address's bits 2[err] through 2[err] have the sane digital |ogic
val ues 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 respecth&e address tag, respective state
bits (e.g. including a "valid" bit), and a respective group of eight words

el b s
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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 selected in response to the effective address’s bits 22 through 24,

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 consumpﬁon of instruction cache 14 (and hence of
processor 10) is reduced. | ; |
Additional reductions are achieved if processor 16 enters the
Special “power saviné""'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 operéfes in a manner which eﬁ;mes that
Address Tag,, and Address Tag,, are.not valid (as indicated bﬁl digital
logic values of “@id” 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



33 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 2[err]. Accordingly, at any
singl e monment, instruction cache 14 stores information for up to four
physi cal addresses belonging to a particular Set x, as specified by Address
Tag[err] through Address Tag[err] stored in Set x's associated group of
four lines within instruction cache 14. For exanple, (a) in Block 0 of Set
0, instruction 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] incldding a second address's bits
2[err] through 2[err], (c) in Block.2 of Set 0, instruction cache 14 can

store Addr esssdigl giplifiepUit)hiréhctivaiéd thstead oF 256 firise ath [iﬁbrégﬂough
2[err], and (d) in Block 3 of Set 0, instruction cache 14 tan store Address

Tag[err] incl words/vwa Mb?t@i % 8 Dits// E%t [edr !ﬂiﬂ&ﬂ?ﬁ
each Address Tag[err]ihas 0 bﬁ?ﬁg FI GURE éis gbggﬂgﬁg??%ﬁiﬁg[trica ),
circuit di agragdidcussed further hticinabove in tonnéction with FIGHRES2and 3, at
121, of instruction cache 14 of FIGURE 6. Sense anplification circuitry 121
iGS Z rep (r]I eselnMVanmmw@,am significartly reductdthe Werage pdWir-domunThEoiE
. Accordingly, ' _
~ of instruction cache 14 (and hence of processor 10).

Likewise, if processor 10 enters the Special “power saving” mode
in response to the software event, processor 10 reduces the number of
“ways” 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 Word/way x4 Bytes/word x 8 bits/byte x 2 ways x 1
sense amplifier/bit) are activated 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 O state to a logic 1 state. SPS transitions to the logic 1 sfate m )
respénse to CEXU 26 executing a first MTSPR instruction directed to a

- predetermined bit of a “HIDO" register of SPRs 40. The first MTSPR
instruction specifies the logic 1 state of SPS. -

Immediately before the first MTSPR instruction, it is helpful (in = =

order to reduce complexity of circﬁitry within processor 10) for the
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§ince each Address Tag[err] has 20 bits, sense anps 104 includes 80 sense
~amps (20 sense anps multiplied by 4 Blocks 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 -mul tiplied by 8 Wrds 0-7). Likew se, the nunber of sense anps
In sense anps 106 is equal to four times the nunber of bits per State[err];
and each of these sense anps is substantijally identical to circuitry 121
Each 20-bit, Address Tag[err] i ncludes a sespectlve group of 20 dynanic
randon1access nmenory ("DRAM') cells, each DRAM %ﬁ1 beln abI tore a

respective sisaftwané to spemfguat‘aﬁ‘;ynohr@ OSY NG S d¥ior d
2bi e Lo St or cam “Tustpadtion Syar ‘};ng"f«fgsz’%gbﬂ,g;;uu%ﬁo aT?anRﬁlM tefy ' 7"
follovymg the first MTSPR instruction, it is helpful for the software to
specify another ISYNC instrucﬁon.
As just discussed hereinabove, if processor 10 enters the Special
“power saving” mode in response to the software event (i.e. SPShasa
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.
Accordmgly, immediately before the SYNC instruction that precedes the
first MTSPR instryction, it is important for the software to specify “Data
Cache Block Flush” '(j‘»DCBF”) and “Instruction Cache Block Invalidate™
(“ICBI”) instructions. |
Similarly, SPS transitions to a logic O 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 state 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. o
The DCBF instruction specifies an effective address. In responéé to
the DCBF instruction, if any line within data cache 16 stores information

e
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i,nformation. Likew se, the nunber of DRAMcells in each State[err] is equa
to the 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 cel | s 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 cells 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 cell s denoted as Address Tag[err] is coupled to a third
group of 20 sense 35 anps (of sense anps 104), respectively, and (4)
each of the 128 sets of 20 DRAM cell s den @&ed as Address Tag[err] is
coupled to a fourth group of 20 sense anp$’ (of sense anps 104),

o Teepect e féanp dats) ot the SHEREVeIAddross, theTspEreEsE0E KD anvalidaeRbe e or °
DRAM cel | sAﬁfrﬁf«i cain 1 hing S ovlid it dmSeatery: cOaRbaBIn respopSedodie

| DCBEF instruction, if the invalidated line stores information which has been
modiﬁed by processor 10'relaﬁve 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. Before transitioning SPS to a
Jogic 1 state, it is important for the software to specify enough DCBF

.instructions to ensure that all lines are invalidated within Blocks 2 and 3 of
all 128 sets within data cache 16.
The ICBI instn;ction specifies an effective address. In response to
the ICBI instruction, if any line within instruction cache 14 stores
information (e.g. instructibns) at the effective address, then processor 10
invalidates the line by clearing the line’ “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 1nva11dated
within Blocks 2 and 3 of all 128 sets within instruction cache 14.
The SYNC instruction provides an ordering function for the effects

of all instructions executed by processor 10. In executing the SYNC e

instruction, before processor 10 executes any subsequent instructions (i.e.

instructions following the SYNC instruction within the programmed
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variable (i.e. different for all DRAMcells of the fanily) set number from
QD 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 FIGURE 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 cells which store digital information
for Address Tag[err], where (a) x is a variable set nunmber fromO through
127, and (b) y is a constant bl ock nunbed4sfrom O through 3. The 1024 sense
anps of sense anps 108a-h are organi zed so that (1) each of the 128 sets of

sonse ams ( L?e@éﬁ@ééﬁ%p@%%ﬁrez@%ﬁéﬁﬂbzéﬁe%ﬁeﬂ% b RECHPpflor, 20,
a bus 120a, %@ tﬁ%ﬁ gy&%plﬁ‘ﬁo foad” c?f&rﬂﬁoﬁégng'?ﬁ%ﬁéﬁbﬁ fRRIRIsI haiR

Werr] is couple ou second group
completed, at least to the point where such prior instructions (i.e.

instructions preceding the SYNC instruction within a programmed
sequence of instructibns for execution) are no longer able to cause an
exception. |

When processor 10 completes the SYNC instruction, processor 10
will have performed (with réspect 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.
Processor 10 delays cdihpletion 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 described in the PowerPC

603¢ RISC Microprocessor User’s Manual, identified here_zinabove.

In response 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 fof -

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



256 'sense anps (of sense anps 108a-h), respectively, to a nultiplexer 114b
Jia a bus 120b, (3) each of the 128 sets of 256 DRAM cel|ls denoted as
Werr] is coupled through a third group of 256 sense anps (of sense anps
108a-h), respectively, to a nultiplexer 114c via a bus 120c, and (4) each
of the 128 sets of 256 DRAM cells denoted as Werr] is coupled t hrough a
fourth group of 256 sense anps (of sense anps 108a-h), respectively, to a
mul tiplexer 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[err] of words Werr], where: (a) qis a
constant bit nunmber fromO through 31, (g x is a variable set nunber from
0 through 127, (c) y is a constant block nunber fromO through 3, and (d) s
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3, and (c) z
serialization. In this manner, before processor 10 executes any subsequent

)l

instructions (i.e. instructions following the ISYNC instruction within the
programmed sequénbe of instructions for execution), procéssor 10 ensures
that (a) all prior instructions have completed, at least 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 address 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. | _ i )

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
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Is a constant word nunmber 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 cells 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 DRAM cells denoted as State[err] is coupled to a fourth group of
sense anps (of sense anps 106). Accordingly, each sense anp (of sense anps
- 106) is coupled to a respective famly of 128 DRAM cells which store
digital information for bit 2[err] of Stafﬁe[err], where: (a) qis a
constant bit nunber, (b) x is a variable set nunber fromO through 127, and

ool of 4 o A B e o S O e BN e | ey
bl ock). Each gseshlted an stortigBldf inforenation in data cache 16. For example, in the

illustrative embodiment, L.SU 28 includes a store queue. Accordingly,
LSU 28 aborts any pending store requests in the store queue, so that such
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 complétion pointer 184, so that writeback pointer 182
and completion pointer 184 point to the same rename buffer en&y as
allocation pointer 180. | '

4. Sequencer unit 18 (FIGURE 2) saves the address of the
instruction pointed to by compietion pointer 175 (FIGURE 4) of reorder
buffer 76. Then, 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 éntry as allocation pointer 173. _

After processor 10 perfoﬁns the foregoing enumerated a"ctions,
fetch logic 71 (FIGURE 2) resumes fetching instructions, beMg at the
address savc_:d by sequencer unit 18 as discussed hereinabove in the
immediately precedihg 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
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I,s connected fromcontrol logic 100 to a respective one of the four groups
ef sense anps 106, where the respective group is coupled to a famly of
DRAM cel I s which store digital information for State[err], where (a) x is a
vari abl e set nunber fromO through 127, and (b) y is a constant bl ock
nunber fromO through 3. Wth reference to FIGURE 7, each sense anp
(circuitry 121) inputs a differential voltage through Iines D and D from
one of its 128 coupl ed 38 DRAM cell's, where the one DRAM cel | is
selected in response to logic states of control lines 124 output from
control logic 100 according to the set nunber (i.e. according to an
address's bits 2[err] through 2[err] as HA8cussed herei nabove). |f ENABLE
has a logic 1 state, then C|rCU|try 121 is activated; otherwise, circuitry

121 is not acty f/ﬁﬁﬂﬁkvax deshér 10%iiteis ﬂfetS]z@élﬁp“ B Savig10

n ou put node QUT has a 'high inhpedance state. If
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conpari son, i fsRifges niodeirt APonse to the Bofiwark event or the hardware event. In
such an alternative embodiment, in response to HPS transitioning from a
logic O state to a logic 1 state: '

(1) control logic 100 (FIGURE 6) ensures that all lines w1th1n
Block 2 and Block 3 of all 128 sets within instruction cache 14 are
invalidated, such that the “valid” bits in State,, and 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

(3) if any such invalidated ﬁne 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 proceésor 10 updates rhemory 39 by copying the modified
information from data cache 16 to the same physical address within

memory 39. |
Control logic 100 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
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while circuitry 121 is activated, then OUT has a voltage substantially
equal to G\D (i.e. a logic O state). Through a bus 110, address tag
information is transferred between control |ogic 100 and ‘Address Tag[err],
and state information is transferred between control logic 100 and
State[err]. 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 Werr]. In an exanple instruction fetch operation,
control logic 100 receives an effective address from sequencer unit 18.
Control logic 100 deternines a particular Set x in response to the received
effective address's bits 2[err] through iberr] (as di scussed herei nabove),
and control logic 100 inputs information™®from Bl ocks 0-3 of Set x. Mre
particularly, through bus 110, control logic 100 reads the four address
tags, Addresssuppdrs processdr ddswrite eperations tq dataicachss 16afrecessamtio is
Address Tag[err], and their respectively associated four states,
State[err], Sablesfosperforms:suochwrit¢ opetatting eft arbyte-bynbyite; halfamordy word; c
100 outputs the received effective address's .

or double-word basis. Moreover, processor 10 is able to perform a full

read-modify-write operation to data cache 16 in a single 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 hereinabove, they have been described as example and
not as limitation. Various changes, substitutions and alterations can be
made in the illustrative embodiment without departing from the breadth,

scope and spirit of the present inventions.



bits 2[err] and 2[err] to nultiplexers 1 14a-d through control |ines 122.
J4n response to the logic states of control lines 122, nultipl exer 11l4a
outputs a sel ected doubl e-word fromBlock O of Set x to bus 118. For

exanmpl e, the selected double-word is fromeither (a) tngsm%u@@g&got ed

as Werr] and Werr], (b) the DRAM cel | s denoted as- We (c)
the DRAM cel | s denoted as Werr] and Werr], or (d) the not ed
as Werr] and Werr]. Likewise, in response to the Iogl ntroI
lines 122, nultiplexer 114b outputs a sel ected doubl e-word from Bl ock 1 of
Set x to bus 118, nmul tipl exer 114c outputs a sel ected doubl e-word from
Block 2 of Set x to bus 118, and nultipléﬁbr 114d outputs a selected
doubl e-word from Block 3 of Set x to bus 118. Through bus 118, mnulti pl exer
112 receives all four doubl e-words fronChAIMS exers 114a-d. MW of control
| ogic 100 transl ates the received effective address into a specific
physi cal address. Control |ogic 100 conpares the specific physical
address's bits 2[err] through 2[err] against any valid Address Tag[err]
from bus 110. WHAT ¥ CHABWMBINdSess Tag[err] is indicated by a digital
| ogic value of the "valid" bit in State[err] associated with Address
Tag[err]. In response to such a conparison, if the specific physical
address's bits 2[err]

1. A method, comprising:

while a set-associative cache memory operates in a first powef
mode, storing information in up to N number of ways of said cache
memory, wherein N is an integer number and N > 1; and
. while said cache memory operates in a second power mode, storing
said information in up to M number of ways of said cache rhemory,

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

2. The method of Claim 1 wherein said N number of ways includes

said M number of ways.

3. The method of Claim 1 wherem said first power mode is a full

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

4. The method of Claim 1 wherein said cache membry operates in

said second power mode in response to a software event. =
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40 tﬁrough 2[err] are a match with any valid Address Tag[err]. then control
bogi ¢ 100 outputs suitable control signals to a nultiplexer 112 through

control lines 126, so that nultiplexer 112 outputs (+e—eeht+roltogic 100
t hrough bus 116) either (a) the double-word frommultiplexer 11 4a if the

match is with Address Tag[err], (b) the double-word fT_ X aced 14b
if the match is with Address Tag[err], (c) the double- IiEml p! exer
114c if the match is with Address Tag[err] or (d) the m

mul tiplexer 114d if the match is with Address Tag[err]. Accordingly,
control logic 100 inputs a double-word frommultiplexer 112. |If processor
10 is operating in the Full-power node, t§fen control |ogic 100 outputs the
doubl e-word frommultiplexer 112 to sequencer unit 18 as part of the

322?‘%{ gd ' the Sptc ?2%3%%#%%?3@?%@%“@%%&%@ cathe 0L Spetdeiin,
. . i L 112
zleggeﬁc\gr)runi(Lsai%sgé%Q?gwwge%ge%@ﬁ@?m E%V\g‘;'d in ﬁgsponse to

the effective address's bit 2[err]. This is because, if processor 10 is
operating in the Special power node,

6. The method of Claim 5 wherein said hardware event occurs
when a temperature of said cache memory exceeds a threshold

temperature.

7. The method of Claim 6 wherein said threshold temperature isa
maximum safe temperature of said cache memory operating in said first

power mode.

8. The method of Claim 1 and comprising invalidating said
information stored in ways of said cache memory other than said M
number of ways, in response to said cache memory operating in said
second power mode. |

9. The method of Claim 8 and comprising copying said invalidated
information from said cache memory to a system memory in response to

~ said invalidated information being modified relative to a v-ersion of said

information stored within said system memory. p—
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t.hen instruction buffer 70 (FIGURE 3) is able to input only a single 32-bit
pmnstruction (instead of up to two 32-bit instructions) fromi nstructi on
cache 14 through 64-bit bus 50 during a single cycle of processor In

t he Speci al power node, control |ogic 100 outputs—suitable signals on

ENABLE |ines 102, so that only sel ected subgroups . SHE1 Pifs Been KepladddP's
108a-h are activated while non-sel ected subgroups o 8a-h are
di sabl ed. The sel ected subgroups are the ones coupl ma m&‘ s which
store digital information for words Werr], where ( bIe set
- nunber fromO through 127, (b) y is a variable bl ock nunmber from O through
-3, and (c) z is a constant word nunber fr@® 0 through 7 which is sel ected
- in response to the effective address's hits 2[err] through 2[err]. In this

- manner, processor 1Q@c | ﬂéﬁg dbﬂﬁg@
- sense arrpl ifiers of %%s%&@?&a‘gghl%l%ﬂ#g?@ proces orgﬂgﬁﬁig‘ t he
- average power f Spg.ﬂ H{&g ﬂ%pgﬁ

10) is reduced%eﬁﬁg lgg‘\?& ¢g %{igﬁéﬁ%‘k ac |eve(§16q¥lepro essor enters

the - number of ways, while said cache memory operates in said second power

mode.

11. The method of Claim 1 wherein said cache memory is an

instruction cache memory.

12. The method of Claim 1 wherein said cache memory is a data

cache memory.

A
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Speci al "power saving" node in response to the software event (i.e. SPS has.
&logic 1 state), because in that situation control |ogic 100 reduces the
nunber of "ways" within instruction cache 14 to two-way instead of four-
way. Accordingly, while processor 10 operates in the Special "power saving"
node, control |ogic 100 operates in a nmanner which ensures that Address
Tag[err], and Address Tag[err] are not valid (as indhi8hetHdBechiR#pladh | 0gi C

values of "valid" bits in State[err] and State[err], and (b)
only Address Tag[err] and Address Tag[err] are allo (as
i ndicated by digital |ogic values of "valid" bits in ate

State[err], respectively). Accordingly, f an instruction fetch operation
din that situation, 64 sense anplifiers (1 word/way x 4 bytes/word x 8

bits/byte x 2 ways 1 ifier/bit) are activated instead of

256 sense anpl ifier§3'( ?%@@@W%t es/word x 8 bits/byte x 4 ways x 1

sense anplifier/bit seﬁﬁséﬁc‘i&iﬁé%ﬁ ﬁéjﬁé}ﬁ{)&f&ei nabove in connection with
vant ageously, ﬁl :

FIGURES 2 and 3. A S s sighi’ficantly reduces the average

power consunption of i nskud fifofiiGHEn i upHO N RiNHBeP bf RVAFESF Shid Cache

memdry while said cache memory operates in a first power mode, wherein

N is an integer number and N> 1; and
storing said information in up to M number of ways of said
cache memory while said cache memory operates in a second power

mode, wherein M is an integer- number and 0 <M <N.

14. The circuitry of Claim 13 wherein said N number of ways

ilicludes said M number of ways.

15. The circuitry of Claim 13 wherein said first power mode is a

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

16. The circuitry of Claim 13 wherein said cache memo;y operates .

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

17. The circuitry of Claim 13 wherein said cache memory operates

in said second power mode in response to a hardware event. =
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Li kéwi se, if processor 10 enters the Special "power saving" node in
Jesponse to the software event, processor 10 reduces the nunber of "ways"
wi thin data cache 16 to two-way instead of four-way. Accordinghby—For an
LSU 28 floating point |oad operation in that situation, 64 sense anplifiers
(1 word/way x 4 bytes/word x 8 bits/byte x 2 ways Thisfh & 2%Cer/ bit)
are activated instead of 256 sense anplifiers (2 wo “ Les/mord X
8 bits/byte x 4 ways x 1 sense anplifier/bit), as d : r

her ei nabove in connection with FIGURE 5. Advantageously, this significantly
reduces the average power consunption of data cache 16 (and hence of
processor 10). The software event occurs5d4t a nonment when SPS transitions
froma logic O state to a logic 1 state. SPS transitions to the logic 1

state in response t%.%‘g%&ﬁ PPJ%%%@}{L%&?E%&%&&W&E%@M@G ¢ ed

to a predeterm ned The first MISPR

st MISPR i REH9R R EPpipeiptll OF chid baLfe Rlentbiy ol RS MO Doty of
circuitry vvitl@éljﬁp@féﬁ?é_sor 10) for the

19. The circuitry of Claim 18 wherein said threshold temperature is
a maximum safe temperature of said cache memory operating in said first

power mode.

20. The circuitry of Claim 13 and comprising circuitry for
invalidating said information stored in ways of said cache memory other
than said M number of ways, in response to said cache memory operating

in said second power mode.

21. The circuitry of Claim 20 and comprising:

a system memory for storing a version of said information; and

circuitry for copying said invalidated information from sa1d cachei
memory to said system memory in response to said invalidated
information being modified relative to said version of said_information

~ stored within said system memory.

22. The circuitry of Claim 13 and comprising circuitry for disabling

a group of sense amplifiers coupled to ways of said cache memory other

ORI AR s T ns e
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43 software to specify a "Synchronize" ("SYNC') instruction, followed by an
huid nstruction Synchronize" ("I SYNC') instruction. Imediately follow ng the
first MISPR instruction, it is hel pful for the software to specify another

| SYNC i nstruction. As just discussed hereinabove, if processor 10 enters

t he Special "power saving"” node in response to the software event (i.e. SPS
has a logic 1 state), processor 10 reduces the nunben‘hlﬁ)Sheet\myBeen%ﬂlitbm

i nstruction cache 14 and data cache 16 to two-way |nst
Accordingly, imediately before the SYNC instruction t
first MISPR instruction, it is inportant for the soft
Cache Bl ock Flush" (" DCBF") and "Instrucggon Cache Bl ock Invalidate"
("ICBI") instructions. Simlarly, SPStransitions to a logic O state in

response to XU 26 ecut secon t he
predet er m ne(():t':hﬁpt iﬁ wgﬁw&r&wﬁgﬁéﬁ%?ﬁ@ec%% :

i nstruction SMS t he I(?glc 0O state of SPS. Immedi ately before the
second MISPR ‘is helpful for the software to specify a SYNC

instruction, foll owed by an | SYNC instruction. Immediately foll ow ng the
second MISPR instruction, it is helpful for the software to specify another

23. The circuitry of Claim 13 wherein said cache memory is an

instruction cache memory.

24. The circuitry of Claim 13 wherein said cache memory is a data

cache memory.
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I SYNC i nstruction. The DCBF instruction specifies an effective address. In
Jesponse to the DCBF instruction, if any line within data cache 16 stores

i nformati on 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
I nformati on which has been nodified by processor 10 relative to an ori gi nal
version of the information stored within nenory 39 (FIGURE 1) at the sane
physi cal address (translated in response to the effective address), then
processor 10 updates nenory 39 by copyigg the nodified information from
data cache 16 to the sane physical addre3s within nenory 39. Before
transitioning SPSto a logic 1 state, it is inportant for the software to
speci fy enough DCBFSY¥STEM AN METHEOD FORREBUCING PAQWERval i dat ed
within Blocks 2 and 3 of all 128 sets within data cache 16. The | CB

instruction specifi e CONSHIMETION dNUAN ELEGTRODHGGEIRCUIE | CBI

instruction, if any line wi-thin instruction cache 14 stores

ABSTRACT OF THE DISCLOSURE

While a set-associative cache memdry operates in a first power
- mode, information is stored m up to N number of ways of the cache
memory, where N is an integer number and N > 1. While the cache
memory operates in a second power mode, the information is stored in up
to M number of ways of the cache memory, where M is an integer number
and 0 <M <N. |

Fig. 6

This Sheet Has Been Replaced

LT

THIS SHEET HAS BEEN
REPLAGED




informatio

n (e.g.

#”hval i dates the line by clearing the line's '
’jBefore transitioning SPSto a logic 1 state,
software to specify enough 1 CB

invalidated within Blocks 2 and 3 of al

'valid" bit

it

instructions) at the. effeCtive addr ess,

t hen processor

10

in State[err].

instructions to ensure that al

is inportant for the

lines are

128 sets within instruction cache
14. The SYNC instruction provides an ordering function for the effects of

all instructions executed by processor 105l n executing the SYNC
i nstruction, before processor 10 executes any subsequent instructions (i.e
I nstructi o ' st ucttonm Wt tne progr afgned &5
sequence of instrtetions—fef—executtom); processor emyjures that all prj-or
i nstructiofps 4except "touch | oad: nd i nstrfuction fiet ches) Mave
conpl et ed, hst tq the]point] waere SUCQDﬁAIOF i nstfructi ong (i.e.
instructiop$ prefpedind the] SYNC |i &t gcti of®Wj|thin a grogramgd sequence of
instructioh$ for] execdtionf are qgkmﬁber abl ¢ to cauge an ex ep%ion. When
processor [L® conpleteq the SYNC'lngf?uctlon rocessoll 10
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wi ||l have perfornmed (with respect to all other nechanisns that access
menory 39) all external accesses initiated by processor 10 prior to the
SYNC i nstruction. Further, processor 10 will have conpleted all its | oad
and store cache/bus activities initiated in response to prior instructions.
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 Store"
("DCBTST") instructions have conpleted, at |east through address

transl ation, but wthout regard to whether such DCBT and DCBTST

i nstructions have conpleted on system bus 11. The SYNC, DCBT and DCBTST
instructions are nore conpletely describegyin t he Power PC 603e RI SC

M croprocessor User's Manual identified h %®i nabove. In response to the
| SYNC i nstruction, processor 10 waits until it is able to conplete al
prior instructions (i.e. instructions preceding the | SYNC instruction
within the programmed sequence of instructions for execution). Then,
processor 10 di scards any fetched instructions, so that 46 future

st ruct i ong, NtRUBTIOBACRE 125" CHHAMINSTRECHEFEhBHE A the context.

RS P
. 1 ‘.
' [}
FETCHLOGIC 4 | . INSTRUCTION BUFFER 79 |
— t — ”
A A i ¢ :
. I 1
SPS >—‘I | ' DECODELOGIC 72 | 18
1 — !

HPS >——¢ | T ! '
INT > : ® : > 1 )
———>| * DISPATCHLOGIC 74 | !

v A : i
] I I |
EXEQUTION ~——— | b, |
ONTS - . |- . INSTRUCTION | REORDER
TS T TYRE BUFFER
FROM -~ o o e ' 76
EXECUTION »—— -~} = - > =
UNITS 7 - T
COMPLETION EXCEPTION
LOGIC LOGIC
& 8
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established by the prior instructions. Execution of the | SYNC instruction
by processor 10 has no effect on other processors or their caches. In
executing the I SYNC i nstruction, processor 10 achieves refetch
serialization. In this manner, before processor 10 executes any subsequent
instructions (i.e. instructions followng the I SYNC instruction within the
programed sequence of instructions for 8fecution), processor 10 ensures
that (a) all prior instructions have conpleted, at |east to the point where
such prior instructions are no | onger able to cause an exception, and (b)
Call prior st dMONMNSTRUGTHENIBAGHE bhpl et ed, at | east through address
transl ati on. These subs¥quent instructions are subject to all effects of
the prior instructions. ISBYNC i nstruction is context synchronizing. The
har dwar e event occurs_ _monent _when HPS transitions_froma |logic O state
toalogic 1 state.l In fesponse to HPS transitioning froma logic state
to a logic 1 state,l pro perfornms the fol i Bg enuner at ed ;acti ons.
1. SequedeB ts —~8 borts any pendi ngt ructi ons inI
instruction buffer I y been di spatjched 7go
execution units of lproc 10. 2. Proce 10 aborts any pendin

instructions in thd exe jts (branch unit gﬁa FXLJZZ, CFXU 46, LSU
28 and FPU 30), so l hat 22 [
' |
! 4 |
L stb |
. !
l _
| 4 |
: > i1 54a l
u : }
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sugh pending instructions are not executed. In that regard, LSU 28 47
(FIGURE 1) aborts any pending store instructions which have not already
resulted in storage of information in data cache.16. For exanple, in the
illustrative enbodiment, LSU 28 includes a store queue. Accordingly, LSU 28
aborts any pending store requests in the store queue, so that such pending
store requests are not perforned. 3. Procedfor 10 invalidates all entriﬁ§
in renane buffers 34 and 38 (FIGURE 1). For exanple, processor 10 nopx¥es
writeback pointer 182 (FIGURE 5) and conpl etion pointer 184, so tha
wr it eback pointer 182 ' ' 84—y Satye

buffer entry as_al | ociapipgem L’i mgﬁ@gﬂm&ew

saves the addrdé€3 of | BMBER T, I NTEd | pp

(FI GURE 4) of réorder buf fer f%%bbﬁ@Wﬁ%ﬂ oceskor 11
in reorder babhip/6 [oY Vi g conpletion porpter
- pointer 175 pofPNS 9 the sape reor, er bufferfentry

\" 2

173.
ALLOCA- 2 22 1 0
ToN ™| 3
0 L2
173:

FIG. 4

/38
. BUFFER | REGISTER | INFOR- : ;
3 NUMBER| NUMBER | MATION

WRITE- 0 : '

BACK\\\

! COMPLE-
TION

1847

1
2
3

FIG. 5

- | ( 121
ALLOCA-- - - : -
TION

180 7

OouT




After processor 10 performnms the foregoing enunerated actions, fetch logic
71 (FIGURE 2) resunes fetching instructions, beginning at the address saved
by sequencer unit 18 as di scussed herei nabove in the i medi ately preceding
paragraph (i.e. in enunerated action 4 hereinabove). In an alternative
enbodi ment, processor 10 reduces the nunber of ways"” within instruction
~cache 14 and data cache 16 to two-way i nst gl 48 of four-way anytine
processor 10 enters the Special "power saving" node, without regard to

whet her -processor 10 enters the Special "power saving" node in response to
t he software event or the hardware event. In such an alternative

embodi ment, in o0 HPS transitioning froma logic O state to a
logic 1 st at e ( | logic 100 (FIGURE 6) ensures -that all |ines
within Block 4 a 3 of all 128 sets within instruction cache 14 are
I nval i dat ed, gucd alid' bits in State[err] and te[err] are
cleared; (2) Ijike 49l | ogic of data cache 16 ensures that al
l i nes T G
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wi.thin Block 2 and Block 3 of all 128 sets within data cache_ 16 are

--inval idated; and (3) if any such invalidated line within d %&agg@gﬁ;

. stores informati on which has been nodified by processor 10|re

~original version of the information stored within nenory 39 (FI GURE,_%) at
" the same physical address (translated in response to the eff¢ctl 3eDEL 1399
address), then processor 10 updates nenory 39 by copying thelnodified
i-nformation fromdata cache 16 to the sanme physical addres$ within menory
~ '39. Control logic 100 inplenents a |east recently used ("LRuk ' _
policy for storing new infor natSUMMARY QF TREANVENHNQNche 14. In that
regard, data cache. 16 is substantially identical to instruction cache 14.
Rel ative to instructltdsarcehj¢nt of the puesent invention iGamelibirate onebi more digtdvantagesr t s
processor 10 wite operations to data cache 16. Processor 10 is able to
-perform such V\gfﬁl@pﬁgp&gtions on a byte-by-byte, half-word, word, or

doubl e-word basi s. " Moreover, processor 10 is able to performa full

- According to one aspect of the present invention there is provided a method of

operating a processing system having a multiple way set-ssociative cache memory,
_ comprising:
. operating. said processing. éystem- in a first powér mode during which
information is sforcd in up to N number of said multiple ﬁvays 6f said cache mémory, '
. wherein N is an integer number and N>1;
bpmaﬁng said _pfoccssing sysiem in a second poﬁgr_ mode during which
information is stored in up to M number of said multiple ways of said cache memory,
wherein M is an integer number and 0 invalidating said informaﬁon stored in wﬁys of
said cache memory other than said M number of ways, in response to operating in said
second power mode. |
According to another aspect qf the present invention there is provided circuitry |
in a processing system, comprising: |
a multiple way set-associative cache memory in said prc;cessing_ system;
means for storing information in up to N number of ;aid multiple ways of said
cache memory while said processing system operates in & first power mode, wherein N
is an integer _numbcr and N>1; |
means for storing said information in up to M number of said multiple ways 6f
said cache memory while .said processing system operates in a second power mode,

wherein M is an integer number and 0 means for invalidating said information stored in

A 2Re | —
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1.
-of operating acogg‘é?&?d Hﬂ:hﬁm‘?é}}l oY sﬁid%hﬁhﬁ}hﬁo%@%k?ﬁoﬂg& ﬁtép\séf?ating

N

read-nodify-wite operation to data cache 16 in a single cycle of processor

- 10. Data cache 16 selectively operates i.n either wite-back or

Virite-through node, and it inplenents control of cacheability, wite -
policy, and nenory coherency on a.page-by-page and |ine-by-line basis. -
Al t hough an illustrative enbodi ment and its advant ages have been descri bed .
i'n detail hereinabove, they have been described as exanple and not as e
limtation. Various changes, substitutions 3d alterations can be nade in
the illustrative enbodi ment-w thout departing fromthe breadth, scope and -
spirit of the present inventions. 50 What is clained is: . A nmethod

cache nenory, FI-SI ng: operating sald process
power . node duanggihich infornﬁ%ioh_is stored.in up to N nunber of said
multiple ways Of SUAFSFORARRASIIRNGy  wherein Nis an integer number and N>
1, operating said processing systemin a second power node during which

| REPLACEMENT SHEET]
| 03 DEC 1399




|nfornat|on Is stored in up to M nunber of sald mul tipl-e mays'of sai d cache
merpry, wherein M'is an integer nunmber “and 0 in e—af or mat i on
stored in ways.of said cache nenory other than <BEPE§bEM$NZrSHEE ys, in
response to operating in said second powsg node: The ner of. ¢l aim
1 wherein said N nunber of said multiple ways ifc uQQ§ B@gq
said nultiple ways. 3. * The nmethod of claim] wherein:sai flrst power
nDde is af and said second powef MOUETs—a—ewdpgwer node.
The Méﬁm%lr@l@ﬁalﬁ'n 1 wherein said cachelgemory operates ijn said
second power node in response to a software event. 5. e hod of
claim1 wherjein sg dmeﬂheaeoﬂmpvwmtgpar Frecssig SHSWS dRoing RO wmIltipked avayn
response to a hardware event. 6. The. net hod of claim5 wherein said

“hardwar e eveplBEsivScahiEmethore EBRMALIMES i N said processing system exceeds
a threshol d tesr?peratucre . f gﬁlﬂghod of claim®6 wherein said.

Lhv eshol d temper albshs @@% C“Egaa‘ﬁgtggme& A ol bk RRBEESSHIS

system-operating i n sal

information is stored in up to N number of said multiple ways of said cache memory,
wherem Nisan mteger number and N>1
operating said processing system in a second power mode during which

information is stored in up to M number o-f said mﬁltiple-ways 6f said cache memory, -

. wherein M is an integer number and ,Olinvalidating sgid iﬁfbrmaﬁon stored in -ways ;>f
'Said cache tx;emory' other than said M number of ways, in response to operaﬁhg in said
second power mode. | R
2. The method of claim 1 wherem said N number of said haultiple ways includes

- said M number of said multiple ways. | |

3. - The method of claim 1 wherein said first power mode is a full power mode,
and said second power mode is a lbw power mode.
4. The method of cla_irh 1 wherein said cache memory operates in said second
power mode in response to a soﬁware_event.
5. The method of claim 1 wherein said cache memory 'operateé in said second
power mode in response to a hardware event.
6. The method of claim 5 wherein said hardware event occurs Qhen a temperature
in said processing system exceeds #ﬂueshold temperature.
7. The method of claim 6 wherein said threshold tempcranxfg is a maximum safe

temperature in said processing system operating in said first power mode.
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-8. - | "The method of claim1 and conpri si ng copying BEPQA@EMENN@HEEIT

4 nformation.from said cache nenory to a system ne tp safd
~dnvalidated information being nodified relative to - Of, i
information stored within said syst em menoisy.  9: - Th@ﬁigﬁﬁbdggﬁ i m1
~and conprising disabling a group of sense anpllfler of

sai d cache nenory ot her than said M nunber of ways, whi | e operatl ng i sai 3d"

second power ngpde. I emcth-gﬁeofrﬁélx%oljaﬁa cﬁinﬁhﬂh gﬂﬁ 's.iid‘iﬂ 1d‘a HTWHEX

s an II’IS'[I'UC'[IOI’I cache nenory e net nerel n-sard

cache nenory i a Ly I QC: SSI n
cystem comri SrgHd "t “%Flﬁg%ﬁ sae#%sts@og%}&ﬁ céeéﬁ%“%ef’?o fiafgaged
processi ng sys@gm s for 0 nfornatlon in to N nunber of said .
MUl tiple ways foraen bepgan |t@as‘§rsa°rb9%mg Prgnadioy starech pithin wid i n
a first power node, wherein Nis an qnt eger nunmber and N>1; neans for :

- storing said isySsmmemory.in up to M nunber of said nmultiple ways of said

- cache rrerrbry whi l e said processing systemoperates in a second power node,
wherein Mis ah int €D methotef caigh Dandeompfising disablingdagtoup faseflse amplifiers

I nformation stored in ways of said cache nmenory other than said M nunber of

ways, in r.espogyugledOoCRays ot Reid Ehché nbnSéty GtherPBYE safdPNE nurmber of ways, while

operating in said second power mode.

- 100 The method of claim 1 wherem said cache memory is an msttucnon cache

memory.
11.  The method of claim I wherein said cache memory is a data cache membry.
12.  Circuitry in ip_rocessing system, comprising:

a multiple way set-associative cache memory in said processing system;
means f;r storing information in up to N.number of said muitiple ways of said
cache memory while said processing system operates in a first power mode, wherein N
. is an integer number an& N>1;
means for storing said information in up to M number of said multiple ways of
said cache. memory while said processing system operates in a _second power mode,
wherein M is an integer numﬁer and 0 means for invalidating said informatioﬁ stored in
ways of said cache memory other than said M number of ways, in response to opuaﬁng
in said second power mode.
13. The circuitry of claim 12 wherein said N number' of said multiple ways
includes said M number of ways.
14. The circuitry of claim 12 wherein said first ﬁower mode is a full power mode,

and said second power mode is a low power mode.
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13.. The circuitry of claim 12 wherein.said N nu
ways includes said M nunber of ways. 14. - The circ
wherein said first. power node is a full power node,
mode is a | ow power node. 52 15. The circuitr f- glaaiJECL thgghgr ¢i n
sai d cache nmenory operates in said second power node ifn response tofla|
software event. 16. © The circuitry of claim 12 wher et ¥ ‘ngnory
operates in said second power node in respong to a jhardware event. 17%.

~ The circuitry of .claim 16 wherein said hardware event occurs when a - _
tenperature in said processing -system exceeds a threshol'd terperature. 18. -
The circuitry of claig 17 erel n .sal ‘hreshql,d ‘tenperature is a i mu
safe tenperaturl:in sﬂ;ccf’“fﬂ’%e ﬁﬂﬂg‘ gé‘h’@?ﬁ%ﬁ’&l-&?-‘faﬁg}g?rﬂmgeﬂm@?srlgts%?ﬂ
node. 19. The circuitry of claim12 and conprising: a systemnmenory for
.storing a ver sipswepmogdaiinrasponse tae seftwaragvendi rcuitry for copying said
‘invalidated information fromsaid cache nenory to said systemnenory in .
response to sailé.i nvallecstcaitry of claimpi2 ovherein sajd wachiefhemonyedpatatesein said second’

ERLAGERIENLiSH!

{d sa d second pawer

power mode in response to a hardware event.
17. The circuitry of claiﬁ 16 wherein said hardware event occurs when a
'temper-ature in said processing sYstem_- exceeds a threshold témperaune.
‘18, . The circuitry of claini 17 wherein said ﬂuesliol‘d'temperature .is a maximum
safe temperature in said prdcessing system operating in said first power mode.
19. The circuitry of claim 12 and comprising: |
a system memory for storing a version of said infonﬁation; and
'ci_rct_liti'y for copying sai& invalidated information from said cache memory to
said system memory in response to said invalidated information being niodified relative
‘to said version of said information stored thhm said system memory. .
20. ‘The circuitry of claim 12 and comprisiné circuitry for disabling a group of .
| sense amplifiers coupled to ways of said cache memory other than said M number of

“ways, while operating in said second pbwer mode.

21,  The circuitry of claim 12 wherein said cache memory is an instruction cache
memory.
22. The circuitry of claim 12 wherein said cache memory is a data cache memory.

A



;tonéaid version of said information stored within said'systen1nennry..20.
-The circuitry of claim 12 and conpri'sing.circuitry . -for disabling a group of

.sense.anplifiers coupled to ways of said cache ner 3
- nunber of ways, whil.e operating in said second poy Lﬁqgﬁm@ﬁhgﬁEE

e
circurtry of clai'm 12 wherein said cache nmenory i d an.lnst[qct{on cpche
-menory. 22.  The circuitry of cl-aim12.wherein <aid[hﬁcﬁétmegpr/ s a
‘data cache nenory. : _
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* CONSUMPTION IN AN ELECTRONIC CIRCUIT

ABSTRACT OF THE DISCLOSURE

While a set-associative cache memoxj operates in a first power
mode, information is stored in up to N number of ways of the cache
memory, where N is an integer fumber and N > 1. While the cache

~ memory operates in a second ijower mode, the information is stored in up

to M number of ways of the cache memory, where M is an mteger number
and0<M< N

Fig. 6



