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States patent application Serial No.08/ 726, 871 Attorney Docket No. AA9-
96- 071, entitled System and Method for Reduci ng Power Consunption in an

El ectronic Crcuit, by Loper et al., and to copending United States patent
application Serial 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 Unitgd States patent application Serial
No. 08/ 726, 370 Attorney Docket No. AT9-96-199, entitled System and Met hod

- for Reduci ng Power Consunption in a%@i c Crcuit, by Loper et al.,
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SYSTEM AND METHOD FOR REDUCING POWER
CONSUMPTION IN AN ELECTRONIC CIRCUIT

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

patent application Serial No.08/726, 871 Attorney Docket No.' AA9-
96-071, entitled System and Method for Reducing Power Consumption
in an Electronic Circuit, by Loper et al., and to copending United
States patent application Serial No.08/726,396 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 patent application Serial No. 08/726,370
Attorney Docket No. AT9-96-199, entitled System and Method for
Reducing Power Consumption in an Electronic Circuit, by Loper et al.,

each filed concurrently herewith.

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

consumption in an electronic circuit.
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This patent application relates in general to electronic circuitry and in
particular to a nethod and system for reduci ng power consunption in an
electronic circuit. 2
BACKGROUND In recent years, portable | aptop conputers have becone

I ncreasingly popul ar. 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 repl aced. Accordingly, it is

I nportant to reduce power consunptionaAMthin an electronic circuit of the

| apt op conputer, in order to extend thé period of time during which the

thi's pur poBACKGRGBNBLGS (echni ques di sable power or disable ol ook
W thout sensi ng 1A TBFRE YErEs RAyiabIBaRi SompUsrshalR BSPRE of "such
Cnnecessar MSeasRelf RIS , FroblBhit), Futt FitoRGt dpPuldiy e iy oy re
even when G ered in order to enhance their portability. Preferably, a battery

powered laptop computer operates for an extended period of time

under battery power before its battery is either recharged or replaced.

Accordingly, it is important to reduce power consumption within
an electronic circuit of the laptop computer, in order to extend the
period of time during which the electronic circuit operates before
recharging or replacing the battery. For this purpose, some previous
techniques disable power or disable clock signals to the electronic '_
circuit in response to a specified time elapsing without sénsing 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 which an
electronic circuit consumes less excess power relative to previous

techniques.
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electronic circuit is not perform ng an operation. Thus, a need has
arisen for a nmethod and systemin which an electronic circuit consunes | ess
excess power relative to previous techniques.

3 ' SUMVARY OF THE | NVENTI ON It is an object
of the present invention to aneliorate one or nore di sadvantages of the
prior art. According to one aspect of the present invention there is
provi ded a nmethod of operating a processing system conpri sing:

executing fetched instructions in said processing system operating
sai d processing systemin a first powgr node during which fetch circuitry
in said processing systemfetch up to N nunber of instructions froma

Temory. PerSPRIMARY

While fetch circuitry operates in a first power mode, per cycle of
the fetch circuitry, up to N number of instructions are fetched from a
memory, where N is an integer number and N > 1. While the fetch
circuitry operates in a second power mode, per cycle of the fetch
circuitry, up to M number of instructions are fetched from the 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.

THIS SHEET HAS BEEN
REPLACED
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Qf said fetch circuitry, wherein Nis an integer nunber and N> 1; and
operating said processing systemin a second power node during which said
fetch circuitry fetch up to M nunber of instructions fromsaid nmenory per
cycle of said fetch circuitry, wherein Mis an integer nunber and O<MN.
According to a second aspect of the present invention there is provided
circuitry in a data processing system conprising: nmeans for
executing fetched instructions in said processing system nmeans for
fetching up to N nunber of instructions froma nenory per cycle of fetch
circuitry in said processing systen1w@|Ie said fetch circuitry operates in
a first power node, wherein Nis an nteger nunber and N > 1; and

means for _fetchi 1 s fromsaid nenory per
cycl e of Eﬁﬁ&é@

P circuitry operates in a

second pover moge, 1llus§aﬁve err'\ﬂ)o nf afnﬁ%g aﬁymge@ége Bettel < N

understood by referring 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 sequencer unit of the -
processor of FIGURE 1; |

FIGURE 3 is a block diagram of an instruction buffer queue of
the 'Sequencer unit of FIGURE 2;

FIGURE 4 is a conceptual illustration of a reorder buffer of the -
sequencer 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 sense
amplification circuitry of the instruction cache of FIGURE 6.



4~ BRI EF DESCRI PTI ON OF THE DRAW NGS An illustrative enbodi nent and
Fts advantages are better understood by referring to the foll ow ng

descriptions and acconpanyi ng draw ngs, in which: FIGURE 1 is a bl ock
di agram of a processor systemfor processing information according to the
Il lustrative enbodi nent; FIGURE 2 is a block diagram of a sequencer
unit of the processor of FlIGURE 1, FIGURE 3 is a bl ock diagram of an
i nstruction buffer queue of the sequencer unit of FlIGURE 2; FI GURE 4
is a conceptual illustration of a reorder buffer of the sequencer unit of

FI GURE 2; FIGURE 5 is a conceptgal illustration of renane buffers of
t he processor of FlIGURE 1, FI 6 is a block diagramof an

i nstruction cache of the processor of FIGURE 1, and FIGURE 7 is a
schemat i cwmr am of sense anplification circuitry of
the instructi Or}\ﬁai lrﬁgtr%]’ccivglgnJﬁgd?ment and its advantages are better

understood by referring to FIGURES 1-7 of the drawings.

FIGURE 1 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 B

hereinbelow, processor 10 includes various units, registers, buffers,
memories, and other sections, all of which are formed by integrated
ciic’uitry. Also, in the illustrative embodiment, processor 10 operates
according to reduced instruction set éomputing ("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 transfer |
of information between processor 10 and system bus 11.

BIU 12 is connected to an instruction cache 14 and to a data
cache 16 of processor 10. 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 point unit ("FXU”) 22, a
complex fixed point unit ("CFXU") 26, a load/store unit ("LSU") 28
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-5 DETAI LED DESCRI PTI ON An illustrative enbodinent and its

advant ages are better understood by referring to FIGURES 1-7 of the

dr awi ngs. FIGURE 1 is a block diagramof a processor 10 system for
processing information according to the illustrative enbodinent. In the

Il lustrative enbodi ment, processor 10 is a single integrated circuit
superscal ar m croprocessor. Accordingly, as discussed further hereinbel ow,
processor 10 includes various units, registers, buffers, nenories, and

ot her sections, all of which are forned by integrated circuitry. Al so, in
the illustrative enbodi nent, processog 10 operates according to reduced

I nstruction set conputing ("RISC') techniques. As shown in FIGURE 1, a
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18, in the i1llustrative enb t the execution cuitry of processor 10

i ncl udes M2t iIPXES 22¢ CTFXTh 26hand LSEN2E wuaptn resultsufdestidtion fi xed point
unit ("FXU') 22, a conplex fixed point unit ("CFXU ) 26, a |oad/store unit
("LSU") 28operand information) of their operations for storage at selected entries
in fixed point rename buffers 34. Also, CFXU 26 inputs and outputs
source operand information and destination operand information to and
from special purpose registers ("SPRs") 40. |
FPU 30 inputs-its source operand information from floating point
architectural registers ("FPRs") 36 and floating point rename buffers |
38. FPU 30 outputs results (destination operand information) of its
operation for storage at selected entries in floating point rename buffers
38.
In response to a Load instruction, LSU 28 inputs information
from data cache 16 and copies such information to selected ones of
rename buffers 34 and 38. If such information is not stored in data
cache 16, then data cache 16 inputs (through BIU 12 and system bus
11) such information from a system memory 39 connected to system
bus 11. Moreover, data cache 16 is able to output (through BIU 12
and system bus 11) information from data cache 16 to system memory

39 connected to system bus 11. In response to a Store instruction,
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6- and a floating point unit ("FPU') 30. FXU 22, CFXU 26 and LSU 28 i nput
ttheir source operand information from general purpose architectural
registers ("GPRs") 32 and fixed point renane buffers 34. Moreover, FXU 22
inputs a "carry bit" froma carry bit ("CA") register 42. FXU 22, CFXU 26
and LSU 28 output results (destination operand information) of their
operations for storage at selected entries in fixed point renane buffers
34. Also, CFXU 26 inputs and outputs source operand information and
destination operand information to and from speci al purpose registers
("SPRs") 40. FPU 30 inputs its gour ce operand information from
floating point architectural registers ("FPRs") 36 and fl oating point

of s opdeSHT 28 inputs igfostietlan Surach sticated boe o HRAE A RS, Chare
DUt et 3345 and,cobibs SRR R Gohin A del Bl vhor, LU 28 Troute
O e ! eSaadéndl o i e DREATS IS, ol 8
I nformat i oFPRLIR%arid FPRS B8MOFYordséqibier Whit 285 brakch 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 instruction cache 14 inputs (through BIU 12 and systerﬁ bus

11) such instructions from system memory 39 connected to system bus

11. | )

In response to the instructions input from instruction cache 14,

sequencer unit 18 selectively dispatches the instructions to selected

ones of execution units 20, 22, 26, 28 and 30. Each execution unit

executes one or more instructions of a particular class of instructions.

For example, FXU 22 executes a first class of fixed point mathematical

operations on source operands, such as 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



kus 11. Moreover, data cache 16 is able to output (through BIU 12 and
system bus 11) information fromdata cache 16 to system nmenory 39 connect ed
to systembus 11. In response to a Store instruction,

7 LSU 28 inputs information froma sel ected one of GPRs 32 and FPRs 36 and
copies such information to data cache 16. Sequencer unit 18 inputs
and outputs information to and from GPRs 32 and FPRs 36. From sequencer
unit 18, branch unit 20 inputs instructions and signals indicating a
present state of processor 10. In response to such instructions and
signals, branch unit 20 outputs (to sgquencer unit 18) signals indicating
sui tabl e nenory addresses storing a sequence of instructions for execution
by processor onse to 3Ech,si nals from branch unit 20, sequencer

unit 18 i rﬁb&’t\%loilhleFP i\ﬁaﬁa@é"dﬂ»ﬁ% O QRETRHPBSH O SYMCRAst r uct i on
natruct i PeraBAs, TuCh aR dloatng A BHIERLGEoR b Phr ough Bi U 12 and
bus 11 ASiaeBRboR s e 8T R R D Y e RE e Bls "t che
14, such informatlon 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
selectéd one of rename 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
"writeback".
As information is 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 from sequencer unit 18;
Sequencer unit 18 directs such copying of information stored at a
selected one of rename buffers 38 in response to "completing" the
instruction that generated the information.
Processor 10 achieves 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



sequencer unit 18 selectively dispatches the instructions to sel ected ones
of execution units 20, 22, 26, 28 and 30. Each execution unit executes one
or nore instructions of a particular class of instructions. For exanple,
FXU 22 executes a first class of fixed point mathematical operations on
sour ce operands, such as addition, subtraction, AND ng, ORI ng and XOR ng.
CFXU 26 executes a second class of fixed point operations on source
operands, such as fixed point nmultiplication and

8 division. FPU 30 executes floating point operations on source operands,
such as floating point nultiplicationgand divisian. As information is
stored at a selected one of renane buffers 34, such information is
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"conpl et i ngeithbgck NSt ruction that generated the infornmation. Such copying
is called )

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 execution 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
programmed sequence.

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

rename buffers 38 as discussed further hereinabove. In this manner,



“writ eback”. As infornmation is stored at a sel ected one of renane
buffers 38, such information is associated with one of FPRs 36. Information
stored at a selected one of renane buffers 38 is copied to its associ ated
one of FPRs 36 in response to signals from sequencer unit 18. Sequencer
unit 18 directs such copying of information stored at a sel ected one of
rename buffers 38 in response to "conpleting” the instruction that
generated the information. Processor 10 achi eves hi gh perfornmance by
processing nmultiple instructions simultaneously at various ones of
execution units 20, 22, 26, 28 and 30. Accordingly, each instruction is
processed as a sequence of stages, eadh being executable in parallel wth
st ages of 9 other

i nstructi ofpceSssin10 ik ebloitouexdcute dhtedetionobit-ofagder ireldthve td theirr ative
enbodi nent’, an instruction is nornmally processed as six stages, nanely

fetch, deomdgragimedtsegquengecute, conpletion, and witeback. In the
fetch stage, sequencer unit .18 selectively inputs (frominstructions cache
14) one or nor eln the completionf stageosequencesrnmit 18 indicates an

'instruction is "complete". Processor 10 "completes” instructions in

order of their programmed sequence.

In the writeback stage, sequencer 18 directs the copying of

information from rename bliffers 34 and 38 to GPRs 32 and FPRs _36,

réspectively. Sequencer unit 18 directs such copying of information

stored at a selected rename buffer. Likewise, in the writeback stage of

a particular instruction, processor 10 updates its architectural states in

response fo the particular instruction. Processor 10 processes the

respective "writeback" stages of instructions in order of their

programmed sequence. Processor 10 advantageously merges an

instruction’s completion stage and writeback stage in specified

situations. '

In the illustrative embodiment, each instruction requires one

machine cycle to complete each of the stages of instruction processing.

Nevertheless, some instructions (e.g., complex fixed point instructions

executed by CFXU 26) may require more than one cycle.

Accordingly, a variablé delay may occur between a particular

instruction’s execution and completion stages in response to the

variation in time required for completion of preceding instructions.



renory addresses storing the sequence of instructions discussed further

Ker ei nabove in connection with branch unit 20 and sequencer unit 18.

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

i nstructions. In the dispatch stage, sequencer unit 18 selectively

di spatches up to two decoded instructions to selected (in response to the
decoding in the decode stage) ones of execution units 20, 22, 26, 28 and 30
after reserving renanme buffer entries for the dispatched instructions'
results (destination operand information). In the dispatch stage, operand
information is supplied to the select?? execution units for dispatched
“instructions. Processor .10 dispatches*instructions in order of their

programed sequence. .In_the execute stage, exegution units execute
thei r di spat che®roeessonckQ mplements,iane operates gceorsting ig: foie ppwesnd

i nformation) of t eir(%ﬁ rations for storage at, selected eptries in.renane
buffers 34 S e FONE ﬁ]’eéﬁ ¥R POIVE e PAWEF SRENE 80 this

manner,
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S€quUence. s 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 set and/or cleared in
response to CFXU 26 executing mdve-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 fully
powered, and units operate at the processor clock speed of processor
10. Processor 10 further implements a dynamic power management
mode which can be selectively enabled and disabled. If the dynamic
power management mode is enabled, then idle units within processor
10 automatically enter a low-power state without affecting
performance, software execution, or external hardware circuitry.

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

which is hereby fully incorporated by reference herein. Moreover, the



kn the conpl etion stage, sequencer unit 18 indicates an instruction is
“conpl ete". Processor 10 "conpletes" instructions in order of their
programed sequence. In the witeback stage, sequencer 18 directs the
copying of information fromrenane buffers 34 and 38 to GPRs 32 and FPRs
36, respectively. Sequencer unit 18 directs such copying of information
stored at a selected renane buffer. Likewise, in the witeback stage of a
particul ar instruction, processor 10 updates its architectural states in
response to the particular instruction. Processor 10 processes the
respective "witeback"” stages of instructions in order of their progranmed
sequence. Processor 10 advantageoustL%Erges an instruction's conpletion
stage and writeback stage in specified situations. In the

i |1 ustr at i dynaniogowert managbmenttmodeiisrdeserjibeddn UnitedeStates Pagerite t o
conpl ete each of the stages of instruction processing. Nevertheless, sone
i nstruct i dhd420s808,, whicpis heretxe fullyi incorporated: by neference thergimy IoFxu 26)

may require npre than one cycle. Accordingly, a variable delay occur
bet ween a therdlustragive; mxbmﬁmem; pracessot 1 Qrisane e N@fﬁlgnagfgélq n

ot PawerPl6b3e 'RISC microprocetsor avatlable from THM" © Preced "9
Microelectronics Division, Hopewell Junction, New York. Processor
10 is enhanced relative to the PowerPC 603e RISC microprocessor, as
processor 10 implements the Special power mode. Accordingly, the
Special power mode is a significant aspect of the illustrative
embodiment.

2. Doze mode. In the Doze mode, all units of processor 10 are
disabled except bus snooping logic of BIU 12, time base/decrementer
registers (not shown in FIGURE 1) of processor 10, and a phase-
locked loop (“PLL”) (not shown in FIGURE 1) of processor 10. In
the Doze mode, the PLL of processor 10 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
few clock cycles of processor 10.

From the Doze mode, processor 10 returns to the Full-power
mode in response to an external asynchronous interrupt via assertion of
an interrupt line INT, so that INT provides a signal having a logic 1
state fo processor 10. Likewise, from the Doze mode, processor 10

returns to the Full-power mode in response to a system management

interrupt via assertion of a system management interrupt line SMI, so



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

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

Il lustrative enbodi nent, Special. 3 1. FuII-pomer node. The Ful | - power
node is the default power node of processor In the FuII-pomer node,
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af orement i %ané’@ﬁ&l@ 2r managenent node, and the FuII-power Doze,
Nap, and eep power s, are nore conpletely described in the

publication ent Athem F@swd&uwm 85 Sensd 1 aproitages supplyenode Wddal |

publ i shed by 1BM M croel ectronics Division, Hopewell Junction, New York,

'rll'el ephone éwiiﬁhﬂig)fﬂnﬁh Q@ lowi voltage (E;gelﬂyvbltti) to arpmthtemmdbyoltager ence
erein. Moreover, the
(e.g. 2.5 volts) relative to a voltage reference node GND. Notably,-for
clarity, FIGURES 1-6 show less than all connections from INT, SMI,

Vdd, and GND to various circuitry throughout processor 10. From any
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power saving mode, processor 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 CFXU 26 executing suitable move instructions directed to
SPRs 40, where such move instructions are part of a software reset
sequence of instructions.

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

exception, a hard or soft reset, or a machine check input. As with the



12 dynam c power managenent node is described in United States Patent
5,420,808, which is hereby fully incorporated by reference herein. In the
illustrative enbodi ment, processor 10 is an enhanced version of the PowerPC
603e RI SC m croprocessor available fromI|IBM M croel ectroni cs Division,
Hopewel | Junction, New York. Processor 10 is enhanced relative to the
Power PC 603e RI SC m croprocessor, as processor 10 inplenents the Speci al
power node. Accordingly, the Special power node is a significant aspect of
the illustrative enbodi nent. 2. Doze node. In the Doze node, al
units of processor 10 are di sabled exéﬁpt bus snooping logic of BIU 12,

ti me base/ decrenenter registers (not own in FIGURE 1) of processor 10,
and a phase- |ocked I oop ("PLL") (not._shown in FIGJRE 1) of processor 10.
I n the DoZ2ogedaodenanpiretwm ﬁnméhchapan@dmtprm@sFuH-mwm mogewer ed
state and remains, synchroni zed to an exter cl ock of system bus
11, so thaQCCéM§W mﬁnisbattzﬁvm!ockms QF Qi thin only a few

cl ock cycl es of cessor From t ssor
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de, I t
management VL FPEIS: . pl 1P UG 8 PRERRE R 1 e
SM', SO 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 suitable minimum time
elapsing for PLL to become synchronized to the external system clock,
and then followed by assertion of interrupt line INT, a system
management interrupt, a decrementer exception, a hard or soft reset, or
a machine check input.

5. Special mode. In a significant aspect of the illustrative
embodiment, processor 10 enters the Special mode in response to either
(1) a hardware event or (2) a software event. In the illustrative
embodiment, the hardware event occurs when transducers 41 output a
signal having a logic 1 state on a line HPS (Hardware event, Power
saving, Special mode). Similarly, the software event occurs when
SPRs 40 output a signal having a logic 1 state on a line SPS (Software
event, Power saving, Special mode). SPRs 40 output such a signal on
SPS in response to CFXU 26 executing a suitable “Move to Special
Purpose Register” (“MTSPR”) instruction directed to a predetermined
bit of a “HIDO0" register of SPRs 40.



183 that SM provides a signal having a logic 1 state to processor 10.
Moreover, fromthe Doze node, processor 10 returns to the Ful |l -power node
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 vol tage
(e.g. 2.5 volts) relative to a voltage reference node G\ND. Notably,- for
clarity, FIGURES 1-6 show |l ess than all connections fromINI, SM, Vdd, and
G\D to various circuitry throughout processor 10. From any power saving
node, processor 10 returns to the Fuljspower node in response to a soft
reset, in which control bits are set and/or cleared in response to CFXU 26
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the Full-pRrysE 1 state on HPS) in response to the thermal sensors (of
" trandsducers 41) sensing a relative témperature 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 avoided by processor 10 entering the Special “power
saving” mode of operation in response to the hardware event.

If processor 10 enters the Special mode in response to the
hardware event, processor 10 reduces the maximum number of
instructions fetched during a single cycle of processor 10, so that fewer
instructions are dispatched per cycle of processor 10 as discussed
further hereinbelow in connection with FIGURES 2 and 3. In this
manner, execution units are more likely to be idle, and conséquently
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



node in response to an external asynchronous interrupt via assertion of
interrupt line INT, a system managenent interrupt, a decrenmenter exception,
a hard or soft reset, or a nmachine check input. As with the
14 Doze node, any return fromthe Nap node to the Full-power node occurs
within only a few cl ock cycles of processor 10. 4. Sleep node. In the
Sl eep node, power consunption is reduced to near m ninum by disabling al
units of processor 10, after which | ogic external to processor 10 can
di sabl e the PLL and the external systemclock. Fromthe Sl eep node,
processor 10 returns to the FuII-pomeL node in response to a reenabling of
both the PLL and the external system @ock, foll owed by a suitable m ninum
time elapsing for PLL to become synchronized to the external systeg1c|ock,
g

and then frasponsd teythgskandware event,pseeesser |10nchanges thesgperationapbgenent
I nterrupt, ecrementer exception, a, hard or soft reset,. 0 I ne
check i npuLgl&j 28 as .ls@ﬁé@aiﬁf%ﬂglerﬁm%&i@?"gm eoRBeAtIoN With %Ji}lgﬁg]

illustratiye enbodi ment, processor 10 enters the Special nobde in response
to either ¢1) a hardware event or (2) a software event. In the illustrative

- By comparison, if processor 10 enters the Special mode in
response to the software event, processor 10 (a) reduces the maximum
number of instructions fetched during a single cycle of processor 10 as
discussed further hereinbelow in cohnection 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 neithér 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 fo the Full-power mode (from
the Special mode) in response to (1) an external asynchronous interrupt
via assertion of INT, or (2) a hard or soft reset, or (3) a machine check
input. In an alternative embodiment, if processor 10 entered the
Special mode in response only to the software event, processor 10
further returns to the Full-power mode (from the Special mode) in

response to a system management interrupt via assertion of SMIL. In



enbodi nent, the hardware event occurs when transducers 41 output a signa
having a logic 1 state on a |ine HPS (Hardware event, Power saving, Special
node). Simlarly, the software event occurs when SPRs 40 out put a signal
having a logic 1 state on a line SPS (Software event, Power saving, Speci al
node). SPRs 40 out put such a signal on SPS in response to CFXU 26 executing
a suitable "Mwve to Special Purpose Register” ("MISPR') instruction
directed to a predetermned bit of a "H DO' register of SPRs 40.

15 Transducers 41 include thermal sensors for sensing a relative
tenperature of integrated circuitry Lbch forns processor 10. The hardware _
event occurs (i.e. transducers 41 outplUt a signal having a logic 1 state on

HPS) in respgnse to the therpal  sensors (of trandsducers 41) sensipg a
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damage o resnonse to assertion of INT.

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 résponse to a
processor clock signal (not shown in FIGURE 1 for clarity). A
decrementer exception is generated in response to such a count being
decremented to a value of zero.

FIGURE 1 shows the single SPS line connected to each of
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 logic 71) is operating in the Full-power mode, then fetch
logic 71 selectively requests up to a maximum number of tWo
instructions (per cycle of processor 10 and hence also of fetch logic
71) from instruction cache 14 and stores such instructions in an

instruction buffer 70. Accordingly, during a particular cycle of

i
Corede . e



processor 10 would likely result fromcontinued operation of processor 10

iI*n the Ful | -power nobde. Advant ageously, such damage is substantially

avoi ded by processor 10 entering the Special "power saving" node of

operation in response to the hardware event. | f processor 10 enters

the Special node in response to the hardware event, processor 10 reduces

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

processor 10, so that fewer instructions are dispatched per cycle of

. processor 10 as discussed further hereinbelow in connection with FI GURES 2
and 3. In this manner, executian unitﬁ%are nore likely to be idle, and

consequently the | ow power state of t dynam ¢ power nmanagenent nobde

(described in United States Patent 5,420,808) advantageously is nore
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16 response_to the hardware event, processor 10 changes the operation of

LSU 28 as t@ 3} @fssstrugtions fromy mstmgtion cache dde svhers the: vania 5.
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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 6perating in the Full-power mode, then decode logic 72
selectively inputs and decodes up to a maximum number of two
fetched instructions (per cycle of processor 10 and hence also of
decode 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 maximum number of two decoded
instructions (per cycle of processor 10 and hence also of dispatch logic
74) to selected (in response to the decoding in the decode stage) ones .
of execution units 20, 22, 26, 28 and 30. Accordingly, during a
particular cycle of processor 10, dispatch logic 74 dispatches a variable

number (ranging from 0 to 2) of decoded instructions to the execution



nunmber of instructions fetched during a single cycle of processor 10 as
di scussed further hereinbelow in connection with FIGURES 2 and 3, (b)
changes the operation of LSU 28 as di scussed further hereinbelowin
connection with FIGURE 5. and (c) reduces power consunption wthin

I nstruction cache 14 and data cache 16 by reducing their nunber of "ways"
as di scussed further hereinbelow in connection with FI GURE 6. From
t he Special npbde, processor 10 returns to the Full-power node in response
to neither SPS nor HPS having a logic 1 state. Mreover, if processor 10
entered the Special node in response phly to the software event (i.e. SPS
has a logic 1 state while HPS has a logic O state), then processor 10

further T ejaswhrd e oo HRimBEN BehEndupon ecsuiberase) 11 response

to (1) an external asynchronous Interrupt via assertion of INT, or (2) a

hard or _sojdditianal infiruiins abhe B b sioesd i thstexcontion aiitefort i ve
|

enbodi nent processor 10 entered the Special node in response only to
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peci al node) in response to a system managenent interrupt via
assertion statidkk.inlthe execution units). 17

By comparison, in the illustrative embodimént, if processor 10 is
operating in the Special 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 ménner, (a) decode logic 72 inputs and decodes (on
average) approximately one fetched instructions from instruction buffer
70 per cycle of processor 10, (b) dispatch logic 74 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 average) "completion" (as discussed
further hereinbelow) of approximately one instruction per cycle of
processor 10. Accordingly, the execution units are more likely to be
idle (relative to the Full-power mode), and consequently the low-power
state of the dynamic power management mode (described in United
States Patent 5,420,808) advantageously is more readily invoked.

In an alternative 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



such an alternative enbodi nent, processor 10 would return to the Full-
power node in response to assertion of SM, analogously to the manner in
whi ch processor 10 returns to the Full-power node in response to assertion
of | NT. In yet another alternative enbodi nent, processor 10 al so
returns to the Full-power node in response to a decrenenter exception. SPRs
40 include circuitry for decrenenting a count in response to a processor
clock signal (not shown in FIGURE 1 for clarity). A decrenenter exception
is generated in response to such a count being decrenented to a val ue of
zero. FI GURE 1 shows the singlgggPS | i ne connected to each of

I nstruction cache 14, data cache 16, quencer unit 18 and LSU 28.
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cycle of FIGURE 2 shows SPS, HPS and INT connected t% %/x’)th fetchglo,cg,iclzo 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 10 and a buffer I1, respectively, of dispatch buffers: 56. In the

illustrative embodiment, in response to a cycle of processor 10, either

the I0 instruction is dispatched by itself to decode logic 72 (FIGURE

2), both the I0 and I1 instructions are dispatched together to decode

logic 72, or the I1 instruction is dispatched by itself to decode logic
72. The contents of buffers 10 and I1 are output to decode logic 72
through lines 55a-b, respectively.

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

respectively. Also, in such a situation, instruction buffer 70 transfers



18 processor 10, sequencer 18 requests a variable nunber (ranging from?O
to 2) of instructions frominstruction cache 14, where the vari abl e nunber
depends upon the nunber of additional instructions able to be stored in
instruction buffer 70 (i.e. depends upon the nunber of available buffers in
I nstruction buffer 70). In the decode stage, if processor 10 (and
hence al so decode |logic 72) is operating in the Full-power node, then
decode logic 72 selectively inputs and decodes up to a maxi mum nunber of
two fetched instructions (per cycle of processor 10 and hence al so of
decode logic 72) frominstruction bufZlr 70. Accordingly, during a
particul ar cycle of processor 10, decode logic 72 inputs and decodes a
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cycle. I'n the dispatch stage, if processor 10 (and hence al so
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either in (a) buffers I0 and I1, (b) 54b and 54a, or (c) 52b and 52a,
beginning with buffer 10.

In response to the I0 instruction being dispatched by itself to
decode logic 72, instruction buffer 70 transfers any previously stored
instruction from buffer I1 fo buffer I0. ‘Also, in such a situation,
instruction buffer 70 transfers any prev{ously stored instructions from
instruction buffer 54a to buffer 11, 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
10, I1, 54b, 54a, 52b or 52a, beginning with buffer I10.

If processor 10 is operating in the Full-power mode, then
instruction buffer 70 is able to input up to two 32-bit instructions in
parallel from instruction cache 14 through 64-bit bus 50 during a single

cycle of processor 10. In this manner, as an example, since instruction



19 wunits, where the variable nunber depends upon the nunber of additional
instructions able to be stored in the execution units for execution (e.g.
depends upon the nunber of available reservation stations in the execution
units). By conparison, in the illustrative enbodi ment, if processor
10 is operating in the Special power node, then fetch logic 71 (in response
to logic states of SPS, MPS and I NT) requests a nmaxi num of one -

i nstruction 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 |ogic Zf I nput s and decodes (on average)
approxi mately one fetched instructions frominstruction buffer 70 per cycle
of processor

glpp;gégﬂ?lton‘ibeoﬂntﬂi‘g)r% © 2?"}3;3:’53!?%8'3;'&??23'5 alﬂ)‘?cg%et&ééfz%er e?’:l sel ect ed one
i ndi cates z;ég)b é(t ‘ﬁayiési)(fle%%?g@ﬁ%hg fﬂ‘&sb%%b ow) of
eecuti on %‘?‘tﬁ?r@ré&%‘?@% e bucit 8 Sile BYERSSF Bodtispfd®R Mhoner
mode. { doscheRaueH O ek SR aiifers ' BnfBings 0 B AT gt MO el e

readi |y i nyslfmption of pfoédssat t1®,nati ve enbodi ment, if processor 10 is
operating in the

By comparison, if processor 10 is operating in the Special 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 event, |
because in that situation processor 10 reduces the number of “ways”
within instruction cache 14 and data cache 16 as discussed further
hereinbelow in connection with FIGURE 6. For example, if processor

10 reduces the number of “ways™ within instruction cache 14 to two-



Speci al power node, then dispatch logic 74 (in response to |logic states of
SPS, MPS and | NT) dispatches a nmaxi num of one instruction per

20 cycle of processor 10 (instead of two instructions) to a sel ected one
of execution 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 nent' s techni que of reduci ng the maxi num nunber of instructions
fetched during a single cycle of processor 10. Hence, FIGURE 2 shows SPS,
HPS and I NT connected to both fetch logic 71 and di spatch | ogic 74.

FIGURE 3 is a bl ock diagramof instruggion buffer 70. Instruction buffer 70
stores an 10 instruction and an 11 instruction in a buffer 10 and a buffer
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respect i vefnstruction cache 14 are disabled) during each of the aforementioned
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 the Special “power saving” mode in
response to the software event) instead of 256 sense amplifiers (in the
Full-power mode), the average power consumption of processor 10 is
reduced, because only 1/4 as many of these sense amplifiers are
activated per cycle of processor 10. |
FIGURE 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 nufnbers 0-4. Each entry has five primary fields, namely an
"instruction type" field, a "number-of-GPR destinations" field, a
"number-of-FPR destinations" field, a "finished" field, and an
"exception" field.
Referring also to FIGURE 2, as dispatch logic 74 dispatches an
- instruction to an execution unit, sequencer unit 18 assigns thé
dispatched instruction to an associated entry in reorder buffer 76.
Sequencer unit 18 assigns (or "associates") entries in reorder buffer 76

to _dispatchéd instructions on a first-in first-out basis and in a rotating



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

I nstruction buffer 70 transfers any previously stored instructions from

I nstruction buffers 54a-b to buffers 10 and 11, respectively. Al so, in such
a situation, instruction buffer 70 transfers

21 any previously stored instructions frominstruction buffers 52a-b to

I nstruction buffers 54a-b, respectiv . Moreover, in such a situation, if
processor 10 is operating in the Full-power node, instruction buffer 70
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I nstructionuffer 70 transfers any previously stored instructions from

storage in the various fields and subfields of the associated entry in

reorder buffer 76.

For example, in entry 1 of FIGURE 4, reorder buffer 76 -
indicates the it_lstruction is dispatched to FXU 22. In other aspects of

the illustrative embodiment, entry 1 further indicates the dispatched

instruction has one GPR destination register (such that "number-of-
GPR destinations" = 1), has zero FPR destination registers (such that
"number-of-FPR destinations" = 0), is not yet finished (such that
"finished" = 0), and has not yet caused an exception (such that
"exception" = 0). |

As an execution unit executes a dispatched instruction, the
execution unit modifies the ‘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 ihstruction,
the execution unit modifies the entry’s "exception” field (such that

"exception" = 1).



innstruction buffer 54a to buffer 11, frominstruction buffer 54b to

i hstruction buffer 54a, frominstruction buffer 52a to instruction buffer
54b, and frominstruction buffer 52b to instruction buffer 52a. Moreover,
in such a situation, instruction buffer 70 inputs a single 32- bit

I nstruction frominstruction cache 14 through 64-bit bus 50 and stores this
instruction in the first available buffer, i.e. either in buffer 10, 11,
54b, 54a, 52b or 52a, beginning with buffer 10. | f processor 10 is
operating in the Full-power node, then instruction buffer 70 is able to
input up to two 32-bit instructions iyg parallel frominstruction cache 14

t hrough 64-bit bus 50 during a single cycle of processor 10. In this
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it
allocated to (or "associated with") a partlcular- instruction. As shown in
FIGURE 4, allocation pointer 173 points to reorder buffer entry 3,

thereby indicating that reorder buffer entry 3 is the next reorder buffer

entry available for allocation 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

Condition 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 éompletion pointer 175 and its



i>nstruction frominstruction cache 14 through 64-bit bus 50 during a single
cycle of processor 10. In this manner, as an exanple, 128 sense anplifiers
(32 bits/way x 4 ways x 1 sense anplifier/bit) of instruction cache 14 are
active during each cycle of processor 10 (while the other 128 sense
anplifiers of instruction cache 14 are disabl ed). Advantageously, by
activating only 128 sense anplifiers (in the Special node) instead of 256
sense anplifiers (in the Full-power node), the average power consunption of
processor 10 is reduced, because only 1/2 as many of these sense anplifiers
are activated per cycle of processor : Addi ti onal reductions are
achieved if processor 10 enters the é%gcial "power saving" node in response
to the software event, pecauge in that situati,o rocess reduces the
nunber of § ueRt 1 q:,(pl;qqu 3&?&% enties thategregede, ghg 5?9“@58%%&%6 di scussed

further hereinbel ow in,conpection w FI GURE 6. For exanple, if processor
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are read by completion logic 80 and exception logic 82 of sequencer

unit 18. In response to the "exceptiqn" fields of reorder buffer 76,
exception logic 82 handles exceptions encountered during execution of
dispatched instructions. In response to the "finished" fields and -
"exception" fields of reorder buffer 76, completion logic 80 outputs
signals to dispatch logic 74 and to reorder buffer 76. Through these
signals, completion logic 80 indicates "completion" of instructions in
order of their programmed sequence. Completion logic 80 indicates
"completion" of an instruction if it satisfies the following conditions:

Condition 1 - The execution unit (to which the instruction is
dispatched) finishes execution of the instruction (such that "finished" =
1 in the instruction’s associated entry in reorder buffer 76);

Condition 2 - No 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.



i'nstruction cache 14 are active (while the other 192 sense anplifiers of

I nstruction cache 14 are disabled) during each of the aforenentioned two
cycles of processor 10 while processor 10 is operating in the Special power
node. Advant ageously, 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 Full-power nobde), 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 illustratiompf a reorder buffer 76 of sequencer
unit 18 of the illustrative enbodi nent. As shown in FI GURE 4, reorder
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basis and dispatcisgchinsteuctions on a first-in first-out basis and in.a rotating

manner, such that sequencer unit 18 allocates rename’ buffer number 0,

followed sequentially by rename buffer numbers 1-3, and then rename

buffer number 0 again.

Referriﬁg to F IGURE 35, 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 thaf 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 particulaf
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



24 manner, such that sequencer unit 18 assigns entry 0, foll owed
Sequentially by entries 1-4, and then entry 0 again. As the dispatched
instruction is assigned an associated entry in reorder buffer 76, dispatch
| ogic 74 outputs information 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 nent, entry 1 further indicates the
dispatched I nstruction has one GPR destination register (such that -
"nunber-of- GPR destinations" = 1), R& zero FPR destination regi sters
(such t hat "nunber-of - FPR desti nati ons” 0), is not yet finished (such

that "fi nlwhmﬁ rodessori0 will copy ;iestmaumaperamkmfurmatum (ah that
"exception" = As an execution unit executes_a_dispatched
i nstructi (sn)reldhm the rename buffer’sotinformation” |ﬁﬁs'lerchIGU1§,Ea§)s&|0§teed entry

in reorder buffer 76. Mre ticularly, spopse.to finishin ecution
of the di 9faFPRsd36 (as r&p@m%é ] ﬁﬁeéﬁ@em gﬁ{’fgﬁﬁ pfﬁﬂéﬁ ter é%lmﬁ“ef eﬁﬁﬁj- s
"finished" ffahféﬂgéeu h that "finished" = 1). If the execution unit
encount er 9 n during execution of the dispatched instruction, the
ti it di f th
execution uni t RBShidifgly, Sroeabicr o' SiARREE WritdHatk poiS 189 Fpast
a rename buffer previously allocated to a particular instruction) in

response to processor 10 copying the result (destination operand )
information) of the particular instruction from the rename buffer for
storage in an architectural register. In this manner, processor 10 |
reserves an allocated rename buffer to store the result (destination
operand information) of the particular 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 - 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 5, completion pointer 184 points to

rename buffer 2, thereby indicating that rename buffer 2 is the next



25 FI GURE 4 shows an allocation pointer 173 and a conpl etion pointer
175. Processor 10 maintains such pointers for controlling reading from and
witing to reorder buffer 76. Processor 10 maintains allocation pointer 173
to indicate whether a reorder buffer entry is allocated to (or "associ ated
with") a particular instruction. As shown in FIGURE 4, allocation pointer
173 points to reorder buffer entry 3, thereby indicating that reorder
buffer entry 3 is the next reorder buffer entry available for allocation to
an instruction. Al so, processor 10 maintains conpl etion pointer 175
to indicate (for a reorder buffer en previously allocated to a
particular instruction) whether the Bgrtlcular I nstruction satisfies the

foll owi ng condit diti 1 t whi ch
st rucmgnamedbg%%rmplq OhSatetyBgecanaRory [« Achh3: ddheon;
ndition except i,.ons_were encoumer fetti Q alQM st age
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to by conpletion p0|nt 175 and its
buffer pointed to by completion pointer 184 and its subsequent rename

buffers that precede the rename buffer pointed to by allocation pointer
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
ports 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 entries, processor 10 operates the
writeback entries to output information to an execution unit in
situations where the execution unit executes an instruction specifying

an architectural register associated with such information.



26 subsequent reorder buffer entries that precede the reorder buffer entry
pointed to by allocation pointer 173. Referring again to FI GURE 2,
the entries of reorder buffer 76 are read by conpletion | ogic 80 and
exception logic 82 of sequencer unit 18. In response to the "exception”
fields of reorder buffer 76, exception |ogic 82 handl es exceptions
encountered during execution of dispatched instructions. In response to the
"finished" fields and "exception" fields of reorder buffer 76, conpletion

| ogic 80 outputs signals to dispatch logic 74 and to reorder buffer 76.
Through these signals, conpletion Iog%gﬁ80 I ndi cates "conpl etion" of

I nstructions in order of their progra d sequence. Conpletion |ogic 80
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FIGURE 1, if processor 10 is operating in the Full-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 a single cycle (i.e. 64 bits of information per cycle) of processor
10. In this manner, as an example, since data cache 16 is a four-way
set-associative cache, at least 256 sense amplifiers (64 bits/way x 4
ways x | 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/way x 4 ways x 1 sense amplifier/bit) of data cache 16 are active
(while the other 128 sense amplifiers of data cache 16 are disabled)

during each of these two cycles of processor 10. Advantageously, by



Condi tion 1 and Condition 2. In response to information in reorder
buffer 76, dispatch logic 74 determ nes a suitable nunber of additional

i nstructions to be di spatched.

27 FIGURE 5 is a conceptual illustration of floating point renane

"~ buffers 38. As shown in FIGURE 5, renane buffers 38 include four renane
buffers respectively | abelled as buffer nunbers 0-3. Sequencer unit 18

al |l ocates (or "associates") renane buffer nunmbers 0-3 to di spatched
instructions on a first-in first-out basis and in a rotating manner, such
t hat sequencer unit 18 all ocates rendie buffer nunber 0, foll owed
sequentially by rename buffer nunbers 1-3, and then renane buffer nunber O

agai n. - Ref ' ﬂ&ﬂ%]' q&k' ' liastehddof 0 store
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poi nters fegnsupiptioh! dfnpracessond0fisaedacedybetause only ¢/has mahyefs 38.
Processor 10 namintains allocation pointer 180 to

these sense amplifiers are activated per cycle of processor 10.

Additional reductions are aqhieved 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) o!f data cache
16 are active (while the other 192 sense amplifiers of data cache 16 are
disabled) during each of the aforementioned 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 the Special “power saving” mode in response to the software
event) instead of 256 sense amplifiers (in the Full-power mode), the
average power consumption of processor 10 is reduced, because only
1/4 as many of these sense amplifiers are activated per cycle of
processor 10.

FIGURE 6 is a block diagram of instruction cache 14.
Instruction cache 14 of FIGURE 6 is likewise representative of data



indi cate whether a renanme buffer is allocated to a particular instruction.
As shown in FIGURE 5, allocation pointer 180 points to renane buffer 3,
thereby indicating that renane buffer 3 is the next renanme buffer avail able
for allocation to an instruction. Processor 10 further maintains
writeback pointer 182 to indicate whether a renane buffer (previously
allocated to a particular instruction) is available for reallocation to
anot her instruction. As shown in FIGURE 5, witeback pointer 182 points to
rename buffer 2, thereby indicating that renanme buffer 2 is the next renane

buffer from . 28 which processor
10 w I | copy desti nati on operand mfcﬁzmatlon (as stored in the renane

buffer's "information" field of FIGURE 5),to one of EPRs_36 ( specified
in the rercacheblbs diach ofdgstrution 2 a@dd(?@,tp %@9@%6 $.a 16->"

Accordingly. processor 10,advances.witeback pointer 182 rename
buf fer pr kil fanr-owayt dsetsassogiative Gache.; ?Wﬁtll?%ﬁ)acﬁﬁaf‘ggﬁ se to
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archi tect u&&térersggsi.st er. In this manner, processor
~ Accordingly, FIGURE 6 shows control logic 100 which includes

a memory 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 translation into its associated physical
address, so the effective address’s bits 2° through 2'' have the same
digital logic values as the associated physical address’s bits 2° through
2",

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

Thus, Block 3 of Set 0 is able to store an Address Tag;,, state
bits State,,, and words W, through W;,. Likewise, each Block y of



reserves an allocated rename buffer to store the result (destination
operand information) of the particular instruction until processor 10
copies the result to an architectural register. Al so, processor 10
mai nt ai ns conpl etion pointer 184 to indicate (for a renane buffer
previously allocated to a particular instruction) whether the particul ar

I nstruction satisfies the follow ng 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 wth any stage of processi the.instruction; and

Condition 3 - Any previously dispatch I nstruction satisfies Condition 1
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ranging from 0 through 3.
A set is specified by a physical address’s bits 2° through 2!!.
Thus, each set includes multiple addresses, all of which share the same
seven physical address bits 2° through 2'". Accordingly, 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 group 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 Block 2 of Set
0, instruction cache 14 can store Address Tag,, including a third
address’s bits 2'? through 2%, and (d) in Block 3 of Set 0, instruction
cache 14 can store Address Tag,, including a fourth address’s bits 2"
through 2*'. Thus, each Address Tag,, has 20 bits. |
- FIGURE 7 is a schematic electrical circuit diagram of sense
amplification circuitry, indicated generally at 121, of instruction cache
14 of FIGURE 6. Sense amplification circuitry 121 is a representative
sense amp of sense amps 104, 106 and 108a-h of FIGURE 6.



Accordingly, "rename entries" can be defined as the renane buffer pointed
tto by conpletion pointer 184 and its subsequent renanme buffers that precede
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 -
conpl etion pointer 184. The witeback entries store results of instructions
that are "conplete" but whose results have not been copied fromthe renane
buffers to architectural registers, as for exanple due to unavailability of
wite ports to the architectural regkf ers. Conceptual Iy, the
writeback entries are | ocated betwee he renane entries and the
architectural registers. Advantageously, a result nmay bypass t wri t eback
entries anAcberdingly,esinde reach| &d%mss Thg, dham 20 its,rsense anps 04 i 1 a
writeback port is available at_the conpletion, sta over .~ Like the
renane ent %MC%SQMG ramps &3@%@ aIpps \WVY‘H’B?&"E% ﬁ@gﬁ’? (S)-gtlt put
i nformation to ag,exec ti, n.Jnif in.situatipns where the execution unit
execut es aPRGHEUPSIANHIgHYJGERNICY HQCQW“§FXH4 ctural register associated

with such infor §?ﬁ1iilca)unl'y, since each word W, , (where z is an integer word 30
number from O through 7) has 32 bits, each of sense amps 108a-h
includes a respecﬁve- 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,(-y includes a respective group of 20
dynamic random access memory (“DRAM”) cells, each DRAM cell
being able to store a respective single bit of digital information.
Similarly, each 32-bit word W,,, includes a respective group of 32
DRAM cells, each DRAM cell being able to store a respective single
bit of digital information. Likewise, the number of DRAM cells in
each State,, is equal to the number of bits per State,,.

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

amps (of sense amps 104), respectively, (2) each of the 128 sets of 20



FPU 30 is fully I EEE 754-conpliant for both single-precision (i.e. 32-bit)
and doubl e-precision (i.e. 64-bit) operands. Accordingly, for supporting
doubl e- preci si on operations, each renane buffer's "information" field of
FIGURE 5 is 64-bits wide. Referring also to FIGURE 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 renane buffer's "information" field (of
renanme buffers 38) during a single cycle (i.e. 64 bits of information per
cycle) of processor 10. In this nanng% as an exanpl e, since data cache 16
Is a four-way set-associ ative cache, § | east 256 sense anplifiers (64
bits/way x_ 4 ways x 1 sense anplifier/bit)_ of data cache 16 are active
duri ng sucDRaAﬁf mglls denotednas prdsress diagipis peuplesd: tooa serondetoupepte
anplifiersgéontributes
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Accordingly, each sense amp (of sense amps 104) is coupled to a-
respective family of 128 DRAM cells which store digital information
for bit 29 of Address Tag,,, where: (a) q is a constant (i.e. common to
all DRAM cells of the family) bit number from 0 through 19, (b) x is
a variable (i.e. different for all DRAM cells of the family) set number

from O through 127, and (c) y is a constant block number from 0
through 3.

As shown in FIGURE 7, each §ense 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,,,

where (a) x is a variable set number from 0 through 127, and (b) yis a

constant block number from 0 through 3.



31 activating only 128 sense anplifiers (in the Special node) instead of
256 sense anplifiers (in the Full-power node), the average power
consunption of processor 10 is reduced, because only 1/2 as nmany of these
sense anplifiers are activated per cycle of processor 10. Addi ti onal
reductions are achieved if processor 10 enters the Special "power saving"

' node in response to the software event, because in that situation processor
10 reduces the nunmber of "ways" within instruction cache 14 and data cache
16 as di scussed further hereinbelowin connection with FIGURE 6. For
example, if processor 10 reduces the ggnber of "ways" within data cache 16
to two-way instead of four-way in response to the software event, then 64
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processor 10"is reduced because only 1/4 as many of these sense anplifiers

are acti vagetd of<256 DRAM cellodenoted a9 W,,, is comipiadrEh®ugh a seicond di agram
of instruction cache 14. Instruction cache *14 of FIGURE 6 is |ikewi se
r epr esent agroup of 25 sense 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 W,,, is coupled through a third group of 256

sense amps (of sense amps 108a-h), respectively, to a multiplexer 114c

via a bus 120c, and (4) each of the 128 sets of 256 DRAM cells

denoted as W,;, is coupled through a fourth group of 256 sense amps

(of sense amps 108a-h), respectively, to a multiplexer 114d via a bus
120d.

Accordingly, each sense amp (of sense amps 108a-h) is coupled
to a respective family of 128 DRAM cells which store digital
information for bit 2% of words W,,,, where: (a) q is a constant bit
number from 0 through 31, (b) x is a variable set 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

respective subgroup of the four groups of sense amps 108a-h, where



32 cache 16. Each of instruction cache 14 and data cache 16 is a 16-

kil obyte, four-"way" set-associative cache. Instruction cache 14 and data
cache 16 are addressed in response to physical (i.e. "real") addresses.
Accordingly, FIGURE 6 shows control |ogic 100 which includes a nenory
managenent unit ("MWJ') for translating effective addresses to associ at ed
physi cal addresses. For exanple, effective addresses are received from
fetch logic 71 (FIGURE 2) of sequencer unit 18. In the illustrative

- enbodi nent, an effective address's bits 2[err] through 2[err] are unchanged
by translation into its associ ated phygi cal address, so the_.effective
address's bits through 2[err]have the sane digital |ogic values as the
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cache 14. Each line is able™to store a respective address tag, respective
state bitstirough Bpahddic)e &s aveunstintword mmiber frespdl througly dup of ei ght
words of information. Each word has 4 bytes (i.e. 32 bits).

Likewise, sense amps 106 are organized so that (1) each of the
128 sets of DRAM cells denoted as State,, (where x is the set number)
is coupled to a first group of sense amps (of sense amps 106), (2) each
of the 128 sets of DRAM cells denoted as State,; is coupled to a _
second group of sense amps (of sense amps 106), (3) each of the 128
sets of 20 DRAM cells denoted as State,, is coupled to a third group of
sense amps (of sense amps 106), and (4) each of the 128 sets of
DRAM cells denoted as State,; is coupled to a fourth group of sense
amps (of sense amps 106).

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

Enable lines 102 include a total of 4 state ENABLE lines (i.e. 4
blocks * 1 state ENABLE line per block). Each such state ENABLE
line is connected from control logic 100 to a respective one of the four
groups of sense amps 106, where the respective group is coupled to a

family of DRAM cells which store digital information for State,,
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Thus, Block 3 of Set O is able to store an Address Tag[er], state bits
St at e30, and words W30 t hrough W37. Likew se, each Bl ock y of

33 Set x is able to store an Address Tag[err], state bits State[err], and
words Werr] through Werr], where x is a variable integer set nunber
ranging fromO through 127, and where y is a variable integer block nunber
ranging fromO through 3. A set is specified by a physical address's
bits 2[err] through 2[err]. Thus, each set includes nmultiple addresses, al
of which share the same seven physical address bits 2[err] through 2".
Accordi ngly, at any single nonent, inaﬁruction cache 14 stores information
for up to four physical addresses belohnging to a particular Set x, as

ified by Add T g th h. Ad T t i\n Set
S e0ci at eavhIBHAI 9@ VATRble S RAbRRdromeD BrbWER 127y and )y TR °
exanple, (a) in Block, O of,Set. 0, jinstruction cache 14 can store Address
T)z;gFgrr] i(ﬁ)eplﬁ &qﬁékiwbﬁﬁg?%sbgﬁm‘i@’;[err] through 2[err], (b) in
Bl ock 1 of Set hnstgd | O c t Addr (1l
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128 coupled DRAM Ccells, where the one DRAM cell is selected in
response to logic states of control lines 124 output from control logic
100 according to the set number (i.e. according to an address’s bits 2’
through 2! as discussed hereinabove). If ENABLE has a logic 1 state,
then circuitry 121 is activated; otherwise, circuitry 121 is not activated.
If circuitry 121 is not activated, processor 10 consumes less power, and
an output node OUT has a high impedance state. If D has a voltage
greater than 5 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 5 while circuitry 121 is

activated, then OUT has a voltage substantially equal to GND (i.e. a
logic 0 state). _

Through a bus 110, address tag information is transferred
between control logic 100 and Address Tag,,, and state information is
transferred between control logic 100 and State,,. Through buses 116,

118 and 120a-d, instruction information (or data information in the



address's bits 212 through 2[err], and (d) in Block 3 of Set 0, instruction
cache 14 can store Address Tag[err] including a fourth address's bits
2[err] through 2[err]. Thus, each Address Tag[err] has 20 bits.

FIGURE 7 is a schematic electrical circuit diagram of sense anplification
circuitry, indicated generally at 121, of instruction cache 14 of FIGURE 6.
Sense anplification circuitry 121 is a representative sense anp of sense
anps 104, 106 and 108a-h of FI GURE 6.

34 Accordingly, since each Address Tag[err] has 20 bits, sense anps 104
-includes 80 sense anps (20 sense anps39rul tiplied by 4 Bl ocks 0-3) each
substantially identical to circuitry 121. Simlarly, since each word

Werrl . (VOREPOF dafy RAchO'IRASYS HistoReaPBEATbOHDT 298¢ JO0NAR] 32 DI s,

each of sense anps respective group O sense anmps (32
sense arrpsgvrul.ti plied by 4 Blocks 0-3) each substantially identical to
circuitry » so that sense anps 108a-h include a conbined total of 1024

TS . IR Syl mtualog h dpUie, conrol g9, 1 e

per Stat e[ mscejvesad effiedtive atldesss frons sequeascersunit 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 inpufs information from Blocks 0-3 of Set x. More -
particularly, through bus 110, control logic 100 reads the four address
tags, Address Tag,, Address Tag,,, Address Tag,, and Address Tag,,,
and their respectively associated four states, State,,, State,,, State,, and
State. ;.

Further, control logic 100 outputs the received effective
* address’s bits 2° and 2* to multiplexers 114a-d through control lines

122. In response to the logic states of control lines 122, multiplexer
114a outputs a selected double-word from Block 0 of Set x to bus 118.
For example, the selected double-word is from either (a) the DRAM
cells denoted as W, and W,,,, (b) the DRAM cells denoted as W,
and W,;, (c) the DRAM cells denoted as Wy, and W, or (d) the
DRAM cells denoted as W, and W,;.

Likewise, in response to the logic states of control lines 122,
multiplexer 114b outputs a selected double-word from Block 1 of Set x
to bus 118, multiplexer 114c outputs a selected double-word from
Block 2 of Set x to bus 118, and multiplexer 114d outputs a selected



substantially identical to circuitry 121. Each 20-bit Address
Tag[err] includes a respective group of 20 dynam ¢ random access nenory
("DRAM') cells, each DRAM cell being able to store a respective single bit
of digital information. Simlarly, each 32-bit word Werr] includes a
respective group of 32 DRAM cells, each DRAM cell being able to store a
respective single bit of digital information. Likew se, the nunber of DRAM
cells in each State[err] is equal 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 I s denoted as @gdress Tag[err] (where x is the set

nunber) is coupled to a first group of 20 sense anps (of sense anps 104),
respective

35 DRAM c!é%/’l‘?iqzj‘%ﬁgg’ o% W%ﬁgtﬁf§?{ﬂ g&% 148y prbrough buscbifg group of
of 20 oranPRaplcxEn T2 SRR Atl Sobf HoRBlc-bhonts sty BRMRpTexard L IRE, 501 ° o

20 sense anps (of sense anps- 104), respectively, and (4) each of the 128
sets of 20 M cells denoted as Address Tag[err] is coupled to a fourth

group of 20 seny@NIPSE CBhtrot188icA 100 thaislatesahREfebbiRd 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" through 2°! are a match with any valid
Address Tag,,. then control logic 100 outputs suitable control signals to
a multiplexer 112 through control lines 126, so that multiplexer 112
outputs (to control logic 100 through bus 116) either (a) the double-
word from multiplexer 114a if the match is with Address Tagxo,'(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—po@er mode,
then control logic 100 outputs the double-word from multiplexer 112 to

sequencer unit 18 as part of the example instruction fetch operation.
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Accordi ngly, each sense anp (of sense anps 104) is coupled to a respective
famly of 128 DRAM cells which store digital information for bit 2q of
Address Tag[err], where: (a) g is a constant (i.e. comon to all DRAM cells
of the famly) bit nunmber fromO through 19, (b) x is a variable (i.e.
different for all DRAMcells of the famly) set nunber fromO through 127,
and (c) y is a constant bl ock nunber fromO through 3. As shown in

FI GURE 7, each sense anp (circuitry 121) has an ENABLE |ine. Wth reference
to FIGURE 6, enable lines 102 include a total of 4 address tag ENABLE |ines
(i.e. 4 blocks * 1 address tag ENABLE4{i ne per block). Each such address -
tag ENABLE |ine is connected fromcontrol logic 100 to a respective one of
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denoted as Werr] 1s coupled
logic 100 selects the single word in response 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 of 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
amps 108a-h are activated while non-selected subgroups of sense amps
108a-h are disabled. The selected subgroups are the ones coupled to
DRAM cells which store digital information for words W, ,, where ()
X is a variable set number from 0 through 127, (b) y is a variable
block number from 0 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 2* through 2*. In this manner, processor 10 activates
fewer (relative to the Full-power mode) sense amplifiers of instruction
cache 14 per cycle of processor 10, so the average power cdnsumption
of instruction cache 14 (and hence of processor 10) is reduced.

Additional reductions are achieved if processor 10 enters the

Special “power saving” mode in response to the software event (i.e.
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ghrough_a first group of 256 sense anps (of sense anps 108a-h),
respectively, to a nmultiplexer 114a via a bus 120a, (2) each of the 128
sets of 256 DRAM cells denoted as Werr] is coupled through a second group
of 256 sense anps (of sense anps 108a-h), respectively, to a multiplexer
114b via a bus 120b, (3) each of the 128 sets of 256 DRAM cells denoted as
Werr]is coupled through a third group of 256 sense anps (of sense anps
108a-h), respectively, to a multiplexer 114c via a bus 120c, and (4) each
of the 128 sets of 256 DRAM cells denoted as Werr], is coupled through a
fourth group of 256 sense anps (of sepse anps 108a-h), respectively, to a
mul tiplexer 114d via a bus 120d. Accordi ngly, each sense anp (of
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108a-h, wh@ich ensures that Address Tag,, and Address Tag,; are not valid (as

indicated by digital logic values of “valid” bits in State,, and State,s,

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 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
FIGURES 2 and 3. Advantageously, this significantly reduces the
average power consumption of instruction cache 14 (and hence of
processor 10).

Likewise, if processor 10 enters the Special “power Saving”
mode in response to the software event, processor 10 reduces the
number of “ways” within data cache 16 to two-way instead 6f four-
way. Accordingly, for an LSU 28 floating point load operation in that
situation, 64 sense amplifiers (1 word/way x 4 bytes/word x 8 bits/byte

x 2 ways x 1 sense amplifier/bit) are activated instead of 256 sense
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37 the respective subgroup is coupled to a famly of DRAM cel ls which
store digital information for words Werr] where (a) x is a variable set
nunber from O through 127, (b) y is a constant bl ock nunber from O through
3, and (c) z i-s a constant word nunber fromO through 7. Li kew se,
sense anps 106 are organi zed so that (1) each of the 128 sets of DRAMcells
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 48ts of 20 DRAM cel |l s denoted as
State[err] is coupled to a third group of sense anps (of sense anps 106),

and (4) e Jgiﬁéﬁgegzl%rawa ‘;X?W{!es‘ﬁ%ﬁ ﬁ@@itgfg))ﬁé >Sf4a&ndxgrx]1 i's coupl ed

to a fourt oup of sense a of” sense anps 1 : cordingly,

each sensesange ARTpIERAFBILR®S dikBkséd famhiet bérdinabove inawrineetionni |y of 128
DRAM cells which store digital information for bit 2q of State[err], where:

(a) q is awithFIGURE §. nAdbantagdousty, this significahtlyseducestthe from 0

t hrough 127, and (c) y is a constant bl ock nunber fromO through 3.

Enabl e | i navefidie powerdeonsunption of datatcaoheEN\Kand hense of peocessprocks * 1
state ENABLE |ine per block). Each such state ENABLE |line is connected from
control 10d0d. 100 to a respective one of the four groups of sense anps 1086,
where the respegﬁive roup is coupled to a fam I%/vof Mcells which store
digi tal i nfor mathihshspBware gvend qacurs at a moment hen transitions

from a logic O state to a logic 1 state. SPS transitions to the logic -1
state in response to CFXU 26 executing a first MTSPR instruction
directed to a predetermined bit of a “HID0" register of SPRs 40. The
first MTSPR instruction specifies the logic 1 state of SPS.

Immediately before the first MTSPR instruction, it is helpful (in
order to reduce complexity of circuitry within processor 10) for the
software to specify a “Synchronize” (“SYNC”) instruction, followed by
an “Instruction Synchronize” (“ISYNC”) instruction. Immediately
following the first MTSPR instruction, it is helpful for the software to
specify another ISYNC instruction.

As just discussed hereinabove, if processor 10 enters the Special
“power saving” mode in response to the software event (i.e. SPS has a
logic 1 state), processor 10 reduces the number of “ways” within
instruction cache 14 and data cache 16 to two-way instead of four-way.
Accordingly, immediately before the SYNC instruction that precedes
the first MTSPR instruction, it is impomt for the software to specify
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- 38 where (a) x is a variable set nunber fromO through 127, and (b) y is a
constant bl ock nunber fromO through 3. Wth reference to FI GURE 7,
each sense anp (circuitry 121) inputs a differential voltage through |ines
D and fromone of its 128 coupl ed DRAM cel |l s, where the one DRAM cell 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 discussed herei nabove). |f ENABLE
has a logic 1 state, then circuitry 121 is activated; otherwise, circuitry
-121 is not activated. If circuitry 1244is not activated, processor 10
consunes | ess power, and an output node OUT has a high inpedance state. If

s a - vollPAReCAGhR, Bla RNy o PCRITahd Y st Cact¥ Block e, O
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26 executing a second MTSPR instruction directed to the

predetermined bit of the “HIDOQ" 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.

The DCBF instruction specifies an effective address. In response

to the DCBF instruction, if any line within data cache 16 stores

information (e.g. data) at the effective address, then processor 10

invalidates the line by clearing the line’s “valid” bit in State,,. Further

in response to the DCBF instruction, if the invalidated line stores

information which has been modified by processor 10 relative to an

original version of the information stored within memory 39 (FIGURE

1) at the same physical address (translated in response to the effective

address), then processor 10 updates memory 39 by copying the

modified information from data cache 16 to the same physicél address

within memory 39. Before transitioning SPS to a logic 1 state, it is

important for the software to specify enough DCBF instructions to
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bet ween control logic 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

39 case of data cache 16) is transferred between control logic 100 and
Werr]. In an exanple instruction fetch operation, control |ogic 100
“receives an effective address from sequencer unit 18. Control |ogic 100
determ nes a particular Set x in response to the received effective
address's bits 2[err]through 2[err](as di scussed herei nabove), and control
| ogi ¢ 100 inputs information fron1BIo§§s 0-3 of Set x. More particularly,

t hrough bus 110, control logic 100 redds the four address tags, Address

relLet | mpeus e e e el vk Blods e S baw | "o
State[err]. .., .Further, copgrol logic 100 outputs the received effective
address's §F¥%W2@Fr‘§a§ﬂc?afpsrfé't o nultiplexers 114a-d through control Iines
122 0 eI L b SRRl RS L paber 1142
: to the ICBI instruction, if any line within instruction cache 14 stores
information (e.g. instructions) at the effective address, then processor
10 invalidates the line by clearing the line’s “valid” bit in State,.
Before transitioning SPS to a logic 1 state, it is important for the ~
software to specify enough ICBI instructions to ensure that all lines are
invalidated within Blocks 2 and 3 of all 128 sets within instruction
cache 14.

The SYNC instruction provides an ordering function for the
effects of all instructions executed by processor 10. In executing the
SYNC instruction, before processor 10 executes any subsequent
instructions (i.e. instructions following the SYNC instruction within the
programmed sequence of instructions for execution), processor ensures
that all prior instructions (except “touch load” operations and
instruction fetches) have completed, at least to the point where such
prior instructions (i.e. instructions preceding the SYNC instruction
within a programmed sequence of instructions for execution) are no
longer able to cause an exception.

When processor 10 completes the SYNC instruction, processor
10 will bave performed (with respect to all other mechanisms that

access memory 39) all external accesses initiated by processor 10 prior
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For exanple, the selected double-word is fromeither (a) the DRAM cel | s
denoted as Werr]Jand Werr], (b) the DRAM cel | s denoted as Werr] and
Werr], (c) the DRAM cells denoted as Werr] and Werr], or (d) the DRAM
cells denoted as Werr] and Werr]. Li kewi se, in response to the

| ogic states of control lines 122, nultiplexer 114b outputs a sel ected
doubl e-word fromBlock 1 of Set x to bus 118, multipl exer 114c outputs a
sel ect ed doubl e-word from Block 2 of Set x to bus 118, and nultipl exer 11
4d out puts a sel ected 40

doubl e-word from Bl ock 3 of Set x to pus 1 18. Through bus 118, nultipl exer
112 receives all four double-words fr mul tipl exers 114a- MW of

d.
}‘(r) Oimcb\l./lz | ggob? i ;l%/t?r?g{?sﬁé/m&r%%l&@gﬁ[l@ﬁﬁwﬁiﬁnifﬁﬁP‘g%%g‘g @f"& di gi t al
Taqlerr]. Instuckighss Prascssdh 10 SRYS PrhletioR°Gh M SING infidiar
~address’s biksaAlSiol “DYR Gl BIbER" Fodt i DCHT) &l “Dhta’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 603e RISC Microprocessor User’s Manual,
identified hereinabove. '

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 for
execution). Then, processor 10 discards any fetched instructions, so
that future iqstructions are fetched (or refetched) and executed in the
context established by the prior instructions. Execution of the ISYNC
instruction by processor 10 has no effect on other processors or their
caches.

In executing the ISYNC instruction, processor 10 achigves
refetch serialization. In this manner, before processor 10 executes any
subsequent instructions (i.e. instructions following the ISYNC
instruction within the programmed sequence of instructions for

execution), processor 10 ensures that (a) all prior instructions have
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Address Tag[err]. then control |ogic 100 outputs suitable control signals
to a multiplexer 112 through control lines 126, so that multiplexer 112
outputs (to control |ogic 100 through bus 116) either (a) the double- word
fromnultiplexer 114a if the match is with Address Tag[err], (b) the

doubl e-word frommultiplexer 114b if the match is with Address Tag[err],

(c) the double-word fromnultiplexer 114c if the match is with Address
Tag[err] or (d) the double-word fromnmultiplexer 114d if the match is with
Address Tag[err]. Accordingly, control logic 100 inputs a doubl e-word
frommultiplexer 112. |f processor:ﬂh7s operating in the Full-power node,
then control 1ogic 100 outputs the double-word fromnultiplexer 112 to
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ISYNC instruction is context synchronizing.
The hardware event occurs at a moment when HPS transitions
from a logic O state to a logic 1 state. In response to HPS transitioning
from a logic O state to a logic 1 state, processor 10 performs the
following enumerated actions.
1. Sequencer unit 18 (FIGURE 1) aborts any pending
instructions in instruction buffer 70 (FIGURE 3) which haye 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 (FIGURE 1) aborts any pénding store instructions which have not
already resulted in storage of information in data cache 16. For
example, in the illustrative embodiment, 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 perfdrmed.
3. Processor 10 invalidates all entries in rename buffers 34 and
38 (FIGURE 1). For example, processor 10 moves writeback pointer
182 (FIGURE 5) and completion pointer 184, so that writeback pointer



only a single 32-bit instruction (instead of up to two 32-bit instructions)
frominstruction cache 14 through 64-bit bus 50 during a single cycle of
processor 10. In the Special power node, control |logic 100 outputs
suitabl e signals on ENABLE |ines 102, so that only sel ected subgroups of
sense anps 108a-h are activated whil e non-sel ected subgroups of sense anps
- 108a-h are disabled. The sel ected subgroups are the ones coupl ed to DRAM

cells which store digital information for words Werr] where (a) x is a
vari abl e set nunber fromO through 127, (b) y is a variable bl ock nunber
fromO through 3, and (c) z is a consigant word nunber from®© through 7
which is selected in response to the fective address's bits 2[err]

through 2[err]. In this manner, processor 1Q activates fewer..(relative to
the Ful| - p¥@ andocempleieae RABIIT 1S4 PORIL tohthe SRMERrBme SULFTLERtY el e of
~ processor 10, so the aueragﬁ%@ower consunption of instruction cache 14 (and
" hence of proallesationpoiptery k¥rced. Addi ti onal reductions are achieved

e 045 S R U (FICONE 2Rt lfrkls BEHENSE 0 [fe
has a | ogi g kit hoirted 256y 'cOmpition’ poidtér 175 YPFIGURE"S) ©f100
| 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 entry as allocation pointer

173.

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

~ hereinabove). |

| In an alternative embodiment, processor 10 reduces the number
of “ways” within instruction cache 14 and data cache 16 to two-way
instead of four-way anytime processor 10 enters the Special “power
saving” mode, without regard to whether processor 10 enters the
Special “power saving” mode in response to the software 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 within
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;
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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
savi ng" node, control logic 100 operates in a manner which ensures that
Address Tag[err] and Address Tag[err] are not valid (as indicated by
digital logic values of "valid" bits in State[err] and State[err],
respectively) and (b) only Address Tag[err] and Address Tag[err] are
allowed to be valid (as indicated by digital logic values of "valid" bits
in State[err] and State[err], respectively). Accordingly, for an
instruction fetch operation in that s#9uation, 64 sense anplifiers (1
word/way x 4 bytes/word x 8 bits/byte x 2 ways x 1 sense anplifier/bit) are

activated instepsh ofjkepfsestHis BoAftBl 1651 6f ddtaveacld Woyensutedthasallord x 8
bits/byte x 4 s x 1 sense anplifier/bit), as discussed further

her ei nabovhnks withiteBloek 2vaht BlsSURED2aHn2 8 se’dwithim glata caghetl6 s

significantly reduces the average power consunption of instruction cache 14
(and henceard imvaltdatedy ahd) . - Li kewi se, if processor 10 enters the
Speci al "power saving" node in response to the software event, processor
10 reduces the (unifeanysuchdnyvalidated Hneawithimdata cache 16v$oWRs i nst ead of

four- way, Accordingly, for an LSU 28, f] pating poinf | oad, operation in
that situinfosmation which bﬂﬁpﬁwn mgirfpcimgycpm&ysspmi%ﬁ tQan g

Penee™Y'® ofiginal Version of the intoPmation stored vithin memory 39' FICORE" °°
1) at the same physical address (translated in response to the effective
address), then procéss-or 10 updates memory 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 supports processor 10 write operations to data cache 16.
Processor 10 is able to perform such write operations on a byte-by-
byte, half-word, word, 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.
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43 anplifiers (2 words/way x 4 bytes/word x 8 bits/byte x 4 ways x 1 sense
anplifier/bit), as discussed further herei nabove in connection with Fl GURE
5. Advant ageously, this significantly reduces the average power consunption
of data cache 16 (and hence of 'processor 10). The software event
occurs at a nonment when SPS transitions froma logic O state to a logic 1
state. SPS transitions to the logic 1 state in response to CFXU 26
executing a first MISPR instruction directed to a predetermined bit of a
"H DO' register of SPRs 40. The first MISPR i nstruction specifies the logic
-1 state of SPS. | mredi ately befgge the first MISPR instruction, it is
hel pful (in order to reduce conplexity of circuitry within processor 10)

or eS0Tt et & e R A RS bV ARSI 1! oved
fol | oni ng bl WeSelipbM SRR RYRIAMLVY, b 1R)Phin URGciiBEd Sl thare to

specify ano i nstruction. ust discuss erel nabove, if

processor dghRple andt AGt @m%uoﬁowvﬁrm\slm@@d@ubmmmrmﬂo the
software event " (i.e. SPS has a logic 1 state), processor 10 reduces the

nunber of dMevations ¢dn bei maidelt heniltustixtivetembbdintent ogitheufl6 to t wo- way

i nstead of four- may Accordingly, immediately before the SYNC instruction

t hat precedeparting tﬂmmﬂﬂeadﬂnsscopﬂ and spirit of theqpresentt inventioms. sof t war e
to specify
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44 "Data Cache Block Flush" ("DCBF') and "Instruction Cache Bl ock
I nval i date"—(*+cB-)—instructions. Simlarly, SPS transitions to a
logic O s I N res onse-to CFXU 26 executing a second MISPR i nstruction
di rect e&ﬁﬁﬁﬁ HHHLned bit of the "H DO register of SPRs 40. The
second pecifies the logic O state of SPS. |mediately
- before the second SPR Tnstruction, it is hel pful for the software to
specify a SYNC instruction, fol | owned by an I SYNC instruction. |mediately
foll owi ng the second MSPR instruction, it is helpful for the software to
" speci fy another | SYNC instruction. The DCBF instruction specifies an
- effective address. In response to the F instruction, if any line within
data cache 16 stores information (e§ﬂ%é@§h§) at the effective address, then
processor 10 invalidates the line b ng the line's "valid" bit in
State[err]. Further in response to the DCBF instruction, if the invalidated
line stores information which has been nodified by processor 10 relative to

an ori gi naw% |l@ﬁgfgg§§l)n;$r mation stored within nmenory 39 (FI GURE 1)
at the sa ranslated in response to the effective
address), then processor 10 updates nenory 39 by copying the nodified
I nformation fromdata cache 16 to the sane physical address within nenory

39. Before trangitpomeétho8Peo glc 1 state, it is inportant for the
software to specify enough DCB |ns ructions to

while fetch circuitry operates in a first power mode, per cycle of
said fetch circuitry, fetching up to N number of instructions from a~
memory, wherein N is an integer number and N > 1; and

while said fetch circuitry operates in a second power mode, per
cycle of said fetch circuitry, fetching up to M number of instructions

from said memory, wherein M is an integer number and 0 <M <N.

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

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

3. The method of Claim 1 wherein said fetch cirouitry operates

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

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

insaid second power mode in response to a hardware event.

s FEEe
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45 ensure that all lines are invalidated within Blocks 2 and 3 of all 128
sets -wi Thimdata—cache-16.__ The 1CBI instruction specifies an

effective ress. In response to the I1CBlI instruction, if any line within
instructi #E ﬂlnﬂ um s information (e.g. instructions) at the
effective’ a #9rocessor 10 invalidates the line by clearing the

line's "valid" bit in Statey. Before transitioning SPS to a logic 1 state,
it is inportant for the software to specify enough ICBlI instructions to

ensure that all lines are invalidated within Blocks 2 and 3 of all 128 sets
Wi thin instruction cache 14. Thg SYNC i nstruction provides an -
ordering function for the effects of ?I I nstructions executed by processor

10. In executing the SYNC inst tion, befare pr,qcessor 10 executes any
subsequent i nstgucﬁ@n@’l Q‘E.Ofir(g mu@twglﬁsemoﬁﬁ@&m Wate eX@E QGRS uct i on
wi thin the pgrogrammed sequenge of ~i.nstr.uctjons for, exgcutiopn), processor
ensures th %P‘tﬁml?ﬁraﬁ%&ﬁ’ﬁ(?ﬂ%ofﬁgﬁ&% "?’b‘iﬁ?ﬁsﬁogl&mtm@ ations and

i nstructio fetc}ﬁ?% have conpl eted, at |east to the point where such prior

i nstructio PF& nstructions preceding the SYNC instruction within a
programmed sequence of instructions for execution) are no

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

first power mode.

7. The method of Claim 1 wherein said memory is cache
memory.
8. The method of Claim 7 wherein said cache memory is an

instruction cache memory.

9. The method of Claim 7 and comprising disabling a groub of
sense amplifiers coupled to cells of said cache memory storing
instructions other than said M instructions while said fetch circuitry

operates in said second power mode.
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longer able to cause an exception. When processor 10 conpl etes the

SYNC instruction, processor 10 will have performed (with respect to all

ot her i ess nmenory 39) all external accesses initiated by
o ocessONTTIANN )i 6 1o ihe
SYNC i nstrrueti on. s Fu r, 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 conpl ete at | east through address

"~ translation, but without regard to whet her such DCBT and DCBTST
~instructions have cqnpl eted on system bus 11. The SYNC, DCBT and DCBTST

i nstructions arlﬁmﬁ@cléﬁ%l EPRPHISHR8cr i bed i n the Power PC 603e RI SC

M cr opr ocessor {.%zelir1 S Ma%a .identified hereinabove. In response to
the | SYNC i nst r ¢ SHTCYPHEEsor 10 waits until it is able to conplete all

N thin the programmeletomitRBCN Rl o Biiictiohs frcha mckiegy) | or
processor 10 dL5fe2bf Safl Yetch! &Gty WHilé Ft€Aircifitry operates in a first
power mode, wherein N is an ihteger number and N > 1; and
| fetching up to M number of instructions from said memory
per cycle of said fetch circuitry while said fetch circuitry operates in a

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

11. The circuitry of Claim 10 wherein said first power mode is

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

12. The circuitry of Claim 10 wherein said fetch circuitry

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

13. The circuitry of Claim 10 wherein said fetch circuitry

operates in said second power mode in response to a hardware event.

14. The circuitry of Claim 13 wherein said hardware event -
occurs when a temperature of said fetch circuitry exceeds a threshold

temperature.
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tihat futW fetched (or refetched) and executed in the
cont ext abl i shed b prior instructions. Execution of the | SYNC

i nstructi oR wu“ ?ﬂ‘ﬁ has no effect on other processors or their
caches. “‘m\l I'mg the 1 SYNC instruction, processor 10 achieves
refetch seriwalization. In this manner, before processor 10 executes any
subsequent instructions (i.e. instructions followng the I SYNC instruction
wi thin the progranmmed sequence of instructions for execution), processor
10 ensures that (a) all prior instructions have

47 conpleted, at least to the point' ere such prior instructions are no
| onger abl e to cause an exception, (b) all prior store operations have

conpl eted, at st rough, addr.e r tlon e equent

i nstructions ar gsuE[;tl'@c‘t:lr eéé’é@t 32 pﬁaﬂ‘grtﬁ-feﬁi’f’r‘ict i ons. The

| SYNC i nsty I s.cont ext. nchr zin rdwar.e _event occurs
bt 'a oo STRERAES i Aamakmig %fsﬁ?@neﬁgﬁue f gl debat SURBERY T st at o

I n respons

oo A B R 0% £, e © 2 o9 e L stare

16. The circuitry of Claim 10 wherein said memory is cache
memory.
17. The circuifry of Claim 16 wherein said cache memory is an

instruction cache memory.

18. The circuitry of Claim 16 and comprising circuitry for
disabling a group of sense amplifiers coupled to cells of said cache
memory storing instructions other than said M instructions while said

fetch circuitry operates in said second power mode.
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1. Sequencer unit 18 (FIGURE 1) aborts any pending instructions in
“fnstruction buffer 70 (FI GURE 3) which have not already been dispatched to

. execution units of processor 10. 2. Processor 10 aborts any pending
L 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 (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 enbodi ment, LSU 28 includes a store queue.
Accordi ngly, LSU 28 aborts any pendi nssstore requests in the store-queue,
so that such pending store requests are not perforned. 3. Processor

10 inval i dates aloéﬁ S I IHGYRE 1) . For
exanpl e, process = i and :

36 162 and conpl cGUNSIMPITONIN AN ELECIRONIC CIRCUIT
- 48 182 and conpl et+ P L0y RO Tbuffer entry as
- allocation pointer 180. 4. Sequencer unit 18 (FI GURE 2) saves the

- address of the instruction pointed to by conpletion pointer 175 (FI GURE 4)

of . ABSTRACT OF THE DISCLOSURE

While fetch circuitry operates in a first power mode, per cycle of
the fetch circuitry, up to N number of instructions are fetched from a
memory, where N is an integer number and N > 1. While the fetch
circuitry operates in a second power mode, per cycle of the fetch
 circuitry, up to M number of instructions are fetched from the memory,

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

Fig. 2

_' ThlS Sheet Has ]?een: Replace THIS SHEET AR BEE
AR R




reorder buffer 76. Then, processor 10 imvalidates all entries in reorder
buf4er 76 by noving conpletion pointer 175, so that conpletion pointer 175
points to the sane reorder buffer entry as allocation pointer 173.

After processor 10 perfornms the foregoing enunerated actions, fetch logic
71 (FIGURE 2) resunes fetching instructions, beginning at the, address
saved by sequencer unit 18 as discussed hef/g§i nabove in the i mediately
precedi ng paragraph (i.e. in enunerated action 4 hereinabove). In an
al t er nat i ve[emot et T PTOCESSOT - LU T e0UCES L NE NuUnper_ or - ways]y Wt hi Ny
I nstructi on} cagq = ' d of fouf-way .
anytime propesgor 10 enters the Special " de, w thout redgzd
to whet her procesgor 14 entprs tHe gpeci al "gﬂ nmode ih resporde
to the softiire epent dqr thp hardwaEe-gvent .®lInjsuch an jal ternat{ve

enbodi ment,| i n repponsd to fPSTr|a g?ning frgma logilc O statp tp a

|l ogic 1 stafe: (1) cgpntrol}] ID§ T 100 (FI PURE 6) dnsures that| all
lines withipy Bl ogk 2 aanB ock 3.af all 128 sels within instrucfidn cache
14 are invhliBdtpd, sucH2that the #valid" bfts in Stateferr] anfi
State[err] faje clpared, 49
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(2) likew se the control |ogic of data cache 16 ensures that all I|ines
m4th|n Block 2 and Block 3 of all 128 sets within data cache 16 are

i nval i dated; and (3) if any such invalidated line within data cache
16 stores information which has been nodifi ed by processor 10 relative to
an original version of the information stored within nenory 39 (Fl GURE 1)
at the sane physical address (translated 4;p response to the effective
address), then processor 10 updates neno 39 by copying the nodified

' information fromdata cache 16 to the sane physical address within nenory

- 39. Control logic 100 inplenents a | east recently used ("LRU") -

repl acenment policy for storing new information within instruction cache 14.
In that regard, data cache 16 is substantially identical to instruction
cache 14. ReEIINSTRECTION CACHEIT4 i onFROMINSTRUCTIGN GACHER4 16 additional |y
supports processor 18 wite operations to ta cache 16. Processor 10 is
able to performsuchjwite operations on a pyte-by- byte, half-word, word,
or doubl e-word basis|{ Mreover  processer--1p is-able to-performa f ul
read-nodify-wite opeération to'data cache 1% in a S|nglé cycl e of processor

wri Lot hrough roug Oa ; 71 ﬂ@%aaﬁ@?ﬁﬁﬁﬂf’hﬁ&@‘rﬁ@” ability.

ahlity,\Mite
policy, and a

ﬁ Me{by-1ine basis.
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| ! .
SPS : DECODELOGIC 72
|
|

HPS >—1—+¢
INT > *

) 18
l | s
DISPATCH LOGIC Zi

A

YYyvY

A MU U o P e e

'T0
- EXECUTION - :
UNITS : INSTRUCTION REORDER
: TYPE BUFFER

FROM 76
EXECUTION >
UNITS

Y

Y

r I

COMPLETION EXCEPTION
LOGIC LOGIC
) 8

FIG. 2



50- . Al though an illustrative enbodi nent and its advantages have been
~desctibed in detail hereinabove, they have been descri bed as exanple and
not as limtation. Various changes, substitutions and alterations can be
made in the illustrative enbodi mrent wi thout departing fromthe breadth,
~scope and spirit of the present inventions.

- CLAI M5 1. A net hod of operating a processing system conprising:
executing fetched instructions in said prayssing system operating
i said processing systemin a first power node during which fetch circuitry

. in said processi 0 N nunber. of instructions froma
" menory per cyclgagyﬁmgiﬁgbIﬁ&%ﬁhdﬂﬁ' itry, wherein Nis an integer nunber
~and N> 1; and _oper |ng£$a|d processi ng systemin a second power
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circuitry fetch up to Mnunber of instructions fromsaid nenory per cycle
nunmber and O < M < N

of said fetch
2.
node,

node is a | ow power

circuitry, wherein Mis an integer
The nethod of claim1 wherein said first power
and said second power

nmode is a full
node.

3.

power
The

met hod of claim1 wherein said fetch circuitry operates in said second

. power node in response to a software even
1 wherein said fetch circuitry operates i

response to a hardware event.

5.

t 4. The nethod of claim
r(jr/éai d second power node iA 76
The nmet hod of claim4 whergdn said

S~

ouT

FIG. 7

ENABLE

har dwar e event occurs when a tenperature of said processing -system exceeds
a threshol d tenperatfure. hgd of Il aim|{5 whereiln said
threshold te at ur{eBiJBFER mwﬁﬁ%ﬂ&@ﬁ?ém eIGRARIr @FPR |sai d prqcessi ng
system oper at i n |NUMBER WN mﬁe DEST/} DEST.HeFINISHED] EXCERTIONY 1
: wherein said nory |lis cache ry. 8. The nethod of cllaim?7
- Wwherein sai@oMpE@_e ey i$ an instruction gache | nenony. :
' TION —» 1 22 1 0 0 0
2 22 1 0 0 0
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9.. The nethod of claim7 and conprising disabling a group of sense
applifiers coupled to cells of said cache nenory storing instructions
other than said Minstructions while said fetch circuitry operates in sai.d

second power node. 10. Crcuitry in a data processing system

conpri si ng: means for executing fetaﬁgd i nstructions in said
processi ng system 52
nmeans for fe T UT N nunmber of instructions froma nenory per cycle

of fetch cifcujtrly ijn $aid processing systemwhile said fetch circuitry
operates in firgt Jpoyer node, wherein Nis an integer nunber and N > 1;

and mefnsl for—Hettme—yp to M nunber of instructionggfrom said
menory per cyclle| ¢t _Isalld TELCH circuitry while said fetch gircuitry
operates in @ se:(dd iln Mis an integer ﬁﬁnber and O < M
< N — T
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11. The circuitry of claim 10 wherein said first power node is a full power

rmdef and said second node is a | ow power node. 12. The

CI,[CUI t%ﬁ n said fetch circuitry operates in said second
povver node -i:n-response to a software event. 13. The circuitry of

cl ai m 10 wherein said fetch circuitry opgat es in said second power node
I n respomrn to.a-hardware.event . The circuitry of claim13

wherei n sai d hardware event occurs when a terrperature of said processing
system exceeds a threshold tng circuitry of claim14
wherein said threshold tenpe a ITB.XI rrum sate tenperature of said
processing Sys?ﬁ@aﬁ %%'O?Qhé Preséi Jdm{/éxftﬁh tﬂgﬁﬁhoﬁﬁd&m or more dBadvhifages of
C|rCU|try of claim1 erein"sald nmenory Is cache nenory. 17. The
circuitry ffe srigiai.16 wherein said cache nmenmory is an instruction cache
menory. 18. The circuitry of claim16 and conprising circuitry for

di sabling a gr aipording s oae aspaet idfithe pressotpinvention therd is providkedda oethosd of
menory storing instructions other than said Minstructions while said
fetch ci rcuperagng)p@maeesngaym;jcmuﬂmg ‘pover node.

executing fetched instructions in said processing system;

operating said processing system in a first power mode during which fetch circuitry
in said processing syétem fetch up to N mumber of inétfuctiohé from a memory per cycle
of said fetch circuitry, wherein N is an mteger number and N> 1; and

operatmg said processing system ina second power mode dunng which said fetch
circuitry fetch up to M number of instructions from said memory per cycle of said fetch
circuitry, wherein M is an integer number and 0<M<N.

According to a second aspect of the present invention there is provided circuitry in
a data processing system, comprising:

means for executing fetched instructions in said processing system;

meaﬁs for fetching up to N number of instructions from a memory per cycle of
fetch circuitry in said processing system while said fetch circuitry operates in a first
power mode, wherein N is an integer number and N> 1; and

means for fetching up to M number of instructions from said memory per cycle of ‘
said fetch circuitry while said fetch circuitry operates in a second power mode, wherein

M is an integer number and 0<M<N.
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53 10. Gircuitry, conprising: fetch circuitry for: _
fetch?ng up to N nunber of instructions froma nenory per cycle of said

fetch ci ch circuitry operates in a first power node,
where| n H“I“HMI“MMM unber and N > and fetching up to M

* I nstructi ohs from said nenory p5ér cycle of said fetch circuitry
Wmle said fetch circuitry operates in a second power node, wherein Mis an
i nteger nunmber and 0 < M< N. &AM circuitry of O aim10 wherein
said first power node is a full power node, and said second power node is a
| ow power rtode.A method of dpératifigea piotessirigsystein, Comprsiag wherein said fetch
circuitry operates in said second power node in response to a software
event . executing fetched instructions in said processing system;

operating said processing system in a first power mode during which fetch circuitry
in said processing system fetch up to N number of instructions from a memory per cycle
of said fetch circuitry, wherein N is an integer number and N> 1; and

operating said processing system in a second power mode during which said fetch
circuitry fetch up to M numbef of instructions from said memory per cycle of said fetch
circuitry, wherein M is an integer number and 0<M<N.

2.  The method of claim 1 wherein said first power mode is a full power mode,
and said second power mode is a low power mode.

3.  The method of claim 1 wherein said fetch circuitry operates in said second
power mode in response to a sofiware event.

4. The method of claim 1 wherein said fetch circuitry operates in said second
power mode in response to a hardware event.

S. The method of claim 4 wherein said hardware event occurs when a
temperature of said processing system exceeds a threshold temperature.

6.  The method of claim 5 wherein said threshold temperature is a maximum safe
temperature of said processing system operating in said first power mode.

7. The method of claim 1 wherein said memory is cache memory.

8.  The method of claim 7 wherein said cache memory is an instruction cache
memory.

9.  The method of claim 7 and comprising disabling a group of sense amplifiers
coupled to cells of said cache memory storing instructions other than said M instructions
while said fetc_h circuitry operates in said second power mode.

10. Circuitry in a data processing system, comprising:

means for exeéuting fetched instructions in said processing system;
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13. The circuitry of Claim210 wherein said fetch circuitry operates in said
second power ' luﬁm&ﬂlto a hardware event. 14. The
circuitry of mﬂ“mmi% ' sai d hardware event occurs when a tenperature
of said fetch ¢iréuitry" eXceeds a threshol d tenperature.

54 15. The circuitry of Claim 14 Weerein said threshold tenperature
Is a maxi nrum safe tenperature of said fetch circuitry operating in said

oL o offeas for ety up GoNChiH Vsl el s RSP TET
Menmory is gdch Rchithl i Baid 35rdBesIRIFOSétem while said fetch circuitry operates in a first

power mode, wherein N is an integer number and N> 1; and

means for fetching up to M number of instructions from said memory per cycle of
said fetch circuitry while said fetch circuitry operates in a second power mode, wherein
M is an integer number and 0<M<N.

11. ’I‘he circuitry of claim 10 wherein said first power mode is a full power
mode, and sa'id 'sééonﬂ power mode is a low power mode. -

12. The'_circuitry_ of claim 10 wherein said fetch circuitry operates in said second
power mode in response to a software event. ' i

13. The ,circuitry of claim 10 wherein said fetch circuitry operates in said second
power mode .in response to a hardware evenf. |

14. The circuitry of claim 13 wherein said hardware event occurs when a
temperature of said processing system exceeds a ﬂnéshold temperature.

15. The circuitry of claim 14 wherein said threshold temperature is a maximum
safe temperature of said processing system operating in said first power mode.

16. The circuitry of claim 10 wherein said memory is cache memory.

17. The circuitry of claim 16 wherein said cache meﬁmry is an instruction cache
memory. |

18. The circuitry of claim 16 and comprising circuitry for disabling a group of
sense amplifiers coupled to cells of said cache memory storing instructions other than

said M instructions while said fetch circuitry operates in said second power mode.
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18. The ci.rcuitry of Claim 16 and conprising circuitry for disabling a
group of sense anplifiers coupled to cells of said cache nenory storing
ipstructions other than said Minstructions while said fetch circuitry
operates in said second power node.

- 53 -

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

ABSTRACT OF THE DISCLOSURE

‘While fetch circuitry operates in a first power mode, per cycle of
~ the fe_tCli c1rcu1try, up to N number of instructions are fetched from a
mémdry, where N is an integer number and N > 1. While the fetch .
circuitry operates in a second power mocie, per cycle of the fetch
circuitry; up to M number of instructions are fetched from the memory,

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

Fig. 2
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