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processor power consunption, the processor is generally designed to

handl e progr ans Relsaprogoamsumguirtithe full range of a processor's execution resources for

significant intervals. The power dissipated running a program depends on the nature of
its component instructions and their potential for being executed in paratlel. Programs
typically include a variety of instruction types, but it is rare that enough instructions of
the correct type are available to keep all of the processor's execution resources busy for
.signiﬁcant time periods. For this reason, most processor employ a clock gating
mechanism to cut off the clock delivered to execution resources when they are not being
used and hence reduce ﬁower. In addition, different components of an execution
resource can be turned on and off as instructions enter and exit the pipe stage serviced by
the component. Conscqﬁcntly, the average program may dissipate relatively manageable
power levels. _

Some programs do activate many of a processor's execution resources for
relatively long time intervals and, consequently, dissipate significantly greater power
than average programs. Unless a mechanism is provided to limit the Processor's power

consumption, the processor is generally designed to handle programs that consume the
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These power-throttling mechanisms have a number of drawbacks. They
introduce additional analog circuitry into a predominantly digital environment, i.e. the
processor. They are prone to vary with changes in the processor’s environment
(temperature, voltage, composition). They may create low frequency variations in the
processor's power Jevel. They do not directly limit the power consumed by the
processor, and they are not deterministic. That is, their behavior can not be predicted on
a clock by clock basis.

The present invention addresses these and other deficiencies of available power

throttling mechanisms.

Summary of the Invention
The present invention provides a digital throttle to control the power consumption

of a2 microprocessor.

In accordance with the present invention, a processor includes one or more
functional units and the digital throttle. The digital throttle monitors activity states of the
Processor’s functional units to estimate the processor’s power consumption.
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digital power throttle inplenented by the processor of Fig. 2. Fig. 4 is a
schemati c di agramrepresenting o enbodi : hrottle circuit of
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Fig. 3. Fig. 5is a flowhart n accordance with the
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Fig. 1 is a block diagram of one embodiment of a computer system on which the

present invention may be implemented.

Fig. 2 is a block diagram of one embodiment of a processor that implements a
digital power throttle in accordance with the present invention.

Fig. 3 is a block diagram of one embodiment of the digital power throttie
implemented by the processor of Fig. 2.

Fig. 4 is a schematic diagram representing one embodiment of the throttle circuit
of Fig. 3.

Fig. 5 is a flowchart representing a method in accordance with the present
invention for adjusting the power consumption of a processor.

Figs. 6A and 6B are block diagrams representing embodiments of multiple

execution core processors that implement digital throttles in accordance with the present

invention.

Detailed Description of the Invention
The following discussion sets forth numerous specific details to provide a

thorough understanding of the invention. However, those of ordinary skill in the art,
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t hor ough under standi ng of the invention. However, those of ordi naryz skl {But
in the art, 0 3 22 jun 2004 WO 01/48584 PCT/US00/ 31930 having the benefit
of thi w@iopadsesure, will appreciate that the invention neRCHRUSHMHEIN ced
wi t hout these specific details. In addition, various well-known nethods,
procedures, conponents, and circuits have not been described in detail in
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circuit indicates to each gate unit the onloff state of its associated
functi onal thmepgh the BicgeraPr Prredcsbe agiayiey ofithe fynctipealti@list o a  nonitor
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circuit includes or ores the correspondi ng power wel n an estinate
of the progesees.' For ewrnpdeatthpdiginl oot nuy tercatibcoediontg as @ palmeofithaldesigred

ot A WO it i L POl Bl
functional WBLLt ndnitSing ciddIS) aRERRAIIBRNLS aRbriiE pkANEEAIYOR adjust power

weights for each functional unit.

For one embodiment of the invention, a gate unit is associated with each
functional unit to control power delivery to the functional unit in response to the
instructions currently in process. A pipeline control circuit indicates to each gate unit the
on/off state of its associated functional unit. A signal from each gate unit indicates to a
monitor circuit the on/off state for its associated functional unit. The monitor circuit
includes or ignores the corresponding power weight in an estimate of the processor's
current power consumption according to the indicated state. Alternatively, each gate unit
signal may communicate {0 the monitor circuit the power weight of its associated
functional unit when the functional unit is “on”. Other embodiments of the invention
may employ othér mechanisms for indicating the power weights to be considered in the
estimated power. '

The monitor circuit sums the power weights for active functional units and

compares them with a threshold value to provide clock by clock estimates of the
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PCT/ USOQ 31930 processor's power consunption. For one enbodi nent of the
digital throtlle,rdBewer ccﬁr‘éﬁx‘n £ SEGH SheaGsoaiha O e \REitaNdhrot] fhesd 0Ck
cycles to Srow de anh accunul ated power value that snoothes out clock by
cl ock vari atiimases arctdceupniotedsyer supiplerlochamlenipipoovide m mumudat@d E¢\F€1U| t
adjusts the rate at whi.ch instr QNS are roc ssed acc.ord |09 & f
Sctumul at edasspac soies eyl ek RnHEOR yRATIORT BT BF 21k SOEF pOwElariyagfion.

" bubbl es* é&‘h]%&i@ c1reu19§<3§§;9 EheSralen R inQucRIRS tiel R cBidaRlcAtidgQoltReuce
per f or manc I't decrease the frequency at which the processor's

cl ock oper aarcmmulrmedqbnwf valed Hmodmmpdﬂrnthdwhsotﬁ@tur%t rohy dug:tt“hublé@sé’nn@ the
(activity states) jin the rocessor.s._logic.to es ovver onsurrpf]l on

Snd ad)] Ust rosmesPESATSICAR SR EhBRPISlaF FLECHSF BRI G el iy SETE Y
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Fig. 1 is a block dh?ﬁc’uam of one enbodi nent of & £ lHter @{em 10gs in
WhiCh  t he PESSAES I9RE I THPARITEE SCRBP BRI B deshias e 8 Besnsves

| nol udes ong, 0t TR SugHAReFAE 30k Rich LbinuifR fie BRITEN 118 fRotiaes ¥ akalilest
menory 150, var ryous peripheral devices 160, and systemlogic 170. System
| ogi ¢ 170 caiitdedésnihddtia rhechasisar for awur@hng)aomgsor{ququqwnsmmptﬂpmﬂn@)pty 140,

non-vol atil e nmenor her.al . devi c Comput er system 100

i s provi deddqes SPI"I’%E?‘?‘AP%"@'EF‘F%WP K S S A ﬁ‘ﬁ% er°§ent i nvention. The
particul ar confi g at isQnb1shOdRgiat GRRIneEGRTFBEM df @ cbmhmmcmheomﬁ egrdl

i nvention. Processor 110 incl udes mul tiple functional units 124, which form

an i nstruct iherpresengémenton piaydiciimplemanted. fSempltes Hiseny ‘FS‘FWFH%’EF grgmore
processor 110 from % xH?H%é’mor%“lQoaQﬂoﬁ‘%raYlﬁé ﬁxtn’nt) Wﬁﬂo&%ngﬁm% .g' tal
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instructions throu E)l peline 120 accordi n]t% % n1[§ nstruct 'honald St aged
down pi pel i peocgssOr SPtl Qi tpaiBtRERRY; I§lsneRNelRH S TEFm 0, and peripheral devices

160. Computer system 100 is provided to illustrate various features of the present

..'\..-l"E "1 "*

invention. The particular configuration shown is not necessary to implement the present
invention.

Processor 110 includes multiple functional units 124, which form an instruction
execution pipeline 120. Instructions are provided to processor 110 from main memory
140 and non-volatile memory 150. A digital throttle 130 monitors power consumption in
the various functional units 124 in response to the processed instructions and adjusts the
flow of instructions through pipeline 120 accordingly.

Asan ineruction. is staged down pipeline 120, it directs various functional units
124 to perform one or more operations that, taken together, implement the instruction.
For example, a ﬂoat'ing-point multiply-accumulate instruction (FMAC) may cause the
following operations to occur in the indicated resources: a floating point register file
reads out three operands; an FMAC execution unit multiplies two of the operands and
adds the product to the third operation; an exception unit checks the product and sum for

errors; and a retirement unit writes the result to the floating point register fiie if no errors
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124 to performone or nore operations that, taken together, inpl ems;n’z fihve 7004
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I nstruction. For exanple, a floating-point nmultiply-accunul ate i ruction
(FMAO) riwp ojaesss the followi ng operations to occur in thepCiisoassdo
resources: a floating point register file reads out three operands; an
FMAC execution unit nultiplies two of the operands and adds the product to

the third oper&héaad. m%a@ﬁd@imﬁ??%% Mﬁiiéu]ﬁ}ﬁﬁﬁsdr%p&rn%%flonﬁﬁﬁsé%m%s or

errors; and a retirenen wites the result to the floating poin
regi ster fitheii ornporgntomay be igrouped inthl onOo0MoaBHB4tionaCTNILSORICE H98 uracd on

detect ed. Depengdi ng.on the.parti cul rpcessor i ntatjon, these
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t he power consuned. by. functional,unit 124 i s represented by an

nssobt ated BOTPTRLRYAI24 WERSRENEY FoASOOHEA POWEE Wary dihea Apgsional

i nstructi onypgiight@arbdbPht hiRirhdfordl 8 SGl thrbthe 1@6&&%&&&%&&@&%%9%5& fis
associ ated power weight to an estinmate of the processor's total power
consunpt i onassobiagéd abwehweight © dn3Gtimay efitbe pocedsor e taggronter cossunvstiona

sel ected interyval n tes an estimate of the power consumed by the
currently oluBRTHECtIRL AP HEPBH nLdRERRPETtaRY OV TRted IETVHOBTEERFT 11 ow
through pi pekdfgteletnt Eoﬁgﬁc&ﬁﬁm%ﬁ)g%@%n@_@mm 'it%ﬁucﬁ&‘r??ﬁ%Q%@E, and
specified threshold level. Fig. 2 represents’in greater detall” one

enbodi ment efljustsabe srssruction flowaghraugh piptilive (128 #dhe ativoitedpowef copsamptsnr

110, pipeline 120 _is r.epresent t? as, fetch (FET), expand (EXP), register
(REGQ, execlttdi 56153?@?‘%"8@?’8%]10? %) and retirement (RET) stages,

respectively, anGrighe répreeuis!if RréRGULLRMeCAHBBRRASf BEbckSof 360 FLAGR | S
i ndi cated. The present_invention does not require partition of processor 1
10 into a pdisciesef gmbosiment of prosessond 181 pipdine 1RB1s epmspited as fai¢s 5B d

o Tact 11t atsPREXPESeR EORER, BhodBER (EREDHER el (P g Ful IR o

stages may Begeqrbspredveln) mdahs ergdutiofi r@@arcetdredsponding toBaehStaga s indickedle
hardwar e for_processing instructions out-of-order. The disclosed pipeline
provi des onlKpediesedy FHSPUEcR ogsdint Sxrsting g Hon A prosesses 149 inte daartiqlar set of

processor | mplaRntidee. Fhfeingie Y disd¥&Blst£P may be subdivided into two or more

stages to address timing issues or facilitate higher processor clock speeds. Alternatively,
two of more Stages may be combined into a single st‘age.. Other embodiments may
include hardware for processing instructions out-of-order. The disclosed pipeline
provides only one example of how operations may be partitioned in a processor
implementing the present ir;vcntion. |

The front end of pipeline 120 includes fetch unit 210 and issue unit 220, which
provide instructions to execution units in the back end of pipeline 120 for execution.
Fetch unit 210 retrieves instructions from memory 140 directly or through a local cache
(not shown) and provides the fetched instructions to issue unit 220. Issue unit 220
decodes the instructions and issues them to the execution resources in the back end of
pipeline 120.

Throughout this discussion, the term “instruction” is used generally to refer to
instructions, macro-instructions, instruction bundles or any of a number of other

" mechanisms used to encode processor operations. For example, the decode operation
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The front end of pipeline 120 includes fetch unit 210 and issue unid 2248 2084
whi ch provide instructions to execution units in the back end of pipeline
120 for execution. Fetch unit 210 retrieves instructions bE@Rid¥eaAY 140
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ar chi t ect ur abntsdlaflewdf apreepSent cdntiition mmncmtemésmwxcqm@nﬁhmﬁlm are

units activated hy different structi.ons .corresp o varjo
conbi nat i ongetgrigd s{ﬂfgg?’gmd’f““tjﬂ@ updaE s d?‘%'g{')“ ARPRE of oAbl o with the

Ut et PrdiPeared” Tor plpellne
120. Digitaleg,frottle 130 nonitors activity states for these functional
units and a JUStS the rate at which instructions are processed through
pi pel i ne 120, accOpaifunglignal Poits askianted &Y Cbﬁémmflﬂﬁféﬁﬂq‘@ﬁ&FoTﬁﬂ’f’"‘i‘Tﬁiﬂwsude a

f1 0ati ng- pol.nt b o0l 5t Sha Ll ol &ies AL ERtb2APeriN0)

conponent s nor e tuncti onal uni n genera uncti ona UI’II t
throttle 130 monitors activity states for these functional units and adjusts the rate at

which instructions are processed through pipeline 120, accordingly. For example, one
functional unit may include a floating-point register (in register unit 230), and FPU 258
may have components i_n two or more functional units. In general, a2 functional unit
includes various execution resources (register files, execution units, tracking logic) that
are activated and deactivated together. The present invention does not depend on the
détajlcd mapping between the functional units and the execution resources shown in Fig.
2. |

Fig. 3 is a block diagram representing one embodiment of digital throttle 130 and
its interactions with functional units 124 of pipeline 120. The disclosed embodiment of
digital throttle 130 includes gate units 310(1)-310(n) (generically, gate unit 130), a
monitor circuit 320, and a throttle circuit 330. Each gate unit 310 is associated with a
functional unit 124 in pipeline 120 to control power delivery to the functional unit. For
example, gate unit 310 may be a clock gating circuit that couples or dgcouples a clock
signal to functional unit 124 according to whether or not the services of functional unit

124 are necessary to implement an instruction currently in the pipe stage in which the
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I ncl udes various execution resources (register files, execution uni 2 N 70
tracking logic) that are activated and deactivated together. The pi sJé‘h‘f )

[ nvent{,‘gzpolﬁ?g@I not depend on the detailed mapping betweearCt/tisoduss i onal
units and e execution resources shown in Fig. 2. Fig. 3 is a block

di agram representi ng one enbodi nent of digital throttle 130 and its

I nteracti gis. l%gbu, H%?Efa%fiwkﬁ%ﬁoiv&%ﬁ?f 3 B PEbEING detidrol diRGuidBsEhARad
enbodi nment ofI Igital throttle 130 includes gate units 310(1)-310(n)
(gener i calihdicatgate gateiunits 309 vhichnfumictional ehits aietacG 2O for dmcwarenithyatxetwing r cui t
330. Each gate unit 310 is associated with a functional unit 124 in

pi pel i ne 1D%YCHPB8ntrol power delivery to the functional unit. For

exanpl e, gate ugl fhafof AafilaPGrSHE G90 Leakh Bhte QAP BprO¥id
decoupl es a cl ﬁ}mgijcgsna ?gﬁ%‘bgcnlctional iagBnit 124 accegr d?nge to \/\%ﬁptrhelr e%r

not the sersijessoafofitorcircuind0 tnindical@whether pryesrssbeipg tidlivarpd tnfenctienal _
instruction currently in the pipe stage in which the.7 WD 01148584 2.
PCTFUS00/ 3Wd34 uhes Pamale.dhs g_gB%éPélfag%?n é&‘%’&yé%ﬁﬂfmcﬁ? ._“§“i8‘§§awﬁi_c§el ine
control ciy %%Eeheai%%miodamﬁ 39835 fuPnedPlof” UMitin WDsignithd GRehbNIGEI Onal
units are active for the currently executing instructiodns. For the

di scl osed whhipghtermit 180 mogideapowtrr totfuha@iobd3Dynie i agawer weight I&0ther ovi des
a signal to nonitor ci I‘c(‘[élit 320 to igéji cate whet her power is 3eibnq‘Q?F

del i ver ed fugctondd tingispddegipthe estimated payerronsumption 1or progesypr  Ids Vehen
activity s i loRal i I i Bcurd STFPOSRF IPAntieMuAiv 184 iippal
unit 124 iﬁs]g:sfﬁn%{al éﬂg%&%e% blny?r%nigl%genlél IS z;]stser'?’gd, i .e.n l\/\/ngnl gate} uni t
130 provi desogimedrpaver fnmghtiionatl addad to dR4stimated\pewenedngimption. pdwer eight.

functional unit is added to.the, estipgated po consunption.f.or 0 or
110, Vien Athgresh goarespmag inctaes Y- ofl 2efe wgh i 1S ERE B e desB el ERP
power to fmg{i&gﬂ dist12324, the associated power weight is not added to

the estimated power consunption. power eight. A typical processor may
i ncl ude 10-20 gMenitaricirsud 380 collenthsignals fromegateunits elgmupes F ¢HHT onal

units 124. Monitor circuit 3 t | I [ 3
ot or m nescSobtrg BRtel Edtsbmiicn s gD stonf M dPhBe A Llimal HoP Ul
fromthe cglskRséE®EMBbGRMNS of H@ital theottlei1 30, maichr eirboit B2@ imclwufes tWegglitamits

throttle 130, nonitor circuit 32Q includes weight nits 314(1) - 5%4( n)
(generi cal By4(IneBdftn) (egncsicaliv weight uigdl4zen 2 r@éﬁu‘i‘ SATMIGHOR CHEYH £2%26,

and an accumulator 328. For one embodiment of the invention, each weight unit 314 is
associated with one of functional units 124 through a corresponding gate umnit 310.
Weight unit 314 provides a power level to adder 324 when the activity state signal from
its gate unit 310 is asserted. When the activi'ly state signal is not asserted, weight unit
314 outputs a zero.

Adder 324 sums the power weights indicated by weight units 134 and subtracts
the threshold level from the sum. The output of adder 324 is forwarded through
saturation circuit 326 to accurnulator 328. Saturation circuit 326 is included to prevent
wraparound in case the value forwarded by adder 324 overflows. Accumulator 328
provides the forwarded value to throttle circuit 330 and also provides a copy back to
adder 324 to be updated according to subsequent activity states of the processor.

At selected intervals, the content of accumulator 328 ("accumulated power") is
provided to throttle circuit 330. One embodiment of throttle circuit 330 decreases the
flow of instructions through pipeline 120 if the accumulated power is positive, e.g. the

accumulated power consumption estimate over the specified interval exceeds the
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and an accunul ator 328. For one enbodi nent of the invention, each vge'ggﬂg;.‘! Tk
unit 314 is associated with one of functional units 124 through a

corresponding gate unit 310. Wight unit 314 provides a to
adder YA O0WHESE4t he activity state signal from its gate uﬁ“ é‘id@qu?

asserted. Wen the activity state signal is not asserted, weight unit 314

outputs a zero. Adder 324 suns the power weights, indicated . b .vve%ght, units
134 and subreshoid pomselavel eBHeitle q1@9§l33pﬁ%ﬁ?\a¥5ﬁé‘°§lﬂﬁt Zifido HH?‘{SUNP“ e d8%y

324 is forwar.ded thro ' i | 28y C i

Sat urati on i‘Pﬁtﬁﬁlﬁtl%&ggﬁ% ?%&l%%gté%&[%o ﬁfr((eéygtr:\){ E%\%}lg‘gg%uﬂn';& #e%& ?gggl%ft I‘lllgu\lltal ue
forwar ded Byg aghiers he4ueyeydd ebe pAnessoncRickwt2a8he gstiviteiepowdreohamptiated
value to throttle circuit 330 and al so provides a copy back to adder 324
to be updalweel fardbe dperifiedinsermaleaygesds the treshold level es” of the processor. At

sel ected interv h nt ent I " : wer") is

provided to thrzlll'eﬁl%tléﬁ?sgﬁalt'?s 335%8} gﬁg%ggr%gg‘fur%r?]%%gf&t%%#ﬂi@g?géﬁgt 332)

decr eases gg&iﬁga Dvehifal isNEA8rdl¢dk Biekest hr ough pipeline 120 if the accumul ated
|

power is positive, e.g. the accunul ated power consunption estimte over
the specified interval exceeds the 8 WO 01148584 PCTI USOCO 31930 threshol d

power level. Throttle cireurt—330—snhanalis ettt ! oo inject

"bubbl es” into the instrp ﬁc8W§?¢g?ﬁ“5erro ide(iisu?%q'ﬁe bagk end of pipeline
120. In effect, throttle fircurtx 80 adj usts thegdagy cyqgle of the
processor clock when the kstimated power consunption leveal for the

specified interval exceeds theOwm¥shbl d | ¢vel . 12268R8 1' il lustrates a set
of duty cycl e adj ust nment s H-ef—the—gase—tm{hcht] speciified interval is
128 clock cycles. Accumnul ated Pow y Cyele XQB§§§?128 (0<=X<1127/ 128

1<=X<2126/ 128 2<=X<3125/ 178 3<z%&A%ZA 128 |125 92528 1262/ 128 126 <= X <
1271/ 128

3<=X<4 124/128
125 <=X < 126 2/128
126 <= X < 127 17128

127<=X 0/128

For the embodiment illustrated by Table 1, the power weights may be 8-16 bit,
fixed-point numbers proportional to the power consumed by the functional unit when it
is activated. The upper 8 bits of X may be used to adjust the duty cycle of the processor
clock. These bits change more slowly, damping the instruction flow changes indicated
by throtile circuit 330. For the above example, in which the sampling interval is 128
clock cycles, digital throttle 130 provides 128 levels of throttling. These levels provide
fine-tuned throttle control that is proportional to the amount by which the estimated
power consumption exceeds the threshold power consumption. Preferably, throttle
circuit 350 distributes the on/off periods indicated by the estimated power consumption
over the sampling interval. The distribution may be uniform, it may be random, or it
may be governed by some other pattern. . One such distribution is discussed below in
greater detail.

Fig. 4 is a schematic representation of one embodiment of throttle circuit 330.

The disclosed embodiment of throttle circuit 330 includes a memory device 410, a
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127 <= X0/128 ,F 2, il>~ ~ J For the enbodinent illustrated by 'gzlaI? gf
the power weights may be 8-16 bit, fixed-point nunbers proportion b hw
power consumed by the functional unit when it is activatgdepdfipprer 8
bits oWOOH#8be used to adjust the duty cycle of the processor clock. °
These bits change nore slowy, danping the instruction flow changes

di ted by thraqtt t 3 For th th
ol | ng. 1 s st 426 280 SGPprer g BesRG AL TRPBELT E0R TR fes 126
evel's of LG hidinowd P Sole@4EhRoRhaW%h dRlenldrg@ciiud ato bitiyel I camplerl

h
that is proportional”to t e anount by which the estimted power
consunpt i opea@xnbpdsembry (ROM b dnpionef wb@hg_mmncpsmd tiepugleeensral unitidl@in| e
circuit 350 distributes t‘ﬂé onl off er| od@g | cat ed

pover consFPPRENLO BliEENE Mdicatinp fiomy ‘i’“rﬂl"err FAECHHMY %568&0‘”555%5”@&8@
uni form |ta Q fggdom or it may be governed by sone other pattern.
ne such di*&YY lbutlon I's discussed below in greater detail. Fig. 4 is a

schemati c repr egamt dkidisaloséd embodimzmd bitnetlotircuit 334, ceunser 430 is 380duloThe

di scl osed enbodi nrent _of throttle ci rgl%élt 330 i ncl des rrem)r‘ﬁmgewtc 410,
a9 ~til wzs cexm%sé@e OPEEPF e le‘HﬁP’FB‘Fa ’-""é‘h‘d" S%EP 430,

Are i ster OWB ity Sther ed
s algso <h Wﬂn 2’?8854 VI v ﬂ?g@%ﬂes"%d ci%%@ﬁqwllﬁ‘eﬁg)da Wiy

nory for exanple, a read only nenory
(ROM, the gt |o¢3acoﬁmuhtormzamdjmmmewemdthrrmtglrtwl:om A20 agperding 20thien

response to a timng indicatio om co r 42 accy | at ed
I evgl from Cuﬁ@@hﬁﬁh“gto&hc&cﬁ“mp[}?‘ ‘{B%W% !:n(‘?lr ﬁ?eddscg?%gﬁfr%ﬂ r%ﬁlr o t ?&)&W‘E
circuit 330, ,qoung QF:;%Qn'}&aom?ﬁltﬂna 12112§:s.§&u0élgrc&ﬁhﬁ ﬁbtt@ﬂﬁusei tHesdInt er

430 |ncrerrerits a colum index.in control unit 4 from 0-127 on successive
cl ock cycl emdrastdack moaeommwndmg qngyrfmnemorsdwpeﬂ‘%f Thgalupaf gt of

cur ront  val TeoOP R SR A rahe BunF sSRB) b iR d if € hedRERIAORS o]
row index i iP"lg" ¢ S prorédod 2. Wk xXmipie, Whe Zhe @nputio, a bspeistinjeeted.and
Control unit 420 uses these

when the output is 1, no bubble is injected.

For one embodiment of memory device 410, each row is populated by different
numbers of 1s and Os, with the number of Os scaling with the value of X mapped to the
row. For example, row_0 may contain all 1s, so that no bubbles are injected into the
instruction execution pipeline when the accumulated power level (X} does not exceed
zero, i.e. when the running power estimate does not exceed the threshold level. At the
other end of the power spectrum, row_127 may contain no 1s so that bubbles are injected
into the instruction execution pipeline on each clock cycle for as long as the accumulated
powcr level exceeds a specified amount. For the disclosed example, this amount is
determined by saturation circuit 328 as 127, i.e. X => 127. Rows between row_0 and
row_127 may be populated with Os in proportion to the value of X. For example, row 67
includes 68 Os distributed in its different columns, row_111 includes 112 Os distributed

across its columns, and row_17 includes 18 Os distributed across its columns. For one
embodiment of the invention, the Os may be distributed across the columns of their
designated rows in a random fashion.

The disclosed embodiment of digital throttle 130 includes a feedback loop. The

amount of throttling depends on the activity states of the functional units, which are in

turn influenced by the amount of throttling. Accumulator 328 performs an integration
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indices to read out a corresponding entry from menory device 410. TheZ vaIN:ig(bh
of the entry indicates whether or not a bubble should be injected into the
instructionsgéecution pi pel i ne of processor 110. For exBEGPRENFHTEh t he

out putWPPIE¥ pbubble is injected and when the output is 1, no bubble is

I njected. For one enbodi nent of nenory device 410, each row is popul ated by

di fferent ”Uﬁ%%gj%fﬁfch kS oiiEes@590 Migkdt 1hfian P PAe Shitf intBthiscREdigk Wodp) Fdre
e

val ue of X'Hh to the row For 'exanple, row0 may contain all Is, so
that no buples pinpdses, éGs eopirmmbta minimizasthen delaph 1exphase sbiftspvjeinithe when

th | at ed I LX) .d t d L1 B
Funni ng. pdveibask ORRL 3 HASREINGEN ERE Sudnt A EhrRb ieraaf iy Shpcdn o,

end of the power. £ QWL 24wBBhnSeMb@bis A uskdRringah bl es are
i nj ect ed etfoﬁ‘f Sgphfégﬁﬁttt?{u trcl)co% exéc‘tjt ion pi %el ine bn each gl ock cycle for

as | ong as.drgpaedingtbabenumipnwéclack vpdlesnasdedito wavspedhe INSHUBHRNARECUTRY t he

di scl osed exanple, this anount_is deferm ned by.saturation.circui 8 as
127, i.e. p(pdﬁlqa?ﬁpch@ﬁ/@‘%ﬂ%%?{ Wfﬁ ‘éh‘?d’o""'r‘g‘f)v"\’/)é @% s r?aild %eChﬁgﬁuﬁ)a&fneSg?ewi th

Gs in proportio 18 fef B BRUsing @Wifehine iMehvdlles 68 Os
~di stribut ef&iai“ﬁ(eryté‘q‘&hﬁ’?\r{%ﬁ?‘?g&pﬁnﬂ, SufipsoR i igncPﬁup?es 112 s distribut ed
across its col uThe, resguhse awelot digitl tiete 130 Gscanirolied byiite fecdbacksloop: s

I . F nbodi f the.i ' . the Os ; I | d
or 085 i heBeuiantas B1EvehBritte gaeietes in Bpshas Pt Tl BE fhicHuball ' ©
di scl osed uRodl Ol l ptlicabn Bkl fe WiReh ol dasictertneibby n 00p. The

anount of I'ng "depends on the activity states of the functional
units, whi gilicetieeibehationof ihafpreressors corppeneatsith (RTPORTE U itaneithg order of

Accunul at or 328 perf or an integration 10 2 :
PCT/ US00/ 3u9g0-5¢8Rdt-i RESPORf %’H"'ﬁg’fﬂ’ 5%&8%%‘%“%" éﬁ&é}ég%g%ﬁg‘éé%g&%ﬁ‘gg’?%m ft

into this fﬁg&%ﬁg%&_ ITReRal thiRktle $30ahh nbt doridiol peskesn potvei consamptidbmitat e of
mni m ze of elays, i.e. phase shifts, wthin the feedbalck I O(ﬁ)%. TI&le
stability ehotearduaafion thehdhigigspense teedFdRINIBIEH G PeriQrmRRes 1ogeIfRR B how

significantly the.pro oS bt ds S10R¢kly 4S Hegnithdd HPEhan
i nt erval (?éir‘l"-és‘ﬁ’é%df(ﬁgé?sbgc% aﬁt%\ﬁ%%tﬁgg?&(gﬁggc%}cycl esb’negded to ?r aver se
the instr U%&)W&F‘ JENeSytsyaem. Pitieinents thitithepower dediver syaiem shicald bcablpite, t he
power wei ghts shoul d be chosen to ensure relati veley sqal Ic@p%ggﬁsle‘i’rifghe
power cons tmpdleaakisin g PAOGSFINES RS Fenspiption fhat apeRoyR e Preptidigkleyel ot o)
throttle 130 is conttold 8dnbYespbiselRREIDAGHNéRPRaks, encrgy may be provided from

the processor's power supply capacitors.

Digital throttle 130 will be more effective the greater the degree of control it has
over the processor’s power consumption. Digital throttle 130 is most effective where
processor 130 implements a gating mechanism that covers a large fraction of the
processor's functional units. Extensive gating control means digital throttie 130 can
adjust the Jevel of power consumption quickly and significantly when the threshold level
is exceeded. Similarly, providing more fine grained control over the functional units
increases the effectiveness of digital throttle 130. For example, dividing the processor's

execution resources into a larger number of functional units 124 and providing additional
gating units to control these functional units provides throttle 130 with greater control
over the Processor's pOWer Consumption.

Fig 5 is a flowchart representing a method 500 in accordance with the present
invention for throttling power In a processor. Method 500 first determines 510 which

funétional units in the processor are active. The state (active/inactive) of a functional
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Because the digital throttle operates in response to discrete si gnal & ifd 2004
the I ogic rather than macroscopi c phenonenon (tenperature, current) that

are deteippingssdy the collective behavior of the processaCBUsS@ISENt S,

its response time is one the order of mcro-seconds. Response tinmes for
thermal based throttle nmechanisns are on the order of seconds. Digital

throttle 13Mitaagy fetindioatddor peaksie) by peiganl feamaulk giting barcui tieat @rovides
shorter duration tﬁg&th' S resEonse time, To mnimze the performance | oss

r epr esent e®oWgy to Ahg funchpR upitq For gyample, the galing CiHHigpRY éSSEGGher HepdifiE ins
slowy as %\FEH_H go@/}érfo'} e ﬁgg\’}&gf.]ﬂﬁl(bé{ﬁfcystaz égﬁcmtxﬂ- ?ﬂﬁc ts%%] i ig

power deI| m shou e to han peaks-in e pr ocessor

power consuﬁiotumantlbrqxroxadmg@bwetddhe fhﬂimemhbrhzdt(xﬁawivetme) interval s shorter
t han the response ti me. For _these peaks, nerggﬁt rovided from the
Fen

be
processor's powe @ﬁﬁ?ﬂ?%ﬁﬁ'ﬁ'ﬁ“ﬁ’ﬁﬂs‘ln‘ﬁ@vﬁh iped 34N agower prevelrisr e

ffecti t
power - cons RUFRSa gy rlEs PRAESS. PInig 3 68 accbrbEhed ¥ drsd oMU OB S0 e cor
130 i npl enemlghawgtatthmglgnﬂqhaﬂdsdrby leath gaitgy wnivardingeniehafg thtstmatdie

processor's functional units. Extensive gating control means digit al
throttle 13@%&6"%! Yube PPWEr veighl 35(§PC'|§E9%@Y1”3: that iasesctod. s

Si gni {1 cant{ v 4RATp &g b6ESRAl | B%Bkend FriEKALEIRE: o v e Rized di ng

~nore fine gra contr over t nction I NCreases
effectrvena&&nQMuﬂpgwtakvﬂhrottIe 130. For exanple, dividing the
processor's execution resqurces int | ar ger nupber of functional units

124 and provi di ngPaGUIERGRAMmats é’to“ﬁé?fiﬁ?l' fseamppazeshe 1 vith gdbessheld popgnigvel.
uni ts provi 'ﬁﬁéthtrékrl"f?;tld B&wéﬁ@véﬂréﬂ}c&rn?@tfgf e &, povilY fdve} %@g@?gggﬂ .

power consunption. Fi is a flowchart represerting a "nmeth
accor dance piotéssohehqniésetrite ofiermiethfaram dxgendeli petiod bfigmpotier onneabpdieeassor .
er m.nes units

Met hod 500 f t det 0 ich f ti | t
are act i ve, eEreshSnas UkaRs o e Sspenb P Aig op Y Brrel AP shorGuR SaiFvD
01/ 48584 PO/ L SAMPSBAMLN the @i REpb DN A10H td HocEUATPE e B n I8

froma clock gating circuit that provides power the function unit. For
exanmpl e, t hemga't i ng’ t¢ F@@MUIMP@SWWOSMCSKEQIQ@I thrdShNd),lth instroglighi ng power

S ot cur PEREH s R SOHANE oo fialel dBer SRR PR SFGRoD
Once the achdjp@nienoistmadeto thmintss-u&timemb@ghpdet erm ned 510, a power level is

The instruction throughput of processor may be reduced through a number of
mechanisms. For one embodiment of method 500, bubbles may be injected into the
instruction execution pipeline to reduce the fraction of clock cycles for which the
processor's functional units are active. Bubbles may be introduced by, for example,
triggering the issue unit to issue instructions on only selected cycles of the processor
clock. For another embodiment of the irlvcntion, the frequency at which the processor's
clock is operated may be reduced.

One advantage of the present invention is that the execution resources of the
processor pipeline are adjusted according to the level of activity in the pipeline’s
functional units. Unlike thermal or current based techniques for estimating power
consumption, the functional unit activity monitored by the digital throttle is a
characteristic of individual pipelines within the processor. The consequent specificity in
assigning activity and power consumption to specific units is particularly useful in

processors that implement multiple execution cores on a single processor chip. Here,
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estimted 520 for the processor. This may be acconplished by associ}afij bk
power weight with the signal provided by each gating unit and I ncrenenti ng
the estimated power |evel by the power weight associated, gﬁb si gnal
that | swaesvesiséd. The weighted powers associated with deasserte signal s

do not contribute to the current estimated power |evel. The current

estimated power |evel ared 530 with a he
t hreshol d QW%‘F‘OPGQ@F F‘% n@:ﬁt%eculu(gp reRahy assom%?eg\?\'lé@] Fevef) Yipict 5\8/%655 i ch
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mechani snms. For _one enbodi ment aof net Elod 500, bubbles may be injected into
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i nt roduced by, exanp triggering the issue unit to Issue
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pi pe I'n"the processor. The consequent

speci fici t}fo\!v@r fr8&Sihe HeMginaipt dxetitjonasidesmyiong eoths notal porerttiwesipgdisnas uni t s
Is particutarly useful in processors that i rrpl enment nmultiple execution
cores on aexdiengéd processor chip. Here, 12 2 2 ]UN 2004 WD 01/ 48584

Zgl) glsg?leg 1\%3? h Fgé 0 % off el é:g%xpaﬁlsoft a‘?lomé? c%@@#ﬁd_r@ Bf b afdible @Recution
npl et e process so that nulti-execution core
processor s cgfefR6tdsset §60 imph sk tie predent friventiprois dmplamendg(l. FProcessor 660
includes execution cores 620(a) - 620(n) (generically, execution core(s) 630), each of
which includes functional units 630 that form an execution pipeline 640. Each execution
core 630 also includes a digital throttle 650 to monitor and adjust activity in its
functional units 630. This embodiment of processor 110 allows each execution core 620
to be throttled independently by its associated digital throttle 630.
There has thus been provided a digital throttle that controls power consumption
in a processor according to activity states of the processor's functional units Activity
states are monitored during instruction execution and the execution rate is adjusted
according to a power conSurnption level estimated from the activity states. Power
consumption may be controlled by injecting "bubbles” or NOPs into the instruction
execution stream in response to the estimated power consumption.
For one embodiment of the invention, a power weight is assigned to each
functional unit, and the power consumption of the processor is estimated by summing the
power weights for each functional unit that is active. When the estimated power

consumption exceeds a threshold value, the digital throttle reduces the rate at which the
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single chip. The digital throttle of the present invention allows any JUN 70k
execution core that is processing a power-hungry code segnent to

ef fecti %ymp‘gﬂow power fromthe other execution core(s)pcpush@ngi®s the
total p consunption does not exceed a threshold level. Alternatively,
it all ows each execution core to be throttled according to the activity in
Its 1nstr U%?Qéls%%ﬁuémeﬁn@drmidua%&ergneig&s K6t tRe PARRK Al Rhath@6Asy 8¢ one
enbodi ment *of a nultiple execution core processor 610 in which the present
i nventi on ideténmineddnt 2dalibPrtpmayroordusd duriingprodessor dexigo Wr tash sieges sTIB2digatpl -
620(n) (genericall xecytion core(s) G30). Ea ecution .core 620

"ol uties ' dRe oty AR TS TRACRERRET ISR AR OB B BFAT8a0. A shar ed
di gi tal throttl er$p04is08ddUnbANtle e hbvd BeedGrbvitiéd/to iNudttaBS L ARNR! fe s 6 30
of all pipelines 640. This enbodi nent of processor 110 all ows each

execut i on cihepr&2mt tiovdntionoRersposekilléd mrthe he of pravessondesegie havingrihe bersditaxd

| ong as the total pomer.hhreshold i.S.not sxcgﬁged.FiﬁfﬂPEhi? a.block | eve
di agr am of @otiREhoSIHh S FeqREnEE Variatieys; 35danedineationy Af the §iscIosedcessor 660

i n which thg B &S| WKER hbAO tHeedsTRll SR A spiQRE S&ipe TRk appaslisules
execution cores O(a) - 620(n) (generically, gXECUtIO core(s) 630), each
of which i@elmges functional units 630 that form an execution pipeline
640. Each execution core 630 also includes a digital throttle 650 to
nonitor and adjust activity inits functional units 630. This enbodi nent
of processor 110 allows each execution core 620 to be throttled

i ndependently by its associated digital throttle 630. There has thus been
provided a digital throttle that controls power consunption in a processor
according to activity states of the processor's functional units Activity
states are nonitored during instruct.ion execution and the execution rate is
adj usted according to a power consunption |evel estimated fromthe
activity states. Power consunption may be controlled by injecting
"bubbl es” or NOPs into the instruction execution streamin response to the
estimated power consunption. For one enbodi nent of the invention, a power
wei ght is assigned to each functional unit, and the power consunption of
the processor is estinmated by sunm ng the power weights for each
functional unit that is active. Wen the estinmated power consunption
exceeds a threshold value, the digital throttle reduces the rate at which
the 13 2 t JUN 2004' WO 01/ 48584
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PCT/ US00/ 31930 processor executes instructions. Power weights for 2he JUN 78U

various functional units may be determ ned by a calibration procedure
during processor design or test stages. The digital throttle may al so
include circuitry to inplenment a self calibration procedure. The discl osed

enbodi mrents have been provided to illustrate various features of the
present invention. Persons skilled in the an of processor design, having
the benefit of this disclosure, will recognize variations and

nodi fi cat CbAgMSE t he di scl osed enbodi ments, which none the |ess fal

within the spirit and scope of the appended clains. 14 2 2 JUN 2004 CLAI M5:
| . A processor conprising: a functional unit; a gating circuit to control
power del i.ver yAbpactder doutpeisingnal unit and to provide a signal ZP that

i ndi cates a power level .delivered to the functional unit; a nmonitor circuit
to conpare the® VATHCAEY power level with a threshol d power |evel: and a
throttle circufatihg crRéjitts tontis bowatdeldverf loake functionsl upitace egoovidd a sipe

i ndi cated power |evel exceeds the threshold power |evel. 2. The processor
of clai m fhat '&ﬁ%ﬁ%%‘“ﬁé@ﬂﬂ?ﬁﬁ&g@ t‘tj"m"ﬂ‘?tl(%ﬂﬁ}lli 'ses a plurality of
functional unif gohi@tcidar m @lmfpiaﬂ%&hé watch@d pexeqesel afth pitestiotiepdved 1dvhle
processor. 3. The processor of claim2, wherein the gating circuit
conmprises?¥ plurality of gating circuits, each gating circuit to contro

power del i very; fghfle GRLI &S RGRMIRAGuRIBE 16% if ke Ip@:lcéls_rs@d if the Wiedatcapalvettpidls. 4.
The processor of claim3, wherein the throttle circuit injects a

no- oper at Paeds thaaimesholdpavar fvebr ocessor pi peline to adjust instruction flow
in the processor, 5. The processor of claim1l, wherein the power |evel

i ndi cated by the signal represents a power consunption |evel of th

functi onal- uni Thavpesesser pk claperlatyhsrun theg funptena upit coaprisesfa PIURIHY L

wher ei n t Qe N5 OLdd hat FdihUh linst BANREReRGHS iYelf¥ Bdrhdfro@sdk 0CK  provi ded by
the gating circuit to adjust the instruction flow through the processor.

rovi Z:'
3. The processor of claim 2, wherein the gating circuit comprises a plurality of gating

circuits, each gating circuit to control power delivery to a corresponding one of the plural

functional units.

4. The processor of claim 3, wherein the throttle circuit injects a no-operation (NOP)

into the processor pipeline to adjust instruction flow in the processor.

5. The processor of claim 1, wherein the power level indicated by the signal represents a

power consumption level of the functional unit when it is operational.

6. The processor of claim 1, wherein the throttle circuit reduces a duty cycle of a clock

provided by the gating circuit to adjust the instruction flow through the processor.

7. A method for controlling power consumption in a processor comprising:
collecting power signal from gating circuits in the processor, the power signals
indicating power levels currently delivered to functional units associated with gating circuits;

adjusting an indicated power consumption according to the collected power signals;

15




7. A method for controlling power consunption in a processor conpripsgngi 2004
col l ecting power signal fromgating circuits in the processor, the power
signals indicating power levels currently delivered to functional units
associated with gating circuits; adjusting an indicated power consunption
according to the collected power signals; 15 2 2 JUN 201111 conparing the
i ndi cat ed power consunption |level with a threshold power consunption

| evel ; and adjusting an instruction execution rate by the processor when

t he accunul at edmpariigi ¢lat dodigose rposenswnptipsnn | Byel vatic dedyeshhld tRPEShol d
power consunpti.on |level. 8. The nethod of claim7, further conprising
accunul atRY pﬂglkﬁgiggted power consunption levels for a selected period
bef ore adj ust iaamstidpeah NEstditidni execetkaCcutd bn thatpeoceGor Tren ntbe Roehnflated ai m 7,

wherein each gating circuit controls a .clqck, signa i toits
associ at e8difFRiFRANGHURTTP t‘%?v#ﬁge?‘fgf%&@eg}oﬁcﬁ A ang’,s%lﬁt‘édrnce{?%l'adj usting the
instruction execution rate conprises a duty cycle that characterizes the
cl ock signal provided by the gat]i circuits. 11. The t ho i m8,
wher ei n atcumihst MaGod e §iaE aﬁﬁﬁ%bdﬂgwngﬂ%§ﬁﬂﬁWp%H% F%v@ﬁgmg% %kgées
accunul at i, {Jken iddelis GttablcRENSSriocd @BBE FAs O thestrsctibokx@usel reet ed nunber
of cycles of a processor clock. 12. A conputer system conprising: a nenory

systemto store instructions for execution; an instruction execution

pi pel i ne ¢ ncl UgljcNGetRodd fbidni 1 Whedeid ¢408 LhtpRakrcbintdrirolsr @¥e&osidral plokiged
instructions; an instruction delivery systemto provide the instructions
from t he watypsspcispd fungiianginits he i nstruction execution pipeline at a specific
rate, a plurality of control circuits, each control circuit to contro

power delivered to one of the plurality of functional units and.to provide

a signal 1(hdi cBici mghed of dlaine, ixpereitngliyssde e BEHYCEPMFPIPOT ST FYRRITSES £ 0

| ndi cate g Qvﬁerthzf}.qsﬂég JeOe L BVELighdl pRIVida@ b iHaRakig; ffcld. de by the control
circuits an 0 adjust the specified rate of the instruction delivery

system according to the indicated power consunption |level. 13. The

conputer gystem of, ﬁ’ i PherLLin Lhsnsiiepahe Midoskedeghy Saginpdibnt he
pl ur al 16§g2 $ﬁki R éqégkﬁﬁm ’ 1 : _
levels comprises accumulating the indicated power consumption levels for a selected number

of cycles of a processor clock.

12, A computer system comprising:
a memory system to store instructions for execution;
an instruction execution pipeline including a plurality of functional units to execute

the instructions;

an instruction delivery system to provide the instructions from the memory system to

the instruction execution pipeline at a specific rate;

a plurality of control circuits, each control circuit to control power delivered to one of
the plurality of functional units and to provide a signal indicating it is delivering power; and
a throttle circuit to indicate a power consumption level from the signals provide by

the control circuits and to adjust the specified rate of the instruction delivery system

according to the indicated power consumption level.
13. The computer system of claim 12, wherein the signal provided by each of the plural
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control circuits is calibrated to indicate | evel of power consunpt)gnjfigr il
the functional unit associated with the control circuit. 14. The conputer
system of claim 13, wherein instruction delivery circuitry includes an
issue unit that issues instructions for processing by instruction execution
pipeline at a rate governed by a processor clock. 15. A processor
conprising: one or nore functional units, and a digital throttle to nonitor
activity states of the one or nore functional units to estinmate a power
consunption | evel for the processor, wherein the digital throttle

conpri ses; ne or .nor t.e.uni JQ i r

del i very ?%”@ﬁ“ﬁ%?d%ﬁ%%gg%éﬁg%é &ﬁﬁg?apnggﬁ%ﬁg Jﬁpﬁgtgﬁghﬁghfﬁgwﬁate an
activity gtaised ot hbeormssacuat ed functional unit; and a nonitor circuit
to determine the estinmate of the processor's power consunption |level from
the indicated activity states of the one or nore functional units. 16. The
processor0f cliriddbhier Whehebhcliitiel yvikteor ingiucter delicayparesy timdudenda cat ed
power consunption level to.a threshold %9Lu a&ﬂl$ro%ides ne% gkﬁgtion of
the conpalti§diit that IssypienFsHaRSS FPHPa§W§i%fT§PC P ST AP UREL T onal units
forman i astikgby PProexestidc@n pipeline and the processor further includes
a pipeline control nodule to indicate the activity states for the one or
nore functional units according to types of instructions in the instruction
executi on i pel ipARessdBomphiginr ocessor of claim 17, wherein the digital
throttle further conprises a nonitor <circuit to estinmate the processor's
power consunpt ISPt mevelunginalgnithédet i vity states of the one or nore

functional , uni § %ligiél?throttie to monitor activity states of the one or more functional units to
estimate a power consumption level for the processor, wherein the digital throttle comprises:

one or more gate units, each gate unit to control power delivery to an

associated one of the functional units and to indicate an activity state for the associated

functional unit; and

a monitor circuit to determine the estimate of the processor’s power

consumption level from the indicated activity states of the one or more functional units.

16. The processor of claim 15, wherein the monitor circuit compares the indicated power

consumption level to a threshold value and provides an indication of the comparison.

17. The processor of claim 15, wherein the functional units form an instruction execution
pipeline and the processor further includes a pipeline control module to indicate the activity
states for the one or more functional units according to types of instructions in the instruction

execution pipeline.

18. The processor of claim 17, wherein the digital throttle further comprises a monitor
circuit to estimate the processor’s power consumption level using the activity states of the

one or more functional units.
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