R

1

2 3 FEB 2007 WO 2004/ 019195 PCT/ US2003/ 026429 An
Apparatus for Thermal Managenent of Miltiple Core 2 3 FEB 2007

- ssors FI.EELD OF THE | NVENTI ON [ 0001] Tg)ﬁ I ,
M’gg@ﬁ{oﬁgﬁenti on pertains to the field of int ePgra %2303/026429

circuit design. Mire particularly, the present

AR R Rn=ROREaE D mARBRE SRt RFobiessors

mul tiple processor cores on a single die. BACKGROUND
OF THE | NVENTI ON [ 0002} An integrated circuit (1C) is
a device consisting of a nunber of connected circuit

Fl?L@r@ptﬁ-iE WENEHBOW ansi stors and resistors, |
abr

rcated on a sSingle chip of silicon crystal or
r sem,conduct.ar terial., ring. gpecation, an, |.C
[8BHE L es PSR Tar RS aiRG b kel 5 FingRed Biout
increase. An overheated IC can potentially result in
desiginy ddarepaitisuiatichednasentdnveginnaelaas tg aimethed and
[0003] A microprocessor is an exanple of an IC.
apBacatus fordhe Imarreeremantdoathienmal ard) pewer emnageengnterfidntltiple
m croprocessors is toward i ncreased power consunption

prédebsal 8sicpair RinYld Hieevery new micro-architecture. In
particular, server class processors having nultiple

BABRCEIAINDOF SHENIGVEKFIGN | v pover limted by

I ncreasi ng processor densSity. A processor core

i cally i.ngludes an ..ipst.ruction regi.ster..an
(0098, 7o g PR AR RSN Bin i EAiTStEh o & Puber of
execution upit; a.LO cache, and a L1 cache. [0004] To
CORBEGeH STGRIE eifmRits gpudd) putappistorh apaapsiaipds Jeneggated on a
managenent of nultiple processor cores on a single IC
sirgse deipi of edicomosysjaladr dthet semisionduetot natarifEB @b@y operation, an

[C consumes power causing the temperature of the |1C to increase. An
overheated [C can potentially result in reduced performance and even operation
failure.

[0003] A microprocessor is an example of an IC. Because of higher
operating frequencies, the trend in microprocessors is toward increased power
consumption and dissipation with every new micro-architecture. In particuiar;
server class processors having multiple processor cores are typically power

limited by ihcreasing processor density. A processor core typically includes an

instruction register, an input/output bus, a floating point unit, an integer execution

un_it; a L0 cache, and a L1 cache.

- [0004] To help reduce power dissipation, thermal and power management

of multiple processor cores on a single IC is desired. The goal is to achieve
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t hroughput while keeping the junction tenperature

3%2@4{%@2%};6 iability limt for each PrOCEeSSOr, COr e 26420

| PTI ON.OF THE DRAW NGS [ 0005] The
enbodi ments of the present invention are illustrated

i | maﬁ%@ﬂﬁ%g PH%%P@W‘WS!E%QH%WBE@W& %{o@ﬁgr etrgﬁlre below the

indicate simlar elenents and in which: FIG 1A is one
relipHBy v for 8aCkPIASEEPT @T8or e processor floor plan
having nmnultiple on die thermal sensors; FIG | Bis
- one enbodi mrent of a processor core having a plurality
of thermal sensors; FIG 2 is one enbodinent of a

BRIFETDESCRIPTIONOF THE DRAWINGS. 3 is one enbodi ment
of a thermal nmanagenent unit circuit that conputes

[0% fr eqﬁg%%%édlﬁéﬁ@s %%%Qénﬁﬁﬁ&atnd?ﬁﬂ}é' ilkﬂ’?rated by way of

CRI PT e f'ol  om ng detaill

oxfifiEss "?JE*%ﬁ“%?ﬁifggiom%%{?aﬁ"p%i‘@i@fgn aﬁ%s S‘RW{*ﬂL

However it will, be derst ood by t hose

. jnventio
re?@@rrqe@dnaﬁqat%%n%f ellemﬁntg Radp * invention may be

practiced wi thout these specific detalls In other

i nsFAGc 24, is e |enmﬂmen§og@@wltrplpme%am@ésw&ﬂfﬁw&i@ﬁt@vmg

and circuits have not been described in detail so as
multle drodieltaemtia seheop, esent i nvention. [0007] Figure

1A depicts a nultiple core processor 100 having

nryl thI}G' 895 ond it difnERt ofsgwe%soF@éret m\ﬁn@a‘qﬂdwam

invention, the nultiple core processor 100

ei ght processor cores 110. Each of the
thecrf'gggessg&s 3 FEB 2007

FIG. 2 is one embodiment of a thermal sensor circuit; and
FIG. 3 is one embodiment of a thermal management unit circuit that

computes the frequency of each processor core.

' DETAILED DESCRIPTION

| [0006] In the following detailed description, numerous specific details are

set forth in order to provide a thorough understanding of the invention. However,

~itwill be understood by those skilled in the art that the present invention may be.

- practiced without these specific details. In other instances, well-known methods,

procedures, components and circuits have not been described in detail so as not

to obscure the present invention.

[000T7] - Figure 1A depicts a multiple core processor 100 having multiple on-

 die thermal sensors. For this embodiment of the invention, the multiple core

processor 100 comprises eight processor cores 110. Each of the processor
2 .



WD 2004/ 019195 PCT/ US2003/ 026429 cores 110 is an 2 3 FER 2007
i sol ated processor or processing unit. The nultiple .

essor is not limted to having eight
%ﬁggg%g&cores. A processor core may conpri s&Cd/US2003/026429

floating point unit, an integer execution unit, a LO

cac .and. a, L1 cache. In addition..a-pr SYelg re
corBol s bR P ERERSor ot h Bt g Dpiia TPEBRTRRL o8
A processor. core conprising a plurality of thermal
proserser is nptdimited tg @ﬁi\/@ge%lghfrpfﬂc@%ﬁfé’ cpfas.  AJUBBFSIah core may
this enbodi nent of the invention, each of the
compdse ssftoatingrpsint ubitpan sntegepexecutionamit, 2 ldheaghel 20d a L1
The processor cores 110, however, are not limted to
catt®/i Mdadditibmndi piodesdorladre ddbandy Gomipeise expiondlity of ihermal

processor cores 110 may be coupled to a single cache.

hsT w@%s’lﬁ? g\ﬂ i B9tal ehsBfL115 is
Se'&%gﬁéé'p@pgd&sﬁgﬁr?out u{ ? | fg%cgﬁ a therrsml
napagenent it (TMJ 140. The I/0O 130 serves as a
deﬁ’]’ﬁfq‘f&&ﬁg"ﬁrﬁﬁgﬁace between the nultiple core processor
and external ., deyices. The TMJ 140 is located in a
[00084¢ r a1 FOEHHS EWEQFW% ‘%itBe W&W*@Be@@%oﬁhs PrRge$Rfr £ores
of the thermal sensors 115. The thermal sensors 115
110rig/chupipt e ad LRezache 0. s prasfesaope@esdoy hewewen aoe not
such as the floating point unit or the integer
limitse ¢t hipeinguan indiviiual Leesehe 1201 e-dridkample e racessureores
of hot spots. Thus, a plurality of thermal sensors

118 hvay'BY cBApkaad of thgleaengr ocessor core 110. [0010]
The "TMJ 140 nonitorS the tenperature of the thernmal

(OG0T 1B prAlh S SR A 5B A28 e Hilpie t0.0n
PV RV 120 1 a1 BBragl BAREEEB T B KL DD d opt i Oc120
t he hi ghest. overal|l throughput or to give priority to
seryes @y apprdwaieiiariaee batreeruiig myltvle cofe pPsessY dridyexternal

the expense of others. For exanple, the TMJ 140 may
devieeqr dhedrivied 4055 hapaténk irpeeatrahigcatigrs beie die and receives the

outputs of the thermal sensors 115. The thermal sensors 115 may be placed near
hot spots of a processor core 110, such as the floating point unit or the integer

execution unit. A processor core 110 may have a number of hot spots. Thus, a

- plurality of thermal sensors 115 may be used for each processor core 110.

" [0010] The TMU 140 monitors the temperature of the thermal sensors 115

and ensures that the processor 100 delivers the maximum throughput without any

hot spot exceeding the maximum allowed junction temperature. The TMU 140

 may be programmed by software to optimize the highest overall throughput or to

give priority to a few application threads running on the processor at the expense

of 6thers. For example, the TMU 140 may be programmed using the operating

system.
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The TMJ 140 controls the operating frequency and 2 3 FEB 2007
?A%?rathggg _voltage of each processor core 110. For '

LU nent of the invention, each of the FCT/US2003/026429
processor cores 110 has a different operating '

[ eguency. 1 l.e,the entire fi processor 100
tob4Efor ¢ aba TV 420 5p R scBe cpePaBiete dinytd ariaperdiifo
processor 100 operate at _a _first voltage and the
vallegedihaachdesessas 6pesT10.0Fob Hils gmbogimgni@dha dnvention, each
vol tage. The invention, however, is not limted to a
offthe pessassor tofs il has adifferenboperatiag ifreguenty, aele therentire
frequencies of the processor cores 110 are

preeessbMAIESHIY hakBive VoltAge S Thausp hiesesede te2stN® ocidthes
110 can run at each operating voltage.. Thus, the

PrEERY I Sndtets e iRE yPaE R g RORBIIHECBERY coros 110
oﬁ:q%éfef@f‘ & gg{:@ga tg&?ag%y n]a’lfpemseﬁ OPM&&?@QC{@% tgtbeprocessor

adjustable trip point. Wen the tenperatur

_ ) of a
100 baving anls iy opsictisgyoltagas.piee éﬁeqyrensleﬁafﬁi% Prqgggsor cores

TMJ 140 is notified. The TMJ may then adjust the,. _
110 expueraryinsfed kamagehothegsaxinwom dretjuenoiestthe coest hte car run at
that group of cores to reduce the thermal dissipation

edth é;h@r_anﬁ% vRays. Thudehetrdduentissmftied top plietesdihadres 110 are
power is defined by the expression P=V2*C*f (equation

Iinmed"ﬂgglﬁ? Rrdi §BItESE AR S tIROME oq%rb@@éﬁ)g%?és ¥R (Af&d b the

repre S capactitance, an I's t frequency. From
' it can be seen that reducing the frequency

e%u il (?n 1,
SEHCS \fqtﬁggn y reduces the power dissipation.

Alternatively, power of rocessi.n core 110 may b .
[0p2aliced byhe Hieetah gorsss Ao Bgk bR MemPRIRSVESING et ustable
an operating voltage of a group of processor cores )
tripywints Whendhe dempe@tyresd weaiveadiot spot exceeds this preset trip point,

the TMU 140 is notified. The TMU may then adjust the frequency of that
‘processor core 110 or the voltage of that group of cores to reduce the thermal

dissipatif:n of the hot spots to below the trip point. Note that power is defined by

the expression

P=V2*C*f (equation 1)

- where P represents power, V represents voltage,-C represents capacitance, and f

is the frequency. From equation 1, it can be seen that reducing the frequency

~ also linearly reduces the power dissipation. Alternatively, power of a processing
core 110 may be reduced by lowering the voltage value. However, when an

~ operating voltage of a group of processor cores 110 is adjusted, the frequ_encies

of those cores need to be adjusted correspondingly because the maximum

. frequen_cy of each processor core 110 is limited by the operating voltage-._ ‘

4
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of those cores need to be adjusted correspondingly
because the maxi mum frequency of each processor co[?g FEB 2007

s linted by the operating voltage. 4 23FEB200
WE%@ %195 PCT/ US2003/ 026429 [0013] An enbddi HEsR003/026429

of a thermal sensor circuit is shown in figure 2. The

r mal i i i T -
O TH,er ¢ abeftpodlshttsl adfiihplEhds siroyt isshown infiye 2 The
220, a ring oscillator 230, and a buffer 240. The
therEialSeasaF Hre it eomptiss & IeTRRIPIA-o1913ES C@BH%?-{%@ 0 alevel
reference bias 212 and a thernal diode 214. The
shifieng@0asuing oscilladon 23k andrabuffer 240.0The teiuperatune-to-voltage
output voltage having a limted range. For exanple,
cohberten P mayotdraptsenmyeforerice tibe 21 ange #fthedmal diokde2 140 The
0.7 volts. The level shifter 220 takes the output of

temb@rétﬁf@ﬁf-@élwg% ddvBREE 296 p r@dlféé%rér%utgnﬂv&fﬁg%f RSy é limited
bi asi ng voltage Thi s generated voltage 1s then input

rarﬁg%of:@?eﬁ%r?lg » é Bu gfg\{]c%lgag% m%g 11 tgg 5@%%‘ 151; 0.3 volts to 0.7
vofisyhe e Abier %r@ 't%%gsaﬁf b Eh e gerti B Hafrasne

in order to generate a toqigl [ ng}_3| gnal havi nlg ) )
CoRy&IitRIeaRY gempigtesd higsindoroliageer kis gengratedyolkage isdhay input to
of each inverter 232 in the oscillator 230 help to
thedeng ostilatart380gener at ed frequency. Each of the
plurality of inverters 232 1is coupled to a pull down

[0014nsi st Gor 34 enfitRlirBehiedithB lmtfoheﬂ@m‘? o%lllétbﬁcomprlses a

signal generated by the oscillator 230 so depend,

pll.llgﬁh Eﬁ‘én\(/ trg gnghq*g'te r@@}l}% f?ﬂ?l@ ﬁ’{vérte?%?fédaﬁ B8d integer
he.fr
gfese{*é‘ﬂ %%i%mé"ar@9%%58%2%#999&%8?8%%%39@# ﬁﬁSF%W The
t d by the th | di ode
nuRiper R MUSHET AL ER ARG RIAY of RRFSEVER 117 Bn@pcUator 230

the signal generated by the oscillator 230 to
helpderdeieanine the generated frequency. Each of the plurality of inverters 232

is coupled to a pull down transistor 234, The strength and frequency of the signal

~ generated by the oscillator 230 also depend, in part, on the pull down transistors

234 and the biasing voltage that controls the pull down fransistors 234. As a

result, the frequency of the signal generated by the oscillator 230 is a function of

- the temperature sensed by the thermal diode 214. An increase in temperature

causes the frequency of the signal generatéd by the oscillator 230 to decrease,
while a decrease in temperature causes the frequency of the signal generated by
the oscillator 230 to increase. The buffer 240 ensures the signal generated by the

oscillator 230 has enough drive strength to reach the TMU,

- [0015]  For another embodiment of the invention, the ring oscillator 230

comprises a plurality of differential amplifiers. Similar to the inverter design
s S
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whil e a decrease in tenperature causes the frequency 5 % FEB 2007

of the signal generated by the oscillator 230 to

reais The buffer 240 ensures the signal generated
B{}g??{’ém?}gﬁl |l ator 230 has enough drive strengtPCHBES2003/026429

reach the TMJ. [0015] For another enbodi nent of the

|nvnt| e rin cj.).l atar. 230 rises a
dastiBat i ver i turBPari i Bnil dpineS & fe Figodorenter than
inverter design 5 73 FEB 2007 WD 2004/019195
onscirag obthendifaentigbampliirrg raavbe biases biifsdhiaging voltage
differential anplifiers is an integer greater than
gemeeateHdnhthef levéleshifidrf220ent i al anplifiers may be bi ased
by the biasing voltage generated by the |level shifter

[08%6] [ 001&h efiibcrivhesi srenTIVRS cRediiMA @[IJ_fddé'sbor* i8 depicted in figure
processor is depicted in figure his TMJ circuit

3.°Pf'i“€r1’fl\7°19501@:f§| nbriseX 0h ufﬁﬂéb%éurftéfé S@Cﬁaﬁ{i U%Af%ounters

counters coup Ie contro

a1 Bl B2 'fiigittﬁl é%ﬁ@i' " 338, “}ﬁ'?éog@%@rforaﬁ' HinteCafl ay be

%6{) coupled to thermal sensors 330 located in

copplagk fo %F@@‘ﬁger&e thaenglisensgt B28s Allnibereatterser Ksmayihe
renote thermal sensors 330 are nonitored by the

codplgick tal thetoal seyisoss 330 ncagpb i feinoatelareas bethei djetsakch as
controller 340 may nonitor the frequency encoded

précunser gbreses Tié edriele thBrrhaloseraed 388 2P thdritefdtby the digital
sensor 330. The digital controller 340 conpares the

cohﬁ 1234 "BRk @ﬁ"b‘élgfatrgé?&pﬁéfcr;cﬁerilﬁalllei;‘éﬁbtrﬂéey?%ﬂﬁai‘ H{eefrequency

erence a sens erence

oni i i%’f“één%fﬁ% 'nivﬁ?igﬁﬁﬁymsn%f PGB o

d L er 310, hocked by a first si gnal
'93*@ 8?%\1'(% copRisedne somple Fanperghyss agamst thadesal o
count to a predeterm ned value against the tinme it
tempreiurcoieierence asdensad thyrths reference: thedmisy sensr G2
signal generated by a renote thernmal sensor 330 to
[00¥dch t h&csame emboditreniofitie invention, the digital controller 340 may

compare the time in which a first counter 310, clocked by a first signal generated
by a reference thermal sensor 320, takes to count to a predetermined va'lue

against the time it takes for a second counter 310, clocked by a second signal

. generated by a remote thermal sensor 330 to reach the same predetermined
“value. The digital controller 340 controls when the counters 310 start and stop
counting. If the counter 310 clocked by the reference thermal sensor 320 reaches

the target value before the counter 310 clocked by the remote thermal sensor 330,

the digital controller decreases an operating frequency or an operating voltage of

- aprocessing core. It follows that if the counter 310 clocked by the remote thermal

sensor 330 reaches the target value before the counter 310 clocked by the

reference thermal sensor 320, the digital controller increases an operating
6
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value. The digital controller 340 control s when t:i
counters 310 start and stop counting. If the cou érFEB 2007
q&g ﬁlgﬁg g by the reference thermal sensor .320
reachd e target val ue before the counter 31RCT/US2003/026429
cl ocked by the renote thernal sensor 330, the digital

r decreases,an operatin ue

GBI greAn S¢S 551k oS plieiipacsie: Thbrators, gulistments to
that if the counter 310 clocked by the renote therm

eaglyeressAy ¢ua vRlkage Ard frgagency arddeteanined yHbectigital er

~ 310 cl ocked by the reference thermal sensor 320, the

cotitrgileaB4@ émordserite maxumrzeathes:veralkxmnmﬁertbrcﬁ:gaﬁuFﬁ&he
2007 WD 2004/ 019195 PCT/ US2003/ 026429 frequency or an

propessari Mhevepdradng ﬁéq@emw@ﬁéamhr&oeegﬁng £oRy @.&grb% adjusted by

adjustments to each processor core voltage an

ad;)u ﬁﬂr'getﬂ%ypéﬂis% 196kRS Ianﬁf gPltk.’ tEQF%QVﬁet aé%ﬁ%ﬂée{ & LSk,

n or r to max eov

ughput of_ th fre enc
10§ 8L, & %O'ﬁq%%&éeo W el g ) ConRoleh ey Lt the
ihésustln t he ?e | ocked | gops (PLL) that prOV|de
adjyshest vgluesda ﬂ&% requenty1and e wdlagep wal, é the difienendeein
digital controller 340 may determ ne the adjustnent
temakiaidre betweenf thegetenenceativrmabsernddr $26. arthaisemote thieemal
difference in tenperature between the reference

- sehber 360 islanga th82djuatitlent WHIBY GrebbstRBh if tﬁ@'féﬁ?e?a’i@ré S
he

| arge, the adjustnment will be greater than if

dlﬁ&&gﬁ&f fﬁ é‘r"n%ll Hot bREBRRE td %d te fré:agu CW ;Ergcégsing core, the

adj ust the frequency of ap CeSSI n _ _ _
d@@*a?héﬁ% e 'qﬂﬁ%@ra %afﬂB&%‘nq“%éro Bt bblpe P Fhe Yalue
| t t f the diff
ff%ﬁé&g%b?@ Ghirietelotn e Heriamatbe g e Geieoporstie
and a renmote thermal- sensor 330 in that processing

betwien thenieferesga dirynabsenper 32banrd gerercie dibral shaseA30 in
is dependent upon the selected nmultiplying ratio.

- that processing core. The frequency of the clock generated by the PLL is

dependent upon the selected multiplying ratio.

[0019] Alternatively, the adjustment values may be a single step value. For

-example, the digital controller 340 may be coupled to an oscillating structure of a
' .-PLL that generates a processor clock. Under this implementation, as long as the
difference in sensed temperature b.etween a remote thermal sensor 330 and a

reference thermal sensor 320 is .greaterthan a specified limit, an adjustment in

- frequency or voltage will be made by the digital controller 340 at the step value.

While this single step value implementation may not be as quick in reducing

_powerdissipation on a processor, it reduces the design complexity and takes up

less die area than a look-up table implementation.
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[0019] Alternatively, the adjustnent values nmay be a-
single step value. For exanple, the digital 2 3 FEB 2007
controll er 340 may be coupled to an oscillating
WO20evUPYSof a PLL that generates a processor PET@ISRA03/026429-
Under this inplenentation, as long as the difference
i n_sensed tenperature between a renpte thernmal, sensqr
0820] and &orpapthes gebadieeRbel fél@ﬁ@fﬁnt@@othesdlgﬁ%!achoﬂef 340
than a specified |imt, an adjustnment in frequency or
conpiares thamlimbbeokhsigeal dsartsitionsi afia signalgencsatiedrdy3a ceference
the step value. Wile this single step val ue

thdriill eBRE&E32®BARSt thetnudeb@sofdigred transitieds of ags_igm\g@nerated
di ssipation on a processor, it reduces the design

by B R e 00 Ba B B o TBg eete 310

ol LR RRTA it DR ODGR B iR B0 on

nunber of silgnal transitions_of a signal neﬂated % .
theyrarapiertbgiaal sansenabl signads. 3be '%l'@ﬁ‘l’ Cqhe VA yergpe given
signal transitions of a signal generated 1 by a renote
timeheeniad, tbe sooler 80sensed aregi Vidwspé the ares of theweferaace thermal
counters 310 are used to count the signal transitions
sefisora2(nis detbrniped o bbeyooidr than siie a@0ofaandiveh renotentiiermal
thermal sensor 330 signals. The larger the count val ue

sefYSY 33018h& 'mq%r | ﬁﬁtﬂﬁleﬁ? %ElbquHéé?th‘é%ﬁéétiﬁg%‘ﬁeéﬁ@ﬁ@ﬂor the

ar ea. Thus,_ e area of the reference er mal
on§ I SorpTedrel i REREROr cdf ol R igs fehilte it 88n8br 330

..control | er 340, reduces the operating frequenc r. th :

s 158Iosh | SR BT Heaeidng reRssts heomal a2 fp dfermined
renote thermal sensor 330 is located. Simlarly, if

to beadiolies thast therrer of dieeraaoterbermal sansepB382hei digital controller
determined to be hotter than the area of the renote

340 ecrenbes thesoperaify frehaedcyot e auerating veltagedhthe processor
i ncreases the operating frequency or the operating

coteOb it RBEreOthel refhols BRRARP eSS IB(Pls Ivbated. the renote

t hermal sensor 330 is |ocated. ,
[0021] In the foregoing specification the invention has been described with
reference to specific exemplary embodiments thereof. [t will, however, be evident

that various modification and changes may be made thereto without departure

" from the broader spirit and scope of the invention as set forth in the appended

claims. The specification and drawings are, accordingly, to be regarded in an

ilustrative rather than restricti_ve sense.



[0021] In the foregoing specification the invention

has been described with reference to specific

exenpl ary enbodi nents thereof. It will, however, be

evident that various nodification and changes may be

made thereto without departure fromthe broader

spirit and scope of the invention as set for n t

appended clains. The specification and dravésnn:éals)mgﬁy%w
Whatas eidbg@.y, to be regarded in an illustrative rather

ﬁan restrictive sense. 8 23 February 2007 What is

1. A & %@F&sﬁéﬁ@? N %?efﬁiaé%ﬁﬁ CigBingfa “%%%wgféﬁ%f

i g g st digid] . sionah, haing, 1 Beg
repre emp@rqitp termal Seasgr A9thas
tempgr@ s Sﬁ'aera '@weﬁ%ff% igitak ﬁ@“%y'éi“@'?ﬁ &nd

frequ %Werr'c?lpi" ngeélaﬁ]dsmcmdt dempegatiire, haiergin a the ¢ y
temp?f@ resier |fﬁf§r¢ﬂf@ taspaaturesnp dirsl: cowntexpeupied to Hae first
therrr@é@@n%pr anshpeabled by the fizstrdigital signal, tthenfiestaounter caunts
in a firgtdinection int kesposapiceal trapsititre of thesfirst dipibalrsignatenseronagnd
countenablipiedbly thieesédansit theérmgalt sénsor gamal enalbled fhiyr e seromider
digitacsignals thel secantiicoahtedicoeitiima sesond dpection ih®esponse to a
transitiora s ithé @econd tdivital sighhl; dindi 4 digitil @0alroller apRAdo the
first coantef @ihdcoiddeRdnt GoLhRr SRASIRSh tHCHIREI SaToREr é@rﬂpares
the cOitblAGdBr HREfiEeeo0Rter Gindl thal se%bﬁﬂ@!ounfé?ewﬁﬁfé?ﬂi‘ the
secorkPEBLMEr ¢85¢HS Ia"‘ta esi%:‘ﬂféj b@fdr@cthboﬂ's{ '&oﬁﬁépoﬂﬂéedlgﬁa[

contrdifeRBBbidz885 8h ﬁqg%ﬂ Godbfiredyskignal . “and & di

controller cou I rst’ counter and the

second counter, mhereln t he d|g|tal controller
count er

the . count .val ues t
2. T RIBBREST o8 1r PLPlent i Ghordlod PRucod Bhesietbiandriee
€y eaches a target value before the first counter, the
digital controller decreases an operating vol tage of
the system 2. The systemof claim11, wherein the

3. The, syplem qf claim: hguheredy Besdigital @znt@llgt agiustsaan eperating
frequency of the system.

4. A method comprising: monitoring a reference thermal sensor; monitoring a
plurality of thermal sensors placed in a processor having a first and a second
processor core; and increasing an operating frequency of the first processor
core to improve throughput of the first processor core if a temperature at the
reference thermal sensor is greater than a temperature at a thermai sensor in
-the first processor core.

5. The method of claim 4, further comprising: decreasing an operating voltage
‘of the first processor core if the temperature at the thermal sensor exceeds
the temperature at the reference thermal sensor.

6. The method of claim 5, wherein the operating voltage adjustment is made
according to a look-up table, wherein the greater the temperature at the
reference thermal sensor is exceeded, the greater the operating voltage is
adjusted. '
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3. The systemof claim1, wherein the digital
controller adjusts an operating frequency of the
system 4. A nethod conprising: nonitoring a reference
thermal sensor; nonitoring a plurality of therma
sensors placed in a processor having a first and a
second processor core; and increasing an ODEJQ%hﬁgzoor
frequency of the first processor core to inprove

t hroughput of the first processor core if a
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further conprising: decreasing an operating voltage

of the first, processor core if t tenperature at the
8. Theraethad %fre_fﬁ@a’f’ 4 Whetein the H@r@'%ﬁgﬁmggswsqr%ense the
tempetgiesf ap inlegerarecting syt of therfist pROCASIPI§Pr&| ai m 5,

wherein the operating voltage adj.ustnment is nade
according to a | ook-up table, wherein the greater the
tenperature at the reference thermal sensor is
exceeded, the greater the operating voltage is’
adjusted. 9 23 February 2007 7. The method of claim
4, wherein the plurality of thermal sensors sense the
tenperature of a floating point unit of the first
processor core. 8. The nethod of claim4, wherein the
plurality of thermal sensors sense the tenperature of
an integer execution unit of the first processor core.
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