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| WM PaFRtusORR TheFhfal M &R S ?ém'eﬁi’%'ﬁMzﬂﬂ RECLRAS 'Mic?? pidt@ssors

field of integrated circui desi gn re particularly,
the present invention relates to a nethod and apparatus
for the managenent for thermal and power nanagenent of
multiple processor cores on a single die. BACKGROUND OF

FIEHED INVENE QIVENDR2N An integrated circuit (1C is a
devi ce consisting of a nunber of connected circuit
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can ntially result in reduced performance and even
aBBeﬁag the managemeridestheamal ardpPyee s anadesert of xaiple
of an I C. Because of higher operating frequencies, the
PraCesEor eoRE ONopeioghsdiers is toward i ncreased power
consunption and dissipation with every new
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processors having multiple processor cores are typically
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ICis desired. The goal is to achieve 1 WD 2004/019195
|GCTNsISPes pOBR6 429sing the temperature of the IC 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. n particular;
server class processors having multiple processor cores are typically power
limited by increasing processor density. A processor core typically inciudes an
instruction register, an input/output bus, a floating point unit, an integer execution
unit, a LO cache, and a L1 cache.

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

of multiple processor ceres on a single IC is desired. The goal is to achieve



maxi mum conput e t hroughput whil e keeping the junction

tenperature below. the reliability Iimt for each

%cessor core. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0005]
2096HPHrent s of the present invention are il| ®§HFER2e¢p/026429

by way of exanple and not in the figures of the

acconpanyi n rawi ngs, jn ich like references.indicate
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of a nultiple core processor floor plan having nultiple
relighilgy Emitifor @AChJERGRISOr I& 1 B i s one enbodi nent of a

processor core having a plurality of thermal sensors;

FIG 2 is one enbodi nent of a thermal sensor circuit; and
FIG 3 is one enbodi nent of a thermal managenent unit

BRIEFAREBGRIRTIORbRPUtIBE PRAWINGSency of each processor
core. DETAI LED DESCRI PTION [0006] In the follow n
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forth in order to provide a thorough understandi ng of the
exampbsn andmot o tey Bgyresi ¢f thiel dcdompardéns todingg, rhebieh like
skilled in the art that the present invention may be
refpr@tddciadiosts Bimilartdleserdpaadfinavidet:ai | s. 1 n ot her
i nstances, well-known nethods, procedures, conponents

and G QW soraabBaimbeest desdtipleasbremrdeésddr fomrasamotving
to obscure the present invention. [0007] Figure IA

mul8Rd S dR tHeiaPsénssise processor 100 having nultiple on-
die thermal sensors. For this enmbodi nent of the
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FIG. 2 is one embadiment of a thermal sensor circuit; and
FIG. 3 is one embodiment of a thermal management unit circuit that

computies 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,
it will 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.

[0007] 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



cores 110 is an isolated processor or processing unit.
The multiple core processor is not limted to having
ei ght ocessor cores. A processor core may conprise a
W%Pf’%dl%i nt unit, an integer execution unit, BCT/OS2003/026429
cache, and a L1 cache. In addition, a processor core 110
onpri se uralit t
o JdERsgn Borded aﬁ%er%%o}ﬁergra?%ﬁn@! epho T Re g8 EiRors
115 is, de Jc{ed in fi % 008] For ,this enbodi
ProgessHels; R} dititeshio *2%\6 @Fg tH‘EOB DULYPS ¢ by RIOCCTIH pare Sy
coup Ied to an L2 cache 120. The processor cores, 110,
compiis &rfloating hRJfit Un.An Edeger WHignai. il § caaae: %@d al
cache 120. For exanple, the processor cores 110 na
caghsuplneaddidon, & prflessererEe 118008y coAWrisect Bality Qiit %rnﬂ'o
and L2 caches 120 are coupled to an _input/output (1/0O
sensgus di§. AA theseasr gara geruntsinga elyraity ofibermahgensas
serves as a hardware interface between the nultiple core
depictrreissitgurarid.ext ernal  devi ces. The TMJ 140 is | ocated
in a central location of the die and receives the
[0008Fput s Elortihie erhlesdiaierd eridioe nvETBionTkack oé theapramsmssor sores
115 may be placed near hot spots of a processor core
110 iDcospiet tasart b2 chtioatli2ig Tree ptoasasisbr oordshel! 0, rtiegever, are not
execution unit. A processor core 110 may have a nunber of
limhedl ts peiihg dhirdividuapl 2icakhe Y1 20f Edesxahplee tisopsocessomapres
be used for each processor core 110. [0010] The TMJ 140
110%Ray BEToupfed RPelrfisicaché. t he thermal sensors 115 and
ensures that the processor 100 delivers the maxi mum

[Dddy]OUthq{hé"brtoB@%o@éB/reshﬂt{) SR 2exeerd O éﬂéeccsweawman
Ffowed junction tenperature. The TMJ 140 rmay be
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t‘or to give priority to a few application

o AT R e o
deliBEs ORHLT I 148 YS o2 BtePin a centra! location of the 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 femperature. 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 others. For example, the TMU 140 may be programmed using the operating

system.



WD 2004/ 019195 PCT/ US2003/ 026429 [0011] The TMJ 140

controls the operating frequency and operating voltage

of each processor core 110. For this enbodi nent of the
VORI IAIS each of the processor cores 110 has BCT/US2003/026429

di fferent operating frequency, while the entire
cessor_10 Ly -has ,t vol t ages. Th
o@hfEe™3 1078 T MgreRets he pheETRIedSbur e fiFEpRRaing
vol tage apd the bottom processor cores, 110 erate at a
voliage sl SRS RIGESSIHEATRVAR | ot I aERgHimest gEPE FyEpfon geeh
a processor 100 having only two operating vol tages., The..
of the gIRFRSSES cores A0 W@@eggﬁf@@o%%f%%@@df ReyobtiRdnentire
to match the maxi num frequenci es the cores 110 can rwg at
precesrasdihenyasoMamytagasusT ne feb PreRRsREiceEeDT 19 198 thep
processor cores 110 are |imted by the first voltage and
probesdsot thepetsie et afirsior@tage and the betiopy prasessaeeeras 110
vol tage. [0012] The thermal sensors 115 may be
opeamptecateasedond ivojage. ddiedsvaniien, hawevgroimnot limiéed tga processor
tenperature of a given hot spot exceeds this preset trip
1Qiohating drife tWdpbddlingvoltagds. etihe Tieguekioiaseyf thRqrioadsytcores
the frequency of that processor core 110 or the voltage

110 atehedo@irmtpddd matchihe onadcure ftdueiencesstile cates slifflacarorun at
of the hot spots to below the trip point. Note that power

eddh 66diating Vatageh eTHIE) S ficeeAcR¥A thetop precrssioraords 110 are
where P represents power, V represents voltage,-C

lirhi®d B9 QRE SirSARACIgeUHEthePB6ttdm prockdsord et ens Yimitsdby the
equation 1, it can be seen that reducing the frequency

sc¥opR VdiRRA | y reduces the power dissipation.
Al'ternatively, power of a processing core 110 may be

[Obqgj‘ced bX’hEQ%Ft%Bg?é&%ré’ql‘l%%éy\b@ Hple MY S Usi %Hiag{ustablé

opefating vol tage a group of “processor cores
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correspo use e maxi mum uency
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processor core 110 or the voltage of that group of cores to reduce the thermal
dissipatién of the hot spots to below the trip point. Noie that power is defined by
the expression

P=VZ*C*f (equation 1)
where P represents power, V represenis 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 iowering the voltage value. However, when an
operating voltage of a group of processor cores 110 is adjusted, the frequencies
of those cores need to be‘adjusted correspondingly because the maximum

frequency of each processor core 110 is limited by the operating voltage.
4



4 WD 2004/ 019195 PCT/ US2003/ 026429 [0013] An enbodi nment

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

thermal sensor circuit conprises a tenperature-to-voltage
VEhYEHPEI9210, a | evel shifter 220, a ring osci PEEUSR003/026429
230, and a buffer 240. The tenper ature-to-vol tage
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generates a biasing voltage. This generat ed voltage i
CO@WH%&W&WOWHES? aﬁgf%epelba@%? 2and ?@@Hfﬂ!}allf’é?d% gig. The

enbodi nent of the invention, the ring oscillator
tergpeAtireeto-yoltzna panyarierd1q prasiucesApgetpUt Neltagmbaringra limited

CMOS inverters 232 is an odd integer greater than one in
rangedelror exagepée, dbe catpwyglteag reay gl inHheiragga of Peyuelteio 0.7

The nunber of inverters 232 and the delay of each
volismvéhedeva@shiiter 22{etakesithb aispudheliemparatudeterveitaget he

generated frequency. Each of the plurality of inverters
co@@2tern and gepbmdes @ Hagpinplvoltage. tTHe geseonted3ddltaghds then input to

strength and frequency of the signal generated by the
theodng lolsalllator23.al so depend, in part, on the pull down

transi stors 234 and the biasing voltage that controls
[001yg pul | Fgvihist srabsdistiaitsofd84 .inviention, tes vh,oschi@tor comprises a

frequency of the signal generated by the oscillator 230
plursli§ diumedritere 282, The nLeTRRT A S efaekrd v 3bhe anhedditeger

di ode 214. An increase in tenperature causes the
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t o decr ease, | e "a decrease i n'tenperature causes the
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to I ncrease. uffer ensures t e Si gna generate

v TR S P Bl A s
is EOGHIELME P56 bbAhHFareifor 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 transistors 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 generated 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
osciliator 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
5



conprises a plurality of differential anplifiers. Simlar

to the inverter design 5 WO 2004/ 019195 PCT/ US2003/ 026429
descri bed above, the nunber of differential anplifiers is

O p@YgEPS great er than one. Each of the differ @dttyegdzo03/026429
anplifiers may be biased by the biasing voltage
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controller 340. Moreover, a first counter 310 maybe

gepsiAeedy edevet RiREE2Pher mal  sensor 320. All ot her
counters 310 may be coupled to thernmal sensors 330

[00Heht ed iAN reéﬂb@@mﬂfé@?, aoTMth@“‘@-I'%ms@@m%ﬁﬁsoplfo@@@@tﬁd in figure
cores. The renote thermal sensors 330 are nonitored by

3. t FeisdiNdlt citcuitermptsesa Bualityspectdntess BY). Hashddigheajounters
controller 340 may nonitor the frequency encoded

31t0eapauplad © adigitateontmliér 840 e dddreosaptzefitsieomaterSdisimay be
330. The digital -controller 340 conpares the renote

cotuphgiktcad nefesengatinand lsenkor 3R0. tdinpbeatonetareBdDanag bas
sensed by the reference thermal sensor 320. [0017] For

coapkecetthibdirmahsenforsiBl0 candd dnrerhbie slicgistafiihe did soth @k
340 may conpare the tine in which a first counter 310,

Pré¢&sEer Coys a Thieh$mdtb IRSIM LSS € d30eamb it GieanN®ethe digital
thermal sensor 320, takes to count to a predetermned

cohBbYi8r 330aig dcififly! ihBdilltal @Jﬁﬁ?olfé?%@ ﬁx%?‘?ﬂgn%b%equ ency
310, clocked by a second signal generated by a renot

enEB@éHﬁbnﬁ)%?éﬂfre:ﬁ%tht;éﬁm %ﬂo Cot@&ﬁ?ﬁﬁﬂé@n@%ﬂsso The

val ue Igital controller ntrol's when
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by the reference t hernal nsor

to PRy 2LieeREl 0LQ kg, SUALSEr 310, pcked %»as*ob% et &

rmal ~sensor |g|ta con ecreas s an
B2 S e L0 Bt 8 a0 may
co%é)é:rléetgeq}ﬁ‘lé r:]r? wrh?c : ?lréthcorum%er 310, clocked by a first signa! generated
by a reference thermal sensor 320, takes to count to a predetermined value
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
a processing 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



sensor 330 reaches the target val ue before the counter

310 cl ocked by the reference thermal sensor 320, the

digital controller increases an operating 6 WO

M020090195 PCT/ US2003/ 026429 frequency or an Opecatisags/026429

vol tage of a processing core. Therefore, adjustnents to

each processor %ore ol tage and frequency _are "deternined

freGeaRE ogig) QRFratioa Nplene & aescrRsBEdaIel d eks! Pﬁ‘? ZAdippignents to

overal | conpute throughput of the processor.
cagPraee IR YeHage ANddRAUMNRIEsHelgrodias tmash%elgltal

adj usted by adjusting the phase |ocked |oops (PLL) that
copirelerded@ inerderite neaxmize the oyemlisiomplitedkrengatiof the

within the digital controller 340 nmay determ ne the
pregfasornehe epgragng fiequescy vd gachqyoasssing eommhiaggee atijusted by

if the difference in tenperature between the reference
adiuséingehe gehvaserlo8ed houghsa Aldyihat prlosideatiocketseact38bré.s

| arge, the adjustnment will be greater than if the
[0QH8iper at uk dolditp ftablervadthin nhs riidital cbatrokae®gb mayt det@diniiss the

the frequency of a processing core, the digital
adjumtieat elue3d0 therdouekeyana el vdliRlgel. Mhuati the\iifgemt in

the PLL. The value of the selected multiplying ratio is

terapéiiigid batveder e BfélcpcentBermal SHRATFASY aehRedheR8al
reference thermal sensor 320 and a renote thermal sensor

seRSEr 330 id Rage PHCRESHAL R WIR beldiR atdafds Bhqurrfg@aglrg‘:k

generated by the PLL is dependent upon the se

d;ﬁé&bﬁbé’w‘sﬁ%llr el*dr%xe{n%égio Aljuer ﬂ%fr&@ué(mcé;f ?%é@#ﬁé‘&ore the

val ues may be a single step val ue
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structure of gene pr OCGSSOI‘ clo
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oS5 5 T RSt ML,
depgndgr?t t?r?o:g%he sel'egter &iprlly%ng 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 terperature between a remote thermal sensor 330 and a
reference thermal sensor 320 is greater than 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

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

less die area than a look-up table implementation.



power di ssipation on a processor, it reduces the design
conplexity and takes up |ess die area than a | ook-up
tabl e inplenentation. 7 WO 2004/019195 PCT/ US2003/ 026429
woRa}1bes anot her enbodi nent of the invention, HdwW@Us2003/026429
digital controller 340 conpares the nunber of signal
transitions of a signal generated by a reference thernal
[00R6idsor 3Foragaitstennbedimaniaf tbe invepiian, thedigital sastreliers340
signal generated by a renpte thernmal 'sensor 330 over a
corgpeess they nahbef of sigeal Fassitionatodessigngl genarataskly eorefengnce
the signal transitions fromthe reference thermal sensor
theB@@l aBfsot 320 mgabisetitehrumider o sipral ¥2Msitiopsalfsa signal generated
| arger the count val ue over the given time period, the
by eaenestettherragnsarbon3sd. ovidrus givieh pdribcaoketimel THeecounters 310
reference thermal sensor 320 is determ ned to be cool er

ard 864 tdh 8oahEmedigfal druRtidraNBbam Hesf@lenceansenalséhsdriB20 and
digital controller 340 reduces the operating frequency or

thd RfFnoRPBERhENSeRrtFlesighaldleTG RAEEFtHe 60IR iludleELthe ?iven
that renote thermal senSor 330 is located. Simlarly, i

tim&(:k?er%(thchotok’@r h&elseheBaerbheRls, 8RS Ared &P thSreference thermal

t
termned to be hotter than the area of the renpte
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operating frequency or the operating
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to be regarded in an illustrative rather than
34p dagigases e SPeEinasroE SRRUP L P 0BCTAENDYeNE8S /A 3B] Pyocessor

core of where the remote thermal sensor 330 is located.

[0021] In the foregoing specification the invention has been described with
reference to specific exemplary embodiments thereof. It 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, {o be regarded in an

illustrative rather than rastrictive sense.



CLAIMS What is clainmed is: 1. An integrated circuit (I1C
conprising: mprocessor cores, wherein mis an integer
reater than one; n thermal sensor's coupled to the m
QW99 ores, wherein n is an integer great ePCTHEI003/026429
one, wherein the n thermal sensors provide signals
CL[PﬁE{ senting the tenperatures of the m processor cores; a
| managenent unit coupled to the n thermal sensors
to nonitor the tenperature of the n thermal sensors,
WP SAMS5hISt her mal managenent unit maintains the m
processor, cores wthin a predeterm ned operating
1-t’éﬁﬁ’éﬁe§f@@9 C"icémglé) ‘"Z?mﬁ’Hg'”lgC of claim1, further
conprising: a cache nenpry coupled to the m processor
cor &8 Pracessqs corsswhergiminis gthrieger greaterbapgqne;
managenment unit adjusts the operating frequency of one
of Ml hested sensesraeypiad htheof presepsemearegl Whensirsis an
exceeds a predeterm ned tenperature. 4. The IC of claim
intggenpegaiehthaneonsovimereimtheayg dhemnalgsnsossi pravide skgnals
operating voltage of one of m processor cores if one of
repriesenting énendémpersdores ei}dbegdpracessadsires;m ned
tenperature. 5. The IC of claim1l, wherein the n thernal
sensotherarad nEreEcedarit 1pot emiplad tbéhe nshetraabserdwrs to monitor the
processor cores. 6. An apparatus conprising: a

ternpapstued of thd 0tlvahiglgensors, eviiasirciteciiietmahreihaeiinmeritcurdt
vol tage dependent upon a sensed tenperature of a

mANRLRS §% I pRLeSsMTARAALIHIA LDprdielé SRR YAt temperature
range.
2. The |C of claim 1, further comprising:

a cache memory coupled to the m processor cores.
3. The IC of claim 1, wherein the thermal management unit adjusts fhe operating
frequency of one of m processor cores if one of the n thermal sensors exceeds a
predetermined temperature.
4. The IC of claim 1, wherein the thermal management unit adjusts the operating
voltage of one of m processor cores if one of the n thermal sensors exceeds a
predetermined temperature.
5. The IC of claim 1, wherein the n thermal sensors are placed at potential hot
spots on the m processor cores.
6. An apparatus comprising:

a temperature-to-voltage converter circuit which outputs a voltage

dependent upon a sensed temperature of a processor; and



a ring oscillator coupled to the tenperature-to-voltage
converter circuit, wherein the ring oscillator generates

a digital signal having a frequency which is a function

BfO ¢4/ 08BASed tenperature. 7. The apparatus of CcIP&TYNBP03/026429

further conprising: a level shifter coupled to the
t enper.at ur e-

tp-volt converter circuit wher ein, t :

| ove ngaeecuprsmus T 1S O EriEratib i taiipad Fadhdr treut,

tenperature-to-voltage converter circuit, and,generates.a .
wiarln 61 81 8SOSiOTRENSEREEA 191 SEnal FrvinG i EPEHRNEYEhich is a

bi as vol tage generated by the |l evel shifter biases the
functinn ektie $ensed teoperRirgppar at us of claim 8, wherein the

ring oscillator conprises a plurality of inverters,
7.wWhbeanppasals rclairedpiut@ricompisingverters is coupled to

a pull down transistor that biases the ring oscillator,

10. Thwehpbiieacaupisd tol thertpeparpreita-volaggicpnvertesicyauit.

frequency is proportional to the sensed tenperature. 11.
wigreirapEaleselshitier ot ad sriheOovoligger eittput fremuthg teahpeiiagua-to-voltage

frequency decreases if the sensed tenperature increases.
cahertéheirapip andtgesevhtesl aabrasoyolfaget her conpri sing: a

counter to count a nunber of cycles of the digital signal
8.0k appreatuedofadlaim Tewhetdin thhdiappalitade genbratkdiby the, level

further conprising: a digital controller to conpare the
sHItODBIEseS tisy hgvsefilatdhve digital signal to a reference

val ue, wherein if the nunber of cycles is greater than

9.t heer &firanaeor Uainy' 8, wiHeeePRBbatHd8sdinaereamprises a plurality of
decreased. 14. The apparatus of claim 13, wherein an

JERL SN pLIPEPFREROEy d Sodan sl ot
transistor that biases the ring oscillator.
10. The apparatus of claim 6, wherein the digital signal frequency is proportional
to the sensed temperature.
11. The apparatus of claim 10, wherein the digital signal frequency decreases
if the sensed temperature increases.
412. The apparatus of claim 6, further comprising:

a counter to count a number of cycles of the digital signal over a period of
time.
13. The apparatus of claim 12, further comprising:

a digital controller to compare the number of cycles of the digital signal to
a reference value, wherein if the number of cycles is greater than the reference
value, the operating frequency is decreased. |
14. The apparatus of claim 13, wherein an operating frequency of the processor

is increased if the number of cycles is less than the reference value.
10



WD 2004/ 019195 PCT/ US2003/ 026429 15. The apparatus of
claim13, wherein an operating frequency is decreased,
wherein the digital controller adjusts a phase | ocked
MEORPUMILEYS wherein the PLL provides a clock toPCHEIS2003/026429
processor. 16. The apparatus of claim15, wherein the

di-gj t r | ust Ltiplyi ratio _of the
15y Gondfls 88l A Wiietel i bePerfilieni St nlHegreared.
controller..adjusts an . oscillator ., 0 e PL. 18. A .
wiEB e heR BetRls a fidinoSked Boe ook Wpeiein thePLL
t enperature, of the systemand generating a first digital
pray! a@‘HBWFHb&E?W?%ﬁ%EREy representing the first
t erature; a second thernmnl sensor sensing a second .
16 %?%%f@éi%@f Sgan ys MaraRdtheqigitzl aonteligr aeiusie @ multiplying
digital signal having a frequency representing the second
rafierpE1abPlke, wherein the second tenperature is a
reference tenperature; a first counter coupled to the
17¢ iThe apprypE ofsdlaisa rl Samdasalibihedigijalideatrolles adjusity anascillator
signal, the first counter counts in a first direction in
of thesPbhse to a transition of the first digital signal
and a second counter coupled to the second thernmal sensor
18afdsystabl esnpsisinge second digital signal, the second

counter counts in a second direction in response to a

t r arssiist trerofal sbassesemsindizgiitsaterapgrmlire dBtheigteysaram
of claim 18, further conprising: a digital controller

geneugtireda fiesttdigitdlisigialtauigl feaflidrts reprmhtiegURbaTrst

wherein the digital controller conpares the count val ues
tedbetdtard;i rst counter and the second counter, wherein if
the second counter reaches a target val ue before 11

a second thermal sensor sensing a second temperature of the system and
generating a second digital signal having a frequency representing the second
temperature, wherein the second temperature is a reference temperature;

a first counter coupled to the first thermal sensor and enabled by the first
digital signal, the first counter counts in a first direction in response to a transition
of the first digital signal; and

a second counter c‘oupled to the second thermal sensor and enabled by the

second digital signal, the second counter counts in a second direction in response

to a transition of the second digital signal.
19. The system of claim 18, further comprising:

a digital controller coupled to the first counter and the second counter,
wherein the digital controller compares the count values of the first counter and

the second counter, wherein if the second counter reaches a target value before

11



WO 2004/ 019195 PCT/ US2003/ 026429 the first counter, the
digital controller decreases an operating voltage of the
system 20. The system of claim 19, wherein the digital
WOrropHP19895 adj usts an operating frequency of thBCEHYSEEH026429
21. A nethod conprising: programm ng a tenperature trip

int to,a thernal n ment unita. ' '
tngtaeoto g HERaL FORERIdT b ahesan S rafha d8udoe el the,
a first and second processor core; and adjusting an
SY8i%Rati ng frequency of the first processor core if a

tenperature at a thernal sensor, jn the first. processor ..
200 e VREERS TAE 18y BEICER eI SRR canide] PO AROPes3ting
The nmethod of claim 21, further conprising: adjusting an
frasp@ngyioh e 8Vei&ge of the first processor core if a
tenperature at the thermal sensor exceeds the programed
2% prataed cemnnisingoi nt . 23. The nethod of clai m 22,
wherein the operating voltage adjustnment is nmade )
accaregramuing al teokearpturelrie poitided thearmal gnaragemengunit;
programed tenperature trip point is exceeded, the
gr eanenitofireg agBuealitngf therrey eensomsdplased dn adarocBhsomiaviod a
of claim21, wherein the plurality of thermal sensors
firstearsek setend peoqessat ocoee;andd fl oating point unit of the
first processor core, 25. The nethod of claim21, wherein
t he gdjustilg by apferkiieg freiqueseanoy of shefirss rotessdrexyperifed ur e

of an integer execution unit point unit of the first

teRIpREERFO Bt @Gh8rmaLsensor in the first processor core exceeds the
programmed temperature trip point.
22. The method of claim 21, further comprising:

adjusting an operating voltage of the first processor core if a temperature at
the thermal sensor exceeds the programmed temperature trip point.
23. The method of claim 22, wherein the operating voliage adjustment is made
according to a look-up table, wherein the greater the programmed temperature trip
point is exceeded, the greater the operating voltage is adjusted.
24. The method of claim 21, wherein the plurality of thermal sensors sense the
temperature of a floating point unit of the first processor core.

25. The method of ¢laim 21, wherein the plurality of thermal sensors sense the

temperature of an integer execution unit point unit of the first processor core.
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