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Ther mal Managenent of Multiple Core M croprocessors
WO-REWD199B5 THE | NVENTI ON [ 0001] The present i nvRCI/US2903/026429

pertains to the field of integrated circuit design.

More particularly, the present invention relates to a

An i parcitas for Hipgranal Manhgenidnd ofVialgipie Clore licrbprosdssors
and power managenent of multiple 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 elenments, such as

FIELDr@hdlitt ONEENAHONesi stors, fabricated on a single
chip of silicon crystal or other sem conductor

[0001at eri dthe presenidinopeticri perainato theisid s umtegratedircuit
causing the tenperature of the ICto increase. An

desidiV %B?@ngﬁﬁich@rlg?fhe%b%hi Vet FeiAtes arrﬁg

nd
performance and even operation failure. 003] A

. . P

conaf I8 AETa o4 e MIGE BT sl flle e & muiie
m croprocessors i s.toward increased power consunption

proc%ﬁ?&”&B@ WheisBIe % every new micro-architecture. In
particul ar server_ cl ass processors having nultiple

BACKERQAINE OF Jrtdls INVENHON:al |y power |imited by

i ncreasi ng processor density. A processor core
[0002])y pi calAryintegratedesirauit (IChista detice nonsigtireg of a naimber of
i nput/out put bus, a floating point unit, an integer

conn@yedwincan elaiments, 8udioas aengistere&nd redistareRabrit8Hdn 30
hel p reduce power dissipation, thermal and power

singl PSSl )4 E o RERR GHAGR A 3QBALELF, on
1 oSO AR L GRPLAR R v e
overheated IC 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 particular;
server class processors having multiple processor cores are typically power
limited by increasing processor density. A processor core typically includes 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 cores on a single IC is desired. The goal is to achieve



reliability Iimt for each processor core. BRIEF
DESCRI PTI ON OF THE DRAW NGS [ 0005] The enbodi nents of
w0 b@4fporasent i nvention are illustrated by way PET/US2003/026429
exanpl e and not in the figures of the acconpanying
draw ngs, in which like references indicate simlar
maximuaesmputsitirouyhphit eliile Kepingthiegunetionstenraratie bejow the
mul ti ple core processor floor plan having nmultiple on

reliabilit¢ liffSroFBhCIS BRR@s8or &bfe. | B is one enbodi ment 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 thernmal nanagenent

' i i1t e frequency of each
BR'%%@@W&@%&B@&%@ | PTI ON [ 0006] In the
follow ng detailed description,, nungrous ecifi
[0005et ai | S her embadimenss ohthePrssgat 'nvsnm'befedﬁga"?tﬁg&&’u‘@’ﬂy of
under st andi ng of the invention. However, it wl]| be
exampielendtrmb ih the figuses of e aeepmpanyieg drawingst ingwaich like
present invention nay be practiced w thout these

refer8RESE ihdfcate tidilas eldmemntshard innstiances, wel | - known
nmet hods, procedures, conponents and circuits have not

bgan q%i?dn*é%i)éﬁiﬁfﬁg%“g@ ]asrﬁulfﬁﬁler@ire précédsee floer plad having

present 1 nvention. Figure 1A depicts a nmultiple

multiﬁg@gBr@?t%ggrﬁg{%én%%rglavi ng multiple on- die thernal

S entbodi nent of the invention, the

mul tiple core rocessor. 100 conprise ' or

cdrits Tt one-embRR naTE S AduseeTor ov 300d An gk of

PCT/ US2003/ 026429 cores 110 is an isol ated processor
therroal $81$0E8isi ng unit. The nultiple core processor is

not limted to having eight processor cores. A
priice sisronecerabodiynent 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,
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



conprise a floating point unit, an integer execution
unit, a LO cache, and a L1 cache. In addition, a
wpe@eesdes core 110 rmay conprise a plurality oPCT/OS2008026429

sensors 115. A processor core conprising a plurality

of thermal sensors 115 is depicted in figure 1 B.
cored POD8] arFmolatbd presessdr oeprocessinga!ritavErR MeHiple gere of

the processor cores 110 is coupled to an L2 cache
procesd0r isTHE IPhigsERIRviPeimt pidtessomesres, Aapmaessor core may

limted to having an individual L2 cache 120. For

compié%?ﬂS%tgﬁcd;ggiﬁf %@59 tsgr@xecdiéh URY, HEO ¢aLhbeshd a LA

d a The processor cores 110 and L2

cache r t [ i/ drita

cachgn i S00HRR, ApTa i it Flib ey R Pty Pl ity
serves as a hardware interface betweep,t ' :

sense@ 5 Bseesieonkaresv BpiEng HabrubE SrashelBehids das is

located in a central location of the die and receives

depiatea in Howneuts of the thermal sensors 115. The ther nal
sensors 115 may be placed near hot spots of a

[0008’{10068 For thisremBddimenti ohthessinvatidn, eachrad the precasspt coies
t

e integer execution unit. A processor core 110 may

110 i8¥8pRd i HEL2 ehch®t 26 Pdthe. prbbessoraored it@| dwewsr, are not
thermal sensors 115 nay be used for each processor

Iimitegftro%éu'rq aBQrQ(#i\%uglrLeZ I%%‘}QO. F eQAmpldIehé %l%;s%bﬂb@res

the thermal sensors and ensures that t
rogessor 1 del i ver e maxi mum t hr oughput wi t hout
110 '{E‘ﬁ}’ %%‘Eu@%gfo_r%%’@l%ﬁ@%he maxi num al | owed j uncti on
enper at ure. e TMU 14 na e pro d b

(000851 | vex E'¢ BrasB59n TeF HAOHATEHES GO M0 STéhPORRIRR 12 26

to give priority to a few application threads_runnj n%
inputtoutpbie(I )otisand adbetrnel raapegrBentanibaY 1480 The 1/0 130

exanpl e, the TMJ 140 may be progranmmed using the
servePas at hardwasy BitenfaceSbSF2OHEMMONIPE TS /PUSHEESI @he4adernal

[0011] The TMJ 140 controls the operating frequency
devi@dtd PRETRIW RGO is located in a central 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 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 others. For example, the TMU 140 may be programmed using the operating

system.



vol tage of each processor core 110. For this
enbodi nrent of the invention, each of the processor
weee®199d has a different operating frequencyPCTHiFE1003/026429

the entire processor 100 only has two voltages. The

top processor cores 110 of the processor 100 operate
[0014] a fiTke TM tld§eoatrals the apsratiie ieadenryycandeperatingo

operate at a second voltage. The invention, however,
voltage dafaachi proteskdreoee p10c Ess this ehtiibdimenhof theligvention, each

operating vol tages. The frequencies of the processor

of th%ﬁfr&éessb*%o?ésm fPRsE bi&@nt BpsRitiag fidtRichiay, white the entire
equencies the cores 110 can run at each operating

prock L4 T RS 58HCTHE ool Bk pRzartl
oo BRdAPHR SIS B SRR T BB s 380G 10

i npl enented using an adjustable trip, point., en the
operatggba seaprd yeltageyi e inventispoRows e Nt timiteg: o processor
trip point, the TMJ 140 is notified. The TMJ may t hen
100 hdyingtorintwd pperatingyottagesiail hedraspiessies of dhe pragesser cores

the voltage of that group of cores to reduce the

110 bReEoBIdinaled 36 pritclptheomakineurhdte gepiciest the lwekesvi t dean run at
trip point. Note that power is defined by the

eacif'd él%?iﬁh%ltgé. YAus tﬁe*fré%@%i@téﬂﬁe }dp phRIeBsbY cores 110 are

represehts power, V repreSents voltage, C represents
._.capacitan ' f y, i ,
imitd B3 he BEouAOE abe the poREr, P BRESHToren B REHENLI G

| inearly reduces the power dissipation. Alternatively,
se%bﬂ)éﬁt%)é- a processing core 110 may be reduced by

| ower i n% t he vol tage val ue. However, when an , :
[0012}er at | hhetheneajsensors roomaydre ipRlemesind esing anmadjustable

adj usted, the frequencies of those cores need to be _
trip paiptistwencthetemperatiregbfya giveausd sphtexeeddsithis preset trip point,

frequency of each processor core 110 is limted by the
the PSS 40 ROnMFIdaTEhe IO AHER BARRD tHIROre 453 TRaH 29
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. 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 frequencies

of those cores need to be adjusted correspondingly because the maximum

frequency of each processor core 110 is limited by the operating voltage.
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[0013] An enbodi nent of a thermal sensor circuit is
shown in figure 2. The thernmal sensor circuit
w@ovpniges a tenperature-to-voltage converter PADUSHE03/026429
| evel shifter 220, a ring oscillator 230, and a
buf fer 240. The tenperature-to-voltage converter 210
[0013fay corpr embodimaritef ertbermaksernsop cigdit is shawmia fighrede The
214. The tenperature-to-voltage converter 210
therniil @@nsescieduitccsrmprisesal texgpeatwiertg-\altaigeicoasierten? @, a level
For exanpl e, the output voltage may be in the range of

shifte? 230V 8lriny d&tilfhtdr 230 1ngl a Blfet 24@! TRBitéimperatdfe-toaksitage

the out pdt of the tenperature-to-voltage converter
i _ - Thi g
conv@eh SRIRIE Endns ST Bfeed 188 212 ke SRR URGIg 214. The
0Q14], For this embodinent of the inventi [ ;
tempgERlHieH e JotagB T BBST 4 10 groguga gn BRI yafRas bGgb nited
The nunber of CMOS inverters 232_i§ an odd iq%e Fr
ranggyr EQf example theeuipyt veltage mayabrthedanae 8§ YFg st00.7
signal having a frequency. The nunber of inverters
volts 2 Thedadeltdhiftetél2ytabés thecoutput of thertepgieratrede-voltage
oscillator 230 help to determ ne the generated

convéfeaaed g¥nefzaed a diasimevoltagel Thig generatednottage 28then iaput to
coupled to a pull down transistor 234. The strength

; ey of the signal generated by the
the r@gf:blslfcplgtor 230 al so depend, in part, on the pull down

0014 21 8 i e B UL At 3hE RS B3R Hebe
pureb ST ta S 2, T AR S NS T 352836 ol lrocer
thermal di ode 214. An increase in tenperature causes
greatenghan enednoidesito graerate Adrgglinesignabnayng adrequency. The

oscillator 230 to decrease, while a decrease in

numbb@mgfénadriers 232umektherdeldy efjeacttinvefiet B32 én theadscillator 230
generated by the oscillator 230 to increase. The

help BYE&ERIMADL RatetTrodtictingl Exmhesfahe piurglityof inverters 232
oscillator 230 has enough drive strength to reach the

s cofff 033 4500 BAOMLA 2P Enahordep ey e sionl
geneg%tgigaryetg]tei o"’lslcil%?gnorI ifif()I 4153 'degiemi,l ﬁrpére otnhtﬂei ﬂ]u\ﬂedotvﬁ{ transistors
234 and the biasing voltage that controls the puli 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
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
5



WO 2004/ 019195 PCT/ US2003/ 026429 descri bed above, the
nunber of differential anplifiers is an integer
w@e@aner19s han one. Each of the differential an@i/U$1083/626429

may be biased by the biasing voltage generated by the
| evel shifter 220. [0016] An enbodi nent of a TMJ

descibed @boventhe mobersifslifferentalaroplifiers is an giieaer greateyithan
TMJ circuit conprises a plurality of counters 310.

one. Bagth of tHehdifferamtinkamplifi® may belndssdl bythee biagingaloltage
controller 340. Moreover, a first counter 310 may be

genc®aienl Retheqedel sHiftdrepee thermal sensor 320. Al ot her
countérs 310 may be coupled to thernmal sensors 330

oorkE BRI S LR g
| gLt al 0, . Speci fi i qi
3. TG e RSPy of Soelefty EaghpaisSbirters

tenmperature information _fromeach renpte therngl
310 iscipupledstena digial centialies 3400 Aersover. st e%s?@%ofw be
renote tenperatures against the |local tenperature
couplexf ter @ neferercesthesvdl $8nsond20efAdretheecotnrtermd 1@ Baydve
320. [0017] For one enbodi ment of the invention, the

couplédlid thleranssmddre 3304étatey in rampiar arebbef thendiei suchiasch
a first counter 310, clocked by a first signal

procESEH &S TRY rémb®S MePMefséMRIraBBOREIN6NIREEd blyake gidital
count to a predetermned value against the tifne it

(o] n : .
contlofigf 50 5uoPAR g SNaEbarilior SHETHEY rithir FigBGuency
reach the sane predeterm ned, val ye. The digit
encadg A PBINEAIG BTSRRI O RAT TRELS (A Bl SeTdeeag The
~_and stop counting. |f the counter 310 cl ocked by the
digitalsronitretiee 340 epmparesifedensie teraperpiyresiagaingd iR iocah| ve
bef ore the counter 310 cl ocked by the renote thernal
tempezatsioe réf@fencet desehisgidt ) theoeferente thereml sepesr 320.
operating frequency or an operating voltage of a

[001 P] oces sfF&dor® efmbotiméritl dfams irtvieditiohf thiehdigital woherollSl®40 may
cl ocked by the renote thermal sensor 330 reaches the

comé@rfegﬁé RS E’rﬁwﬁ%fhoé first ESUI‘?(%E 8‘1 9{ ﬂ%&l@ed: b? %:ﬂ‘ﬁgt 4 rr%l nerated

_ rence ermal  sensor e digl con 1 er
by a'rg%?gﬁgee%e?ﬁla?ggﬁsaotr'3%, 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. |t 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



6 WO 2004/ 019195 PCT/ US2003/ 026429 frequency or an
operating voltage of a processing core. Therefore,
wa@ojustareht s to each processor core voltage apPdI/usS2003/026429
frequency are determ ned by the digital controller 340
in order to maxim ze the overal| conpute througlziput of
frequehey openceparating Toltagspefraprargssingdqiesacy herefakgs fladjustments to
processing core may be adjusted by adjusting the
eachijrasesdordorel vbltagsaidPireuehey ape detedaineslddnkihet digiézic h
core. [0018] A look-up table within the digital
contr‘téﬂgnI ?4?(*) hfbrddd fo AkirAREanBIoVRrdINGomBGieUhFdTRIMbuY 8f thes t o

requency and the voltage. Thus, if the difference

ook SRS G REGTES G BRG0P LR Bl 5eAgRced b
S T NN R PR e

frequency of a processing core, the digital )
[0018bnt r o|/r~iqok3t4@ tahlg withgkthedigitahpontrellgr %fgo may; deteEnine the

of the PLL. The value of the selected nmultiplying
adjustatent vakies tbuhe frequendy ahe thi YéltagencEhus; ifttbasfference in

bet ween the reference thernmal sensor 320 and a renote

tempehgiuf@ beffssiPthedferbiice thnabsensersd2Wand baembite thermal
frequency of the clock generated by the PLL is

sens%[E @§5‘#sef§r%é‘ PhB étﬂ%t@%}'lﬁgﬂtilﬁnlgenp’lf’éétépfhéhrlﬁtﬁe%hfberé@l% 9]

ternatively, t val ues may be a single

. Step.va . r : %o : 34
aifergF8,f 3l e g S Bo o ing FRaBhof B blycesing{cbre. the
.. that ne es rocessor,. cl.ock... Under is
digitalonubink 440 Brey a8k TRLYIES [ Yate L RLLehevalue
tenperature between a renote thermal sensor 330 and a
of the se multipdying Iratieisso furgtioniof the diffesenaeafemperature
specified |imt, an adjustnent in frequency or
betweehtthg eeferéncebihemadiesdnsor B20dingi @ e#motertheohaksersod 330 in
the step value. Wile this single step val ue

et BSSAREBTEcRfopof o et nar e
depeﬁfggﬁggfgéﬁpmﬁg%tegﬁlagﬁymgly"l@agﬁioqi e area than a | ook-up
[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 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.



7 WD 2004/ 019195 PCT/ US2003/ 026429 [0020] For anot her
enbodi nent of the invention, the digital controller
wW@2d4/0canpar es the nunber of signal transiti onBCDUSH03/026429

signal generated by a reference thermnal sensor 320

agai nst the nunber of signal transitions of a ? nal
[002gEner at Bor amgther ehodisneniaf #he invention, fb@@l@tﬁércoa rgllereto

period of time. The counters 310 are used to count
compaesthegmimbararisignabtranéitions ohe sigrfat genemtedh by reateference

sensor 320 and the renote thermal sensor 330 signals.

therrﬁEPsér?é&@?Otég%lm% nMalbee oP ¥Ryhal féngitivedof 4 sighal generated
period, the cooler the sensed area. Thus, if the area

by a%mtong I{eer ggﬁ rl¥y (Waéro% §|98ﬁ Veriad bf 't|t°’nepl eTﬁ’é %Uﬁ@ré 810

bé COO er e are given renote therma

are gt gt m%%ﬁe%'t&a tiorf 0@3&3%@%%% RHfEP g/ \hr 920 anc

rocessor core of where that renpte thernF sensor , 330,

the reate daereeal ssnsen 330 signals. { o (&/aar tBe COMB valiig/ues the given
thermal sensor 320 is determined to be hotter than

timetgeeiods e cdolehthersemsed arear Thus siéthsoarea3y the refegenrge tiermal
controller 340 increases the operating frequency or

senddre20(€ daterfignatd lsg eooler thun fhecareasuia given ecrmbtethermal
the renote thermal sensor 330 is |located. [0021] In

sensyg%sfoo &i:%nsl SRENEF 540 redLddiank ™ Fétlr@fré@feﬁt@@? the

scri reference to specific exenplary

ore e B R U BTy g soneor 59
o o A SRR L e R A e

claims. The specification and draw ngs

are

to berbetiethagl ihe area g&theergmqi@ahqzrm%l@ensm 32Q.rthe digital sppkeller
than restrictive sense. 8 WD 2004/ 019195

340 RCTEASIDNR a4ty fréjuendy aNthe dperating valthgesof the processor

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, to be regarded in an

illustrative rather than restrictive sense.



1. An integrated circuit (1C) conprising: m processor
cores, wherein mis an integer greater than one; n
wo benoed19sensors coupled to the m processor coOPEBUS2003/026429
wherein n is an integer greater than one, wherein the
n thermal sensors provide signals representing the
CLAlMSmper at ures of the m processor cores; a thernal
managenent unit coupled to the n thernal sensors to
Whatrdldintedise tenperature of the n thermal sensors,
wherein the thermal managenent unit nmaintains the m
1. A?r‘ﬁfé?f’&% mg@g@ycbmzmismgqr edet erm ned operating
enp :

rature range. The I C of claim1, further

c r : a E ocessor

C AR gl T r R TR Y 4 MR e R Rl

managenent unit adjusts.the operati r cy of

bR o cBpbIERaLhe o BREBhO foret FEEATH ©an
) sensors exceeds a predeterm ned tenperature.. 4. The
integeCgegater Hiamone, whereinihe dheraaksansoss BIVIR BiIonAls:

adj usts the operating voltage of one of m processor
representingitiie tersperbturhe of thehatr preiceserrnres,exceeds a

predeterm ned tenperature. 5. The I C of claiml,

whetirmal ffinagehentahit senpledstoahe nitheneal senspos tnmrioaitor the
hot spots on the m processor cores. 6. An apparatus

temp%?értﬁﬁé Sf (& n therPEPSERIAHs SwhErei® tHe R reaNYRINagENRINt SHitt
whi ch out puts a voltage dependent upon a sensed

b RSP h8 8S FARH O e A Bipperauro

t enperature-to-vol tage converter circuit, wherein the
ranggi ng oscillator generates a digital signal having a
frequency which is a |
2. The IC 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 the 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



function of the sensed tenperature. 7. The apparatus
of claim6, further conprising: a |level shifter
w@ouwphedIs o t he tenperature-to-voltage convertBCT/US2003/026429

circuit, wherein the level shifter reads the voltage

output fromthe tenperature-to-voltage converter ,

cia tog psailatoy caepledde the terreratiredg/oltage PRaVaRBaFiEGUIS

of claim7, wherein the bias voltage generated by the
wheregveile rimbédilktobgesastashe digitaysigaal hainga. frajueriey which is a

apparatus of claim@8, wherein the ring oscillator

funcfigHTBY hieendeBtathpbidtred  inverters, wherein each of
the plurality of inverters is coupled to a pull down

7. TQ%?&’?’E‘?%@E(S’?E@I‘“&%@%&@“Mﬁ .oscillator. 10. The

erein the digital signal

freguency..i s pr tponal  to t : .
118 TOVRLSHaEeclinned b i Bmper i YERRGY rbURER R
signal frequency decreases if the sensed tenperature
whereift iediouel Shifter reags i upAasOWPUE A iNe (ompEfffdFe-to-voltage
conprising: a counter to count a nunber of cycles of
conventer dirgiiit ahd geperatepadiasaveitageod of tinme. 13. The
apparatus of claim 12, further conprising: a digital

8. Thedpparaies of elavarmartertiretheidevoltdgecyerieratar by tee level
digital signal to a reference value, wherein if the

shift& Bsss He fr,,)@b?@"étgr'greater than the reference val ue,
the operating frequency is decreased. , 14. The

o, THRPRHENEs B oB € ira RS GRS Sfhafedd SoTaY o
oS SERou sk 1S RSB tEse SRAPIEr G 4 AR
trans\?Qt%; ?riar’} b?anse%%ﬁé ?itnign(?scfillra?grlfency 's decreased,
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.
12. 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



wherein the digital controller adjusts a phase | ocked
| oop (PLL), wherein the PLL provides a clock to the
wpe@ensdes . 16. The apparatus of claim 15, wheP€@l/nS1008026429
digital controller adjusts a nultiplying ratio of the
PLL. 17. The apparatus of claim 15, wherein the
15. Tegappdratusrafotaimet 3, aversinsanopedingl feaqyrencyfis deereased,
18. A systemconprising: a first thernmal sensor
whergfniendigital Conbliéreatjeststaipieass locked opt @Ghlgnaherein the PLL
generating a first digital signal having a frequency

proviH@QraeaS&foﬁﬁet 8cdddoyt tenperature; a second thernal
sensor sensing a second tenperature of the system and

ener at i | Qi b Iys I [ : My
16. FEFREURER & JAEP LS G Tl dRR ool PRt Gying
. second tenperature is a reference tenperature; a first
ranoégﬁﬁigFLcoupled to the first thermal sensor and
enabl ed by the first digital_sj%nal, ﬁhe first .
17. Gwuapraratiswficiaim 15, whersin e digtalgontie Ip@gg@ﬁg%a@ gsgillator
transition of the first digital signal; and a second
of the®Wlht er coupled to the second thermal sensor and
enabl ed by the second digital signal, the second

18. A QYstefi caphdiAgi N a second direction in response to a
transition of the second digital signal. 19. The

Sy ti%‘ﬂ 2 QEg%%%eﬁs?Hgtg ﬁgst(f&'ﬁ%'fa%fé%f thediyatdraland

controller cou to t Irst counter and’the second

genciai & B e WAiNGH Y et SyfOTRefRs '

counter, wherein if the second counter reaches a
tempesaiye?: val ue before 11 WD 2004/ 019195

PCT/ US2003/ 026429 the first counter, the di?

comseodncthedvel serags seRsinigad 8e¢ay epRaghire0

ilﬂflélsystem 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
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system 20. The system of claim 19, wherein the
digital controller adjusts an operating frequency of
wo b@4pydavem 21. A net hod conpri sing: progranmP@mus2003/026429
tenperature trip point to a thermal managenent unit;
moni t ori n%'lﬁa plurality of thermal sensors placed in a
the fissbemuter theadigitgl contrdlies teareases eprapasatie ¥aelkrge of the
and adjusting an operating frequency of the first
syst¢@mocessor core if a tenperature at a thermal sensor
in the first processor core exceeds the programred

20. Tﬁ@@gétémf%lénm H’QPthEFem B dibisl dBrithMer afljustaamopérating

furt conprising: adjusting an operating voltage of

I ssor core if a tenperature at the
freq@%?clyfrpgtﬁés éstgir:r?exceeds the programmed tenperature trip

The met hod of claim 22, wherein the

. 23,
21. gﬁ%??ﬁﬁ%ﬁ%e adjustnent is nade according to a

| ook-up table, wherein the greater the progranmed

t ePISSFANIIRG ArteRPeFLR trlpsp@;at:@e%mrmah @\aj}a@&mn‘f%
operating voltage is adjusted. 24. The nethod of claim
2 1monttering a plivalityl afitheimgl sehsoreplaaed Jeaqroeessondavings
tenperature of a floating point unit of the first

first an@seseM pesso2sorefaadmet hod of clai m 21, wherein
the plurality of thermal sensors sense the

: ﬁgzﬂag 5 gt‘érgpg%gaz@grﬁé@.%cy%ﬁﬁé‘ms@ BrotddsoPebrd ifani t  of
temperature at a thermal sensor 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 voltage 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 claim 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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