, ope3edBa4" 6TBFK! -1 FEB 2005 1 SELF REGULATI NG TEMPERATURE/ PERFORMANCE/
VOLTAGE SCHEME FOR M CROS ( X86) BACKGROUND Today, very few alternatives
exi st to control the nicroprocessor's power and tenperature when a 1 FEB 2005

m croprocessor . is running. This is true for both nobile and desk-top
personal conputers. A mcroprocessor systemis often designed assum ng that
the m croprocessor will be used continuoushy at its worst case power

di ssi pation. Extensive systemverification is perforned to ensure that this

design condition can be net, before the product can be released into

production. Today's m croprocessors feature nmultiple reduced power states

whi ch can be activated when the m croprocessor systemis not busy. In X86

cl ass m croprocessor h features _are _usual called SIMWM (System
Sepk R

Managenent Mode). Po HHﬁFFgﬁ EQHPEQATg%EkéﬁRFgR%?%SF ssively | ower

| evel s by: Halting |ogical operations within the m croprocessor Stopping
the clock to the mcropr T I 0 ff t,he m croprocessor
These are particularly uggﬁﬁﬁ&%%a(gﬁggp%ggzﬁ@%?ﬁé;d%gggnal conmput ers where
the battery life is limted. -1 FEB 2005 2 However, all of the above
procedures are course counterneasures that conpletely stop productive work
by the m croprocessor. As a "fail-safe" node, sone systens have installed
power sensors with external |ogic tBAERFROBIMN the clock in the event of a
thermal overrun. Wen this "fail-safe” node is activated, the resulting
performance degradation can _be quite seyere, i,e., ten times. O her
nicroprocessorggﬂ Y nnBGaYi 6RY §éEErP6tb$%?a?%l?Eetﬂ1%?%B?Bieggﬁr at or

near sone wPecohteck Operaki pgwehanaat eenpéirasur&. ghen US RatespbrNeessor
5,488,288 to El mer teaches the use of a volta regul ator that responds to
tenpefatur%saﬁ%P%%%%ESSygaPiéFigﬁgeaﬁarc%ﬂﬁ%ﬁgg?%ggf%?és%?? h%ﬁ& speed

+ fluctuati ansrdyngkenermpithgran i At sinabpopeeatdngsyotemges andteontrolling it

such, that dd.£ampensalen 0 chhesenLl HELLALLONSe o415 PRt P0Le N 495, 071 to

Tur nbal | teacht he use of an on-c uirt element which has paraneters
t hat vary %@P%ﬂﬁ%ﬁ&ﬁlbnaéflFénﬁ@FﬁFu?@SQHEOW%% s PabiPLehi PxXERN@IiMeT Yy to
bath neasusestdie ¢hLifeaneishuis pRArsHANEIHE &hogke fERAUEPEYsOlekiem

circuit duruag,exce53|ve tenperature co dltloq%d%ThIS i.s done by supplying

two predet@HHetPY FTRgRE, MBRehPHERET atRe BYPRCE roHf PRI BReRESEHat vari es
w th tenperetargrodwct henout put pins of the die, neasuring the voltage
difference and generating a signal representative of the die tenperature

which is used to control the clock frequency.
Today's microprocessors feature multiple reduced power

states which can be activated when the microprocessor system
is not busy. In X86 class microprocessors, these features
are usually called SMM (System Management Mode). Power

consumption can be reduced to progressively lower levels by:

o Halting logical operations within the microprocessor
. Stopping the clock to the microprocessor
' Turning power off to the microprocessor

These are particularly useful features for mobile

personal computers where the battery life is limited.
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-1 FEB 2005 US Patent 5,440,520 to Schutz et al is another solution in
which a voltage map is coupled to a tenperature sensing unit. SChuHZEHf?S
predeterm ned voltage and tenperature ' relationships to increase th 005
vol tage during periods of high chip tenperature that woul d ot herw se
degrade the performance of the m croprocessor chip. Schutz al so uses a set
of predeterm ned device characteristics td linmit the increase within
specified limts. The focus of all these latter solutions is on using

vol tage and tenperature to stabilize performance or to prevent thernma
overrun. Performance is often gauged by nmeasuring one of the two paraneters
agai nst the other. Qther operational characteristics are ignored. These

sol utions fall. 0, ex giéfa@hgpQQé&é”%féEedﬁﬁg§¥grékﬁguf§ethe time the

m croprocessor 1S ho I'ts maxi mum power ssipation and it rarelg
appr oaches ¢ewnipexieanrsas et hefperaplre LEIPB EIHCE g W¥enpy Ebe

stabilize QQ{éggﬁpﬁggsgggr a variety of tenperature ranges don't fully
exploit the fact that nost of the time the m croprocessor and}g%a system
r

coul d support noRe dpdrdtl oisie TRPESr nveht i oFF teR3 BoYh 1RAh2 e and

vol tage opposdeni stheakkywith expbehds tdeid acd thhat down CtloproTesroin

systemis rarely running at its ¥orst case 3§$er qt%§“%%HIQ%G'€y monj tors

the system e aCVart ey of ChayealeBrohithy VEIThEIES béydnd Farpel'stire and

vol tage. Anys asttOatadienthe epbubt zeg gystEmmperdordegiceddeconesarn bencti on

of the activitjes being perfornggnogin%g bei ng -1 FEB 2005 -4 perforned
il i

rather than®Wa ?1ﬁav%ﬁ Tthese att iviE es produce a result that requires

action effecting voltage or tenperature. A need thus exists to provide a

met hod and syst egy{,0f H%égjg?gc beoPeLi R ISR Oforfls T &EIOPEOCESE QR L ENaAL
uses Various activity states and variables to maxi n ze. the ormance of a

er
m cr opr oceskbe B{sreRronesgPrhaf ﬁéeﬂe%&i%ﬁ@?t§9%ﬁ%ﬁ&?ﬁa%P%??Ef%gy and
mechani sm whj, gh.epREL EHRESLi cal by, t ekepadvantage Df48he2al ffer Ehoes bet ween

opti mum desi gn conditions and typical operatjng conditions of .voltage and
tenperaturet?ﬁﬁPeﬁrEhﬁsHEFI?fnﬁtgﬁﬁt?ﬁ% Eﬁﬁ%ia%éﬁeF Bhdt 7 omed o#oa
m cr opr ocess@npefaotiber angegrexestsvhpikesma amd ropnoeesaoes ofor

froquent |y S8 BOOSTEL EP COMMRT RBEF B oy 1 s ety oy T he i o ent
i nvention, theretisgproltded angr goessollirwi iy auednthdt bFock which
conpri ses: compensates for these fluctuations.

US Patent No. 5,498,971 to Turnball teaches the use of
an on-chip circuit element which has parameters that vary as
a function of temperature and the use of off-chip circuitry
to both measure the die temperature and slow the clock
frequency of the circuit during excessive temperature
conditions. This is done by supplying two predetermined
voltages, each generated by a circuit element that varies
with temperature, to the output pins of the die, measuring
the voltage difference and generating a signal

representative of the die temperature which is used to

control the clock frequency.



a logic circuit which receives inputs fromthe processor's operational unit
and a tenperature sensing unit, the logic circuit conprising logic for
determining a plurality of voltage states and clock states; a utiIiié{qu5
control which nanages the perfornmance of the operational units based on
outputs fromthe logic circuit; clock gengration circuits providing for the
clock states; and voltage generation circuits providing for the voltage
states, the clock generation circuits and voltage generation circuits
responsive to outputs fromthe logic circuit. According to another aspect
of the present invention, there is provided a nethod for optim zing
processor performance conprising the steps of: switching to an accel erated

clock and vol t agg StAlehtWien & PRI AGHRLSEREEA1I A ot RERIRGESRON,d S ynder
a tenperature Topt; placing the utilization control over the processor”s

functi onal ighi"s Shhéh YHE A PERtif €RPdedds <t Re tEEMSE A NS SRIpting

swit chi ng t@ia norgeuttd atke St iandnd nRer Rl twokt age Sleatr hen-d he
tenperature sensed in the processor exceeds a tenperature Tsw tch, wherein
t he tenper at PHETEH i HiHHE Thans P(@ﬁttéﬁﬁe 48 PEFT-C % G di i t o
an enbodi memiipoft enfpee rprtesentt haty entu lon oty rimriet deiggudiche Heenper at ur e of
the nicroprgo or_._cont usl y. and i ntroduci other,.variahles, the -1
FEB 2005 5Fﬁ$§$%BF%E§§§8$q%§%‘%ﬁ“ﬁ%ﬁ??&ﬁgfgffﬁgpat %Fgu%%s€gﬁ¥hﬁ5%ﬁ% @

maxi num al lsewalsife prEdadraraniceed Hwesia ey atiaablcssrdan liowe ltedd:-1imsippihe vol t age,

cl ocking and, Suncld QR nlike PQces3Y 1akQre can determ ne the best
I )

conbi nation of these variabl'es to tune 1ts perfornmance to nmaxi mum dependant
upon the functions being executed in real tinme and within the constraints

of the real tinERNWJIYRH a1 e HY-LRCa%8RErCaBIukebnisNSkaAREE udigipper at ed
beyond t he nﬁrmal \goltage design limt, if _the teg‘gerature is known to be

within son® Ny TERPLAT e SraftRihlpErt BERERCEAREFgO 0 R he syst em
for as nuchridvier tas Hessibldze @uninbee rébroparat g oftanegaaigedefit ned.
Wiile in each state the prfﬁqﬁgs r and itsts¥rsét gnhiglnréitt r trg: envi ronnent al
and execut i Onal"stat €76 The SystemPand procEs§6r i real” O Movenent
bet ween st attéer opvased corlt ehpacdrretistd ceheseniffooredni tori ng. A
processor performance control nodule will control the states and resulting
actions and will have continuous input fromthe on-chip tenperature sensing
devi ce. Upon evéheape polyitgasdiwidarcy CHPLPREC88sOPPRIFIEMIGFA-uatfe t he

current opefatitnGecandit it0Rs timedetrr MikeophateasbirOAsl s10k0 ake itraken and
what state it .should be Ny 1 Feb 2005 .6 ,
maximum power dissipation and it rarely approaches its
maximum safe temperature. Even systems that attempt to
stabilize performance over a variety of temperature ranges
don't fully exploit the fact that most of the time the

microprocessor and its system could support more operations.

This invention uses both temperature and voltage
opportunistically. It exploits the fact that a
microprocessor system is rarely running at its worst case
power dissipation. It monitors the system in a variety of
ways; employing variables beyond temperature and voltage.
Any action taken to optimize system performance becomes a

function of the activities being performed or not being



BRI EF DESCRI PTI ON OF THE DRAW NGS The present rove and not limtation in
drawing in which like FIG 1 is a nonograph which depicts regi ons- b[ffBng[}gd.
~tion is illustrated by way of exanple-t4he figures of the acconpanying
references indicate simlar elenents. with axes of tenperature and voltage
in which a mcroprocessor may be FIG 2 is a flowhart which illustrates
the flow ofPcfRENedwatlaithep vaingontibithespiastivitioe pradose agewdt thabeqibres sdtmtes.

FIG 3is i . performance control and automatic control
of this in?ﬁ%%@@%“g%%g?g atggﬁgﬁputs and outputs. FIG 4 is a diagram using

sinpl e | ogic bl odksnesfl thue existonat ipcovdidnta ahethed)i andofydtdrh s fdrnvi@RbEAR- the t
i t t any nonen
by 8 procodSgp AT Wpdr PARPPBAFANErEH P HEoEbRENHE Gl apbr Nk o8
mexi m zat i omaximhe t%pérmwdﬁﬁ%rﬁﬂoé@E&‘rs%t@ﬂd in part by the program
under execution. To _explait this end, the_dpr ocessor will keep an ongoing
status of the i nsAtrlfl&hebnn?%eﬁlstﬁn“éxlé@m Corf  Strréemy i ansit rmedhiaimt ywﬁshcan
P oy oo BOASELRAIF S ancid of B, A00RcePYS L LEOSATH Sy ELRT o
uncti ons
functi ons Iﬁa&‘}éyms@crmeaeﬁm@ eeditvat @tﬂfv{oaa@h/\m cﬁ}en{%m-ﬂmmetpstgg{sg\{s;?%y S%ﬁ étltst'heand
m croproce Sued ig:hardware. is often in e formo ;
t here may E\Zo(?%tucl’aﬁ pnémcogﬁi?%rsan&’fcr%?,%esmﬂ ts. For exanple: there nmay be two

arithmetic units.Arothesareed Cases to theep UnintisrofRyef6r fodl hRESproERKED Hawknt o
nore el ementary. units such as 'rotate’, 'add , 'or' etc. In super scalar
m croproce%@’?‘g}ts AR BURRSHOBRACE Y BEORS Bpicatly hpesabibe i n execution at any
one tinme. To achieve optinum performance, it would be best to nonitor all
such activity and selectively activate operations not only to achieve the
desired throughput but also to assur @UMBAR e process_o[ hl S oper?tl ng cl ose
to its performan im.ts. Ws_a_nonogra W axes. o
terrpera!tO ure and \%%I‘:{)’]ggﬂ ,%d%rg%l%elc%%ﬂr}led?rgsﬁg i e&ﬁ%ﬁ"gﬂh%{eﬁf @F%Vﬂgqgcéé’é%essrﬁrght
be oper at edlaviThe chowelddogk which bembsafds: i s det ermi ned by the | owest voltage
at which the circyits wl.l rate satisfgctoril The_boundary to the

: St

right is deterni Ae&F'by" tH FCEHY ESEPYI oM Hre I%Ifi%‘éeswéwnﬂr@wal Wot peat hi s
right nost boundane dedsiag hHNCth 06kiOtirO0t forhSimes RlgHY Br %%nﬁﬁlliﬁg”‘gﬁlurality of
voltage states and clock states;
a utilization control which manages the performance of the operational units
based on outputs from the logic circuit;
clock generation circuits providing for the clock states; and
voltage generation circuits providing for the voltage states,
the clock generation circuits and voltage generation circuits responsive to outputs
from the logic circuit.
According to another aspect of the present invention, there is provided a method
for optimizing processor performance comprising the steps of:
switching to an accelerated clock and voltage state when a temperature sensed in
the processor is under a temperature Topt;
placing the utilization control over the processor’s functional units when the
temperature exceeds the temperature Topt,
switching to a normal clock state and a normal voltage state when the
temperature sensed in the processor exceeds a temperature Tswitch, wherein the
temperature Tswitch is higher than the temperature Topt.
According to an embodiment of the present invention, by monitoring the

temperature of the microprocessor continuously and introducing other variables, the



-1 FEB 2005 8 The dot to the upper right portrays a typi cal specifi_cla I 2(10
sheet” s "worst case operating point". A rectangle determned by this E&)é) 5
and a low voltage operating limt at simlar tenperature defines the
specified operating conditions. Notice that the technol ogy can safely
support hi gher operating voltages, and by inplication, higher perfornmance;

| F the worst case tenperature is not approaghed. Indeed, under nornal
operating conditions, the worst case tenperature is rarely approached. The
shaded rect ANGIWTYEFLF af¥ dendicat opitsrating per ftorimsmoancegi amahieh 4186 aH82
time tenpergfeofnck! frequently allow The purpose of this inventionis to
keep the m croprocessor operating within this nore optimum performance
region as shown biheshearsthdedn ieiRNGIKRIRSfLEMEMAYaRS POSSIible. In
support of thiS-908) . aTngrber of other ‘operating states are defined which
decrease power di ssi pation Rhd°EABPES Bt eN6perat ARG FB#Aper hhar BesRef erri ng
now to FI G ZPMRINGW exhphgtBentr ohr Fhone H egr aitief 0fst PLsrbpMEALELOR d S,
shown. The mLeipphLi r e region is the box marked 4. It is
characterized by: Accel e’?ﬁ%‘%@ %%a%%e(g C%h%”%?&%?%?a‘?’éﬁcﬁl‘éékl(‘A@)%@lnd
by no const r'att sSSporl Ehenfehe¢ cvhsizatnon of iy péal heime:croprocessor
function. Oderioparatd on stat prese t her boxes. These
boxes are arr an(%%d/ 'n | adder. ¢ eg%(?%i(?%?:’t ir%%gl PI%’gsrr‘ril)r\}\%e‘sn fcaPe eh&d t he
i cr opr ocessor’ R (R weeht 2 ademtgepkimit ontf Shatesmparthare

| adder; or, is iktesm spechélwithiln FERL005,93c0ndi tions, between the top and
the bottom of the ladder. A key in the upper |left hand corner defines the
operating conditions within each box. Normal Voltage (NV) Normal Voltage
means the conventTo#ay irdésingminvaht age to which a prior art nicroprocessor
woul d have besrdesigne duc d ock (RC). Reduced ck, nmeans a much

| ower cl ock ‘frequency t%aanl%e eof&kf"?alsy(ﬁ Tk T tHe | terB% &° O ock.

Nor mal O ocRINGP Nor rfalnWisok afeansetdtel opmtentd onate datindd eqUeACY ot 0
whi ch a pridam &dcHN<H-01 QGRS woul Ve . i gned. Accel erated

Vol t age (AV) Accel erated Vol tz%éo neanogr a (fglﬁ%re% pereél?’i rﬁrbor%/loﬁ?%gtéh‘él | owed
appr opri at e “whert THEREnp &t Free e Brding loris adree afettheAsta termataetd O ock ( AC)

Accel er at ed p@lcosiesaredns e hisgher GlRRknd e PaRIISES é%%{t{gsssi@ﬁaé"é‘gnotnhe

Accel er at ed ty@ E)%g%rdestearpéplclh%dse%nc%érh%gn%rg%%ri%tgqr e conditions are ne

A processor performance control module will control the
states and resulting actions and will have continuous inpu£
from the on-chip temperature sensing device. Upon every ‘n”
clock boundary the processor will evaluate the current

operating conditions to determine what action is to be taken
and what state it should be in.



-1 FEB 2005 10 Utilization Control (UC) Uilization control neans the

m croprocessor has placed sone constraints on the otherw se full -1 FEB 2005
utilization of all the mcroprocessor's internal function. This is a subtle
"sl ow down node" which does not require a change in clock frequency. Boxes
shown in dotted outline represent transitory states. They exist only
because the m croprocessor cannot instantafieously switch to the Accel erated
Clock without first switching to Accel erated Vol tage. Conversely before
switching back to Normal Voltage, the m croprocessor nust first switch back
to Normal Clock. We will now consider each of these boxes starting fromthe
top. State #1 NV/ RC The m croprocessor switches to this very | ow power
state whenever it detects a string of No-Op instructions. This state

reduces power and depressesTkempecartberofherr e8! bRk ke¥er qui escent
tenperature will be of advantage when the m croprocessor encounters a

flurry of activity at sone later tine. State #2 NV/NC -1 FEB 2005 11 The
m gr\%ﬁr oceﬁsor r?&ied@&dsbﬂmiﬁnséraijesrv@a\mruédrai@fﬁﬁiﬁ Wit Yo tbuskagbi ity
an en t real ti tenperature .is bel ow To en transitioning

bet ween stat%é}é1 Zlftanl zfargl)looﬁ% liréeta{’? ftsurdgt\ﬁgél WS FRHAERE Wbr st case
t enper at ur e darewalniac H-ni twhhiash bleigre dedtfermimeds timati deitgherimidlaragsl anshhd gher
frequency o it o re i el ri t he technol ogy.
Thi & poi it FaCeyp a5 Iy SRt Rl R e S ekt S R A
opt i num per FOiFEn SEPEicor SOPHhovih WH A @ i axoprioressime avceptabl e

tol erance obpkhetlkagchnol ogy stress limt. Topt is shown as 501 in Fig. 1.
State #3 AV/INC As described earlier, this is atransitory state. State #4
AV/ AC This is the 'nore optinum performance region' which was descri bed
earlier. This statelregiien d ¥usethafrer Wpachods 1ok thiagk sartepradietdva-ne

activity. The.m cr.oprocessor remai.n in state #4 ly sq |l ong as the

t enper at ureslx(?%'{plﬁ:%1 er Topt .r%ef%?r/ 35 Hélv(?élg&f)ﬂ“pﬁisoﬁ’eg? ¥‘§t € #ra%%5% - a

definition of Topt. State #5 AV/AC/UC State ##5 is sonewhat simlar to

state #4. state I s.trigger m_Cr Qpr.o nsors _detect that
%?G 3 1&9%.6%%&%1 %%% 'O QRE §§%§$%H%$c?hCOA%r§i

t he seni conductor substrate temperatu as excee €
and automatic control of this invention and related inputs

and outputs.

FIG. 4 is a diagram using simple logic blocks of the

automatic control logic of this invention.

DETAILED DESCRIPTION OF THE INVENTION

The functions operating at any moment by a processor
are important parameters to be considered in performance
maximization. The action taken may be determined in part by
the program under execution. To exploit this end, the
processor will keep an ongoing status of the instruction
type(s) in execution. These instruction types can be

broadly characterized as:



-1 FEB 2005 12 m croprocessor remains at Accel erated Vol tage and at
Accel’erated C ock, BUT the power dissipation is |limted by exercising} FEBZME
sagaci ous control over the percent utilization of its various internal

m croprocessor functions. This concept is described in nore detail bel ow
State #6 AV/NC UC This is another transitoyy state. The transition through
state #6 to state #7 is triggered when the m croprocessor sensors detect
that the sem conductor substrate tenperature has exceeded Tswitch. Tswitch
is a tenperature only slightly higher than Topt. Exceeding tenperature
Tswitch signifies that application of the utilization control has not been
sufficient to arrest a further tenperature rise. Mre drastic controls nust
now be appli ed. é%ﬁﬁfﬁﬁancFﬁBPEated by 502 in FIG 1 and is typically

cl oser to the teBhantbgyustressslinmts established for the nore optinum
per fornance, regi 0,590, L Lg ?grg poi nt where the neasures taken to arrest
a further tenperat%re Flse Wi safely keep the processor from exceedi ng
the technol'ogy sh¥esBmetpftepesngtien#7 In state #7 the microprocessor
reverts to Normal C ock and Normal Voltage while continuing to apply
control over the percent utilization of the various internal m croprocessor
functions. Statefa7hjafihheftefunsthangi baye afewbtised cadgdidaesegn linit.
See area 40QaidwEt& In ShpEescaldirFEB-200PodSsddi s, ishidentyBivadl is

per formance rg%$on, the m croprocessor could remain in this state forever.

However, actordt my*to®Ehf S M nPEnEPBAT#RE MRt teastd tHETR cFB¥r Beessor wil
rﬁt ulrg Lo ehmhg:tpﬁé ad:@%#ésObebabH #diseon pdit esfjxaemleefi nghstat ﬁa#*?be]lct
shou e noted that the m croprocessor may go directly. to state #1 from
47, 11 a string ot NECORS PELEEe ecfBPOMBUEHErS | YTy et BPOcBEd from

t here into Statkeed2buoitéh dhent énperadue eehaseitiasy wrtppedubkl ew Topt. As
nentioned aboye,switchigg. betyeen States #4 and #5 invokes certain
utilization controls. Under normal conditions and normal programming it is
anticipated that the m croprocessor will usually be in state #4. Snall

peaks of acti vityn neypaBNBRL L MicPEYRNEEssdFd NOndte tOhSh abBe#Bypat dffe #5
is nore subtle and effectjve, than si rrglg and crudely | owering the clock
TPt ?3

frequency. REAFH se@RksPEoIPogHerFR Mo PLAKPDIEHR i vi ByPiLeMeL i ng
how fr equeniptyi sanepef fdheanter opt 0eeskdrbd Uunedti ans ommyi ther used. sGegar | y
hi gh power functi.ons special | hose_unl.ikely tq effect snpoth

perfor nnnceaévén:*‘fl %%C?t%laf%ﬁéﬂx?%{ TEEES Q%edraﬁ%%cfrfsus Fat %niﬁetﬁat hs of
i nteracti oratlmieiceonpt i dhsihéd thaduglevet iy H@ B iassubeotkadi aipeam of

the perfor npange. coot ol &%éfgkin&h&fgsést&% L TRAGE, dhe {yacti oni ng of
the processor and its system Performance control block 32 provides

operational information to automatic control 36 and receives utilization

control informatiom. f1 oshews oOABLhbGo§LMbE Ol witth tacamnAY e dise PLEGEBL aga
utilization of vari EB munits o X r ocessor.

L Y o%s, -1 F e2001§ f thecrm cr§$ & For
exanpl e, it CAFPe cOAMECtEI t BPERRArtY MG ST SR ISR T g hol B i t
and ot her nor eoenesd ar yThai bsugéaey atd ytlshowat tasi bl ddksri@dned By Goha.
lowest voltage at which the circuits will operate
satisfactorily. The boundary to the right is determined by
the safe stress level of the technology. Notice this
rightmost boundary is a function of both temperature and

voltage.



Addi tionally control 32 detects bus activity through bus nonitor 38 over
the processor's buses and sends this information on to the automatit! FEB 2005
control block 36. Performance control also inputs and receives information
fromclocking control circuit 30. These inputs are also used to develop the
utilization ratio and to provide systen1c%ock and initialization
information to the automatic control block 36. CGenerally, control of the
processor units 34 is highly dependent on the processor's architecture and
performance of the particul ar processor under consideration. For exanple,
architectural considerations may dictate different utilization percentages
for control of different units 34, since one unit nay be nore inportant in
terms of perforneite t1débéﬁﬁénﬁyﬂvhéﬁgﬂﬂﬁgﬂﬁtr%%%éﬁtdmkfaﬁur|x of the

i nportance ap@ditsisldaaatdons e of o%wg eAsa Hﬁéka{?ing”{alﬁnﬁay bg modified
by the perfornance unif. The network form ng the autqmatic control block 36

i s shown i n §-EAEH YASHITHNG ®Y £hithiPe1nkt emsk ifc lehticditadock control s
both the Supple)ta\mlrtgagﬂnalrtd athes iahiock: fﬂe&WﬁhreB@%&lﬁn%é hevevaigeader ieq

regul ator fu xhj bi h| h p ation, this function is
typically ph S|ca ?’éﬁﬁ%%a f'om <§qﬁc?%%:Eﬁf@§§F4ﬁ?ﬁ?gﬂr?%ﬂ(ﬁage%ﬁe
vol t age reg@N@QO11hyﬂhannvperaﬂmng1WQida@esnl@hﬁ ofy tilrglHasdteid:d i nes and
i's represent,gdRy n e ch is the
accel erated v%itaggg%ig%faédé% QﬁHQhugg}E%Q C'ugzﬁ% % §%§$@tdqéﬂbod:nent
all ot her aPPIFEgh@@DS Indendi omsiesf now@aAutpraEitd nComonsli tBlatk, rdsé de
on the nicroprecesse HirperHgdP-il %Oéu&q%%%%réhkﬁgel y Gt 18l idfe of f

chip voltage regul ator (50 and 52) which switches directly between two

vol t ages: gm EARYSE MO XS RPtdMuny pek fremarsgr aegddnt vhalldlow
enough tiﬁEtb@rrbﬁﬂ tdhicageneoaler WiQ 1cemek@batils atinansi ti on up between
vol tages before the corresponding cl ock frequency transition. The Automatic
Control Block also controls the clock frequency; stepping it between: RC,
NC and AC. Once dypa purpesAutcdimathic GovienaloBl aek tibs kpepgtawred to al | ow
enough || TenfokcLieRlkank GeNCLAlY, |2 GAIPLALE. higsectiansilions down
before the corre pon ing su VoIt age transiti ons. € actual control can
be enV|S|oné&r§§r@ﬂngp-B@@NC@O@@t@ﬁmetbYathésébadﬁéureﬁéangﬁﬁtﬁa i zation
(I'ine 51). Fhe ceurl a%a@)og%l@ﬂ\éanCQQ erﬁﬁrm thes" badder 5 asiihs

conditions warrant. The conditions necessary to _advance t he UP- DOAN counter
are decoded™hi PhESFNPPETRSGTY BitGLes, aﬁ&vgﬁ%é§e?anH€ hUBePORRSCO ST ar e
made only oaiekagktadyel endouhdafese apdraBYngpaampenuiier . of No- Qp cycl es.
System clock Iine 53 provide this synchronization. In actual practice
inputs to these sinple |logic blocks include infoz-mation fromthe

Per f or mance Cont RelfeBiraoki sweh tas FIG.s2a st f$wigc afiip-@mtinst retdwons
detected? ( 3 ) 1. t hepy td us only"?
(54 on Flciéga8$ﬁ§ gﬁ%%n%?f% £§§$%$&%Iock>ﬁ§§% rggg?jgéang§?§m?$on1the
nlcroproces§8Ff@ﬁméﬁF§ rRELME 1sehid6r Yoxhvankes| fect Lvely abaggcterized

Tenper at ur epgengitiverdiradesogan @e m$¢da£arA&Bé§e935898@1ogkoq&@ 6QnH2
and 64, eacgyhaV|n an inverter areéi ectlvel ena bl ed as soon as

T>Topt (60)°YTS?s Péﬁr€6§f°aHBO?>? %hh%aFg Ehel n@Rintmn ©

t enper at ur emspeobtbedstot- gperationg t he processor. Noting that the No-op
signal from performance controller 32 also has an inverter, one can see
that gate 68 defines state 1, gate 70 defines state 2, state 4 and
transition stateOBharecgefrrhednbytgate I2¢ gapeegdndeﬁihgsoShatebﬁxe&nd
gate 76 def S d L on st a rueti .

ei t her thergﬂlggeagg%ggpaggngEE %eh >§ng§§dgﬁe %c%gd F%éﬁaagﬁérator 80
i s enabl ed aﬁ§OWﬁe3Eﬁé§é§§oﬁhékoéheomﬁﬁnppggcﬁgsgr mhé sedtichdbetoelery at e.
Wien there jgjhusnactpuihyiandiTstapts shatge21h8qepabled. \\hep gpe&adtle 2
t he control %rough gate 90 enables normal clock (NCj 82 and maintains

nor mal voltage t hrough gate 94 based on a signal returned fromNC 82. State
3is atransitory state that occurs anytine the processor's units start
perform ng operations (nove out of state 2) and T<Topt. In this state gate
91 enabl es the accel erated voltage regul ator (AV) 52. After AV is enabl ed,
a signal is sent through gate 95 to enable the accelerated clock (AC) 84
and the processor is nowiii state 4. State 5 is enabl ed through gate 74
when Topt <T<Tswitch. This noves the processor and the systeminto
utilization control. (UC) 86. In this state the performance control 32
attenpts to



-1 FEB 2005 n stabilize the power dissipation by curtailing the activitides
of units 34. States 6 is a transitional phase where T>Tswitch. In ;m¢§82w5
state gate 76 through gate 90 first turns on normal clock 82 and then

t hrough gates 93 and 94 asserts normal voltage (50). The systemis then in
state 7 and remains there until the. tenperature exceeds Tnax or is |ess
than Tswitch. If the tenperature exceeds T¥ax the system noves to state 1.
But if the tenperature is reduced to | ess than Tswitch the system noves
back to state 5. In the foregoing specification, the invention has been
described with reference to specific exenplary enbodi ments thereof. It
w1, however, be evident that various nodifications and changes may be
made t her etV ttHoUS deéptive sy thontehest daverbapion tofandhescbpéddef .t ha

i nvention a&sein fiafd Nipget Nee APRRNUE & SHA MR FiltRe SREM Td SaEL PP gNd

drawi ngs are,” accordingly, to be regarded in an illustrati've rather than a
restricti veEFehdetons WIEER x5 be% CLAIMS What is clained is: 1. A
processor having a control block which conprises; a logic circuit which
receives inputs fr t he processor's operational unit and a tenperature
sensi ng Lnﬂﬁng?ﬁe %&ﬁ?ﬁ?ﬂ{qgm t comprising logic for determning a
plurality of voltage states and clock states; a utilization control which
manages the perf C f. the operat,.onal units ed. on. out pu fromthe
logic circuit; c ({)c ggvn(glrta%(‘?%nm SRE esacporn&/elndzlslr?glaafslord%%leg%l%%%é‘%?%t S
and vol t agevlyierteratioio x| aduinscproweak sapf ooulte haote dgeestdeesgnede cl ock
generation circuits and voltage generation circuits responsive to outputs
fromthe logic circuit. 2. The control block of claim1l, wherein the |ogic
circuit is Heudrd fGhaf%f (B updown counter. 3. The control block of claim
2, wherein the up-down counter is constructed so that an advancing up or
down can only occur on.clock cycle boundarjes. 4., The control bl ock of
claiml, wherei rﬁel‘{ilé:(?derﬁ%?%%\t“i%aé‘ss&é‘i‘ L}rﬂ“fercé:r?ﬁ’rqq% SHIRTpetr B lr e
sensitive dilsdemriml Tedondr athd|zoste efradeal Mlbckwherein the | ogic
circuit provides for a reduced clock, a normal clock and an accel erated
clock. 6. The control block of claim5, wherein the logic circuit provides
for a nor mifomm} dleocdnd(¥® accel erat ed vol t age.

Normal Clock means the conventional clock frequency to

which a prior art microprocessor would have been designed.
Accelerated Voltage (AV)

Accelerated Voltage means a higher operating voltage

allowed appropriate when the temperature conditions are met.
Accelerated Clock (ACQC)
Accelerated Clock means the higher clock frequencies

permissible when the Accelerated Voltage is applied and the

temperature conditions are met.



7. A nethod for optim zing processor perfounance conprising the steps of:
switching to an accel erated clock and voltage state when a tenpergauh%
sensed in the processor is under a tenperature Topt; placing the 2005
utilization control over the processor's functional units when the
tenperature exceeds the tenperature Topt; -1 FEB 2005 -19 switching to a
normal clock state and a normal voltage state when the tenperature sensed
in the processor exceeds a tenperature Tswitch, wherein the tenperature
Tswitch is higher than the tenperature Topt. 8. The nethod of claim7 al so
conprising the step of noving to a reduced clock state when the processor

detects a sgggmgzggig§>ggnkggargﬁ&gons. 9. The nethod of claim8 also
conprising the step of noving to a nornmal voltage and normal clock state

whenever the processor detects bus activity only, 10. The nethod of claim?7
al so conprising the1stepish L&aPshii REiRg El‘ié’%fcﬁ&éf@éeg%fraﬂ ssgﬁta%etél) 2"
cl ock state. :

accel erated voltage state before noving to an accel'erated

The met hod BP™EI SPRFYTALRES cofpFii AbleRelge b bt W hhsratdanngtt 81d nor mal
clock priorthe mwrogrbeessan' aceeteratedrvedt age. t ormi Hof gah uabtage.

I
$7§<L6\II>IYM€|\§"‘ASSLO% A ABL é@(bﬁuébé Enb@@féélu}_llze' é c éé g' 'JA.\I;’II, 'cpl\'oYc'kA
frequency.

Boxes shown in dotted outline represent transitory
states. They exist only because the‘microprocessor cannot
instantaneously switch to the Accelerated Clock without
first switching to Accelerated Voltage. Conversely before
switching back to Normal Voltage, the microprocessor must

first switch back to Normal Clock.

We will now consider each of these boxes starting from

the top.
State #1 NV/RC

The microprocessor switches to this very low power
state whenever it detects a string of No-Op instructions.
This state reduces power and depresses temperature. The
resultant lower quiescent temperature will be of advantage
when the microprocessor encounters a flurry of activity at

some later time.

State #2 NV/NC
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chosen at the high temperature end of the more optimum
performance region 500 shown in FIG. 1 within some
acceptable tolerance of the technology stress limit. Topt is

shown as 501 in Fig. 1.
State #3 AV/NC

As described earlier, this is a transitory state.
State #4 AV/AC

This is the "more optimum performance region' which was
described earlier. This state/region is used for periods of
high and productive activity. The microprocessor may remain
in state #4 only so long as the temperature is under Topt.
Refer to the description of “State #2" for a definition of

Topt.
State #5 AV/AC/UC
State #5 is somewhat similar to state #4. State #5 is

triggered when the microprocessor sensors detect that the

semiconductor substrate temperature has exceeded Topt. The
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Accelerated Clock, BUT the power dissipation is limited by
exercising sagacious control over the percent utilization of
its various internal microprocessor functions. This concept

is described in more detail below.
State #6 AV/NC/UC

This is another transitory state. The transition
through state #6 to state #7 is triggered when the
microprocessor sensors detect that the semiconductor
substrate temperature has exceeded Tswitch. Tswitch is a
temperature only slightly higher than Topt. Exceeding

‘temperature Tswitch signifies that application of the
utilization control has not been sufficient to arrest a
further temperature rise. More drastic controls must now be
applied. Tswitch is indicated by 502 in FIG. 1 and is
typilcally closer to the technology stress limits established
for the more optimum performance region 500. It is at a
point where the measures taken to arrest a further
temperature rise will safely keep the processor from

exceeding the technology stress limits.
State #7

In state #7 the microprocessor reverts to Normal Clock
and Normal Voltage while continuing to apply control over
the percent utilization of the various internal
microprocessor functions. State #7 1s intended to be within

the worsgt case design limit. See area 400 in FIG.1l. Since
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this is the typical performance region, the microprocessor
could remain in this state forever. However, according to
this invention in most cases the microprocessor will return

to either state #5 or state #4 soon after entering state #7.

It should be noted that the microprocessor may go
directly to state #1 from #7, if a string of No-Ops is
detected. However, it may not proceed from there into state

#2 until the temperature has first dropped below Topt.

As mentioned above switching between States #4 and #5
invokes certain utilization controls. Under normal
conditions and normal programming it is anticipated that the
microprocessor will usually be in state #4. Small peaks of
activity may momentarily, however, bring it to state #5.
State #5 is more subtle and effective than simply and
crudely lowering the clock frequency. State #5 seeks to
load level the peaks of activity by limiting how frequently
some of the microprocessor functions may be used. Clearly
high power functions, especially those unlikely to effect
smooth performance will be curtailed first. FIGS. 3 and 4
illustrate the paths of interaction to accomplish this load

leveling.

FIG. 3 is a block diagram of the performance control
circuit which is used to manage the functioning of the
processor and its system. Performance control block 32
provides operational information to automatic control 36 and
receives utilization control information from automatic

control 36 to manage the percentage utilization of various
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units of the microprocessor. For example, it can be
connected to the arithmetic unit, floating point unit and
other more elementary units generally shown as blocks 34 on
FIG. 3.

Additionally control 32 detects bus activity through
bus monitor 38 over the processor's buses and sends this
information on to the automatic control block 36.
Performance control also inputs and receives information
from dlocking control circuit 30. These inputs are also
used to develop the utilization ratib and to provide system
clock and initialization information to the automatic
control block 36. Generally, control of the processor units
34 is highly dependent on the processor's architecture and
performance of the particular processor under consideration.
For example, architectural considerations may dictate
different utilization pércentages for control of different
units 34, since one unit may be more important in terms of
performance or dependency than another. Based on a matrix
of the importance and utilization the clocking on a unit or

units may be modified by the performance unit.

The network forming the automatic control block 236 is
shown in greater detail in FIG. 4. This automatic control
block controls both the supply voltage and the clock
frequency. Because the voltage regulator function exhibits
high power disgssipation, this function is typically
physically separate from the microprocessor chip. In FIG. 4
the voltage regulation function is shown to the right of the
hashed lines and is represented by 50 which is normal
voltage (NV) and 52 which is the accelerated voltage (AV).

As shown in FIG. 4 in the preferred embodiment, all other
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portions of the Automatic Control Block reside on the

microprocessor chip.

The UP-DOWN counter directly controls the off chip
voltage regulator (50 and 52) which switches directly
between two voltages: NV and AV. The Automatic Control
Block is programmed to allow enough time for the voltage
regulator to complete its transition up between voltages

before the corresponding clock frequency transitiom.

The Automatic Control Block also controls the clock
frequency; stepping it between: RC, NC and AC. Once again
the Automatic Control Block is programmed to allow enough
time for the clock generator to complete these transitions

down before the corresponding supply voltage transitions.

The actual control can be envisioned as an UP-DOWN
counter with a reset input for initialization (line 51).
The counter can be advanced UP or DOWN the “ladder” as the
conditions warrant. The conditions necessary to advance the
UP-DOWN counter are decoded with simple logic blocks.
Advances in the UP-DOWN counter are made only on clock cycle
boundaries, and may span a number of No-Op cycles. System

clock line 53 provide this synchronization.

In actual practice inputs to these simple logic blocks
include information from the Performance Control Block such

as

*Is a string of No-Op instructions detected? (56 on

FIG. 4)



10m 10m 3S10%m& () - @10%m& ()-!- 1 10%m& ()--!9! "10%m& ()- !

10%mmr& () - AQMQPQOSTVWM?4: 1 1 10 h "10% h& ()-@ "10%h h& ()-@ s'10% h
h& ()-s 10% h& ()-10% h& ()-' F10% h& () - SWANAWKYr[s[jH 1 1 10 10 h h!"10%
h h& ()- IM10%h h& ()- 10%h& ()-@0% h& ()-'10% h& ()-3 10 h 10-1 FEp e

hs[t[u[[[[[[gH 1 1 10
16

*Are the instructions “bus only"? (54 on FIG. 4)

The Automatic Control Block also receives inputs from
the microprocessor on-chip thermal sensors shown
collectively as 58. Temperature sensitive diodes can be
used for this purpose. Blocks 60, 62 and 64, each having an
inverter (66) are respectively enabled as soon as T>Topt
(60), T>Tswitch (62) and T>Tmax (64). Tmax is the maximum

temperature specified for operating the processor.

Noting that the No-op signal from performance
controller 32 also has an inverter, one can see that gate 68
defines state 1, gate 70 defines state 2, state 4 and
transition state 3 are defined by gate 72, gate 74 defines
state 5, and gate 76 defines state 7 and transition state 6.
If state 1 is true(i.e. either there is a No-op condition or
T>Tmax) the reduced clock generator 80 is enabled and the
processor clock output 88 is at the reduced clock rate.

When there is bus activity and T<Topt, state 2 is enabled.
When in state 2 the control through gate 90 enables normal
clock (NC) 82 and maintains normal voltage through gate 94
based on a signal returned from NC 82. State 3 is a
transitory state that occurs anytime the processor's units
start performing operations (move out of state 2) and
T<Topt. In this state gate 91 enables the accelerated
voltage regulator (AV) 52. After AV is enabled, a signal is
sent through gate 95 to enable the accelerated clock (AC) 84
and the processor is now in state 4. State 5 is enabled
through gate 74 when Topt<T<Tswitch. This moves the
processor and the system into utilization control (UC) 86.

In this state the performance control 32 attempts to
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stabilize the power dissipation by curtailing the

activitides of units 34.

States 6 is a transitional phase where T>Tswitch. In
this state gate 76 through gate 90 first turns on normal
clock 82 and then through gates 93 and 94 asserts normal
voltage (50). The system is then in state 7 and remains
there until the temperature exceeds Tmax or is less than
Tswitch. If the temperature exceeds Tmax the system moves
to state 1. But if the temperature.is reduced to less than

Tswitch the system moves back to state S.

In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will, howe#er, be evident that wvarious
modifications and changes may be made thereto without
departing 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 a restrictive sense.
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CLAIMS

What is claimed is:

1. A processor having a control block which comprises:

a logic circuit which receives inputs from the processor’s operational unit and a
temperature sensing unit, the logic circuit comprising logic for determining a plurality of
voltage states and clock states;

a utilization control which manages the performance of the operational units
based on outputs from the logic circuit;

clock generation circuits providing for the clock states; and

voltage generation circuits providing for the voltage states,

the clock generation circuits and voltage generation circuits responsive to outputs

from the logic circuit.

2. The control block of claim 1, wherein the logic circuit is in the form of an up-

down counter.

3. The control block of claim 2, wherein the up-down counter is constructed so that

an advancing up or down can only occur on clock cycle boundaries.

4. The control block of claim 1, wherein the temperature sensing unit comprises of

temperature sensitive diodes.

5. The control block of claim 1, wherein the logic circuit provides for a reduced

clock, a normal clock and an accelerated clock.

6. The control block of claim 5, wherein the logic circuit provides for a normal

voltage and an accelerated voltage.

7. A method for optimizing processor performance comprising the steps of’
switching to an accelerated clock and voltage state when a temperature sensed in
the processor is under a temperature Topt;
placing the utilization control over the processor’s functional units when the

temperature exceeds the temperature Topt;
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8. The method of claim 7 also comprising the step of moving to a reduced clock

state when the processor detects a string of NO-OP instructions.

9. The method of claim 8§ also comprising the step of moving to a normal voltage

and normal clock state whenever the processor detects bus activity only.

10. The method of claim 7 also comprising the step of transitioning from a normal

voltage state to an accelerated voltage state before moving to an accelerated clock state.

11. The method of claim 7 also comprising the step of transitioning to a normal

clock prior to moving from an accelerated voltage to a normal voltage.



