VOLTAGE SCALI NG USI NG MATERI AL- BASED REFERENCE MODEL BACKGROUND OF THE

| NVENTI ON [ 0001] Dynam c vol tage and frequency scaling (DVS) is a technique
for reducwogogmaes77consunpti on on el ectroni c systens suelTas2@s50e®SE0rs by
| owering supply voltage and frequency. Eys enabl es bal anci ng of performance
agai nst energy expenditure. For exanple, supply voltage can be reduced
while a device is operating to reduce power and energy consunption. The

bal anci ng takes into consideration that reduction of applied voltage

i ncreases device delay and thus is acconpanied by a reduction in clock

frequency. A in VS [ I and
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pal m conputers, and the |like, variable operating frequency resulting from
voltage scaling interferes with deadline guarantees, a consideration
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to account for voltage.droop on capacitors in the integrated circuit,
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el ectronic circuit including an oscillator and having known physical "device
char act er i séxpesdituse.oper axepld yupplp pdljagegan be seducedivhige device kscopstatimgrtoni ¢
circuit froma cold start, neasur.i nﬁ output, fre uePa% oft t he .ﬁsc'.ll tor
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THE DRAW NGS [ 0004] Enbodi ment's of the invention relating to both structure
and net hod rsflucsisar ix clogk fireguenest Axsordaglys DO6Y inyolyest eariingted ocamgrel of

fol I ow ng d\?oﬁt%rgéa ptain&n ﬂr&glency. For example, static Complementary Metal-Oxide

Semiconductor (CMOS) logic commonly used in the design of embedded devices has a

voltage-dependent maximum operating frequency.

[0002] For a wide variety of real-time embedded systems such as cellular
telephones, digital cameras, palm computers, and the like, variable operating frequency
resulting from voltage scaling interferes with deadline guarantees, a consideration
overlooked by conventional DVS algorithms. In addition, DVS techniques fail to
account for voltage droop on capacitors in the integrated circuit, possibly resulting in

failure due to performance degradation.

SUMMARY

[0003] In accordance with an embodiment of a voltage scaling system, an electronic
circuit including an oscillator and having known physical device characteristics is
operated by supplying a core voltage to the electronic circuit from a cold start,
measuring output frequency of the oscillator during the cold start, and determining a

material index from the output frequency based on the physical device characteristics.



acconpanying drawings: FIGURE 1 is a schematic block diagramillustrating
an enbodi nent of an integrated circuit that inplenments voltage scaling

usi ng a maibenical2adrased reference nodel; FIGURE 2 is a graphisdesioeddsng an
enbodi nent of a characterizati on between, device delay and core vol tage that
is used in a method for operating an el ettronic circuit or device such as

the integrated circuit i.n.E - El GRE i | ow chart show ng
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an enbodi ment of a neth et H—af—ereetFore—er+Ccui t usi ng vol tage
scaling; FIGURE 4 is a scherrati c block diagramillustrating an enbodi nent

of an inte ca | e of perfor % age scalin
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illustrativeé technique for operating a devicé at an optinal core vol t age.
DETAI LED DEsGRhpanydlg ¢roedgk: A dynanmi ¢ vol t age scal i ng techni que takes into
account physical device characteristics such as one or nore of materi al
state, | oad capacitance, and threshold voltage to dynamcally and flexibly
set operating paFlGERErt it a schematic Wovkddiagemns i e008hg Ref @nbddhigemtOOﬂ:aﬂJRE

1, a schematic hloc ram Ilust at e an enbodi.ment of an i
circuit 100 corrp}megfaﬁ%i §9&5‘Fe ibz‘mpifﬁl civeltageo sealiis using & g %pelgﬁ)a}%& 106.
The core 102 inckpdgseatodepast one el ectronic conponent and/or device 108

and has known physical devi'ce characteristics. The oscillator 104 is
coupled to the core 102 and generat es a timng signal for usage by the

core. The contrfcahi REODid § i%uhg ah%%irﬁerﬂt%eﬁ&ﬁréo%z@ﬁ&ﬂ béleen 104

and measures 0S tor out quency during a cold start and determ nes
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FIGURE 3 is a flow chart showing an embodiment of a method for operating an

electronic circuit using voltage scaling;

FIGURE 4 is a schematic block diagram illustrating an embodiment of an
integrated circuit capable of performing voltage scaling using a material-based

reference model; and

FIGURE 5 is a schematic block diagram depicting an embodiment of a cellular
telephone that can implement the illustrative technique for operating a device at

an optimal core voltage.
DETAILED DESCRIPTION

[0005] A dynamic voltage scaling technique takes into account physical device
characteristics such as one or more of material state, load capacitance, and threshold

voltage to dynamically and flexibly set operating parameters to current conditions.



material, tenperature, and voltage characteristics. [0007] The bl ock
diagram depicts the integrated circuit 100 including a circuitry or device
section WO 2a0uh23677execut abl e section 112 incl udi ng codeceiseasais7 on a
processor or controller 106. In various enbodi ments, the executable section
112 can be inplenmented in software, fir re, programable Iogic arrays,

state machi | o and t [0008 The ci.r . ee section
110 is shomﬁsﬁﬂcl gl ffﬁ“@%lrfo [ﬁdr@ggurlenaenﬁc gﬁ@l%gtﬂ?? &‘?%9 us\ﬁ,& FufBbl e
vol tage r eg&h@éd@rheﬁf%@@nlﬁt@%ﬁ%tﬂn%ﬁn 900 b68prifihg beBiMN20hn bé&@g&aimﬂ afd hCUi t
vol tage. A load capacitor enabl es control or tunlng of i ntegrated

circuit | oaehntraPercl(6ariblee cdfhé()% iimcdudes ray least ahg\alessrogisctonzpong! denick ude

sensors suc erm s
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devi ce del ay (Td) maxi mum operati ng frequency. The controller 106 may
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124 control p I rence
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section 112 can be con3|dered to include, an executable portion and a data

storage porbpighal, feweratis, adovoligge eharastgistitsr hol di ng neasured and deri ved
parameters and variables as well as information such as signals, state
variables, and the like. In the illustrative exanple, the storage portion

i's shown t ol00AE uddhe dlckdirgsamisiepists the mypgraied (cirsui 4A9 mqmcwgg & CITgHHY 9B del
132, ari ”g%c%c%' ééc@&ﬂﬁl@)%ﬂf a&se%e?t{%ﬁrsb@tto ML iﬁhéhﬁ | ? SUCRaE Ji&gge“ al

const ant and/ or I'ndex 1 nformation eratur nformat 1 on
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par aneter 142. The table_section 112 i es a nodel 144 tha{ podels
the criti cafmp %{?Wt@fg 9%‘"{%» @qrwgp,tprggr@rmgeg@? t”éé“‘sé%ﬂsoﬁta?l@ac 51 98 °rhe
devi ce del ay glifle fke.MaXi mum operating frequency Frmax is directly

[0008] The circuitry or device section 110 is shown including various measurement
and control devices. A tunable voltage regulator Vreg 116 enables control or tuning of
integrated circuit voltage. A load capacitor 118 enables control or tuning of integrated
circuit load capacitance. The circuitry or device section 110 can include sensors such as
a thermistor 120 that can track integrated circuit temperature. The circuitry or device
section 110 includes a critical path 122 that is controlled by a control element 124 based
on a combination of device delay (Td) and maximum operating frequency. The
controller 106 may include part or all of critical path 122. The illustrative control
element 124 controls the critical path 122 based on the tunable regulated reference
voltage Vrgeg 116, temperature 126, a material value 128, the load capacitance Cy, 118,
and a threshold voltage Vg 130.

[0009] The executable section 112 can be considered to include an executable
portion and a data storage portion, the data storage portion for holding measured and
derived parameters and variables as well as information such as signals, state variables,
and the like. In the illustrative example, the storage portion is shown to include
registers and/or memory cells containing a load model 132, a ring oscillator count 134,

material information 136 such as material constant and/or material index information,



proportional to core voltage, tenperature, material type, |oad capacitance,
and threshold voltage. Material type accounts for variations in integrated
circuit oNOpoaiie3é77or exanpl e according to position on &CHAfSR005/029¥5DNeE
exanple, the material type can be assigned to various classifications such
as slow, nomnal, and fast. In other exanples, nore or fewer
classifications can he. assi Accor dj t he. contr el. e 124
accesses t hé“PRYe 5 SBfopRpty (g’eﬁgﬁ’ v aéﬁie %Jﬁé@cilvé’hag% PE %96 and 1,
mat eri al valpeihds fréq?enélgop&aﬁaﬂaﬁmz .QMEE efdeuthbfR seat'iksh ieidchiaes hehdhey P44 age
VTH 130 to produce a Td/ Fnmax control signal for application to the critical
path 122. [ detmodelsdhesriticatpathga in thegércuitor davicesestiond19.n the control | er
106 and use device delay as detected on the ring oscillator 104 or,
conversely, oscillator frequency, in addition to other known or

measur abl e ﬂﬁ(ﬂdﬂet efke idavich elelayt E@mtm@ﬂmum: @perating bqumcasFmasx a@s vpktthge
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i ndex X, tenperature gradient dT reference tenperature TRE i nst ant aneous

t enper at ur e 279AREME 19 BPHEHefR O RakRaht [ogne expmplen themaderalippe eapebe/ssigledith
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according to an equa formas

Tmt ) +dV- ( Yewér elaMﬁ%)atlons(d& BeDiktzhed heA dveidiglyl the mdﬁtmlaéleinéﬂlelmd&béds@sﬂa'
paraneters Fmax of the critical

e determ ped and the nmaximum frequenc

path is appaliﬁ’feﬁﬁ]@@é TBEEC IRItRafeY Riank! 6@&%‘?9@%9&9 Z?(IS,; theumaferial Yabee1 B8, thsr
application h r £yan CUIt
100, the cr??%dcg%pa%ggfagé%de %?11?1 tgg)r?ﬁr%ge%dl Q% v rlgprgtto é&%?% core
vol t age andcommdmlgnale@)remﬂmatwmwcthesnt1¢aﬂlgathtmé critical path 122 does not
violate the inposed functional criteria.[0014] Referring to FIGURE 2, a
graph depi cts an enbodi nent of a characterization between device delay and
core vol t ag40aiiat i Fhawstital path noetehbdlt amrexecute in the controller 106 and use device

delay as detected on the ring oscillator 104 or, conversely, ring oscillator frequency, in
addition to other known or measurable parameters in the integrated circuit 100 such as
core voltage and temperature to identify material type during a cold start. In one
implementation, the controller 106 can access operating parameters including oscillator
output frequency F,;, material constant mx, material index X, temperature gradient 8T,
reference temperature Trgr, instantaneous temperature Tiygt, voltage gradient 8V,
instantaneous voltage Vinst, and reference voltage Vyger to determine the value of the

material index X according to an equation (1) of the form as follows:

Fo=mx-X+0T (Tpge —Tinsg )+ OV - (Visr —Vier) - 1)

[0012] The material index and the additional parameters are determined and the
maximum frequency Fmax of the critical path is approximated based on the ring

oscillator frequency.

[0013] For applications that impose a higher execution rate on the integrated circuit
100, the critical path model 144 can recalculate parameters and adjust core voltage and
clock tree capacitance so that the critical path 122 does not violate the imposed

functional criteria.



operating an electronic circuit or device such as the integrated circuit
100 shown in FIGURE 1. The integrated circuit 100 includes an oscillator
104 and hwie 2kevanzss7mat eri al, tenperature, and voltage chacaatSesns®Ld46s. The
met hod can be perforned by a controller gOG and conprises supplying a core
voltage to the electronic circuit froma“cold start, neasuring out put
frequency o osci.l l.ator duri he cold start,. and determ ning

mat eri al in&gigfro%ef%n%uﬁﬁ)uﬁ#%eﬁcya b&?@% dFPictie Mntat Ogirr,’ent of a
tenper at ur eghaadiferi/aliéR 86tweBRIRFIE deblyl &Rl cdP VoRths Mt & ubd¥CinCh nfdihdd RN be
controlled by estimating a maxi num frequency for a critical path in the

el ectroni c eparding abalselgorga cirneit e tdsyicalsuch detheindedrated wanuly 160 shhen in
oscillator. ] {Coryel.atig depi.c g he_graph,can, be pressed
daing a qevFLEBHE 17 ThEsRbERED SFRYCIGH idghudef anPBAMG Tod G TPEJERSE _ |
=k a C" (4matééiat, téfhdﬁbrwﬁﬁ{ and QoltSgetdiefrididsayThGneihsd @ beGREBANEEDE R, Vdd
is core voltage, and | is current. Constant a relates delay as a function
of voltage olleiy 1 06 gachporaprises SURRINING cdcqra VPHagH tBe clRelpBlg cvms from a

I ntegrated CljrCilts ' .: ' / ineering /
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i nt egrat ed détermining devinaterialn indekMironfl the oopabi frédugndy basgdaoht tiecmatdaanugh

t he device oxide |ayer COx, length L and width L of the netal, polysilicon
or diffusi own}pagﬂ@%r%%ndt‘f%taa%ehwteﬁ%&d@W@EO%?%@e SHEWE PEhbe exntolied byhe
inference thaty, [ Vi B 1 asaei :

reduced capaci taﬁggﬁﬁlﬁqﬁeﬁﬁgﬁgﬁﬁﬁp Od}llglféﬁqn an (’(Ca%&rrl}l:)t?ﬂe%% uélterat ed
by Fl GURE 2mattiabingen andcfidqmencyodfithgescillabor. exanpl e 1.4V, the oscill ator
frequency correlates to point d2, a point that accounts for tenperature,

t hreshol d voltage VIH and material index on the oscillator delay curve 200.
Load capaci [08iS}e c&lorietations degidted epahateedph chapbendiprgssed using « ldovike idelag on

e the o[l LSS PR 55

aC.V
T, = —;—”"’ )
— aCLVdd (3)
HC, YV iy =V,
(Vdd - Vt )2

where T4 is device delay, Cy, is load capacitance, Vgq 1s core voltage, and I is current.
Constant o relates delay as a function of voltage Vg4, for example as described in
Design of Analog CMOS Integrated Circuits by Behzad Razavi (McGraw-Hill Science /
Engineering / Math, 2000). In equation (3), the current is expressed as flow through the
integrated circuit device in terms of permeability p, capacitance through the device
oxide layer Co, length L and width L of the metal, polysilicon or diffusion layer of the
device. The device delay equation leads to the inference that device delay decreases

with an increased core voltage, reduced capacitance, and a low temperature.



[0017] Based on characterization data, point d2' is identified which is on
the critical path delay curve 202 at a core voltage VDD that maintains an
appropri ave 2@l|g677n the critical path. The point d2' cecralSatws®2448e ri ng
oscillator behavior with critical path delay on the device. The nodel

enabl es the extrapol ati on of the point d to determ ne a point dc2 that

corresponds he gritical { e exi stin ondi.t i ons
(00161 Poi nde0igh " o SEBrERhHELBY EGUHE 2 e tonaplnge o adile
di fferent VREW,OHE bsilitor [ﬂb@ﬂl&lcy'rb@'rér@t@ﬂtol poiatl A2, US §didtOthAe NREG s For
nlnlnun1voltage t hat |S€EE$ rlate to operate the device and a | oad

capaci t ance AR iR tHTa e pHagenV oi-rendt Baterak mﬁlﬁmomﬁhﬁqugaaf@ndylamqw i a
sui tabl e Tonohunchd oaLiREBaf. ABILDE sitdif AbpdtAldk ol QOFRLL BECH, thggt "

ring oscillator 1s o he sane 1 ntegra

the ring os¢hd¢ratca}paﬂho&mk${ tracks changes in critical path pararret ers such
as changes in voltage dV, changes in tenperature dT, and | oad capacitance
CL [0021] Accordingly, the material index and oscillator frequency can be

used to apprlexi7iat eBised ofrkiratteritaivgdans yoiaf d2ie idehtifie€ ¥hidhds bn tHd critieel
delay in the critical path is unswtable for a particular function or
appl i cati onpP? oy, Giva gl ahacere Yalser Vioodhalcmpiatdinsar eprrenriate delay is thed t o

posi tion thesgedti.aal Tﬂ@?&nﬂ%?ycoﬂla‘%% 1?19 r%pééc@a?of @éﬁgﬁ% LARe tlcaﬁ' pa‘glt h

illustrative technique correlates oscil avi or ‘W Cri

del ay of thdelay@ntth@dmcceclTlmmbdeira:dalﬁesathleestr@dhtmnmﬂ’th@pﬁmt an ﬁo&@%ntnmd)e
generated and | acitance tq be, enera in selected _margins to
produce a CBWPP’E%F%&%WW?H rt%(gflf’ Sgs‘allﬁ?ﬂ% 336111? @Fél'é’*lexf)%ll“ﬂ cpitions. The
met hod associated with FIGURE 2 can be inplenented as a reference nodel,

for exanple | of t A software-based dynam c vol tage scal i ng_(DVS)
i npl enent at i[@ﬁsf c?mjg ts gl gHlf i and Q?hé‘ﬁm@rg@c@wxw R4 opeEstiens aha Wiffeyent; t ed.

DVS techni qygs; ot gpgnt ed solely in hardware are inflexible. Embodiments
of a DVS systemthat i1nplenment functionality in software enable flexibility
and capability for application to enbedded devi ces designed either to

I nclude or gggibyde FHYSnBRI WRAES used to generate a minimum voltage that is appropriate to

operate the device and a load capacitance within appropriate margins to meet maximum

frequency criteria suitable for functional demands on the critical path.

[0020] Because the ring oscillator is on the same integrated circuit die as the critical
path, the ring oscillator closely tracks changes in critical path parameters such as

changes in voltage dV, changes in temperature dT, and load capacitance Cy.

[0021]  Accordingly, the material index and oscillator frequency can be used to
approximate the maximum frequency of the critical path. If the delay in the critical path
is unsuitable for a particular function or application, core voltage and/or clock tree

capacitance can be adjusted to position the critical path delay in an appropriate range.

[0022] The illustrative technique correlates oscillator behavior with critical path
delay of the electronic circuit and enables a minimum core voltage to be generated and
load capacitance to be generated within selected margins to produce a controlled

maximum frequency in the critical path.



Typically, all functionality and features for a software-based

I npl enment ati on are conmon on enbedded devi ces. The nbdel can be adapted to
changes iwoaepida2s@l? path due to variation in process an#Corussabssegaent |y

di scovered phenonenon that changes elec;éonic circuit performance. [0024]
Referring to FIGURE 3, a flow chart shows an enbodi nent of a nethod 300 for

abol yi ng. 3000B3Eor ¥ afetipd Sgcipnd S EIGTRICE off bermoRghed o Hisede . A
mat erial i ng@dell Jor egimiplé iif oRR4redaRe cbBiark Hasdd @;ﬁéﬁﬁ&%kﬁl@/k&ﬁng (DVS)

characteristics for the electronic circuit, as well as a neasured operating
frequency atmpipinenfatione isetestetostive Bngecsreriabpifatheriwate warx ibsomittedquaM8y i s
estimated 3 . . CELL ] he el ec: Lc cireuit base he
mater 1l i nigp s e TRl PR i R B ARG H Ul RS a BV

charact eri sgystesn ithut | itgenient gundionalitg i esoftiabe enabiél fléRibilagend hapatitigr fgt i cs.
[ 0025] The nethod can further include dynam cally acquiring neasurenents

308 of cri t#RPAcatinn 1o smabedded devcasdjesigned eithes ip anddwls on srgluds DYP hewwagdunt
310, tenper Ezﬁ}y‘q’lﬁl fﬁ&gil(’)hﬁg Idae épl‘ﬁ S \@FC% %&éwm%%sé&"i%?ir%gﬂrﬁﬂga\ﬁght £Q€ VTH

316. The critical”’path 1s no using the neasured
par anet er s. cobnaor loacmbeddal dévicni tTheanodsd chnbe dd3RA6d knsleahgedint driticabgath.

[ 0026] The nethod can he inplenmepted. to respond to real -time changes in
condi ti ons, 94l YATAHER 4N FYORES f‘#‘ﬂ@r spsequsntiy d&ﬁ%’é?f{ RlcroiFany i ¢hanges

triggering L1B&rdsd éifRitRPfoRha®@Xi mum frequency 306 by the occurrence of the
predefined event. Typical triggering events include interrupts, traps,

detected changes in nonitored conditions such as tenperature or voltage

changes, a”ﬁ)iohﬁ']e | iﬂ%g%m%gg Fgg,j}lg?rsr, %“ﬂ%\ﬂ%hﬂ%évé S Weotirhéht ©F 1 ARt 306.

a determ nation can whether to tune the electronic Circuit.
The det er m 300 foyropemting cha diecdedicocirduite Elst ilhmtratty entestimigue begigusnappling27]

The esti mat ] of maxi mum f reqe;[enc .306 can be made to cqrrel ate.operating
frequency belfadiEre welgeecta thee F“ﬁé’i%c’&@wuﬁrﬁ]“’% 2140ed sfeglet PoRREeTiR ﬂ‘l‘f??‘t S The
identified 304 based on known physical device characteristics for the electronic circuit,
as well as a measured operating frequency at which the electronic circuit operates. A
maximum frequency is estimated 306 for a critical path in the electronic circuit based on
the material index and operating frequency. Typical physical device characteristics

include material, temperature, and voltage characteristics.

[0025] The method can further include dynamically acquiring measurements 308 of
critical path parameters selected from among ring oscillator count 310, temperature 312,
regulated voltage Vrpg 314, and threshold voltage Vry 316. The critical path is
modeled 318 using the measured dynamic parameters. The electronic circuit can be

tuned 320 based on the model.

[0026] The method can be implemented to respond to real-time changes in
conditions, for example by waiting 322 for a predefined event and triggering the
estimation of maximum frequency 306 by the occurrence of the predefined event.
Typical triggering events include interrupts, traps, detected changes in monitored
conditions such as temperature or voltage changes, and the like. Once the current
maximum frequency is estimated 306, a determination can be made 324 of whether to
tune the electronic circuit. The determination is made based on the estimated maximum

frequency.



correlation can be extrapolated to determne a critical path delay in the
current conditions. A mninmum applied voltage can be generated and | oad
capaci t arwe 20ewB673 set to neet the specified maxi mum f Peguseey/oew@ndi t i on
in the critical path. The | oad capacitange can be nodel ed separately from
t he nodeling of voltage and tenperature. °For exanple, the | oad capacitance
can be node as on_a clock.tree on the critjcal th. [.0028] In a
particul ar hﬁ%gﬁl nglﬂ}e, cfteetiogqef mampm F%ﬁ?ﬁ’il@ﬁﬁn%@ c?ﬁabde %V[?Fe% %?Fé‘!f]ate

i ncor por at egpdualy MegeensylseasiiBe twiBotAMar SatDMES! (0R) the dedioRRCBBeds:. Afhe

Qual comm Inc. of San Diego, CA Yield inprovenents results from materi al
dependent pewtdaiiinngan heDBSipokded éx aleparminea af ersticahytatly idglaygin dhealclyentas a
relatively high.qui escent suppky.current (I the.current.that flows in
static Oorrpféeérzrl:;akhch{gi'r;I:\/A ﬁ}g}g’lum %ﬁ%‘%vgféarﬁec%ﬂéﬁig.?@rratf% 0ad SAPEIANEMIRES | ock
i s stopped. setheaieet tieadpeyified BXRirBBMUehubicyCERRIEIdnOinZBE @rifitd] paf. - TRetadse
maxi mum frequency FMAX is higher in integrated circuit segnents with fast
char act er , DVBACEEE $ah R énQQ‘?gedi sepegieht femcthe appdeling of yoltags gvdrtamperetuse.t o
operate at g %bl&%{loé&'c Gali2&) tb'é‘?n&de[’lecd“tkésed 3n 'a%lcf‘ck e%ecﬁa %E%ﬁﬁcdh'
contrast, slow material devitces nmay Rave 4 arge proportion of devices that
are unusabl patdue to the FMAX margi ns. The DMSS can be configured to operate
at slower speeds with slower parts, thus increasing the yield fromcorners
of the wafer that typically produce the slowest devices. [0029] A dynamc
vol t age scajoong] ( D¥b) paeficilfeatbodiflélt, thewh«Ize sirebl inpls@bite@ita isfstétR ftleat
adaptable to changes_in critical path due to process variation or other

si gni fi cant IMSAPA nQuﬁlﬂﬂpd‘?@}‘biféigéﬁlgPW@l@e@MﬁﬂNﬁg agrasigmerk gl Quglgomm
Ex | f ixncl - ' | \Y/ [,.ch
can ol tor LR, SAETABEEACANC RIS R0RCihehBIMBEN AP shaefal pentbiec

critical paptocéssmg maDMSS.o For atxamphy nafasc ntatenthd igensrakby haganeiaivelSORAN) i n
sonme configur.ations. OOSOJL -HSB 3Otht war e | Iffment at i,or& further increases
system r obuS{ifssert supplysygat IDDQ), the current that flows 1n static Complementary Metal-

Oxide Semiconductor (CMOS) logic when the clock is stopped. Theoretically, IDDQ

should be close to zero current. Because maximum frequency Fymax is higher in
integrated circuit segments with fast character, DMSS can manage the integrated circuit
operating parameters to operate at a lower core voltage when the circuit is in a sleep
state. In contrast, slow material devices may have a large proportion of devices that are
unusable due to the Fyax margins. The DMSS can be configured to operate at slower
speeds with slower parts, thus increasing the yield from corners of the wafer that

typically produce the slowest devices.

[0029] A dynamic voltage scaling (DVS) reference model implemented in software
is more adaptable to changes in critical path due to process variation or other significant
phenomena that may be overlooked during product design. Examples of such
phenomena include droop in regulated voltage Vreg which can alter the device critical
path. For example, Vggg droop may move the critical path from cache to static

dynamic random-access memory (SDRAM) in some configurations.

[0030] The software implementation further increases system robustness since the
model can be generated after full characterization of the integrated circuit and product.
The software model also enables highly flexible implementation since the model can be

used with a Power Management Integrated Circuit (PMIC) or other power management



nodel can be generated after full characterization of the integrated
circuit and product. The software nodel also enables highly flexible

i mpl ementwDi2006/@867ce t he nodel can be used with a Power PRENBg@I®ONG457
Integrated Grcuit (PMC) or other power _nanagenent hardware. In an

il lustrative enbodi nent, the nodel can be i npl emented in a Mobile Station
Modem (MBM |, (t integrated circujit..an st em.sof twar e _nad vai l.e by
Qual conm | ravgre. sl tithshede citbadi St b Tel g i prlEEee b & M,
The di scl 0sgghtisy MEdEVISMPS ™ bftestaRd dirduit "HRH QRBREAS] RiMTe ntade UWvdllSH16 Biypset s
that are designed with single rails or nmultiplé rails with copies of fhe
proposed no&uplcomey o ef Spn Dirgei G4, oodthergaitalle pragiessod am¢hipsst.| 'She disglesedi ng
on respecti itic at hs, associ at ed. W t.h .t ails..[0031] .The, ..

i |lustrati vgé%ge)?/ﬁs t“%ea bﬁ agéaonger’ %F?c%l lgnﬁ‘ltr%?r Hower™ gl(l)tﬁgeuéhl Siegsnthg%%fer%&l&??de%tht s
si nce the npidgle raflebanagtiple 1@ils withi apicosethdt propdsedBhoded kel SorSEptinhimg -
[0032] Referring to FIGURE 4, a schematic block diagramillustrates an
embodi ment  ¥9ltag annindtyidnabaatls, depandingoen respectine weitisalcraths ansocigted avith theeast
one el ectropjc conponent and/or device 404. The core 402 has known
material, tenperature, and voltage characteristics. The integrated circuit
400 further includes an oscillator 406 coupled to the core 402 that

enerates agjn:m n i u by t r A control | 408 .i s
goupl ed to [@gno?ﬁfggﬁ%}g&ﬁ{'%e@g%g}l L 2&“%86%4%% RERYY o PR rﬁ‘}ﬁi tors
one or nor eregpiédtitosiate hemautel 6psated o hamddigecotdt dptindP PolitapRtstingaf a core
voltage to the el ectronic conponent and/or device froma cold start. The
controller 408 uses the nonitored paraneter or paraneters and estimates a
maxi mum f r epospry fRyferfing! td i EREUREL M, i 8 §dhem@tie€cbloeRi giag@iP ANe&iatedN GLOT
devi ce 404 based on a _material index derived fromthe known physical device
char act er i s¢mbedigigeh of annintegratad | cikcaipda inpleding i cows| #0% avith & deastranst i cs,
and a neasu . ec .G .Ci |t r ghh N e n 0 L tical
ol ay pat o ceiehenclahE (aQRE! 3h"0 HCHIETAN B Kibu RlHAT
can have vatenfpégatypesarid woliagg chapaaditicy The pategrated|cincuio @00 Srithivg itobindds tahons

oscillator 406 coupled to the core 402 that generates a timing signal for usage by the
core 402. A controller 408 is coupled to the core 402 and the oscillator 406. The

controller 408 monitors one or more operational parameters of the core 402 at
application of a core voltage to the electronic component and/or device from a cold
start. The controller 408 uses the monitored parameter or parameters and estimates a
maximum frequency for a critical path in the electronic component and/or device 404
based on a material index derived from the known physical device characteristics such
as material, temperature, and voltage characteristics, and a measured electronic circuit

operating frequency.

[0033] A critical delay pathway 410 exists in the core 402. The critical delay
pathway 410 can have various positioning depending on particular operating conditions
and circumstances. The controller 408 tunes the electronic component and/or device
404 based on a model of the critical path according to measured critical path parameters
selected from among voltage, temperature, and/or load capacitance. The controller 408
determines the material index, for example based on an equation (1). In an illustrative
embodiment, the controller 408 waits for a predefined event to trigger maximum
frequency estimation, and determines whether to tune the electronic component and/or

device 404 based on the estimated maximum frequency. The controller 408 correlates



and circunstances. The controller 408 tunes the el ectronic conponent and/or
devi ce 404 based on a nodel of the critical path according to neasured
critical wethogasanet ers sel ected from anong vol t age, t eoparsatdnegg4sand/ or

| oad capacitance. The controller 408 determ nes the material index, for
exanpl e based on an equation (1). In an 10 | ustrative enbodi ment, the

controller 408 waifs for redefined. event .tqQ trigger i mum frequency
estimati on,OREFﬂimﬁeér@%“r‘?P% eﬁﬂ’é?rh@ltﬂt g é)at[hhgelgy & ﬁ’&n%&%&ﬂ@ﬁ?gﬂ%d/ or
devi ce 404 hargdicoRe 408, SRl dxRHEEIE EBHBIAHORGY WEYminENEcRRAL path ldelay4R8
correl atesoperating frequency behavior with critical path delay on g’he

el ectroni ¢ stactrdrronditiansl/ The dentiadler 408 genematesex Mrinipuina eppliadhwliegy fud wedon to
determ ne a cri.%ical .pat h del a 1:i n sel ect egiggongg.tionﬁ. The cont I &lﬁiiicearl 408
gener at es aRFH aﬂﬁemwé'g’p]inf“egﬂlnsv% 'R AACEAG AP TR HER WY ¥ et Ging - set
to neet a 1 fied maxi mum frequency in the critical path. [0034] The
controller 408 controls power applied to the core 402 by adjusting sel ected
operational paraneters. A selected voltage may be generated by connecting a
power sour CRodd2 t ahe dbatbAGC 468 SUhRSI9 okt pPHe® UPBheY cHiS Adnebgeﬂjusﬁhgd
voltage to power the core 402. A selected clock frequency can be controlled
by using a stéicted aplerational ppr@netersc odhseletted voliagieandiebd gensraied Dy epmsrtingach as

the oscillator 406. |n.one ex | e e cildator .40

vol t age- conl?c’r%‘?rlsgﬂr‘;Ss‘{c]izl o3 gpﬁggeh’édgg%golrl gt ol Jé’{yé%gfeg%égﬁgea&%%%e P gnal
with a fre Whé Bade 402. basadedidtl Hloap &Qahden dde!bayconfrobed 8l hishig d delufie
core 402. Various factors, for exanple tenperature, materjals, and

vari abi | i t yelpmentz6; toonsal awae@@%ﬁf?ﬂyem@ﬁnqk suchgass the aspidlator #R60.H 1B 9RGat | on
delay in the inte ' ' : { r | at or

controlled %‘S}r&’gel’ 3ﬁ %h%gl\llag {%ekgg%giae@ﬁggg hlté@(%gerd eo%%@lgﬁ%ﬂ ht%aloleéc%lg@f Piggt or
406 may be gmietatesl & @tbckosiymul ywith exjfrequeyicy Fhat ieXisasgd en propagation rdeldyein 408

may reduce the applied core voltage and sipultanepusly reduce the operating
frequency teAtlwRhEh&s eote 0% he Bl faciIpt &X%&WP%&{%HC dof

it AP
the appli edygohficy 9 bR RRE A sl 40 URRGYNCES T Bopdsfibn! RILPAIGE
power consunption I'l'e ensuring an "appropriate operating speed to attain
processi ng integrated circuit 400. The voltage regulator 414 can be controlled to vary the voltage
applied to the core 402 and the oscillator 406 may be controlled to vary frequency. For
example, the controller 408 may reduce the applied core voltage and simultaneously
reduce the operating frequency to compensate for the lower voltage. Coordinated
management of the applied core voltage and operating frequency can be used to reduce
power consumption while ensuring an appropriate operating speed to attain processing

functionality.

[0035] Referring to FIGURE 5, a schematic block diagram illustrates an
embodiment of a cellular telephone 500 that can implement the illustrative technique for
operating a device at an optimal core voltage. In an illustrative implementation the
cellular phone 500 can be a Code Division Multiple Access (CDMA) wireless
telephone. The cellular phone 500 includes a radio frequency (RF) receiver block 504
and an RF transmitter block 506, and a baseband block 508. The baseband block 508
further includes an Intermediate Frequency (IF) transmitter 510 and IF receiver 512, a
Voltage-Controlled Oscillator (VCO) 514, a Phase-Locked Loop (PLL)/synthesizer
block 516, a Temperature-Compensated Crystal Oscillator (TCXO) block 518, and a
Mobile Station Modem (MSM)™ processor 520 and associated subsystem including
memories 522 and audio 524, and keypad. The RF transmitter 506 generates an RF



functionality. [0035] Referring to FIGURE 5, a schematic bl ock di agram
illustrates an enbodi nent of a cellular tel ephone 500 that can inpl enent

t he il uswoaveeursd7echni que for operating a device at anPOPUSEIS/02BISE
voltage. In an illustrative inplenentati gn t he cellul ar phone 500 can be a
Code Division Multiple Access (CDVA) w ndl ess tel ephone. The cel |l ul ar phone
500 includes a radio fre ncy. (RE) .receiver bl.oc 04 and an X

rans t§ erviccia gl U I AL B GOBIHR & T8O SR E e b 4B Enslos

further incrpdeseciHhd BIb& 56 nat %ej!r@&d@?@lﬂ(ﬂr@es& E@ﬂeﬁ%}taﬂﬁm anhfdgasiehald
receiver 512, a Voltage-Controlled Gscillator (VCO 5I4, a Phase-Locked

Loop (PLL)/andntchewsirt dhe bregeiked 16gna R rsoandit threngho mp endiagksdcading t (gbdec)

Gscillator £TCXO)..hl ogk 51 and..a Nbbil e, Stati dem (NVBM (t rocessor
50 anq assBTTEH s caeyLhon PAC KB BebBidt FLDRBAERY RO, midhedtich
keypad. ThefultidnaR6ys Mypicilly o8 Suig®Remahing odl D@ distiigingd thamehbtievdrous
recei ver 504 converts _a received RF wave to an anal og signal. The baseband

bl ock 508 anecksHe thercsHalasphonsA§0pr ocess the digital and anal og signals, and
convert the received signal to sound through a codi ng/ decodi ng (codec)
functionality. Low drop-out |inear r%g)ul ators (LDGCs) supply power

managenent 1003@t i odl iilpsfrativg RFaaediyer bipok fi0dantledas apemout apphidien serface-

di stributed thro i-Qu | ocks i h . r 6] An
1T ust rat vEoRRet BB (S APLIBER. BuflSih bt aRgfRl dal cBHENENFY bR

sur f aceacouss iiltuswatiee REAWshittet BloSk 506 Mckeles af fdlAdY, apo@eRimplifkei (RADO,! I O
(AGC) anplifier. An illustrative RF transmtter bl ock 506 includes an

i sol ator, a>p¥nelergAnAFEemplifignpnd 8AWXES | ters, an AGC anplifier, and a

m xer. [0037] Wile the present disclosure describes various enbodi nents,

t hese enbodi nents are to be understood as illustrative and do not |limt the

cl ai m scopel00¥Any VWhilat then Presapidi discdesureordescriedi vRders ambodipedyetiases of

e, Cescr b TR0\ 21 RSPl ey Rl S BIPAS ol 1F LR 08 7

struct ur es Magly medrividas, dinsodific€iond) e héditionsarhd improvements of the described
embodiments are possible. For example, those having ordinary skill in the art will readily
implement the steps necessary to provide the structures and methods disclosed herein, and
will understand that the process parameters, materials, and dimensions are given by way of
example only. The parameters, materials, components, and dimensions can be varied to
achieve the desired structure as well as modifications, which are within the scope of the
claims. For example, the illustrative methods and structures can be used in any suitable
semiconductor technology and is not limited those particularly named. Furthermore, the
structures and methods can be used in any appropriate amplifiers, receivers, and
communication devices other than those described and named. In addition, the

+ disclosed structures and methods can be used in any suitable applications, extending

beyond the particular applications described.



wi || understand that the process paraneters, materials, and dinensions are
given by way of exanple only. The paraneters, materials, conponents, and

di mensi onwocass/tass7vari ed to achi eve the desired struct uPeTas2008/0k948%

nodi fications, which are within the scoqg of the clains. For exanple, the
illustrative nmethods and structures can e used in any suitable

sem conduct or technol ogy and is not Ib@kégﬁsthose particul arly named.
Furthernore, the structures and netho be used in any appropriate
anplifiers, receivers, and comruni cati on devices other than those descri bed
and naned. In addition, the disclosed structures and nethods can be used in
any suitabl e appli catAomghodefor epefiting dreglesitpniteirqyiringluding an apgllatenardons

descri bed. CLAL 1. A.net hod for.operating.an tronic circuit including
an osci || acGR RS R sh e SR el B el | co. ¢ he et hod
conpri sing: suppippRinga €66 oNslettadie diectioni dicait ffodih Goldistesii t froma col d
start; measuring output frequency of the oscillator during the cold start;
and det er ni ni ng BeFHEIBE PRIPUY ﬁi@Fﬁb@nW%WlPﬁ@ﬂé%?rﬁﬂmn&@%ﬁféﬁég‘ﬁba@%d on the
physi cal device feristies. i t i wherein
t he physi cal dev‘?%%@%%gaaéﬁéé%ﬁ?agg?%g f?&%ﬁé&)&%f&gﬁﬁ&;{&%ﬁ %r(}}?glrt%ﬁfrl@cja}and

vol t age charact eri stidsiceTharhbteristidshod according to Claim1 further
conprising: estimating a maxi num frequency for a critical path in the
electronic circuit based on the material index and frequency of the
oscillator. & The MeifOdomes Adris tOCHA Wil thfysLAIMG! No:

determ ning the material 1 ndex ase% on an equati on the form F t

=nK- X+dT- (TREF - T1NShayaetbristisd iNgfide mMRIER], ferapreatatey afbudltage chirectoustisst
frequency of the oscillator, nx is a material constant, X is the materi al
index, dT is a tenperature gradient, TREF is a reference tenperature, TINST
i s i nstantaneous3.t enpElicamuthed ackdrdiag fo Chalirhdgfartheradnmpnising:

estimating a maximum frequency for a critical path in the electronic circuit

based on the material index and frequency of the oscillator.

4. The method according to Claim 1 further comprising:

determining the material index based on an equation of the form:

F,,=mx-X +06T - (Tygr = Tinsy )+ 6V - (Vinsy =V gar)

whereby F,y is the output frequency of the oscillator, mx is a material constant,
X is the material index, 8T is a temperature gradient, Trer is a reference
temperature, Tyst is instantaneous temperature, 8V is a voltage gradient,

Vinst is an instantaneous voltage, and Vggr is a reference voltage.

5. The method according to Claim 1 further comprising:

approximating a maximum frequency for a critical path in the electronic circuit
based on the material index and frequency of the oscillator; and

for an application whereby delay in the critical path is unsuitable, adjusting the
core voltage and/or a clock tree capacitance to change the critical path

delay to a suitable range.



VINST i s an instantaneous voltage, and VREF is a reference voltage. 5. The
nmet hod according to Claim1 further conprising: approxinmting a nmaxi num

f requencywbanoe2s677t i cal path in the el ectronic circuit Poagsdoosn2dsse
material index and frequency of the osci L%at or; and for an application
whereby delay in the critical path is un itabl e, adjusting the core

vol tage and/or a cloc aC|ta ne e the.critical path delay
to a suitable range 6 We}% %d?lﬁb SYHPHSIRGIr t her conpri si ng:

correl ating osci bbﬁél@ﬁn@@é&ﬁlﬂt&rbeﬁwlbr Wwith thifed pRatdelAe)raye Qéctiag &}c%ﬁt ronic
circuit; and generati ng a mnimmcore voltage and adjusting | oad

capaci tance Wi thin sePBeted margins to produce a controlled maxi num

compr 51 pg: i mpl Soastr i g fore ¥Beg SR RA0R el St B, . na

adapting the nodel tosebaedrardins orproducal cpatrdlledutatiuitbfiéqieh®ninithe Pr ocess
and/ or subsequently di scovered phenonenon that changes electronic circuit
performance. 8. An infB ‘F%Pé -circuit conprising: a core including at |east
one el ectronic conponent and/ or device and havi ng known physical device
characteristics; an osci |l I at or coupl ed to the core that generates a timng
signal for usage’by tﬁbe&s:ﬁ@da&m medekilainl | Birthebegimerising the core and the

osci |l | at or t hat R hlll’ g{eel)t(ﬁ(;f(pgs 24 Péhtce%r[ %tgpﬁl%&w%r Lhg a cold start

and determ nes a erl omt e ou requencty based on the

physi cal device atﬂnptlagtthfrmsdﬂ¢(Schﬁges'ﬁh&nltllﬂqgﬂﬁdl&doﬁﬂaﬁ@tﬂbrim@ﬁ@d@ﬁsdilﬂl&)rt 0
Claim8 wherein the pleSI cal ((ai
bsequently 1scovered phenomenon that changes electronic circuit

performance.

8. An integrated circuit comprising:

a core including at least one electronic component and/or device and having
known physical device characteristics;

an oscillator coupled to the core that generates a timing signal for usage by the
core; and

a controller coupled to the core and the oscillator that measures oscillator output
frequency during a cold start and determines a material index from the

output frequency based on the physical device characteristics.

9. The integrated circuit according to Claim 8 wherein the physical device

characteristics include material, temperature, and voltage characteristics.

10.  The integrated circuit according to Claim 8 further comprising:
a critical delay pathway in the core, the controller estimating a maximum
frequency for the critical path based on the material index and frequency

of the oscillator.



characteristics include material, tenperature, and voltage characteristics.
10. The integrated circuit according to Caim8 further conprising: a
critical welag/matiway in the core, the controller esti raTiusgood/ o2sx? mum
frequency for the critical path based on the material index and frequency
of the oscillator.11. The integrated ci ‘it accor di ng to G aim8 wherein:
the controller defernmpes the material index hase n an equation of the
form FO0111 =nx ﬂ( +%H@{r¢egrat?‘iﬂ§‘3‘ta‘9°‘§dm(g\70-avn) Y¥by Fout is the

out put frequencyyicohf6l@elekhkOthe itersl il XHa8d H arf QRSHANES th&fdrdn:t he
material index, dT is a tenperature gradient, TREF is a reference

t enperature, TINSTi s i nst dnj, aneous HEMELat-ULE,) 6V i($,a VB4 age gradi ent,
VINST is an instantaneous voltage, and VREF is a reference voltage. 12. The
i ntegrated circuwhergby dfodiinipeootpat GegnegcybEthe ioseillathe npoistarmdtersl constant,
approxi mates a maxi nug.fr.equency .f or e critical path ed. on _the

marer s al i ndex and 11 adtbroyagrtang 8RR et gt e el
whereby delay in the e, DRlTs irstamnmdbisatemgerafiil, 531 & alvofiagogadiel, t age
and/or a clock tree capacitance to change the critical path delay to a
suitabl e range. 13. TNeur iftasgreemancops volfageatdoY i i rederencsivoliagaher ei n:
the controller correlates oscillator behavior wwth critical path delay of
the electronic circuit, and generates a mnimum core voltage and adjusts

| oad capaci t ancel?y t hilhe bw¢gsated direrdirageordingdo $rlaigud wheretwnt r ol | ed maxi num
frequency in the,critical path. 14. The integrat cifcuit ac di to
Claim8 further @8 r?ﬁ?‘%r(gl?eﬁSBPIQX%%?SraO?lF}QPlu& %ﬂ%enggcfﬁrﬁ%’? ?‘Hﬂﬁaﬂ%ﬁgg%sg Ut abl e
readabl e program codetherhaelifthdeR ene ifieqhdiel ol thdsaillpiosghd Focatpplibaion

i npl enents a reference_nodel in_software and adapts the nodel to changes in
critical path due to Whereby delay in the critical path is unsuitable, adjusts the core voltage

and/or a clock tree capacitance to change the critical path delay to a

suitable range.

13.  The integrated circuit according to Claim 8 wherein:

the controller correlates oscillator behavior with critical path delay of the
electronic circuit, and generates a minimum core voltage and adjusts load
capacitance within selected margins to produce a controlled maximum

frequency in the critical path.

14.  The integrated circuit according to Claim 8 further comprising:

a controller usable medium having a computable readable program code
embodied therein including a program code that implements a reference
model in software and adapts the model to changes in critical path due to
variation in process and/or subsequently discovered phenomenon that

changes core performance.

15. A method for operating an electronic circuit comprising:

applying a core voltage to the electronic circuit from a cold start;

identifying a material index based on known physical device characteristics for
the electronic circuit and a measured operating frequency at which the

electronic circuit operates;



variation in process and/or subsequently discovered phenonenon that changes
core performance. 15. A nethod for operating an electronic circuit
conpri si YO 20qmpi2g67Mg a core voltage to the el ectronic cipcaaistoosnemmsa col d
start; identifying a material index base? on known physical device
characteristics for the el ectronic circufl and a neasured operating
frequency at mhicq? el ectroni¢c circu i a_maxi mum

il SEHER Fedienty i BRR M by Thteafe Sriine

frequency for a cC
mat eri al i ndex and op@aﬁdidﬁghéﬁgwgﬁpﬁmexalﬁiop'@ﬁiﬂgquéalggn@@cor ding to daim
15 wherein the physical device characteristics include rmaterial,
tenperature, and voltage characteristics. 17. The nethod according to Claim
15 further conpriigi Ng:The WERBLRLOMidERBTUAD DS FhideirC@l pRALLY Ravigdet ers
sel ected from anong. vol tage, tenperature, and/or |oad capacitance; nodeling
t he cri ti calchyaetpristice cdidegnateristetsmperatire,and vobagragharastemstics. and t uni ng t he
el ectronic circuit based on the nodel. 18. The nethod according to Caim 17
further conprising: waiting for a predefined event; triggering nmaxi num
frequency esti matlyon Bjeomthod asnomdingftottainpt efetheneunmistng:; and det er mi ni ng
whet her to tune the eleltronic circuit based egn t%e e %ri mat ed maxi mum
frequency. 19. TRIEEADGMSASEPE cHECA BtByBarameters feFFRG FomAmmesyoligee,

correl ati ng operati ngtdm CndI&NBYd Odpa¥itdnBeCri tical path delay on the
electronic circuit. 20. The nethod according to Caim19 further

conpri sing: ext r #9dehng tg crifieal pety ascendingrio meeagared dymaneic patanietdrg;and pat h
delay in current

=

tuning the electronic circuit based on the model.

18.  The method according to Claim 17 further comprising:

waiting for a predefined event;

triggering maximum frequency estimation by occurrence of the predefined
event; and

determining whether to tune the electronic circuit based on the estimated

maximum frequency.

19.  The method according to Claim 17 further comprising:
correlating operating frequency behavior with critical path delay on the

electronic circuit.

20.  The method according to Claim 19 further comprising:
extrapolating the correlation to determine a critical path delay in current

conditions.

21.  The method according to Claim 20 further comprising:
generating a minimum applied voltage and load capacitance with margins set to

meet a specified maximum frequency in the critical path.

22.  The method according to Claim 15 further comprising:
determining the material index based on an equation of the form:

F =I71X'X+5T’(TREF_TIIVST)+5V'(VHVST_VREF)

out



conditions. 2 1. The nethod according to Caim 20 further conprising:
generating a mninum applied voltage and | oad capacitance with margi ns set
to neet awepewid28@d maxi mum frequency in the critical pacmus2@s/oifer met hod
according to Claim 15 further conprisi ng'16det erm ning the material index
based on an equation of the form F t =nx-X+dT-(TREF - TINST )+d - Vmt -

! . (TR ST )+d - mt -
s the mat ort al ity o SR e ARGy T plter iR FOL R 3RE once

is the material in _ _

tenperature, TINST i s mataidmidenedDs 4 empenaire padicl T.s, B atefctage gradi ent,

VINST i s an instantaneous vol tﬁge, .and VREF is a reference voltage. 23. The
INSH

met hod according to C'SPRTA%S EYINHFHARGOYP HanPeRPHS) ﬁﬂéslnﬂlé;igéﬂgémftlﬁ,ance
separately from nodeli o] Aure aci tance
be!ong nodel ed based orY}gSTg% %Ig%sﬁa?eee%{r%dlto tggggrglﬁt?uéﬁﬁ ssgg%e _&2)4.01%%% nt egr at ed
circuit conprising: a core including at |east one el ectronic conmponent

and/ or devi ce andzhavi _dee) E;ﬁ?! I i cteristics; an

oscill ator coupl g 'tﬁT'?;%e co%aoﬁmaé g;tgr%fgﬁieés: a@e{é?r’:nfg%nsé?%pa Ieg; ;Jsage by
the core; and a oonkhogloadc i separhtely e en ng GEvAltgE and ol e,
nonitors at | east one oper tq?u:'r{al pglri?;rretbjer of the core atg appl i (?a.t.i on of a
core voltage to the elf¥COROFRACIEBICHSHBEMmadsledhaseqern zeloek tigg en theicaitiealar t

and estimates a nmaxi mggf requency for a critical path in the electronic
conmponent and/or device based on a material index derived fromthe known
physi cal device characteristics, and a neasured electronic circuit

operating frequengy. Anp integrated circuit comprising:

a core including at least one electronic component and/or device and having
known physical device characteristics;

an oscillator coupled to the core that generates a timing signal for usage by the
core; and

a controller coupled to the core and the oscillator that monitors at least one
operational parameter of the core at application of a core voltage to the
electronic component and/or device from a cold start and estimates a
maximum frequency for a critical path in the electronic component
and/or device based on a material index derived from the known physical
device characteristics, and a measured electronic circuit operating

frequency.

25.  The integrated circuit according to Claim 24 wherein the physical device

characteristics include material, temperature, and voltage characteristics.

26.  The integrated circuit according to Claim 24 further comprising:

a critical delay pathway in the core, the controller tuning the electronic
component and/or device based on a model of the critical path according
to measured critical path parameters selected from among voltage,

temperature, and/or load capacitance.

27.  The integrated circuit according to Claim 24 wherein:

the controller determines the materjal index based on an equation of the form:



25. The integrated circuit according to C aim 24 wherein the physical

devi ce characteristics include nmaterial, tenperature, and voltage

char act erwet2o@#23@26. The integrated circuit accordi ng t®CTus2ons@4945Urt her
conprising: a critical delay pathway in tlpe core, the controller tuning the
el ectroni ¢ conponent and/or device based on a nodel of the critical path
according to neasured critjcal pa r ters selected fromanong voltage,
t enperature, and/or |oad c@ﬁaﬁ”&é%%gfﬁz&ﬂ@ﬁv%égf@z@d—cyioREF(,)uit accordi ng
to daim24 wher i, f r ines terial [ndex based on
an equation of the 1o m‘I‘i‘t‘;]l%tli]ljierrrc)%J éﬁﬁﬁqﬁéﬁgﬁﬁeﬁsﬂﬁﬁﬁ@%\?@ tﬁntaﬁ-’on@éﬁﬁ )
wher eby Fout is the ol puhe fratgiabmdyx, @ it heeryscititeairadient K iSs aréfaieaed al

constant, X is the material index,.dT is a tenperatureﬁr,adi ent, TREF is a
ref erence tenperature, g 2\ ] t age

f tempqragate, iLavst Hdpsiptanrons mnsriwiead Viite velirge sradicns|
gradient, ViNST is anvyistian geauseiR Vo Vs | ence
vol tage. 28. The int egrngst%éd circul teaccor%‘ehaﬁ(?g lgzlg%ff%n\é/\l%{é@{ea%%ﬁ t he
controller waits for a predefined event to trigger maxi mum frequency
estinmation, and dgter fijpes - ni.c. conponent and/ or
devi ce based on the esti mf%ﬁgﬁ%%#ﬁﬁ%{eo@fﬁh%w@ﬁ%ﬁi ntegrated circuit
accordi ng to C aithm @htreHerveaits. fot & predefiadaivbrtrto tigges haixasul FRgaéicyy

frequency behavior with.critical  path delay on the el ectronic conponent
and/ or device, ext rapS%}H?@?ntﬁ%‘i@Eg‘F%?%W T & Hop dheslprroRicsanosant pat h

del ay in select ed conghibPihicAeSaNEE Lol HlNARRLIEA Vol tage and

| oad capacitance with margins set to neet a specl m frequency in
the critical path. 30. A cellular tel ephone including the integrated

circuit accordinggto @ndiffbgdted circuit according to Claim 24 wherein:

the controller correlates operating frequency behavior with critical path delay on

the electronic component and/or device, extrapolates the correlation to
determine a critical path delay in selected conditions, and generates a
minimum applied voltage and load capacitance with margins set to meet

a specified maximum frequency in the critical path.

30. A cellular telephone including the integrated circuit according to
Claim 24.



