; e3e} xxydzXT{} 6D} Ttesl 1r71J7 5 ~i' O 11/9?370 I ~(~I/LISITI117P%
MULTI - PHASE PULSE W DTH MODULATED MGL-TAGE RTC, ULA' 1' OR FI ELD ' The

i nventi onwagemerratoly rel ates to voltage regulators and in pectiusel sy to
mul ti - phase pul se w dt h nodul m ﬂ rect-current (DC) to DC voltage
regul ators. BACKGROUND 10 Nbstm@ m WMMNHWWCircuitS, fromsinple transistors
and op-anp circuits up to el aborat-e~di-gital and m croprocessor .systens;
require one or nore sources of stable DC voltage DCto DC converters are

wel | -1: o0own opr g oyed to
convert fr orngnréh&mﬁ%e Si g%%EYI% ch}?@aﬂg‘;g‘ég%al
| evel . This may be useful in av ronnents i 5 Today's
‘sophi st Pcat ed processing units (PUs) Dave made the job of the power supply
designer not a difficult. These PUs cdiifildie to denand ever higher currents
and | ower voltages, One problemis providing a desired. highly regul at ed,
'vol t age whi ch niije inaenyion pergrallameletes suohagrsegufapers endanmphéculbrtomulti-pléasvol ts t o
1.04 volts, and that may depend, at least in part; on clock speed. Another
chal | enge ipslst &iqu owilaeted (HEMydirt@gerrait (D€) @t eblyghicghlatus.rents 2 0 t hat
may vary from several hundred mllianps up to, for exanple, |20 anps, and
back again, in a clock cycle, for ®aWGEROUNDt hernore, yet a third
challenge is to provide a scal able design that neets these higher current

requi reoents by nisi diebtBhit tir@lie, fdis bialpeSansikion 260 BFamp RUEIiGiRGo Hhiaske
connected together in parallel. Therefore., a need exists for a DC-to-DC

regul at or @igitnl ntiB@prob&s@byd@as teqal@8R or ﬁl%]%ﬁ@@?&ﬂsﬁa@lem'&'@%@ DC-
obj ecti ves, ‘or at |east one of 25 them than state-of the-art circuitry.

tVO OL/ 9?73 bcRGHErAN WelBi8Rwhih E\%aFPE§QR|cPJ i Gvilds aléty?l%\%m%vwe

foregoing and a better understanding of the present invention wll becone

appar ent T oM, fertabhomengideahh gl f8a6shHDEDIL: E5AML Q. eMRadl gENt S and

the claims when read in connéction with the acconpanying draw ngs, al

formng a B?thll 19fav51hé?w gfﬁ%% @S 5 of this invention. In the draw ngs, |ike
reference nu ers generally |n icate identical, functionally simlar,

and/ or; structur %b(ﬁ%g?g{jﬁ J&?&S’[%cfbggé%gﬁ unit PU )%a\té(]ﬁwcfe% ggbﬂge E&ge[l Sl?]JJd[)(?\M ng

mmltten and il lus sure ocu es ‘on |sclo

embodi ment Sd s?fi]et e Ql\fﬁcust Oﬂ se P ntmucp?o Sema 'er hl eI; SCtllqgld[S 1émda O\Jehe sane
IS by way SEPFIT Ust s ation” and d ntion i's not linited

t her et o. The ir ) Sco S in engl are, 10 |n1ted only
by t et er Gt 1R ek Hf g%%es‘f%gf §| M\Wg‘ i ;ﬁ“ GhPe g o
descriptions of the ramn i di, agr am.

I Tustrati A5ES el £ %ﬁé@%ﬂ%m’h%ﬁaa@“sdgﬂ% Pug B ErEHA L o

not her board acco n 0,an e enbodi of the present invention; 15
B gure o 1§45 BRBLk Tdhedg e P ot Thg ot e il Rt AEs buck
regulator in greater detail accordjn to an exa nbodlne t of the
current 0i n{BRERYYATY EPYGriEa 1P1]§*5?CH§%1911%§356{}R t%\f%rlﬁé 184 86?195 P&{}Hﬁ]taaalﬁ’r
conbining the circuit parts of Flgures 3A-3F, such circuit |IIustr%t|ng a
f om phase §yﬁéﬁﬁ%ﬁﬁu%ﬁﬁdﬁwﬂP@g&P§ %Fmﬁbéﬁﬁﬂ¢H@°W@3%W‘é%hWﬁV@eéﬁﬁﬁﬂ?ﬁent of
the present invention, where the regulator is inplenented on a PU, ? 0O
Figure 4 t dpsegsribaamets these lyglar sprent Tearigaientshy geits MakiplEdhiangrEs Ry 2 EHRMER r cui t
parts of Figures 4A-4D, such circuit illustrating a four-phase synchronous
buck reguléﬂ@ﬁﬂaéﬁ©kG@ﬁ@aﬂbﬁéﬂh@x@mﬁ$%hbnﬁﬁﬁﬂﬁﬁnﬁnéﬂlﬁhﬁsﬁﬂé%@ﬁﬂOﬂHQentlon
where the regulator is inplenmented on an interposes;, and L V1' O

111/ 9737( | rRCpiQSireuf th7ggat Epsyaloss isaccemalismnethese ebiestives, ofiahfpgmge of
illustrating a first and second over-voltage. protection circuit according
. to exanpl etlenbdenmertd-tof-at higcuprsesent i nvention
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5 Df I TAILED DI JSCRI PTI ON Bef ore begi nning a detailed description of the
subj ect invention, nention of the followng 1S 111 O'del'. Wen

appropri an o1/478® ref erence nuneral s and characters my beP(T@3011S82
designate identical, corresponding or sunilar CUnpOl7elltS rrl differirtg
figure drawi ngs. Further, in the deta| I ed descri pt| on to follow, exanple
si zesi nodel s! val ues/ r angdsRif 68 present invention
is not limted to the sane. ~T~~e|| knovvn povver/m~ound connections fO
riltegl' ated CtThelfolegSngla@s ) ttedurstchremdmgnygahe ptesenrayvenodn &e b&bil' V11
lvithl 11 the figures for sinplicity of illustration and di scussion, and so
as not to cippountefidrehe fioliewing datailddudesdrgrtion af eengdnanticslimays 4@ tshawimsi N

‘bl ock diagramformin order to avoid obscuring the invention, and also in
vi ew of t hewlfeactadtihainns@aivfilheis astdnpanBispaatvides, all fRheERpaabf tidiefoséech 15
bl ock diagram arrangernents is highly dependent upon the platformw thin

‘whi ch t e praseNhvdnB¥@NT: a diSwligs, DR Bfl-ar® itash:s V\ﬁe@aﬂyﬁ@&@dt& idefugnoul d be
wel | within purviev~~ of one ski l'ed in the art. ere specific details

(€. 9., CircuhdioHhROHRME)arRd® s®RburdIB stifildr BleREH! Whie B8 8GEIRR LY AMBL/Gg
enbodi rents of the invention, it should be apparent to one skilled i'n the

art that theddvaf HRRu&ED dtteloarr@%au@@sdowcitslcté%t ekttﬁﬁ% SRRAIldnes GelRl 1s. 2
0 Reference in the specification to Aone exanpl & enbodi ment= or Aan exanpl e

enbodi ment - inVBnAle utshé&}d Be B@%Lrh tﬁh‘étﬁﬁ%& tﬁ?tttl‘rgs%me%lf) ’ga?/tbz‘gl’ugfparttoﬁ Qr?or Ellil fe' stic

described in condection Wt iment 1S I'nc In at ast one

enbodi ment aff ha tl'tét‘{\‘?é”h‘ﬁ ﬁ’thT Dﬁteﬁﬂﬁ?&é afh%%?u 1921 dts ﬁje%lﬁ{h@ﬁt% é‘}ttﬁwé’rﬁ%n gxanpl e
enbodi nen t- |n va ous In the speci F necessarll al |
r ef errllrg)g lm On} oyf ]% Ebmggimﬁe %{{PV?dﬁ\‘,‘ ) 1mé/\to 111/ 973711 PCT/ USI I 1/ 17882 An

exanpl e e od ese ention is directed to a DC-to-DC
regul at or that ul at or having a

pul se wi dth nodit]nlgtf%fo“t”bg ’585?@?%50 ggeﬁfldgr/“zgps ?ftﬂoglé‘tv”é’@\’n‘tlt?he gg si gnal s a

pluralits~ of drjver 0.recei ne of the
D ghal s, “and a g it £ ofogk SRLRur HuRibe § S GaBRE srbir et ieb s B ap! e
to recelve5 n out put fro[n ne of the drivers a ut vol t age,
wher ei n t hd™8 ﬂ&ateé Yr at'heih @E@A't@ﬁt%@nw taag%*aataﬁv@tat%‘e% % BORETAED t o
form an output voltage. The nufti-phase synchronous buck regul ator can he
i npl ement ed"6HA ot her board, such as on an intetposer board or directly on
a PL chip. Figure |l is a bl ock diagramillustrating a nufti-phase
synchr dous bucf‘%‘é@%uls&tb&d@@@a‘m l‘ﬂsﬁﬁ‘l“éﬁ%ﬁ’t‘t“é@‘ Rilﬁseéb’ﬁ%tﬁ?@t‘%?“chﬁﬁwg%‘ﬁard | 08
according to atl exanple enbodi nent of the present invention. An
al t er nat i ngreatardetat! aeemayingl an csgeeembobmprtey gy rram inené rent to a power
supply 104. Power supply 104 conveus the AC signal into one or nore DC
vol t ages (wher e Figee husitseentogm opaai el quildrysui fr qpmpiimngghe ocuit pks bk ipvpsise.
power supply 104 can convert the AC signal into two DC voltages, 12 volts
and 5 vol t SA-2F.ciush r:n@utullgwabomdom%aswvmlwmubbucésregtﬂéomcv@lltgatgé@ to
various | oads, including regulator 130. Distribution board 106 provides a
| ow i rrpedamwnp1I6@mbediht¢dmftﬂmmt@selpjalt\hnti@1 rhereltizadeyl@ongs immementad on@lilp set s,
PU) . Regulator 130 is inplenented on a notherboard 108 (sonetines
al ter nami vel y r &igue écptessnif mrovexihapiug layast far pndoesstbe cithog patyod Figres
vl otl 3erboard 108 includes au interposes 122 that

4A-4D, such circuit illustrating a four-phase synchronous buck regulator according to an

example embodiment of the present invention, where the regulator is implemented on an

interposer; and

[N



plugs into a processor socket 120, one or nore Organic LAN Gid Arrays
(OLGAs) 124 2 0 (shown as 12=I A and 12=1B), and one or snore PUs |26.

Regul at or wiB®t/wetverts the one or snore input DC vol t ages PCBESINVEHSE r om

di stribution board 106 to an output voltage that is used by PU 12b.

Regul ator 130 therefore provides the conplex, highly regul ated vol tages
requi red by PU IFi@6es Regud &8 ore 30! diagreas ilkistaatipg offirstraed Kedong aver-DGQtagel t ages
to an out put DC voltage that can range, for exanple, from0.9 volts to 1.6
vol ts, depande¢tipnonctiheccotditgko spmade ofibddihehts of Wk (Dedehdih On8dd.1
PCT/t'SI11/17882 | 26. Acceptable tol erances in the output voltage signal
are often expressed as a percentage of the nmean output voltage. According
‘to an exanpl e enbodi nent of the present invention, regulator |30 provides
an out put voltage of 1 volt H 4% (i.e., the output voltage can range from
,0.96 volts to | .04 volts}. Further, regulator 130 provides an out put
voltagefeven ~~~here 5 the curnmnnAngadnyg[mapThpun10 anps (e.g., where PLT
126 is in stand-by) to 200 anps and above, and back again in a S|ngle cl ock

cycle, Prior volgeage bE@gsiha 0l e tilschipRInesant 86hien iRvefifdil nBB& 8t el r om
not her board 108. These vol fage regul ator cards tvere theréfore plugged into

a socket sepphdhgishik &mﬂt ey 15?1%951%&%@5 1i8OCKSLnce [NESSIs %d’cﬂala&et\é(ﬂlan 88fse
regul ators require that nany decoupling capacitors 10 be i npl erented on

mot her boar d, 108t dEARAE &by résggnd”?ana Qr@f\ cb%ﬁox‘ie%tsnﬁrbqflfé?mg%L!@&Q\mngs

response requirements of PU Decoupl i ng capacitors require

Sy ani 1 cat i U0 e ALLAR! aREARLR (PRIOR! RERPRALL AR ANGLARRR, GOSH: I 0ok

air flow through t ystem a contrpﬁute 0 Sy sten1ﬁeat|n t he

di stribyt ﬁg;weﬁpeﬁﬁil%p th??lse?&l'l I;ﬂ\glﬂ OWIS 1{51 ntﬂgecpto%;] € sa 1Lét Lo nl l\gg\vP PO\ Q’tl qthCt

bet ~een t ato Sar d e 15

per f ormance of o] Accor ) :

i nventi on, CP”m°F%Fg?“T§ﬂMEi ﬂwgfgﬁéﬁP@8&8‘”H&PW“fHB%H&QEe “R‘HﬁWé%ethan as
a separate ug-.i n. nodul ni m t he distri but d gnee. behveen
Fequl ator R0 e tmich o BB Gl Pt uSobieingt & T ientighi ot ed
in Figure | egulator | 30 c n be i nted on |nter oses oard 22. In
this firet Tahfoiienenbors mespe S19%o it Hgah ot Rl Ieawebf@wl& S Dut DO
vol tage to .one or re P Accordi n o anot her exanpl e enbodi pent,
regul at or 186G"ENR 2% ?lé‘? it %‘?%8‘63)6 Bet ?ﬁﬁP e EiPEde l“ypl%me”lﬁUOP ?gsml‘ts this
second exanple enboditnent, re u%ator 530 prOVIqu an output DC voltage to
the PUISn WSkKHagEgsngemaseis fighly dareadet sprndhe plairaevidinpichie REsEN nent
are descri blI?\/deml'.l(?n ggoeb%tll?lrpleﬂ]ee&lgldll ebseple(c)yfll/cs glould\l/a\é Selll%v}t/h?n pu?\Zelv:f och))%;rél\llJl?édllrlm 17882

the art. Where specific details (c.g., circuit diagrams) are set forth in order to describe
example embodiments of the invention, it should be apparent to one skilled in the art that the
invention can be practiced without these specific details.

20 Reference in the specification to Aone example embodiment= or Aan example
embodiment= means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the invention. The
appearances of the phrase Ain one example embodiment= in various places in the

specification are not necessarily all referring to the same embodiment.

-

2



According to an exanpl e enbodi mrent of the present invention, regulator 130
is inplenmented using surface nmount technology (SN T} output inductors and
capaci t or¢,0 @nd3® nunber of |ow i nductance, | ow capacitanceCT/NSw/17882
on-fesi stance surface nount packages 8-pin pacl:aae (S08). As a result, the
dynam c response of regulator 130 is greatly inproved due to 5 its |o~i~
out put i npedancdénpgathple FTinbodinam ef the preseatiniverdidn tudingcied vapreiobE ssgwiatdni n
regulator 130 is reduced, freeing up nore space on interposes |22, Figure 2
i s a bl ock tlidit aghals i IMultsplraat symghramuMbptiaseulsin bdvir@ropssebuidih megtdtattor 130
in greater detail according to an exanpl e enbodi ment of the current

i nventi on, gemesiea Murgitt dfewittlrindaegnabf a plaktises diiverd, baehruhtldd-tp asiec oregidl at or .
"Regul ator 130 includes a pulse width 10 nodul ator 204, a sequence |imng
control 20&he stvitabitpein4lf, a6 4 pemnsty 208~ietiudglvolifgelcbeverteixach @hplpdiasasive shown
.as208-1 through 208-M, a simlar nunber of switching voltage converters
210 (shewn aasuidlifdm bid GUBOGALR-2M an BB @]th@QUhatindke Gifueltthedhdichihpe 1 nput
DC vol tages 202 (shoi~.mas 202-1 throuch 202-i~l) from power supple 104

are input tgrdRdehadRfs alSComIRRAUD B anl ¥R QBYRE L Thi ARKLHIAS §yRdRSHRA2 to an
out put voltage 212. 15 Pul se wi dth nodul ator 204 generates a nunber of

swi t chi ng {808 1a8R Cai® B4 Bhplb:Bedidd€orM ¥ IRTeriRh: D BRARES M a0 IREYBsRBofd Qi L tO
220-M . The sw thhI ng signals nay be sduare-wave in shape, and are out of
phase from,opg;ap0l hetni,Fol exanple, with a foul -phase regul ator, pulse

wi dt h nodul at o? 20=1 geﬁerat es four switching signals, where the si~~nals
from one phase i ! . . : § Far . f .4 M.phases.
16 stvl fohing B nar - Sbck Mafia ARGk BhES s Ey BB D8 v fots8et od
signal s,are i ct li.nes 4:- 1 ugh 224-N). Driver 208 vi des
ther - paber THEEREELFEh TSI Gt MU RIEL kil torr BRI
freqtaency. Se

uence tim control i nsur es at requlator 130 wll
operate pr SisarnyTag A A8 e AR A R R B A S ekida o2,
Prior voltage requl rs required.that, , 0~N~3~0 pcTns ~SSZ
whenever. miPEPTERy BT Pt SorheRaeo st e i AR Tnay RETE: PoyaiiEa ¢ o
follow a particul ar pres tenporal pattern. For exanple, a priagr voltage
regul at or ?‘H%ﬁ"e :tﬂéec%‘l'\?@ﬂ Ogbci Yihages4s e, 8y waﬁg" EXAR)H PEWpsCsUsPly| Y04 cant he

prior voltage regulator mght require that the 12 volt and ~ volt signals
al ternate 69’évle"tttg‘?‘réc S8 BRI SA DR O g | YRAE et hvlBuPdisaReieg badtry 9% esul t
in catastrophic 5 failure for the voltage regulator. Requiring a |Icno~.vn
pat t er h°of dSHHUEIEIHY ¥ gt variousvatseing bR Ese kY 1 &% d%&slw@n Fddff
According to the present invention, sequencing timng control 206 allows
the input DOWASE Ay Enpedarcsnew islisineawth withe lasbiem. nanoanyghivsesdiide, by
insuring that drivers 20S turn on before Eul se width nodul ator 204.
Accordi ng to anRexddpl B0énivolimsaiad oot methebppé E8sonatpenilicontivebaeferedi ng
voltage 1 U converter 210 represents a pul se ~~~idth nodul ated (P~~~M
seri es- sw t&GHorsrkeppldawn prsessampegiboard PWetherbond &0 ivelades aminbepaseidd 2 tlent obt ai n
a lo~.ver voltage froma hlgl3er one by using a | ow i npedance transistor
swi t ch t haplugs irtadertwsopenkendicirese mpee iCoghngal Ay @at AvesnOLAPW 1ahd
output. The transistor switch is driven by the s4wnchma vol t age generat ed
by pul 8¢ wigibivnmedd atwt 12264, andoné e ek [PLE: id6wWReguiatbhidOaptvertathe aesk r ed
out put voltage |lo~~~er than the input 1.5 voltage can be obtai ned by
varyi ng t hexond apix [BF viltages'i erivet frnm déstiibuitibo hoand) 1 & tg it @ltput Eodagpihe is used

by PU 126. Regulator 130 therefore provides the complex, highly regulated voltages required
by PU 126. Regulator 130 converts any of the N input DC voltages to an output DC voltage

that can range, for example, from 0.9 volts to 1.6 volts, depending on the clock speed of PU

4



i npl enentations of St~JItd ztng voltage. converter 210 are described in
greater detail below OQutput voltage 212 is fornmed by conbi ning the outputs
of the swmhingitvol t age converters 210. The out put capaci PEnts0iof8s2

regul ator 130 causes a ripple on output voltage 212. The out put can be
nodel ed as a capacitance in series with an i nductance and a 2 0 resi stance.
Even under 136.eadyptsblataderavadi tliconppt tdiegcagatirt oftenwikpibssedusagercenaeohen

di scharbe, CatlSIlIlg the output ripple. One advantage of the present

i nvention tig hé@atoutge voliaqgpl &caondipgneat sxafuptnendadimephalSiie panarlinven@ranot her ,
whi ch can reduce the total output ripple by~ a factor of 10 or nore. 7

V1' O 01/ 97 3l atd?GF0 biloPRk4 v 88gut ReltageRen, volk "egftol(l.c. ahd ok veltdge@ah kdng2 14
“provides the feedback necessar~~ for vol tage regul ation. The parti cul ar

i npl enent atyioQg 6 vJ ga. @fﬂcﬁ’t@) GiufiBeh feodidthr Pﬁ)rblé(\%es an BRENAItAE éh \‘(\4%?& her a
vol t age node t opol og~~ of a current /node topology is used. Exanple

“enbodi ment %heoéuueﬁﬂubmlegl ik’ € dhbs (%Jg4 \@ﬁe?e peS6k DR ah 869 BLR anfiRtadi |

below 5 Figure 3 represents an overall circuit layout for conbining the

circuit pal (g\% 8{d g&&%g %id%%gég’d%kj&e% Cil1'dlIlt illustrating a

folll'-pll a e Syll gul at or 130A according to an exanpl e

embodi ment of t g, Joﬁg%%%ou AYERL AN R0l F9 88l gr%%a,tﬁe, bRk ssgent ed on

conduct| on 5 ) 61, BP0 HAESH ege?ite%ﬁae o Pl Bt have
ett ers in circui arts to

b ked W d

horD i oo Prtatsl PR ’ﬁlée%'%%ﬁ%uié‘?q‘t% fe s Zo B g s N SR s B ke R R
f t di | sh d be t th |

o e 8 i éﬁ%@geﬁgfﬁeﬁw%WEOSFE e f#été'&}?lﬁdl%t%eﬁefﬁnﬁg e

her ei nafter be Used to ref eQ 8 he assenbl ed overal . II’CUIt I?egul ator /
30 A recei VEBOMSAFGHI BN Hdfd 2 %Oi‘P‘('llgf?pf{FHP'tséeqf%‘Fa%‘E ‘?La‘f}taé&%’ﬁbq &2 hown in
Figure 3) and nptri DC vol t age 202-2 r-5.6 volts for the exanple shovm
in Figure 8yatephmolisthoad 1\9‘6|1@%@“e@f2b ek fir flaw thigyish dresyHan PWeCOm'@HtM%and
side of the overall figure. mpl e regul ator 130A can provide, for

exanmpl e, 66YsEHpdeBmLc iWBe ﬂtedi mﬁlmgblmméwmwgla% Vi @ﬁé)pﬁﬁlﬂémeﬁﬁé% nent
of the present invention. regulator 130A is inplenented around a perineter
of a PU 12&1eRennectabaiveent Her pb-itvivalagentrgalaiul anf phetherhgasd  W08pligdippbe pl ane
are used to eqgzlall~~ and qui ckl ~~ di ssipate heat f1' 0111 the sw tching
MOSFETSS (whetipurlan@witplighih vgltage regatpgoreonvert ers 210) to the open air. As a
result, heat sinks are not reduired for dissipating heat fromthe

swi tcl | i ng MOSFETsrdiPgiogke mesdiiinvenichl, g orioP 04 isaplelmenicdpl ieotberbexdd 1 Sor

exanpl e, using Sentech's progranmmabl e, nulti-phase, high performance PW ~~I
cont rol | er r{8@% 146, asanstptrhie pdugpponoduly n8nimixivOLHe gt IABL0InRPETAHISbEwediy 882
circuitry shoGvn in Figure 3, The four switching signals 222 generated by
the SCl | 46gateer SAGWN BIS 1p6. nScddrdiy tohmeughpiBemBodimitie. axiapipled isBiguerice tt nmg
control circuit 206 depicted in Figure 3 includes resistors R46 and R48,
capaci t or s réghit@ando Ehde imapicn ehtatesniibler b&dd B2. DLiRA[irsDb:aRBpleantbofinnt, 3A,
configured as shown in Figure 3. Exanple values for the resistors and
capaci tor S rdgnizkdairded cah piivide tahicsipek DITPY EtageHURBER mardPUg 1ZONKeadrdi@geui t 206
are shown in Figure 3. The diodes within this exanple sequence timng

control ci kfisthdr cB6ple anbddamdnptanentied casdllgaln delihplembeed digpilcs Pui odes B
A~~~56, Fol exanple regulator 130A, the exanple sequence timng control

circuit depbetigehit fchiddikiSpI8 e BsdHnes:, lehahtof BOWAIRE anl3hidDeREk AL aSthe
correctly 10 regardless of the sequence of input voltages 202- T and 202- 2,

Each of theyf Quinidh icgfhs: 208isGapleRentaPHRIENGHIe difod SRk Edesti®iedGn
Sentech's high speed “synchronous power MOSFET smart driver SC 1405, and the

suppor ti NG ofdafef Hiihif YeiSHOWN



in Figure 3. Each driver 208 receives a sv~itching signal 222 generated by
pul se wi dt h nodul at or 204, and outputs the boosted signal at the pin

| abel ed T®O WH7$AVi t chi ng vol tage converters 210 al a eachrPipReamgsied
using simlar parts. For exanple, swtching voltage converter 210-]

i ncl udes di ode D3, capacitors Cl9. C20, and C23, resistors R20, R21, and
R22, MOSFET.s Qhcandin@Ro amrdampieagibodinieis oftihabiegett etheasors hewmatdin 36i igur e 3.
Exanpl e values for the resistors, capacitors, and inductor included wthin

t hese exanpheleSrented Gk ﬂﬁa@hé@@%ol@mﬂ&g@f@moﬁéﬂ iiRfutoSI AV B aditdrb.gue € 3. The
diodes within 2 0 these exanple switching voltage converters 210 can be

I npl enent echuphentg | MO AIcRInse %\@Q@ﬁcwdﬁgéa\ﬂc&%ﬂ_%slstam%SLNE@EE{E@EM clapek sk can be
i mpl enment ed using International Rectifier's h~ZOSFETs | RF7809/ RF 811. The

i nduct or Qa8 i sh a0P] B4l eRHAGNHS FBfbnY S lafor 1 BEGEAMNy ihliRea@@FD- 01. J
WO (11/ 97 %(I P@ S(111117882 ﬁlotne te %tn rran?’mo ‘t he %orrp}olnentvg deepl cted in

‘Figure 3 hé}%ﬁgg@outﬁut ifnBkdaquesdhapyTiRt ﬂhﬂﬁ?fgf n’ecﬁlxlx(éhgﬁtgtltpcra ?x@rtmst itk e{gnﬁt

conmponent sy hi's indicates that e compon S | rrp enen usi ng

t he stat ed 1;@’@%%9& LR hﬁgtbo S@g{gﬁ&ﬂﬁ{g@%ﬁ&quect ed in parallel. For

exanpl e, appear’s | ust for capacitor C40. This

I ndi cates t hat. %l@% F?Ql &Sa?l.%%gm 11¥\‘8tr tn {(ﬂvf Oha éﬁ){nc%lonou?atzucp%ﬂula}?siﬂ)e%?f

pP, connect ed i npara age=convert

210-1 th 2 d h f 3
Gep cts anis f&%&é?%‘?% oS SOl Sl G PR ThO B e@h%%&ﬂ%&ﬂg”re

and C40. The el atl n circui 14 de |cte i gur Iudes
resistors I%’@g Ophaieqd %m” 511&5%85’“&%@ ﬂwau‘%:eérarﬁ’ﬁ?q“ f:out pttt
voltag 212 is fe ack to pity FB 14, whet eas he negat i ermnal is
fod back t&m&r’ﬁt%%eﬁp FECAUTHS B BREINY }?é&ui* attm‘a%%# TPEHAS 9 Y%ﬂtéwnmudes an
alternative feedback path indicated by en(~-) and VoSe -), where these
termninal s Péb‘%aé%%ﬁto“’#‘éWe‘ thioneh H; MA@ébWﬁ H‘@“‘f%of%ﬁ‘étcb‘%éﬁ%‘l%eé‘i’fb’é‘d‘?‘ﬁent of
t he present i nvention, regulator 130A can i 5 also include a droop circuit,
an exanpl e 26% Ghave As 719-sthiewah £ H-ID ginde 1geulation siveihigh dhelinpspDEivetiages
includes resistors R-3. R49, R50, R5 3, R54; R59, R55, and RSb, capacitor
CA7, opanp 202 $howarme 20-¢ naaee 2 r&hﬁ‘iﬁ@tn@rvetymiv s ke raBlahio. 111
Figure 3. Exanple values for the resistors and the capacitor included
wi thin i bi RKegxanpl® wneuis ieivf eeliagessd®@ te hoowivitnolkiggdla 3. Op-anp U3 A can be
i npl emented, for exanple, using Texas Instrunments op-anp 2 0 TLO72.
N- chanhgl t ransPslB@wid(D el udaior 206 gempdtesrenineds; offsoitclexasiplals 220<hwel Mithor ol a' s
NPN tt ansi storl VWBT3904.

number of phases M (shown as 220-1 to 220-M). The switching signals may be square-wave

in shape, and are out of phase from one another. Foir example, with a four-phase regufator,

pulse width modulator 204 generates four switching signals, where the signals from one phase

to the next are separated by 90E. For each of the M phases, the switching signal power is

20  boosted by driver 208 (the boosted signals are depicted by lines 224-1 through 224-M).

Driver 208 provides the power necessary 1o drive switching voltage converter 210 at a high
frequency'.

Sequence timing control 206 insures that regulator 130 will operate properly

regardless of the sequencing of input DC voltages 202. Prior voltage regulators required that,

G



As descri bed above, output voltabe 212 for many applic~2tions nmust stay
within a well defined range of acceptable. values. In the exanple given
above, outpmbi/yobt age 212 can vary from 0.96 volts to 1.85prewlussi/isBet a
1.6 volts is the mean steady state output voltage, 1U WO (i1/973711
PCT/USIi1/17882 oi hert~~ise referred to herein as the voltage

i denti fi catwiheteymtipheiputMiC vdtapewere allohed, chaymend reqegpd it Bitewtpartitul®U 126
vary over tinme. For exanple, PU 126 can go from a standby anode, requiring
fromzero tgetfapoialntedFai dxhingRPSpride Ooltigp@zuli@r thaeddb@e adigguh (2 vagr | 00
anps and above, and back to stand-by node. all in the span of a single

cl ock cycl eand eyt B sighaldtht HABS dma@en]egnatbhﬂloozuregarﬁthhtqaa 14 {ol€and 5F¥olm
'stand-by to power-on nodes) causes a transitory dip in output voltage 2I2.

Conver sel y, siihes S8R @O(Wrﬂnﬁer BRSialibiPforh hidAkers boul BitkentiRB et iCoatastrdphRm
power-on to St and- by nodes) causes a transitoy~ spike in output voltage

212, 1n 1 dgfiade Qor' TR W1REORLIARES RE ﬁ?ﬁn%td l%wn p@@éﬂh 6? QﬁL(é}%QIU$$WJe§ja ingur €
t hat output voltage 212 remains within the defined range of acceptable

I k
Y?aﬁglstl g\ég&l%I%gg%p?ﬁS&%%g?é Ihe}2 |Og]l§ll%a{r?8th§B%Eeedg%gﬁg%ét&?@seéceﬁeg%ﬁ addi ng
addi ti onal (90%18%6% gsct'h%/ﬁﬂﬁ e(t: I@ﬁa&g;tgg L'B{cg'db\t\ laglgl 1&1@%&%(&1 rﬁ:I tbéxarrpl e

ge3| gner to pro%ram f} 0o t Lhe
roop circui . .Fh i s ogr annne y
sel ecting plg%u‘?l o %'r“e\}gT(’tjgégﬁ]foglrbe?Oeg fd w‘% 4%‘”19&“8 “l9€§6 For exarrpl e, the
val ues shown for, 15 resi stor of 40

milivorts, i A%?lﬁglgotatdw&a%Ff&%@%@@t ?ff 2 Retenl D é%f“ts{)"oﬁmf e PRy ¢ o
Thi | | be t f th t t b

rogni htde. o ol 2B atee e sPdu o B P et Ouh R L e
th t th k t h t t | th

wor de. gB'y ?ﬁﬁr@agr?vﬁﬁelfsﬁ'@n&%aeﬁ T by < s il tomh!a nsolélﬁlbggs’f’ggﬂfgh?gn

are less likely to cross the | over acceptable 2 0 houndary of out

vol tage 212MPAFRICHERMEHY StHEh Upl REW I8 heoren A& Epteugretembyitersss gy aqdower in
magni tude relative to the dips, increasing the V~D setting ~2~ay not result
i n i ncr easedtRitoilhE f‘@)‘?‘FSStQifS“'ﬂtFIlé‘Sl}b'ﬁ@f* b Hespiabine v Yioanauietst boussutiddiol t age
21 2, By adding droop voltage to increase the V~~, setting, the nunber of
capaci tors Itlwgtlat%lré)“r Ag il wabknogndib e aes) aﬂb’Héﬁllﬁﬁgﬁﬂﬂl‘MGEa@HO‘t"ﬁé“fS*tf@bmHlﬂ
transition dips can be t educed. For exa V' O (r1/9737(1

PCTI USAIY 17882zadierbe obiaisdtby werviegde svidth ggthe ofis ttwafi Nehing su:n@lolﬁtxampl@%
adding a 40 mllivoit droop reduces the anmpbunt of capacitance b%;

percent . Funtphesrentatipies afwitplieg dolvepcaiveitwil 0 sihdescxihed in dRiagudetaiBbélog. t he
addi ti onal advantage of being very fast, w 2ich neans that the droop
circuit can resgbmutuoitedel 31 2tie fA@et haresingimingl thadutputs of the switching voltage

converters 210. The output capaciiance of regulator 130 causes a ripple on output voltage
212, The output can be modeled as a capacitance in series with an inductance and a
20  resistance. Even under steady-state conditions, the capacitor will charge and then discharge,
causing the output ripple. One advantage of the present invention is that the ripple
components from each phase cancel one another, which can reduce the total output ripple by a

factoy of 10 or more.



5 events and can provide the 40 mllivoli drop voltage to the circuit. This
i ncreased speed results in better dSmam ¢ performance for regul ator 130A
Accor di ngwioa1thgroexanpl e enbodi nent of the p s esent invenmdoosoiriegaal at or
130A can also include a cul rent sharing circuit, an exanple of which is
shown in Figure 3. This exanple current shat ing circuit includes resistors
R60, R62; and RB&thegagaditibatiré&dd, 4 ofrvalePhd Geldt3B; naabdaifadelidde Mdulaganf gur ed
as sho><vn in Figure 3. Exanple values for the resistors and the capacitor

i ncl uded W tiRnBat it XAERESaGH S 180HatRNRErbNY2  faaUlaty A6dSRAW WHlthEl gure 3.
Op anp U3B can be inplenented, for exanple, LISII|Ig Texas Instrunments

0op-anp TLO{Zadbi RER C8Na RErrd A QIRBHIEShy § Qe XA Re cHBbdBeRBik! 1 PS
El ectroni cs diode BAVsl 56. The current sharing. circuit 1 nsures that the

cur rent | oad sy Skt d14l S EURE WaDRLREN biRwTUl tipl e regul ators 13UA
_that are connected together in parallel. The current sharing circuit

therefore makespreaul, r%engs%gfg‘vesrgl%i?cmt% blﬂ f&JH%m%ﬁﬁl?ﬁhé afactuit{[Wlltgtjf F?Llﬁgres

regul at or modul e$ can be conpined to saglsfy arger- current requirenents.
W thout th o L g Cl j there i ! t it each
I Al L R e e RS S o i A e
This can resul t a

' ' | es. ' I o] h
dosi gned  arons vl G LSRRI ERRE R RonERE ARG B el g &

enbodi nent he present invention, tequl ator, K 130A can, al.so inhclude an
over-voltadg&phg?8§¥$%ﬁﬂ FP8WiF?£ ﬁkéiﬁgﬁﬁggg**ﬁﬁ?@ﬁCP@hﬁﬂﬁhﬁﬂﬁﬁwgfﬁure SA.
The over-vol t e protection circyit 1110111t01'S O ltptlt voltage 212, and
hal ts operé??@g BPeVm86%W5$ﬁTwml AFTF”?H&”BDPﬁ&t“Obkt%é@a%?dg §' &' certain
threshold. This exanple over-voltage 12 ~'~~0 111/ 97370 PCT/ L1 S111117852
pr ot ect Pon "EPPEGiaPIe TRUFUIKE padlsi Vg eeirgmrkedayith paatching, anqivsled lgligsaci t or s
C37 and C38,, reference Zaner diode U2 and a synchronous controll ed
rectifier SeeiboriggEupuitRamE helh Ber aabpliznohe sonupiiriy ehsayhish shoudd bey Fi gure
SA. Exanple values for the resistors and capacitors included within this
exanpl e ov&rcoyscicdg rppande of ibis distleaus thorkdde dhews relamgduiheos @lkiccRef er ence
Zener diode U2 can be inplenented, for exanple; using Texas lnstrunents
reference imegpfssndiedipas and the Bymatatags oLiguie Snmeph¢reiatics be ifer éa reCRIthean be

i npl enented, for exanple, using Mdtorola rectifier 2N6504. P-channel

t ransi st or agemblahoveal| ¢ nBeguéntor 80k ressiaerihelt DOy aggeRB2-0 (- dRaoR-fotthanel
Transistor |1~I1"VIBT3906. The output voltage threshold is 2.098 volts for
t he exahpl exapvde shephtiaigeupBpteiotpuo PCobliragi202-€Pi.¢ vad fomheeixguplesheAn il0 Very
higll frequency swiichlng signals 220 can be achi eved using the design of
regul at or F30A PccOrdivngt tvoltdga&l2 prradehippeny entheomnghtBandside eighit avoals have
achi eved switching frequencies of approximtely 2~0 hHz per phase (total of
1 NI-1z fdpwa Eeamnplphasatddsigoin prRaguliateanmiid0A agn ofchi@ve Rt 11east a
1-2 MHz s~r~itching rate per phase (total of4-8 IVII-1z). This increased
sw t chi ng frequaogeydihg tdateexaniplepaiibddimdno oSt @rabnt fimehoss redulayortiBeadel ecti on
of fast 15 drivers 208 with | ow out put inpedance and iorv npu t capacitance
| vl OSFETs WwhibBhentsdmbedt Mgervkdra@ePoany eliip e n1s3 1Bernddl biks hiven deléipleaged | oop

i nduct ance (and therefore increased speed) 1'esLIItlllg f1'0171 11101' 1119

regul aper 1308r MRkOarPhsddd6 cq@id abd 'gﬁibmy bRsisat aed iomh @f shitghQe8dETor , v
resi stance output 111dL1CtOI"S ~1'"1t111n SWtChlllg vol tage converter 210.

The out put iindY ek REHInSPAKLE chRMaE ¥ 1®Nakle @Rfl aerds LhbiichentinkoaRn@der to
s~~ppoa~t the high sv~itching rate of 20 regulator 130A. So~itching at high

fi equenci s, [i&pl LidsipRindaRy RENEE ik acfvosgetat or 130A. As PU 126 power
requi renents 1 ncrease, regulator 130A mist either swtch faster or use

. larger Pulse width modulator 204 can be implemented, for example, using Semtech's

programmable, multi-phase, high performance PWM controller SC1146, and the supporting
8



conponents. Faster SWtChlllg neans that smaller capacitors can be used at
the output of regulator 130A, saving chip real estate and costs associ ated
with the sdditdenal capacitive 13 V' O (t1/97370 PCT/ USI | pctARBBss2
conponents, Also, regulator 130A can respond nore duickly to step-up and
step~do~~~n transitions by PU|26. Faster sw tching reduces the voltage dip
associ at ed cireMiry BidwiinSti@Re P The RS kkitdhe signARIh eenaslvan ag&0]$44 hat

regul at or 130A can be i npl enented using surface nount technol ogy {SM)

rather thandhy aughs HRbenbeahnRkogy which is bulky and nore 5 difficult to
manuf acture. I n another exanple enbodi nent, the conponents lvithin an area

1000 11 P, SEIMRU HREbLcka BTSSR L 19
Foscct 2t o LARRN Y, BT C By QU LpraRenis . oppsalncl vl
LiLuetra aach, LM RRRS SUPROEENL® GH AR e OB AN 100
' LTPL TR 0 PURRRSS: e A R Bt RS S0 -1
(ESPUCt L0, SEORIBEN AL INOLELL SN RELS RO L MG Ay ©

Regul at or ~ receiyves jnput DC voltage 202-1 (+12 volts for the
exanpl e shﬁ)ﬂg)}? éleﬁf‘@ﬂ?g dﬁ)jjesaﬁﬁg‘%ﬁptﬁm E)‘@“qu feétj'@m?d%él?‘ G- SXAPRGHIALSESr t he
exanpl e shown in Figure ,43 .. The out put 'voltage 212 term nal appears on the
ri ght - hand “§}1%°®F"OEF'@%}H% epicteadp Sigras) shrea ok ieanisica 14ph oarsheorsrtly he
present invention, regulator 130B can provide output voltage 212 to
mul ti pll@ Pueganddes pElic denenerpf pthetibgrsrrd211 084 2958 exanpl e 2 0 regul at or
130B depicted in Figure ~I is designed to supply a total of 120 anps of
current to two Pughdi2ig fomibiversgk? pandg implempiced der oxinplerusggrinieeh's high t he
design of regulator 130B can easil 3~ be extended to support nore than tu' o
PLIs |26. Apssdsdichwpnpes paves:r MOQNTEITemee duvea 861405308 tiemshynditmgairquitpidhgen ~i ~i dt h
nmodul ar 20=1 can be inplenented, for exanple, using Intersi('s PVJYI
control | er iHFR8R03., Bach dddirt208medeyes hewitGhing MghAD 2P} pe@r8Td by pulse width
PC ' T/L1SI 11/ 17882 supporting circuitry shown in Figure 4. The H PG30l has
a bui |l t-i nmddolapr€D4.cut bptpwh tleiboopeal agesatitie #in bplkéMGsi m | ar to the droop
circuit described above with respect to Figure 3. The exanpl e sequence
timngieontrol 6ivitcllhg vaitige depicatied 1D micFiaguiraplémemed udessimglai sdror $oR198 and
R223, capacitor C101; and di ode CR18, configured as shown in Figure 4 5
Thi s exanplegasgeueneRing voliddel coivegiont 100l ingiutiestdibdcOPBraapR#tolsIT 18, OB REd
simlar to that descri bed

C23. resistors R20, R21, and R22, MOSFETs Q1 and Q2, and inductor L1, configured as

shown in Figure 3. Example values for the resistors, capacitors, and inductor included within
these example switching voltage converters 210 are shown in Figure 3. The diodes within
20 these example switching voltage converters 210 can be implemented using Motorola diodes
MBRA130LT3. The MOSFETs Q1 and Q2 can be implemented using International
Rectifier's MOSFETs IRF7809/JRF7811. The inductor L1 can be implemented using

Vishay's inductor IHLP 5050FD-01.

W



above with respect to the exanple seduence limlrg control circuit depicted
in Figure 3, Exanple values are shown in Figure 4 for the resistors and
capaci t or wanelierdad wi thin this exanpl e seduence tim ng col ptraisogimsgui t

206. Diode CRI'S can be inplenented, forexatnple, using Mtorola diode
1N4148. | O The four drivers 20S can be inplenentecd as described above

with respect toNbleOk©my §fQhe @@s@méﬁs déptainJapire g mase hi'ghfosipeedby a
synchronous MOSFET smmat driver SC 1405, and the supporting circuitry shown

in Figure 4,506, S$Wst sxfamgitwteltm@o Es%vgrnt%n B9 i dalek aPBERoRPARA: @r e each
i npl enented using sisnilar ‘pasts. For exanple, sV rtCl71slc vol tage

converter | lud Lo, C77,
GO0 APl SR B MR, 4 (glen e R R oy

| vl OSFETs andn ure 4.
Ecampl o variBL oty Séﬂf;mefﬁ%’&%b?gé’ﬁ%ﬁ%%%?@*orE%‘sﬁ o SR B CL Thi
't hese eZLiarrp e~t~~ tca Q C[ emcgr‘;v[qrtﬁ goln%e ar msrguo in Figure 4, The
di odes 4vi tH'H ?ﬁevs{%cé%? T a {'¢ m%L age C8hve el l210 can be

i npl ement ed usi Mot or o] a ,dj odes 1VI BR, 4130L T ~~I OSFETs swi t ches
can be inpl erren&g%lo‘ﬂti’%tﬁﬁ ‘Y’W&”@P h%lf%%ﬁ%ve‘?‘bgé ﬁ‘ihl‘cf”icl%*r’2 %W){%‘ﬁg effer 10

| RF7809! I Rr781 | . The inductor's can be inplenented using Vishay's

i nduct or | HR'P Gabreage 21 3 Hdeted P XY IE EHPHGaRAG1Ngg BIVeILyPoRicligEs 210- 1
t hrough 210-4 are tied to%ether to formoutput voltage 212. Figure 4

depi cts an @enpl.&38uandii*lcapaci t ance given by capacitors G, ¢, Cdc, and
a. 15 WO 01/ 9737f 1 PCT/ US111117882 The exanple regulation circuit 214
depi cted in Fi glihecxpdild eaylatidueaenitHé dreigfad it Fipwe ginchwpt regietsshididd’hbove
wWith respect to Figure 3 in that regulator 130B is itnpletnented using a
cur r entl Onodé3t Rfbland R 63 wihbke pedive éguinat erouli0 poliage 2 plsdekback do pigifiBgl 4

vol t age node topol ogy. Current node topol ogies require both voltage and
current feeadbmektheuehrdivetcunintlaged Bachtden FBOPO! byt @smplegegutationnirgnit2iél | age
feedback. AS ShOvl'|l IIl Figure 4, voltage feedback is achieved by

connect i ng aButipuideyval dl@gati2dedbaclifach iVdienediyynV dieng endVE&30 Y, whea tiese esi st or
R222. Current feedback is achieved b~~ feeding back a current signal from
each phase terslitawnrepssdns @mole dehdiqigh | sen~l, to the Isen | through |Isen~l
pins on the H P6301. Though no current sharing circuit is showm in Figure
3, such a circuisbcqoukt He eaogdtcenlddingent QUL pilesdnt th3&Aoh e@uldFRNIIBA g | ar
to that described above with respect to regulator 130B. Adding a current

shari ngsci agbidclweul dbdprieuit, 88 btaddp®s of 136 is Sahalbh Bighm 3t hgiseenSHe ivah
mul ti pl e regul ator nodul es could then be connected in parallel to support

| ar ger cur kpatit heads reAG&QRAB NBIot R34, RS 3 SXANMRIse, By¥badi N tapatid a7 esent
i nvention, regulator 103B can al so incl ude an over - vol tage protection

circuit. aram%mmplaﬁd pstchwe¢hads§to$b@mohﬂ%uFéc&wsﬁo@h% i ,$e The Qe okt age
protection circuit opel ales In a manner simlar to the circui't described

above Wi thy rqgé)?e@fstotlgaxﬁ' tgyE%l%ér m-gmd§d @%ﬁimiu@ e@ﬁgﬂe ngbf; ag,%lthrQE 7%%1 ifin

circuit includes resistors capaC| tors

€299 and %ega Rulatibiss a%%@ﬁﬁmghaﬁ& 1%53\%3@ %xlnslﬂg Rl Ot bokbed

rectifier annel ‘transi stor gure

Fi gur e, 5B, ed

C ?1 It ﬁ?l | this %B){@)?gﬁ% LRy er)@a\‘foﬁ%% %ﬁpl?tg@ggl %Q%ﬁglg %Sg%}ll\tﬁ Otglgo iﬂqs}hlg\vm in

Fi gure 5B. UR% r di ode U59 can be inplenented, for exanple, using

Texas Instrurren%s reguﬁ&for TL431. Synchronous control led rectifier SC26

can be inpl enent, u torol a NopQ4.  Prchannel

transistor @25 C g“ﬁ&&%ﬁ%f’bﬁ?ﬁ%t’%"ﬁ% efé‘r%i” ‘”‘PP[J&%H&S‘EW“E }é{‘ﬁﬁ Ien

. transistor 11/973711 P /US 1/1 882 Al t hough t he

present | B Gine gl sl et B G RIeEBFRPRHES I kbt
illustrative e di ments thereof, i@ ul.d be understood t hat numer ous

_otl3er mod Hom B4 6HS aAd el dYirent € g i dhegaanst Byt h BB Y PERd i n

the art that will fall within the spiriit and



scope of the principles of this invention. Mre particularly, reasonable
variations and 5 nodifications are possible in the conponent parts andl or
ar rangemewiosti¢f’3the . subj ect conbi nation arrangenent w t hi PCT/HB1gIG8R3e of

t he foregoing disclosure, the drawi ngs and the appended cl ai ns w t hout
departing fromthe. spirit ofthe invention. In addition to variations and
modi fi cati gierviiBe fefterca GROAE A thPadifage RABGH RAL @Y (Va)) genmn tiiweablt e naténve uses
will also be apparent to those skilled in the art. 10 For exanple, while

t he above ?@&%H&hemgibwm RS WESAE. IR cRYHE PCEI 26 el T GORERMAI-b2@6dand
drivers 20S as being inplenented uSll|g separate parts t he sequence timng

control may. i fifileafth R8o 1o TR BIRGH Immps Bk Poxdé’n LonekSic £Q8irmat U@ﬁmﬁshﬁa as a
‘separate circuit, For exanple, Sentech's nulti-Ibase current node

control | er al%\tehwl;d BRATE sBUS-bPrtigdall RChEARS & szhél& clo@k % Hente sithhng

control circuit that operates in a manner simlar to th descri bed above

With 1551 eilgﬁ’sittl%%g tlFe Elﬁ%aﬁ 1aen%o4h steld- b oQ\;le/r %;@_ﬁ!%&%@h&% ?Hgnggé?*'qug Is:

CLAT1V>WS regu ator conp
mfti- phas%ut%Y ng [a(a?%lili Iqo '%1 el\r ?l%u%t@[} 85\\11 pglL ngnqg theam 1%!115 foad l(‘lrﬁl gifrmghgy of

nodul ator to gene ura S, a pIur
drivers; each cou SMAt

i ig

plurality 8PV&I c% nrng}\)é?cfg) Céuseéﬁlsleaﬁlto Sp' KIS (Igtéée gf r Izjcoellg ve® an
out put 10 from.one of said n |n # 0 v.~her.ein. t.he
out put s of "emngreLe oy st G B 8“*’%8?3‘?%#%9 PEepeYiia,
out put voltag and mhe ein id mlti- as chron us buck re uIator
1l ement ed CORTABFE a%emgfir%lu% 15 P 0B rBE SEP SBH-Tep
further conpr|S|ng a droop circuit to add a droop voltage to sald output
vol t agel 3dowpdansgins. Bc‘?’P@’@u!‘d&"&heéfpsél’%?%e? Ca‘W‘?é‘fSé“r“ﬁd pinEeeiophase
synchronous bLICIC regulator is coupled to receive a plurafty of input
vol t ages, &W@UIHERERACSai d nul t i 0 phase synchronous buck regul ator
further comu ices a sequence tlning control circuit to allow proper
operation of sailfe gigepicliphbdns-thotircyHclgs Sl dk PYogEN1 BE ohp paie off @@tof t he
sequenci ng of said input voltages. 18

voltage 212, Forthe example droop circuit shown in Figure 3, the Vip setting is programmed

by selecting particular values for resistors R55 and R56. For example, the values shown for

15  resistors R5S and R56 result in a droop voltage of 40 millivolts, i.e., the output voltage 212 is

increased by 40 millivolts. This makes better use of the available 1ange of output voltage

because magnitude of the dip caused by the step-up transition is often larger than the

magnitude of the spike caused by the step-down transition. In other words, by increasing the

Vip setting, dips due to the step-up transition are less likely to cross the lower acceptable

20  boundary of output voltage 212. And because the spikes due to step-up transitions are lower
in magnitude relative to the dips, increasing the Vip setting may not result in increased
violations of the upper acceptable boundary of output voltage 212,

By adding droop voltage to increase the Vip setting, the number of capacitors that are

required to control the magnitude of the step-up transition dips can be 1educed. For example,

11



WO !'11/973711 PCT/USI 11/ 17RR2 4. T he DC-to-DC regul ator of claiml,
wherein said nmufti-phase synchronous buck regul ator further conprises an
over - vol t &geoprdtection circuit. 5. The DC-to-DC regul at or pof/ushaissd ,
v~herein said nmufti-phase synchronous 5 buck regulator is inplenented on a
central processing unit (PU) chip. 6. The DC-to-DC regul ator of claimb5,
wher ei n saiwhdpab Bt vorrdd b FRgrhahed 1 COMN 88 Sadding & ag ek ifop Pdhéds- phase,
hi gh perfornmance PV~~M control ler SO 146 from Sent ech corporation. 10 7.

The. DC-to- LeiQh asm.B. wherein each of said drivers conprises
a high speé ma&ghrongdgﬁﬁ§ %ESE%T smart driv~;r SC1~105 from Sent ech

.corpor ation. FTn%;qge LOm Jlg Uéngf,\f?éhoqxfn it l" Ff'u@37m%: ﬁl\éug&%lﬁl g(ﬁ/qptaé)efl sai d

swi t chi ng voltage converters'in es a swtc | OSFETSs

| RF7S09/ I R F7% | Rect. or |on an ut put
Jinductor | | HIEBE \@@éh nckmeﬁ Sw?ﬂ%meﬁ%¥%?gumpqg%u$ﬁ} Ct% %Eﬁ#ggulator
of clai ~her e r o S bl1l u at,or
ol enment o S AN Fhy P e 452@%6?1%% R B 3H“é5t‘6’ eI 3P o,
whe~ei u said pul.se w dth nDd ator co e PW vi controller H Pd301
from I ntersf TLREB}%B&Fa%‘”S‘H‘C ““aﬁi%% ' “lﬁ?ﬁ’ ﬁé@?ﬂ ator, COllpl'ISIIlg: 19
~'1'0 111/)737(1 PCI/USO1/ 1788 @ggrali}ﬁ of nultl- hase s% ronous
bucl : regul at or “H5AJINgL0 thyexupnls pmbodineye 1SPH$WBHUF@§m’ﬁE?6 égaﬁémﬂulse
wi dt h nmodul ator to generate a plurality- of swutchjng signals, %Iurallty
of drivers a@a‘t‘?ﬁlu%ﬁﬁ}“éﬂ“tsba‘P‘éé’éic\’/‘é Briganpled s tsEp hep Elggr?ais hig 3
plurality of SMAtchlnq_voItage converters; each coupled to receive an
out put f r orAXaHBICERII G pleM ige pijcait inchilas waisPYRG0. RS 1sideos, viesier f4%. hBawat put s
of said switching voltage converters are conbined to form an out put
vol t agé0 arldith apdidipdai? ] Khaeilisgrediap ghomn in BigimasuEsanmaraluentor uresisinrs dndad i s
shared anongst said plurality- of multi-phase. synchronous buck regul at or
modul es, 1Chagigaciteemeiudedsaithin iisleximplhaweensshaohg droissrebuokn inéggureat. d¥p-nodul es
ar a inplenented on a notherboard. 12. A system co~npri.sir~g a DC-to-DC
regul at or conpdiBcands implembitied, frhasen @y neihg devsbsbuointy eean@aibé72i Paddadi ng:

D14A can be implemented, for example, using Phillips Electronics diode BAWS56.
The current sharing circuit insures that the cusrent load is distributed evenly between
15  multiple regulators [30A that are connected together in parallel. The curvent sharing ciicuit
therefore makes regulator 130A scalable in the sense that multiple regulator modules can be
combined to satisfy larger current requirements. Without the current sharing circuit, there is
no guarantee that each regulator module will carry an equal portion of the total current load.
This can result in particular modules carrying a load greater than they are designed for, which
20  can damage the module.
According to the example embodiment of the present invention, regulator 130A can
also include an over-voltage protection ciicuit, an example of which is shown in Figure 5A.
The over-voltage protection circuit monitors output voltage 212, and halts operation of

regulator 130A if the output voltage crosses a certain threshold. This example over-voltage

12



15 a pul se v~idth nodulator to generate a plurality of swtching signals, a
plurality of drivers, each coupled io receive one of said sw tching
signals, wmuaaw7ptoural ity of switching voltage converters, eatiscoupsed to
receive an output fromone of said drivers and an input voltage, wherein
the outputs of said switching voltage 2 0 converters are conbined to form

an out put vighlads, cirlE iviekekdisas R3BURS4,-RBIasRl RyNchpaoLsChuakd Cegul at or
is inplenmented on a not herboard. 20 WO 11119737U PCT/ USU1/ 17882 13. The

system of ckpidied Zend: Widdeen2 GRITRIyRiNhoRs 86QRMeE réctidht SCR1 a4l@ Rcomagr
voltage to said output voltage. 14. The system of claim 13, ~~~herein said

1 phessrsyachanays s, ueal o oy 55, soupledube el e pualirall 1)
ke compises mpeiuanse, gL camtaygiica dooh sumpRRe,
sedtencinn of RO AoL SR oW ulen 0 SORGR Bl gt i
ovet Vol By el SO AEL e i

DUl so-w de Bl i b el 2 Agr SR SR ek 57

performance PV 1~~| ntroller SC 1 |46 f R ch corpgratjon. 2 G 18.
The oyar emarerartertod-Grandacn e PR e e el SleecbE e dison
speed synchronous EP(\)/V\H MOS~' ET smart driver  SC 140 from Semnt ech
cor por at i onx0P1volts {aydheExainple s7¢r1vobesy ngieston pirewgdepited ey shem of cl ai m
I8, wherein each of said switching voltage converters includes a plmafii~~
of swi tiéhi ng | hNEsFERS freapme8ouiir Ry sienals LRGN bt aghicvad ivsing|theestanf ofer
corporation, and an output inductor |HLP SOSOFD-OLl from Vi shay cor poration.
5 20. The syzilem GPACPe AR hieseat invessipy figr tegulploadeve gahineotvishmsbuck
regul ator is inplenented on an interposes.

frequencies of approximately 250 kHz per phase (total of 1 MHz for a four phase design).

ohah e PO A S Al i o1

Regulator 130A can achieve at least a 1-2 MHz switching rate per phase (total of 4-§ MHz).
This increased switching frequency is due, in pait, to several factors: (i) the selection of {ast
15  drivers 208 with low output impedance and low input capacitance MOSFETs within
switching voltage converter 210, (if) the decreased loop inductance (and therefore increased
speed) resulting from moving regulator 130A onto PU 126, and (iii) the selection of high Q
and low resistance output inductors within switching voltage converter 210. The output
inductors should be very small and very efficient in order to support the high switching rate of

20  regulator 130A.
Switching at high fiequencies results in many benefits for regulator 130A, AsPU 126
power requirements increase, regulator 130A must either switch faster or use larger
components. Faster switching means that smaller capacitors can be used at the output of

regulator 130A, saving chip real estate and costs associated with the additional capacitive

13



21. T he system of claim 20, wherein said pulse width nodul ator conprises a
Pvdi VI controller H P6301 fromliIntersil corporation. 10 22. A system

conpri si ngvguwiB@310- DC regul ator CO 1 7pt' 1S~17g: a pl ural i npceiysiu] ks> phase
s, ~nchronol I s bucl: regul ator nodul es, wherein each of said nodul es
includes: a pulse "width nodulator to generate a plurality of swtching

si 5nal s, 1%o%p91kéA€salA1E& 1lelatglr'l3'fﬂ 8an R§Nd W@hﬁ@lmwo KRR A ARE-gefmSai d
smntchlng signal's, a pluralit~~ of swtching voltage converters, each

coupl ed t0 ([GGEIUE, PR Ol H’gEteJ oW 199%9&5%%'\%1&%' v;gés'éo@ﬁgd @i 1HER fa-ugm tage,

wherein the outputs of said swtchifig voltage converters are co

form an OULAHLIGNR L80%e: AhiRef W AENELANBY |06, EhEUyd RoldIRUES bt the

-cut rent I'S 'shared anobng sal t~~ hase

synChl’ unp %}( nol?eﬁg U(Itgﬁh%rla Hlax? %lilol?ﬁqqlo\f\hgcl?l[o ? wl'ﬂchsf tul Z" an%srgm 9 2o

synchronous T Doar

A3(. A( A9 . A3 L AV ASNLL AV Y ALY AN CAF (LY
"A(LE . %ﬁ(séf&%“ltgm%@“"% a9y . Af (9l . AyLE

In another example embodiment, the components within an area 1000 in Fig. 3E may
be able to be omitted. Further, throughout the drawing pertaining to example circuits, any
component having a designation "DNS" associated therewith may be omitted.

Figure 4 represents an overall circuit layout for combining the circuit parts of Figures

10 4A-4D, such circuit illustrating a four-phase synchronous buck regulator 130B according to
another example embodiment of the piesent invention, where regulator 130B is implemented
on interposer 122, Again, just like with Figure 3, interconnectable arrow heads and indexing
encircled letters are used with respect to reconnectable conduction paths, and the terminology
"Figure 4" will hereinafter be used to refer to the assembled overall circuit. Regulator 130B

15  receives input DC voltage 202-1 (+12 volts {or the example shown in Figure 4) and input DC
voltage 202-2 (+5.0 volts for the example shown in Figure 4). The output voltage 212
terminal appears on the right-hand side of Figure 4.

According to an example embodiment of the present invention, regulator 130B can
provide output voltage 212 to multiple PUs 126 resident on motherboard 108. The example

20  regulator 130B depicted in Figure 4 is designed to supply a total of 120 amps of current to
two PUs 126. Those skilled in the art will recognize that the design of regulator 130B can
easily be extended to support more than two PUs 126.

According to the example regulator 130B embodiment, pulse width modular 204 can

be implemented, for example, using Intersil's PWM controlier HIPG301, in addition to the
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diodes MBK—\lJOLTJ The MOSFETs switches can be implemented using International
20  Rectifier's MOSFETs IRF7809/IRF7811. The inductors can be implemented using Vishay's
inductor IHLP 5050FD-01.
The outputs of switching voltage converters 210-1 through 210-4 are tied together to

form output voltage 212. Figure 4 depicts an example output capacilance given by capacitors

Ci, Cj, Ck, and Cl.
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— 5 mode topologies require only voltage feedback. As shown in Figure 4, voltage feedback is
achieved by connecting output voltage 212 to the Vsen pin on the HIP6301 via a resistor
R222. Current feedback is achieved by feeding back a current signal from each phase, shown
as Isenl through Isen4, to the Isenl through Isend pins on the HIP6301.
Though no current sharing circuit is shown in Figure 3, such a circuit could be added
10  ioregulator 130A in a manner similar o that described above with respect to regulator 130B,
Adding a current sharing circuit would make regulator 130A scalable in the sense that
multiple regulator modules could thei be connected in parallel to support larger current loads.
According to the example embodiment of the present invention, regulator 103B can
also include an over-voltage protection circuit. an example of which is shown in Figure 5B,
15  The over-voltage protection circuit opetates in a manner similar to the circuit described above
with respect to Figure 5A. This example over-voltage prolection circuit includes resistors
R160,R161,R162, R163, and R164, capacitors C299 and C303, ateference Zener diode U59
and synchronous controlled rectifier SC26, and a P-channel transistor Q25, configured as
shown in Figure 5B. Example values for the resistors and capacitors included within this
20  example over-voltage protection circuit are shown in Figure 5B. Reference Zener diode U59
can be implemented, for example, using Texas Instruments regulator TL431. Synchronous
controlled rectifier SC26 can be implemented, for example, using Motorola rectifier 2N6504.
P-channel transistor Q25 can be implemented, for example, using any P-channe! transistor

MMBT3906.
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10%' ()-' @109 ()-3@ 109 ()-y""109%& ()- 10%&' ()-S

10%& ()s VFﬁromgbéssibie in the component parts and/or arrangements of the subject

combination arrangement within the scope of the foregoing disclosure, the drawings and the
appended claims without departing from the spirit of the invention. In addition to variations
and modifications in the component parts and/or arrangements, alternative uses will also be
apparent to those skilled in the art.

10 For example, while the above example discussions describe sequence timing control
206 and drivers 208 as being implemented using separate parts, the sequence timing control
may instead be implemented within drivers 208 rather than as a separate circuit. For example,
Semtech's multi-phase current mode controller with I-share bus SC2424 includes a built-in
sequence timing control circuit that operates in a manner similar to that described above with

15  respect o Figures 3 and 4.
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a puISe. width modulator to generate a plurality of switching signals,
a plurality of drivers, each coupled to receive one of said switching signals,
and
a plurality of switching voltage converters, each coupled to receive an output
1¢  from one of said drivers and an input voltage, wherein the outputs of said switching voltage
converters are combined to form an output vohage, and
wherein said multi-phase synchronous buck regulator is implemented on a

motherboard.

15 2 The DC-to-DC regulator of claim [, further comprising a droop circuit to add a

droop voltage to sald output voltage.

3. The DC-to-DC regulator of claim 2, wherein said multi-phase synchronous

buck regulator is coupled to receive a plurality of input voltages, and wherein said multi-

20  phase synchronous buck regulator further comprises a sequence timing contiol circuit to allow
proper operation of said multi-phase synchronous buck regulator regardless of the sequencing

of said input voltages.
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6. The DC-to-DC regulator of claim 5, wherein said pulse width modulator
comprises a programmable, multi-phase, high performance PWM controller SC1146 from
Semtech corporation.

10
7. The DC-to-DC regulator of claim 6, wherein each of said drivers comprises a

high speed synchronous power MOSFET smart driver SC1405 {from Semtech corporation.

8. The DC-to-DC regulator of claim 7, wherein each of said switching voltage

=
[Gdl

converters includes a plurality of switching MOSFETs IRF7809/IRF7811 from International

Rectifier corporation, and an output inductor IHLP 5050FD-01 from Vishay corporation.

9. The DC-to-DC regulator of claim 1, wherein said multi-phase synchronous
buck regulator is implemented on an interposer.
20
10, The DC-to-DC regulator of claim 9, wheiein said pulse width modulator

comprises a PWM controller HIP6301 from Intersil corporation.

11. A DC-t0-DC regulator, comprising:
19
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a pulse width modulator to generate a plurality of switching signals,

a plurality of drivers, each coupled to receive one of said switching signals,

5 a plurality of switching voltage converters, each coupled to receive an output
from one of said drivers and an input voltage, wherein the outputs of said switching voltage
converters are combined to {form an output voltage, and

a current sharing circuit to insure that the current load is shared amongst said
plurality of multi-phase synchronous buck regulator modules,
10 and wherein said multi-phase synchronous buck regulator modules aie implemented
on a motherboard.
12. A system comprising a DC-to-DC regulator comprising:
a multi-phase synchronous buck regulator including:
15 a pulse width modulator to generate a plurality of switching signals,

a plurality of drivers, each coupled to receive one of said switching signals,
and
a plurality of switching voltage converters, each coupled to receive an output
from one of said drivers and an input voltage, wherein the outputs of said switching voltage
20  converters are combined to form an output voliage, and
wherein said multi-phase synchronous buck regulator is implemented on a

motherboard.
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14,  The system of claim 13, wherein said multi-phase synchronous buck regulatoy

5  iscoupled to receive a plurality of input voltages, and wherein said multi-phase synchronous
buck regulatoy further comprises a sequence timing control circuit to allow proper operation

of said multi-phase synchronous buck regulator regardless of the sequencing of said input

voltages.

10 15.  The system of claim 12, wherein said multi-phase synchronous buck regulator

further comprises an over-voltage protection circuit.

16.  Thesystem of claim 12, wherein said multi-phase synchronous buck regulator

is implemented on a central processing unit (PU) chip.

15
17. The system of claim 16, wherein said pulse width modulator comprises a
programmable, multi-phase, high performance PWM controller SC1146 from Semtech
corporation.
20 18.  The system of claim 17, wherein each of said drivers comprises a high speed

synchronous power MOSFET smart driver SC1405 from Semtech corporation.
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5 20.  Thesystem of claim 12, wherein said multi-phase synchronous buck regulator

is implemented on an interposer.

21. The system of claim 20, wherein said pulse width modulator comprises a

PWM controller HIP6301 from Intersil corporation.

10
22. A system comprising a DC-to-DC regulator comprising:
a plurality of multi-phase synchronous buck regulator modules, wherein each of said
modules includes:
a pulse width modulator to generate a plurality of switching signals,
15 a plurality of driveis, each coupled to receive one of said switching signals,

a plurality of switching voltage converters, each coupled to receive an output
from one of said drivers and an input voltage, wherein the outpuis of said switching voltage
converlers are combined to form an output voltage, and

a current sharing circuit to insure that the cutrent load is shared amongst said

20 plurality of multi-phase synchronous buck regulator modules,
and wherein said multi-phase synchronous buck regulator modules are implemented

on a motherboard.
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