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el ectronic circuits, fromsinple transistors and op-anp circuits up to

el aborate digital and m croprocessor systens, require one or nbre sources
of stable DC voltage. DC- to-DC converters are well-known in the art. Such

circuitry or vjice tyvpically enployed to convert from one DC

vol t age si gM?—ﬁP{I&eﬁ &g%émgw @%HMQWTEBIV%T&AG@ be
useful in a variety of environmREGUIATE@RY' s sophisticated processing
units (BUs) have nade the job of the power supply designer nore

difficult. These PUs continue to dengnfgpver hi gher currents and | ower
vol t ages. One problemis providing a desired, highly regul ated, voltage

whi ch may vary The igvenfic@ReralBit€lBte@f, voltE re@iBdRlafd infpaionidr 18 GrultQpage t0 1. 04
volts, and that may depend, at least in part, on clock speed. Another

chal | enge ipalsé @idlﬂfmUduqk@edt(hwfbg\de&taﬂﬂerﬁtDﬂl)% BCiveRdgé rdpu@ibreur rent s 20 t hat
may vary from several hundred mllianps, up to, for exanple, 120 anps, and

back again, in a clock cycle, fopatsapbenprurthernore, yet a third
challenge is to provide a scal able design that neets these higher current

requireaoents byMdstieRerdiid dircfiitsefrori SihpRARAsiAbrs EhdoPHIPEircilidivh e digbokikO CK
connected together in parallel. Therefore, a need exists tor a DC-to-DC

regul at or digitalzind miiddeirodessoedystbrs sdquitd AR mbe sAGEH GPtdbE DO Foltalpe SBC-
obj ectives, or at |east one of
to-DC converters are well-known in the art. Such circuitry or devices are typically employed
to convert from one DC voltage signal level to another DC voltage signal level. This may be
useful in a variety of environments.

15 Today's sophisticated processing units (PUs) have made the job of the power supply
designer more difficult. These PUs continve to demand ever higher currents and lower
voltages. One problem is providing a desired, highly regulated, voltage which may vary ina
range, such as, for example, from 0.96 volts to 1.04 volts, and that may depend, at least in
part, on clock speed. Another chailenge is to provide this voltage at relatively high currents

20  that may vary from several hundred miliiamps, up to, for example, 120 amps, and back again,
in a clock cycle, for example. Furthermore, yet a third challenge is to provide a scalable
design that meets these higher current requirements by using multiple instances of acommon
building block connected together in parallel. Therefore, a need exists for a DC-to-DC

regulator circuit that is at least closer to accomplishing these objectives, or at least one of

25  them, than state-of-the-art circuitry.



25 them than state-of-the-art circuitry. 1 15 MAR 2005 WO 01/9737075MAR2%5
PCT/ US01/ 17882 BRI EF DESCRI PTI ON OF THE DRAW NGS The f oregoi ng and

better unQﬁ{ ing of the present invention will becone ar ent from

t he follomnng detai I ed description of exanple enbodlnentgcngﬁfﬂﬁnclalns
when read in connection with the acconpanying drawings, all formng a part

of the disclosure 5 of tﬁg’ EFﬁE%%ﬁﬂ_ﬂONl@Fm%ﬁm | i ke reference
nunbers general ly indica Iar and/ or

structural 'y siffhd 8rehi "Rt SbectdiddBrstabifing gf ﬁlgﬂnlr&&ta}m il C!)IV\fJCFc:gme written

and illustrated disclosure focuses on di scl osi nents of
the inventy ntlﬁtomsm@ﬁhraw detafd deYeripRACS SRR y way of
illustrati ogﬁue?l%d exanpl e gﬁ ly and etckrllel nvent | o%glpgédh%{ﬁ%a% ereto.

The spirit viRfreas ARBnRbHSNRHUGS aﬁlﬂﬁﬂé\hﬂ ﬁlffamﬁfz.spkmtﬁ eréf by the

terms of the appended clains. The | ow ng Tfeprese bri ef escrlptlons

of the dr awrmgs invaRRLET 1A thd HAWRSs, Jhkb %f&e&k%&b% ggl{émll}ldl&%ﬁ 10539 a

mul ti - phase synchronous buck regul at or enen a not oard

accor di ng  tfgncAthafl SiMlae 2RI AGicRRM smllmté"ﬁnéﬁfsemgthc'fcﬂ%/gg% Jfguévag gure 2

is a block diagramillustrating the multi-phase sync egulator

in great eriRh ainll PGSR ddlokRe %u%%ptﬁl?ck%mgo tenflodirdfis nt%
invention; Figure 3 represents an overall circuit layout for conbining the

circuit paﬁﬁ@ntﬂfn IrLHBMIARS cledy uBforstSddGiht i kb if by vl/ely"é? ﬁﬁlﬁ;a'tl&garf’a e ¢ Phase
synchronous buck regulator according to an exanple enbodi nent f t he

present i neaiahdihe idBRI0R istldBlinkiRd theRtdd Thé $pirkt AR LHFREAE pREbnfinTRrkiore Fi gure 4
represents an overall circuit |ayout for comnbining the circuit parts of
Fi gureso limited only by the terms of the appended claims.

The following represents brief descriptions of the drawings, wherein:

Figure 1 is a block diagram illustrating a multi-phase synchronous buck regulator
implemented on a motherboard according to an example embodiment of the present
invention;

15 Figure 2 is a block diagram illustrating the multi-phase synchronous buck regulator in
greater detail according to an example embodiment of the current invention;

Figure 3 represents an overall circuit layout for combining the circuit parts of Figures
3A-3F, such circuit illustrating a four-phase synchronous buck regulator according to an
example embodiment of the present invention, where the regulator is implémented onaPU,

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



4A- 4D, such circuit illustrating a four-phase synchronous buck regu1?$ﬂﬁzm5
according to an exanple enbodi nent of the present invention, where

regul at or j ?q@%enented on an interposer; and 2 1 5 5 01/ 97370
PCT/USOl/Tg§§ Igures 5A and 5B are circuit diagrans P?Fﬁéﬁgapmﬁz a first
and second over-voltage protection circuit according to exanple

enbodi nents of ¥ aRVErRdit i i y ¢
[38reD 5 RSAA 5B 2Rkt @ * lﬁﬁé@%ﬁ:&‘%ﬁ %%fag% of the

begi nning a detail ed description of th I nvent1 on,

fol I owi ng ipotédlioREipdit-acithifly BRRAHN dnHoimehts K?tlhé pleSnfRG&by Ter al s and

characters may be used to designate identical, corresponding or simlar
conponents in differing figure drawings. Further, in the detailed
description to foll ow, exanple sizes/nodel s/val ues/ranges nay be 10 given,
al t hough the present invention is not limted to the sane. Well known
power/ground connections to integrated circuits (1Cs) and ot her

conponerg s may not be shown WﬁﬂmﬂmEgéﬁﬂfﬂgg‘ or sinmplicity of
illustration and di scussion, and So as not to obscure the invention. _
Further, arrangBem Soghgbedeidienbest:iptidh OF thethigBl1 A hAsIMmichid diehe t 0 avoi d
obscuring the invention, and also in view of tthe fact that specifics with

respect to fbxmi@grmmtomar.omga‘ap@uﬁﬁhtelﬁkepéfeﬁkccd.hﬁaraﬁmlmaaagﬁHﬁpse%s&cﬁ hi ghl'y
dependent upon the platformwthin which the present invention is to be

i npl enent edo désighate iGdAAEL] doféspSiMl & sifliaEdrhponbdtdin WiHnY fRWeQkaviRR, SKi | | ed
in the art. Were specific details (e.g., circuit diagrans) are set forth

in order tuikRgCihitiedetAla TRLARAROGIISR tikEmPé sikdfinddBNRMLERnged apBoOul d be
apparent to one skilled in the art that the invention cans%e practiced

wi t houtlot hgpenspReigh ke pratmidventiod & nBefited RE@e banel WRIISRBRA howedliotml t O Aone
exanpl e enbodi ments or Aan exanpl e
connections to integrated circuits (ICs) and other components may not be shown within the
figures for simplicity of illustration and discussion, and so as not to obscure the invention.
Further, arrangements may be shown in block diagram form in order to avoid obscuring the
invention, and also in view of the fact that specifics with respect to implementation of such
15  block diagram arrangements is highly dependent upon the platform within which the present
invention is to be implemented, i.e., specifics should be well within purview of one skilled in
the art. Where specific details (e.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 withont these specific details.
20 Reference in the specification to Aone exampie 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.
3



enbodi nents neans that a particular feature, structure, or charactqrgﬁﬁ&§m5
described in connection with the enbodinment is included in at |east”on
enbodi nmen i nvention. The appearances of the phrase Ain_one

exanpl e ekg%%#ﬁgﬁt in various places in the specificatiBhV/RPY/1iEe
necessarily all referring to the sane enbodinent. 3 1 5 MAR 2005 WO

01157370 PCT! UK AP AP RO IRALs oIy ISP BB 00 |

directed to a regul at or ase“synchr onous

buck 1 e0ul 3 incfya¥] {iufl-ghile Seohfofldl bﬂaﬂu%ﬁ;twhakﬂ%ggggeg%ﬁ Emdullditdl 1ty of

switching signals, ap y river eac 0 recelve one of

the sw t chigge sl Sfalafisy D?Mtcﬂing%i%’rfpazslf iélﬁr(rglﬁ\? o§ﬂv%§,%ﬂ%n§@+%t§%§eig%@é%f ters,

each coupl éd to recelive 5 an one o an i nput

vol t age, V\’Qﬁ‘efsedit@hihgﬁgﬁw Qfdta?louﬁliggol?ﬁvi_iﬁ: g%%\%a[égconva'{ck?&gh%oﬁﬂéﬁaﬁéﬁ are

conbi ned to form ah out put e. I - phase’syn onous  buck

regul at @r GaBuh& f}dﬁp&gmmggﬁp&gﬁaaﬁfﬁg&%fe&@fﬂ]er@f@gﬁ&@;@& t bt i{?é poser

board or directly on a PUchip. Figure 17s a I'agram i trating

a mul ti - phagR,gs KHNFEE AT ofbikd th SSHH Al Rifpul wftagel Orhk mlgt?-{;fﬁgé §HlcHhos COMPUL er

not her board 108 according to an exanpl e "enbodfi nent o present

i nvention. phek Rlkigon sl RAmBRIES o f‘%th%lﬁrd,ss‘ﬁaﬁfst onlfhdniefpd¥ 8654 8 AC

current to a power supply 104. Power supply 104 converts the AC signal
into one onirk@lyRnRA®Vis.ages (where the nunber of DC voltages is given by
N). For exanple, power supply 104 can convert the AC signal into two DC

vol tages, 12 vOFighrediéh Block@labmm ifhsBhtil b hfa-pHatk RN ot bcidregnMr3sa | but es

the DC vol tages to various |oads, including regulator 130. stribution
board 106 iRplemémeSorta éWuicPREHABEAd ldﬂ%drﬂig%%_tﬁ%ﬁﬁnﬂ?@érﬁbédﬁnénhgfth@ad

(e.g., nenory, chip sets, PU). Regulator 1 is inplenmented on a
not her boar grebét idveMival AMaRerdtih@Euthi (A€ Wall &JcRdt 16T provides an AC current to a
power supply 104. Power supply 104 converts the AC signal into one or more DC voitages
{where the number of DC voltages is given by N). For example, power supply 104 can
convert the AC signal into two DC voltages, 12 volts and 5 volts. A distribution board 106
15  distributes the DC voltages to various loads, including regulator 130, Distribution board 106
provides a low impedance, low inductance path to the load (e.g., memory, chip sets, PU).
Regulator 130 is implemented on a motherboard 108 (sometimes alternatively referred
to, for example, as a processor host board). Motherboard 108 includes an interposer 122 that
plugs into a processor socket 120, one or more Organic LAN Grid Arrays (OLGAs) 124
20  (shown as 124A and 124B), and one or more PUs 126. Regulator 130 converts the one or
more input DC voltagés received from distribution board 106 to an output voitage that 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



to, for exanple, as a processor host board). Motherboard 108 i ncl udp§mﬂl 2005
i nterposer 122 that plugs into a processor socket 120, one or nore

Organic L Grid Arrays (OLGAs) 124 20 (shown as 124A and 124B), and one
or nore PO WP Ragui ator 130 converts the one or nore Pﬁ'ﬂHﬁOlﬂ@Wol t ages
received fromdistribution board 106 to an output voltage that is used by
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a

si ngl e cl ofROE P dackgiepig i fil at ors were i npl enented on a card
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I I t t 10
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limts the
estate on motherboard 108, increase cost, block air flow through the system and contribute to

system heating. Further, the distributed impedance associated with the distribution and
interconnect between the plug-in voitage regulator and motherboard 108 limits the
15  performance of plug-in voltage regulators.

According to the present invention, regulator 130 is implemented on motherboard 108,
rather than as a separate plug-in module, minimizing the distributed impedance between
regulator 130 and PU 126. According to an example embodiment, as depicted in Figure 1,
regulator 130 can be implemented on interposer board 122. In this first example embodiment,

20  regulator 130 can provide an output DC voltage to one or more PUs 126. According to
another example embodiment, regulator 130 can alternatively be implemented directly on PU
126. In this second example embodiment, regulator 130 provides an output DC voltage to the
PU on which regulator 130 is implemented. These example embodiments are described in

greater detail below.



15 performance of plug-in voltage regulators. According to the presehMAR 2605
i nvention, regulator 130 is inplenented on notherboard 108, rather than
as a separate plug-in nodule, mnimzing the distributed i npedance between
regul at orwﬁw Wl PU 126. According to an exanpl e enbodi %F{B,S“‘élésaaepi cted
in Figure 1, regulator 130 can be inplenented on interposer board 122. In
this first exanple enbodi nent, 20 regul ator 130 can provide an output DC
vol tage to one OF-OFERIC*BRle exbp %ﬁ?tdﬁ thegpresspfoip¥ration yegiiate 18htodi ment ,

regul ator 130 ca | ternatively be inpl nted directly on PU 126. In
thigs second™BYTRRTLS cﬁﬁ'ﬂi"?{ ‘%M@ﬁ%%ﬂb%ﬁm%amawwﬂm
voltage to th U on ich regul.ator, 130 is i nplemented. These exanpl e
enbod: ment Supe ofige R ok SRR 12 ar TR e Broip e RS SO V>
01/ 97370 PCT/ USO 7882 Accardi ng.to an exanpl e enbodi nent of . the present
i nvent i on, PFEGHT é\{%}’ %36‘35}1@9‘6%?%%@%?&%?? °§‘§g‘ﬂ§‘°rslgpfs§é°ég¥?’8%?“°‘?%%gl ogy

( SM) oyt plilttslci nductors .and capacitors nunber .of | gw i nduct ance,

d.
| ow capaci tanEeOIR fnesdancs pety ec[&“%bﬁfr?fg%éf"%owt FRARKF YN peebfaton, o ckage

(SM8). As suj t he dynam ¢ response of..regulator 130 is greatly

i mpr oved dagﬁi%ée c?dtémﬁ%%%?%wcﬁ?‘@gtﬁﬂ%éi ath. The number of required
out put capacit ofs. W,t hi ulator. 130 js.reduced, freeing, u re space
on interposer 122°° ilsgalﬁj?oé:{cgg %mélﬂﬁff%‘%’ﬁa‘b‘l@&?sﬁﬁ’?wfé?é‘f5‘5?(%8’3‘8E13@?“phase

h e 130, | i | di . |
ovbod mont BSAr el ULl of SHhrielt crtol o ey BV st it ne T
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nunber of sw ng’ vo verters
of phases (shown as208-1 through 208-M), a similar number of switching voltage converters

210 (shown as 210-1 through 210-M), and a regulation circuit 214. The input DC voltages
202 (shown as 202-1 through 202-N) from power supply 104 are input to regulator 130.
Regulator 130 converts input voltages 202 to an output voltage 212.

15 Pulse width modulator 204 generates a number of switching signals 220 equal to the
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. For example, with a four-phase regulator,
pulse width modulator 204 generates four swiiching 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 to 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,
7]



210 (shown as 210-1 through 210-M, and a regulation circuit 214. THe MAR 7005
i nput DC voltages 202 (shown as 202-1 through 202-N) from power supply

104 are iwl{%ﬁ]regul ator 130. Regulator 130 converts kﬁ@ﬁéqléggséages 202

to an out age 212. 15 Pulse width nodul ator 204 g nunmber
of switching signals 220 equal to the nunber of phases M (shown as 220-1

to 220-M . gfifevithbighk Hg?ﬁj@m&ge;%%ggoﬁ%%*?%guimh% ﬁh&pggﬁ"l’cg@%ar e out

of phase from one anoth For anpl -phase re r,

pul se wi dt i edeh Rk parefid aneé}ﬁﬁ«g{g?a%riﬁ%ﬁag%‘l’é ﬁt&@&b@éegg@a@umgma the

signals fromone phase to the Xt are sepdrate or eacﬁ of the

M phases, thga.$Whit i ! R red : ' t he
boost ed si gnalas are dﬁe%?(’:thggﬁ%g/ Iinergéu%%?lllé}teﬁgﬁgﬁgﬁgﬁﬁl\x’oﬁrﬂ%@?g&er 208

provi des t RenRQWREaRAREIRRY, VelbRtidH thonfihs MR RbI@noldkis c 210 _at a
hi gh frequggrrllcy. Srgquence ti r?i né cc?ntro 206 insuréslg?ﬁsggmr%gﬁo tor 130

Wi | I opey atfgiié RPEE hitagt RGBIaR. CREuPIng b REoWIEAHER OF R8ud)Lin| | tages
202. Prior voltage reggl g%orgs re?lljli rgd that, 6 1 SQ[I{/AIR’KHE(%EHBVS\%Q(]H 97370

PCT/ USOl / 173@83le0afn eatRisivedybteRl EAdcHIRING tHfhe WrdstRGRRAMG!, Seq@blciatining NEY wer e

required to follow a particular preset tenporal pattern. For exanple, a

prior vol t agfird 208H1BH9the pBLDC C1REAESLRR up B tvn Bt rdrdlodOlntany #6knse, By VOl t DC
signal, the prior voltage regulator mght require that the 12 volt and 5

vol t  si gnahsarifg the'dfiaére 208/@#n dnl bifore faB¥ inadth ABAfI&t& ol hi s pattern could
potentially result in catastrophic 5 failure for the voltage regul ator.

Requiring a knowtcopRid Rrdn eRhm§Sle MBAGHE of B6l PieEds indedildh SswiGRIAP veitigand
expensi ve system According to the present invention, sequencing tim ng

cont r ol1020Gomdettenes 0 fepesdntidfulsPEidlOhb RGeS RWM] Sfifs-tcakteslavh Bhveitgndom i n
any sequence, by insuring that drivers 208 turn on before pulse width
modul at or 2PWM converters can be used to obtain a lower voltage from a higher one by using a low-
impedance transistor switch that is made to open and close periodically between input and
output. The transistor switch is driven by the switching voltage generated by pulse width
modulator 204. As is well known in the art, any desired output voltage lower than the input
15 voltage can be obtained by varying the width of the "on" time switching signal. Example
implementations of switching voltage converter 210 are described in greater detail below.
Output volitage 212 is formed by combining the outputs of the switching voitage
converters 210, The output capacitance 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

factor of 10 or more.



According to an exanpl e enbodi nent of the present invention, smﬁthiTHAszﬁ
voltage 10 converter 210 represents a pul se wi dth nodul ated (PWW

Seri es- sWyld p-down converter. PWM converters can b obtain a
| ower voltadgﬂﬁ%@n1a hi gher one by using a | ow inpedancgcﬁﬁgﬁgﬁékor
switch that is made to open and cl ose periodically between input and

. Th itch is ,dri b h ' ' I d

by pul se w ot n * Rebroa ROt QSR Eedeai S bl e e el e
t put | t . he i 15 vol.t b t ai ned. b [

Che v at h o Conteah sty bERMoR il 95 Ty a8l adhedh one of
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Qut put vol t QPRGN e Rt o ey il BBRbE enBRbRens 01

vol t age coqﬁﬁgﬁﬁgaﬂgﬁgi4;nggﬂ&gﬁig%%%gﬁ%ﬁgagﬁ of regulator 130 causes a

ripple on o vol tage cah be nodel ed as a capacitance

noserigs wih AubAMEiEncs Qo Bicuf bl b BUANRSRe LD raleady- state

conditions, the Capacitor w arge hen arge,” causrng the

out put 1 1 PRlesr, CRE AN AsALRE @ foul-HsARARRus bRKAALIAP 103 b Dflind B, 11 PPI €

conponents tTrom each phase cancel " one”anot her, can re e total

output rip Q!uﬁn Y cn%odfn%% & thélﬁreslﬁ irgrentm,r&ere7r§%léor% %g%ﬁ%eﬁgl%g’{?’ 70

PCT/ USOL/ 17882 Further, regul ation circuit 214 provi eedback
necessary 19§ WldAY&ubRIMIAT hédlls (>F49 GreRREd focﬂgmﬁgrfaté &hﬁﬁﬁﬁ‘fz&ﬁs‘ WP
regulation circuit 214 can vary according to ther a voltage node

topol ogy Orsnghif BE ERhnddRE CoehyRR | 1R0Varlols LRGSR paX 2RIIE  SHRAL ARES off
regulation circuit 214 are described in greater detail below. 5 Figure 3

represeyt s r@dnR¥arR! don@ﬂcfiﬁr}"fpﬁtih% iﬁmuﬁccﬁ Aaried r(?lﬁ"h‘n@ﬂhfn@ &nGildidaUefterP t S Of

figures 3A-3F, such circul ustrating a four-phase synchronous buck

regul at or  13@ReoRiag Qiréliitghrls Qo 8Ep index and align the conduction paths which should be

reconnected. A remainder of this disclosure should be taken as referring to the overall circuit

in its assembled form, and the terminology "Figure 3" may hereinafier be used to refer to the

assembled overall circuit, Regulator 130A receives input DC voltage 202-1 (+12 volts for the

15  example shown in Figure 3) and input DC voltage 202-2 (+5.6 volts for the example shown in

Figure 3). The output voltage 212 terminal appears on the right-hand side of the overall
figure. Example regulator 130A can provide, for example, 60 amps of current to PU 126.

According to an example embodiment of the present invention, regulator 130A is

implemented around a perimeter of a PU 126 chip. Also, thermal vias and a multiple layer

20  copper plane are used to equally and quickly dissipate heat from the switching MOSFET's

(within switching voltage converters 210) to the open air. As a result, heat sinks are not

required for dissipating heat from the switching MOSFETs.
Pulse width modulator 204 can be implemented, for example, using Semtech's

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



exanpl e embodi ment of the present invention, where regul ator 130A if5 M 2005
i npl emented on PU 126. Interconnectable arrow heads (""") are used to

desi gnat e“&p&ﬁ‘g%i on paths which should be reconnected between the
various circuit parts, while a smaller nunber of 10 recoRhEUPYHES2

conducti on paths have been marked with matching encircled letters in
neighborin% cl.rc

Whi on shou e plra B hletied T e kRibe Mot ncrnEe OBGE bl e be
t aken as restflerri rﬁﬁwﬁ@w&{ﬂ;&v‘éﬁ@?@' | circuit inits assenbled form and the

t er m nol ogy Q"'f’—"‘laﬁure inafter be used to refer to the assenbl ed
Il ci it | at 0 ' .t 202-1(+12 | t

For the 15 exals SatilAehorhEashieT kit sl icke b Fcs Sob (15 6

lts f ' ' 2 i nal
oS o BRI Bl RS2 I B RS N AR B B o 1 e
130A i, d X PU 126. A di t
an exam 6 aaBoaraeib 5 AR frlt 3PRuBe FHu Tl Beiorenl bR O 19 1O
i mpl t . ' f ] chis i lx M d
DL Tt S AR RSSLARE Suble RSP A By IR Yoo a0 2
heat f it chi. E - t N i j ] 210
o the open e PR i el iesEdignce iy LoBed ek 8%t B RSN 5 Dot g
neat 1 om Pkl I MERRYS P4l SBAe IR B RADERIIE

i mpl emrent e or exanple, using Sente rogranima

hi gh f or; ; ¢ I MAR 2005

V0 01/ o737 TR FIR NS Fifrcd B A S 08 bl oot L o ng

1 gnal $022 % GEEY SELeleat 1 ikt Jokhs 3021 w35 pins DrvO through Drv3.
ntro )

The exanpl e 'sequence timng c circurt 206 depicted in Figure 3

i ncl udes Each of the four drivers 208 can be implemented, for example, using Semtech's high
speed synchronous power MOSFET smart driver SC1405, and the supporting circuitry shown
in Figure 3. Each driver 208 receives a switching signal 222 generated by pulse width
modulator 204, and outputs the boosted signal at the pin labeled TG.

15 Switching voltage converters 210 are each implemented using similar parts. For

example, switching voltage converter 210-1 includes diode D3, capacitors C19, C20, and
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
MBRAI30OLT3. The MOSFETs Q1 and Q2 can be implemented using International
Rectifier's MOSFETs IRF7809/IRF7811. The inductor L1 can bé¢ implemented using

Vishay's inductor THLP 5050FD-01.



resistors R46 and R48, capacitors C42 and C44, and diodes D1 | A D1 5Mp 285
12A, D1213, and 5 D13A, configured as shown in Figure 3. Exanple val ues
for ther and capacitors included within this e e sequence
tining COﬁ?#@%H%@FCUIt 206 are shown in Figure 3. The dfgﬂ@§ D88 n this
exanpl e sequence timng control circuit 206 can be |nplenented u5|ng

T S e e A L BTG S LK, B o
Vol tages. 209 TheBgsuRREe R ooorka: FEHRT ﬂlmesiliqlo s e s FoRER ﬁenéﬂf cd,
2 R SRl OB DR

nodul at or §ﬁﬂm mgfo fgw?ﬁmg%gbg agﬁgﬁangiﬂ§%ﬁ§ﬁ§u9¥mﬁ %%?@%R#CI 15

For  oxanpFere ew%ﬁﬁﬁ%%%{e? Bngh i s TR T 6P ode Do o
o’ and | nduct oTheLq“‘fP@dﬁfmgﬁﬁwéa&%Eé %ﬁ%&?ﬁ%ﬁwwﬁg S FEMOPROGH ves for
St chi g SUTIHGR ARG 2 oR EMS1 hiAREh ShaalF e eptirents Bt SRS i ¢ hi

20 these e tc vol t age converters 210 can be inpl enented using
Mot or ol a d| gQéﬁ @%&ﬁﬁgt@$3 The MOSFETs Q and can be inpl enent ed

. o R B R PR P 1
VO 01/ %637917? %9 dll{é? 81%& positive terminal of output voltage 212 is fed back to pin FB 14,
whereas the negative terminal is fed back to pin FBG 16. The example regulation circuit 214
also includes an alternative feedback path indicated by VoSen(+) and VoSen(-), where these
terminalslreprcsent remote sensing.
According to the example embodiment of the present invention, regulator 130A can
15  also include a droop circuit, an example of which is shown in Figure 3. This example droop
circuit includes resistors R43, R49, R50, R53, R54, R59, RS3, and R56, capacitor C47, op-
amp U3 A, and N-channel transistor Q10, configured as shown in Figure 3. Example values
for the resistors and the capacitor included within this example droop circuit are shown in
Figure 3. Op-amp U3A can be implemented, for example, using Texas Instruments op-amp
20 TLO72. N-channel transistor Q10 can be implemented, for example, using Motorola's NPN
transistorMMBT3904.
As described above, output voltage 212 for many applications must stay within a well
defined range of acceptable values. Inthe example given above, output voltage 212 can vary

from 0.96 volts to 1.85 volts, where 1.6 volts is the mean steady state output voltage,
' 10



Note that many of the conponents depicted in Figure 3 have a "X" follpmﬁgm%
by a nunber in close proximty to the conponent synbol. This |nd|cates
that the g&g@%ﬁi is inplenented using the stated nunmber of duplicate
conponent Qted in parallel. For exanple, "x2" appBEFES{1()3%82apove
the | abel for capacitor C40. This indicates that G40 5 represents two
capacitors, each having a val ue of connected in parallel. The outputs
of switchi ﬁa'evaﬁetra&s%%ﬁs@ﬂaéwg V@@ee lfeqtmceimvﬁvxz)mﬁug Ve e cuEat her t o
formoutput voltage 212, Figure 3 depicts an exanpl e output capacitance
given by cAPMEPPEFLofPE 16 vgmvcr@ﬁg F“éﬁ’éﬁ“@lﬂawﬁ@a&ﬁ%mé%hﬁ‘a?‘i%n
circuit 214 depicted in Fi e 3 i) cludes reS|ston% K 10, R73,

R29, and  REUT ifoab?mff’e%% RS 08 ST PR p koA g PR ENback t o

Ecanpl e 1 eghiE: PERGK ﬁfﬁdgbzlf'agd%aflﬁw"%?ﬁaai& & e e JBe PEGlback pat h
omt e Sond %t@iﬂﬁ’a% FRGoRIEE el Sty o roecn ey cppepiany er@é%ﬁf "

o SRR R B R
et BB o goncile et sl tq‘%ﬁqf.cgure 3
Exanpl e Valm%?rﬁam PI%BET opgﬂatrlo%srles 801’313@[}1'9}1 [}%gr% atotﬁhﬁxrﬁga %&%m‘#@n hl nthis

exanpl e droop Ci are shown in

'N”ELSEFET “ e e CARRR St Rt X‘aﬁ%g' R Skeamﬁ"?tap—uwfﬁ%w- |
2127 of Sy AR RE I%%@a%@@%?% fing e P REC B PR il °0°

accept abl e ; t he exanpl e given above, out put voltage 212 can vary
fromO0.96 v ‘?PHQENM%Q§5 volts, where 1.6 volts is the nean steady state

output vol t age, The droop circuit allows the circuit designer to program the Vi setting of output

voltage 212, For the example droop circuit shown in Figure 3, the Vi setting is programmed

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

15 resistors R55 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 range 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 o;ther 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 Vyp setting, the number of capacitors that are

required to control the magnitude of the step-up transition dips can be reduced. For example,
11



10 1 5 MAR 2005 WO 01/97370 PCT/ US01/17882 otherwi se referred to heremap agy
the voltage identification (VID) setting. However, the current

requi renents of PU 126 vary over time. For exanple, PU 126 can go froma

st and- by MHEP73Pequiring from zero to a few hundred ni | PEEHPY/1788 3
power - on node requiring 100 anps and above, and back to stand-by node,

all in the span of a si ngll e clock cycle. The step-up 5 transition in the
current | oddersoutput valtagadld isaestpined & 1yelkd A e ridingadmilliyels dgopredycansi t or y
dip in output voltage 212. Conversely, the step-down transition in the
current Ioégemquétqfcﬁnﬂ@mﬂcmmﬂ@ﬁﬂto stand- by nodes) causes a transitory
spi ke in output_voltage 212. In order to  maintain proper operation,

regul ator 13 0 Ew8wnheicnyupledpenpircytitheyn infigueties theaddidona] syantgeenf n t he
defined range of acceptabl e values, even_ during dips and spikes due to

st ep- up andCBespY {5t HHith meangthet the divep cireyib cardeprprdsyiskiyito ARdragsignsloathd spi kes
can be | essened by addi ng additjional output capacitance. The droop

Ci rcuit dal ISYHEs Ieap proyidr theidamiljivalt drap veitepgiathe cieuity) Thissiserepsadysnsed out put
vol tage 212. For the exanple droop circuit shown in Figure 3, the V1D
setting isfﬁuﬁﬁwé’ﬁﬁﬁ%dﬁnﬁﬁg@pg%ﬁow T SEVEPEiA®4r val ues for resistors R55
and R56. For exanple, the valuyes shown for 15 resistors R55 and R56 result
in a droop vol té@%ﬂgﬁg RoherpmplG eMbadiment of the presentdppeptinn. rpgplatgpi0aran | o
increased by 40 njllivolts.  This mkes b(? use of the_avail ahl e range

of output VEPHEYY® HBEEHSEREFHFYLAS SimR ﬁ‘tntete g Eeew ipYisptie stidp- up
RGN WAL T e T R
TR T R Y TGRS M R 7 MO AT
ST AR R IR SRR
amp U3B can be implemented, for example, using Texas Instruments op-amp TL072. Diode
D14A can be implemented, for example, using Phillips Electronics diode BAWS36.
The current sharing circuit insures that the current load is distributed evenly between
15  multiple regulators 130A that are connected together in parallel. The current sharing circuit
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 ciesigned for, which
20  can damage the module.
According to the example embodiment of the present invention, regulator 130A can
also include an over-voitage protection circuit, 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



violations of the upper acceptable boundary of output voltage 212. 1Bypmps 7005
addi ng droop voltage to increase the Vin setting, the nunber of capaC|tors

that are iLred to control the nmagnitude of the step i on dips
can be regﬁﬁgﬁﬁj or exanple, 11 1 5 MAR 2005 WO 01/97370ﬂ§8#%ﬂg%%%17882
wher e out put voltage 212 is constrained to 1 volt V4% adding a 40

mllivolt dr Ocrl).l r%lrc (f\tei%clflées fesistors %?—’Oéuf‘ K g n&%eec BXC&%% ‘Eﬁl’ %%3&/Furt her,

t he exanpl Foop circulrt shown Pas-ne It ron&l antage

of _ bei ng Vg\&)é{weafémgr M\hh g.g@gss Bcg)?t%noﬁ Eli)c(ar)l'ec ff%lc gbﬁ 219 Zf([) l}e?]l vol t

quickly to Fanar ent SUand ean provi

d | t t I

d;ﬁgm\/g p:% %1%1; Q? c%hﬁéﬁ'l’éd a&lsag\b rﬁ@%k@%%ﬁ%}%ﬁ?EQa u@?foh tlrle reklaog%m er
nmbod t d

ST Tt gl SN BXSTLA O] UL RO ﬁﬁnrlga@% uge @

I

capaci tor  COff Reia0gt EBR R ban R SERR TR SRER, T Sﬁi%st@ REmE i
Figure 3. Eééma&e%mt&mﬁprSghém%oﬁoﬁéaoﬁ&afea refifks SERPcAARATH méméd“@  uded

wi thin this exanpl® current arirng circurt are shown i1n |gure anp
usB be dy r TL072
b ode DLAA SEREE NSl oSnerer EP ARG KSlaifh) Haity DO AR BT 1 oo

di ode BAVGyam Q%sﬁ%MoﬁJPéla phmagmﬁg,s&&mmw%&@t vchage bRl | 0ad is

distributed evenly between 15 multiple regulators hat are
connect ed t0SRBRY fof Me B?af@lelc?vler-vo]_tg% p@aé&lsmmanaéﬂl i lﬁlﬁ@w §a therefore

makes regul ator 130A scalable in the sense that nultiple regul ator nodul es

can be jgconbi “e@eﬁz%élﬁfrb@@b{cﬂ Mitdfihg SighdiSMo Jaﬁ%@'aElﬁEU%ﬂtﬁm et &belgﬁ of he
current sharing circuit, thére is no guarantee that eac regulat or nodul e
will carry 2fiR684s6A %B]rdlr@'fb RE predifit ihRhAdn. SHE 6 atdrP@Fe achieved switching
frequencies of approximately 250 kHz per phase (total of 1 MHz for a four phase design).
Regulator 130A can achieve at least a 1-2 MHz switching rate per phase (total of 4-8 MHz).
This increased switching frequency is due, in part, to severai factors: (i) the selection of fast
15  drivers 208 with low output impedance and low input capacitance MOSFETs within
switching voltage converter 210, (ii) 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 frequencies 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




This can result in particular nodules carrying a | oad greater than ﬁ@@ﬁRZMS
are designed for, which 20 can danage the nodul e. According to the

exanpl e e i t of the present invention, regulator 130A can_al so

i ncl ude an over-=vol tage protection circuit, an exanple of“WHFUA™8 shown

in Figure 5A. The over-voltage protection circuit nDnltors out put vol tage

212 d hal f OA i f |

2 certain 38%@%%@?5%%%9'85?5@%%%53#0 ‘F*?fa'gqaw?r@ koRiand S 8B 61757570
PCT/ Us01/ 17892 d ) R35, d
RaT capac.t%%@fﬁgwﬁéﬁ%@ el 5%8#"8% N BRyRRL G B&Sé%ﬂﬁmﬁi 80T onous
coni 1011 e L o selesifd IPhshEAS) 136A WPl lerTea il Lored a5

shown in Fi gure hé™r €si st ors an ca aCI ors

e voed A b L

usi ng Texas MSure reference regul ator TL431. Synchronous controll ed
rectlflgr gﬂﬁpﬁE% e |np1enented for exanple, using Mtorola

et T 1 2680y RS UA0N, LABRBLAL U SR B R IFLETOO ik Sy o
h hol d i i
T el 3 AR A 5 10

achi eved uskfidolhhedfizh G0akyot SR BLaudiiAuARARRMAGILEL the, Pr esent

i nventi on. or regu ators ave achi eve equenci es of

approx'”ate'y Zﬁgﬁ HtephS &n&ﬁﬂﬁﬁaﬁ&R&ﬁhqaﬁﬁk*gﬁﬁmﬁg@ n%ﬁy&m%@ﬁg&eges'gn)

Regul at or 130A c I eve at |east ate p phase

(total f A4padaiigoy cu'zl}_ gi'llﬁi‘| aﬂﬁé $6ha ‘Q% chif3h&lQ bﬁéﬁ%&ﬁwﬁ 2R 'rt]d1 part,

to several factors: e se ectlon fast 15 ers 208 mn | ow

out put i MPEUARGRxARHTe drD¥dintuRtdr e PRAGE FnBiHEiEn, WHRE Felatath 130815 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 fo refer to the assembled overall circuit. Regulator 130B
15 receives input DC voltage 202-1 (+12 volts for 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 HIP6301, in addition to the
14




swi tching voltage converter 210, (ii) the decreased | oop inductancey (5% 2005
therefore increased speed) resulting fromnoving regulator 130A onto '
126, and (‘%Hii) t he selection of high Q and |Iow resistance output

i nduct or s WA YR’#H%swi t chi ng vol tage converter 210. The ouPSIUSHIA#RCt or s
shoul d be very small and very efficient in order to support the high
swtching rate of ,20Q regulator 130A. Swi tching at_ high frequencies

resul ts in SHRAQYING&HeHitry shows in Figyrs 41 Hie HBERT haga pyiit1m firoop il WRithi r ement s

i ncrease, reqgulator 130A nmust either switch_faster or use |arger

conponent s.°PEAIEE 18,2 MARNEESHPYAG b %&FB"HW&?“ éeﬁﬁlqegf‘b"é"éﬁ‘a%?‘is%%m% s used at

t he out put of egul at or 130A, .savin hip.real  estate _and costs
assoc at ed wi t hTHHERRHIR RS RHBAONESl PSP ESPIRR 1D GO 18 370

PCT/ US01/ 1788 - Al so, |, at 0A d i ckl
Do stop. up reprek IBAREETS., capair ¢l BoSe Rt portiaed Sha i BRI 4 : educos
th | t di i at ith th I - .t it . JAnpt h
hivant ago DR RatR Saheter Simhe ool St SR i AERDRES Oy CeURFIBE  nount
hnol SMI). h h h- hol hnol . ich.is bulk d

hore 5 d RV BRI Rl ek st PR HERY MBI DRt St he.

t i t hi 100Q. i i 3E b I .om t.ted.
Sorthor ¢ BBk SoRe 6 SHrauR Righ e bl P end e e et e i

t havi des.. ti " Y j dth i th b itted.
Fraure 4 r epradesiuenEPbagbafiicnminigs DRS GRS Fn b BalRiERrh & FREPE r cui ¢
parts of Fi@%gﬁ%mr&gdf&%ﬁ? ]143uch circuit illustrating a four-phase

c

synchr onous regula or4 OB according to another exanple enbodi nent

of the Y esent II‘QEVBHII d.riQ/Qfs 28\{' Gh Be i %H:}Hel%grp s d&s%lqgediagodeimthl?crgggﬁ t%gigure 3,

for example, using Semtech's high speed synchronous MOSFET smart driver SC1405, and the

supporting circuitry shown in Figure 4. The switching voltage converter 210 within each

phase are each implemented using similar parts. For example, switching voltage converter

210-1 as shown in Figure 4 includes diode CR3, capacitors C77, C94, Cd, and C227, resistors

15 R37,R39,R77,R217,R52, and R106, MOSFETs Q15 and Q21, and inductor L5, configured

as shown in Figure 4. Example values for the resistors, capacitors, and inductor included

within these example switching voltage converters 210 are shown in Figure 4. The diodes

within these example switching voltage converters 210 can be implemented using Motorola

diodes MBRA130OLT3. 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 capacitance given by capacitors

Ci, Cj, Ck, and CL.
15



on interposer 122. Again, just like with Figure 3, interconnectablﬁ ?&ﬁ@?ﬁﬁ
heads and indexing encircled letters are used wth respect to
reconnect ahl e conducti on paths, and the term nology "Figure 4" wll

herei naf t P YPE7¥ed to refer to the assenbl ed overal | ci PETUSOVIEEGul at or
130B 15 receives input DC voltage 202-1(+12 volts for the exanple shown in

Figure 4) and ipput DC vo ge 20 +5.0 volt he exa .e shown in
Figure 4). The anply grgu %“%E‘t%lﬁ ﬁﬂcﬁ?ﬁl‘n%@ﬁégfiﬁﬁ‘rﬁ%@eﬁgﬁ i9hand si de

Ceaul Stor PPyl e g 3‘@"2@3&%3%1% %rﬁesne sés%e”“ o
e, ?E%@?@ﬁg &°°g§3§bﬁfvsaegﬁ§?°§ﬁ5§$ 1§ Do Ping i TURES P8 v LS
150F aon®® sdpblosy. “Gutels e %S%ﬂ%@?@%ﬁﬁ% o diien ek “ig ) °fssée§8k’hf‘%3r
Lol ool '? o0 ?%%ﬁﬁm%‘ FoflRREARPER, As MRt 8, pen fonss O °°
o try ' Sefifea by opnaRela Sy BERmUR AP WRer ol o RSB i BRRL ? g

whi ch ibed ab
W ih respeltlt SCﬂffe"?fe%%@elsrﬁ%@‘eﬂ@%aﬁpﬁeém%%aﬁ%%@269 YRGB BT ¢ 206
depicted i gﬁgéﬂuﬂ%uéh 1 l?eslsen%ﬁﬁ'ofgiix?se% E}ms an H@ﬁﬂ’g%ﬁ capacitor C 101,

and di ode con uré as’s i s exanpl e sequence

timng control ﬁ'u{ &%‘h& ol sﬂ&rﬁgffr&u‘i‘s sﬂB\DPl%rF@H? Ln%fxa%?custqalhd 9@%1%%& bed

above with respe e sequence 't rol” ¢rrcurt depicted

in Figype Fﬁ%&gﬁ %%H@Er hifar B Beskiibel hisbVE &uﬁreﬁp%rcn%, RGukGPisphor s and

capaci tor I nc
Adding a current sharing circuit would make regulator 130A scalable in the sense that

:

multiple regulator modules could then 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 operates in a manner similar to the circuit described above
with respect to Figure 5A. This example over-voltage protection circuit includes resistors
R160,R161,R162, R163, and R164, capacitors C299 and C303, areference 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 Q23 can be implemented, for example, using any P-channel transistor

MMBT3906.
16



exanpl e sequence timng control circuit 206. D ode CR18 can be 15 MAR 2005
i npl emented, for exanple, wusing Mditorola diode 1N4148. 10 The four
drivers 208 can be inplenented as descri bed above with respect to Figure
3, for ewa@mP®70 usi ng Sentech's high speed synchr onous pt/Sk&frssrar t
driver SC 1405, and the supporting circuitry shown in Figure 4. The
switching voltage converter 210 within each phase are each inplenented
using simlar pethpegh thopregrtinmpintion basi leahdesgibudivitia pderona wes hanber 240- 1 as
shown in Figure 4 includes diode CR3, capacitors Cr7, C94, Cd, and C227,
resi st ors ilbstREYs ent®BimeRF there8Rit shoulRBE2 pndarsthoRheGIumMOGBHIies mdicaivds 2 1, and
i nductor L5, configured as shown in Figure 4. Exanple values for the

resi st or s, ansippbodiments cande devispdlopcthone skitkal inthe airt thafi wili fatl withgsthe spiritiad e

swi t ching vol tage converters 210 are shown in Figure 4. The diodes within
t hese exanpsiope ofrhe phingiglesyofl thisgaveotion, eMoer grtRlrly, asasbeblematistiman et usi ng
Mot orol a di odes MBRAL3OLT3. The MOSFETs switches can be inpl enented using
| nt er nat i omatlificatioReare jpossihie in MOSPEFenentRIENS @B drRFRSgEmenFhd therebjdcor s can be
i npl enented using Vishay's inductor |HLP 5050FD-01, The outputs of

swi t chi ng camtinatien armngemenioyithith@scope df the dg kol Gisdloswre the dewvings getther t o
form out put voltage 212. Figure 4 depicts an exanpl e output capacitance

gi ven by capseded plaisns without dgpartigy fromike spirit of 8 investiquAR 2@0iiSn ip@atatiods’ 370

PCT/ US01/ 17882 The exanple regulation circuit 214 depicted in Figure 4

di ffers fr#nhnadiications inghq comporent ragts andins srangerestsadiiometiveivsss wikkslsebt t o
Figure 3 in that regulator 130B is inplenented using a current node

t opol ogy, ¥haseaide thoggkilled Withep®oA i s i npl enent ed using a vol tage node

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 2 manner similar to that described above with

15  respectto Figures 3 and 4.
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topol ogy. Current node topol ogies require both voltage and current

f eedback, where voltage 5 node topol ogies require only voltage feedﬂé%%“‘mm
As shown in Figure 4, voltage feedback is achieved by connecting out put
vol tage 212 to the Vsen pin on the H P6301 via a resistor R222. Current
feedback is achieved by feeding back a current signal fromeach phase,
shown as Isenl through Isen4, to the Isenl through Isend4 pins on the

H P6301. Though no current sharing circuit is shown in Figure 3, such a
circuit could be added 10 to regulator 130A in a manner simlar to that
descrChaxdmove with respect to regulator 13GB. Adding a current sharing
circuit would nake regul ator 130A scalable in the sense that nultiple
regul at or nodul es could then be connected in parallel to support |arger
current | oads. According to the exanple enbodi nent of the present

i nvention, regulator 103B can also include an over-voltage protection
circuit, ah exafpPe-tafDGrresiatorscamhpriing:n Fi gure 5B. 15 The over-vol t age
protection circuit operates in a manner simlar to the circuit described
above W t ha medypphasetsynélirgnns baék refhiatoréd@ndhg over-vol tage protection
circuit includes resistors R160, R161, R162, R163, and R164, capacitors
C299 and C303, : i achronous, controll e
recti{ier 26, TR NG RRR 0 Hehdhe dih Y b AR B Rsc R s o,

Fi gure.b5B.. Exampl e ,val.ues for the resistors and capacitors included wthin
this ?ﬁ%"&?&%@g{}f’é? 5¢188 pugR-Phast withirespectite other ongsof spid\iitchingisgmals, 5B,

Ref erence Zener diode U59 can be inplenented, for exanple, using Texas

| nstrunents regdphrdity vf ddvers,Spelctouptrdits receivetone loff sald switthifi signfe2mdcan be
i npl enented, for exanple, using Mdtorola rectifier 2N6504. P-channel

transi stor 25 &phrdlity offphiemig esltagt @6nR¥BAPERK cHEHIBY tRYeile Eﬁ‘@ﬂl@ﬁ{ from
transi stor MVBT3906. 16 1 5 MAR 2005 WO 01/97370 PCT/ USO1/ 1788

one of said drivers and an input voltage, wherein the outputs of said switching voltage converters

are combined to form an output voltage, and

wherein said multi-phase synchronous buck regulator is implemented on a motherboard.

2. The DC-to-DC regulator of claim 1, further comprising a droop circuit to add a

droop voltage to said 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-phase
synchronous buck regulator 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.
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Al t hough the present invention has been described with reference to 9[‘%R 2005
nunber of illustrative enbodi nents thereof, it should be understood™that
nuner ous ot her nodifications and enbodi nents can be devised by those
skilled in the art that will fall within the spirit and scope of the
principles of this invention. Mre particularly, reasonable variations and
5 nodifications are possible in the conponent parts and/or arrangenents of
the subj ecd. cohé Pht-toeBCaeguelatgenteitinon tmharein kaidsmdpehase dynehrbasadaickg

di scl osure, the drawi ngs and the appended clains wthout departing from
the spplator Frifd?@oPpSE dnQiver- VBl Prdte@brl Gyt i ations  and nodifications
in the conmponent parts and/or arrangenents, alternative uses will also be
apparent to those skilled in the art. 10 For exanple, while the above
exanpl e di scussi ons descri be sequence timng control 206 and drivers 208
as being inplenented using separate parts, the sequence timng control

may i nstead be ThpPéntenbedesilatar of dainy brwhe2gg saidmndti-phhsersyashranssgackt e
circuit. For exanple, Sentech's multi-phase current node controller with
] - shakegulbies isSagsteentdd b deenteal Reddessingdunisepience timing control circuit
that operates in a manner simlar to that described above with 15 respect
to Figures 3 and 4. 17 1 5 MAR 2005 CLAIMS 1. A DC-to-DC regul ator,
conprising: a nulti-phase synchronous buck regul ator including: a pulse

wi dth nodulator_jo ner.at e plurality of switchipng signals, at |east one
of said sévi tch?h%Dg]gﬁ’h]éﬁé'e@g?tﬂbo AP, WieseB spif pilse eag d?o‘flﬁate’f her ones
of said switching signals, a plurality of drivers, each coupled to receive
one ofomgisds & pidgsimmgblei muitl-phaseddglapgformahed WM centrallehi ng vol t age
converters, each coupled to receive an output from

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

high speed synchronous power MOSFET smart driver.

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

converters includes a plurality of switching MOSFETSs, and an output inductor.

9. The DC-to-DC regulator of claim 1, wherein said multi-phase synchronous buck

regulator is implemented on an interposer.

10. The DC-to-DC regulator of claim 9, wherein said pulse width modulator

comprises a PWM controller.
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one of said drivers and an input voltage, wherein the outputs of saquAR 005
swi tching voltage converters are conbined to form an out put voltage, ang
wherein said nulti-phase synchronous buck regulator is inplenmented on a

not her board. 2. The DC-to-DC regulator of claim1, further conprising a
droop circuit to add a droop voltage to said output voltage. 3. The
DC-to-DC regul ator of claim2, wherein said nmulti-phase synchronous buck
regulator is coupled to receive a plurality of input voltages, and wherein
said multi-phase synchronous buck regulator further conprises a sequence

timng contr,ol &iDCH#-DQ @galatodeopipeiRiip: operation of said nmulti-phase
synchronous buck regul ator regardl ess of the sequencing of said input

vol'tages. 18 1 ;plmﬁgprﬁuﬂi‘-p EE% &‘Q‘EE%S'P%‘E&%%‘%‘BF mgﬁulgé,%l{gréin eHiesei n

said nul ti-phase synchronous er conprises an
over-voltage prqtection circuit. 5. The DC-to-DC regulator of claim1,
wher ei n saidl mafules BIsides:synchr onous buck regulator is inplenmented on a
central processing unit chip. 6. The DC-to-DC regul ator of claimb5,
wherein sai d pud pdsevvitith nrmddlatcatio gereoatp p ipheslity of swijclangrsighas, avlgast onsinfse,
hi gh performance PWM controller. 7. The DC-to-DC regul ator of claim6,

wher e,y ﬁﬁ?d?xirg sig@fbalhd YRS {th eSpéot b Bihe SHRE G 5318 SROHIAY SighaMeT
MOSFET smart driver. 8. The -to-DC regul ator of claim?7, wherein each of

said switching voltage nverterns. incl %%s | ur al i -SW.tching
MOSFETs, and an® BE‘PSE)( °f§%‘ﬁ% 67 c}b(?ou?%g 1 -F 13:_(: %&9 r g%a{d‘{‘ é‘?ng%hl%& lgﬁgallls m 1,
wherein said nmulti-phase synchronous buck regul at or & s i npl enented on an
i nt er poser. a plurality of switching voltage converters, cach 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 satd
plurality of multi-phase synchronous buck regulator modules,

and wherein said multi-phase synchronous buck regulator modules are implemented on a

motherboard.

12. A system comprising a DC-to-DC regulator comprising:
a multi-phase synchronous buck regulator including:
a pulse width modulator to generate a plurality of switching signals, at least one of
said switching signals being out-of-phase with respect to other ones of said 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 converters

20



10. The DC-to-DC regul ator of claim9, wherein said pulse wdth ”unﬁﬁhP?WS
conprises a PMMcontroller. 19 1 5 MAR 2005 11. A DC-to-DC regul ator,
conprising: a plurality of multi-phase synchronous buck regul at or nodul es,
wherein each of said nodules includes: a pulse width nodulator to
generate a plurality of switching signals, at |east one of said swtching
signal s bei ng out-of-phase with respect to other ones of said sw tching
signals, a plurality of drivers, each coupled to receive one of said
switching signals, a plurality of switching voltage converters, each
couplaggdcgnqoiﬁg&gj%%nadgog%ﬁ%ltg%epgﬂd one of said drivers and an i nput

vol tage, wherein the outputs of said switching voltage converters are

nbined tq f t put I . ent _shar| i it t
haur ot hathHE e PR oL Sk Ao et e Fenl a4 fstooRt
mul ti - phase synchronous buck regul ator nodul es, and wherein said

mul ti-phase synchronous buck regul ator nodules are inplenented on a
not herboard. 12. A system conprising a DC-to-DC regul ator conprising: a

mul ti - phagg, sy Ty §8eHSoftuléiin 12 Guttiak e6mpRAsihy 8idr@p circpit ks sdd dicbp vollageat or
to generate a plurality of switching signals, at |east one of said

SW t ¢hi I ei ng out -of - phase with respect to other ones of said
SWi tgﬁﬁﬁg‘)ﬁ%ﬁg@a&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

vol tage, wherein the outputs of said swtchi ng vol tage converters
14. The system of claim 13, wherein said multi-phase synchronous buck regulator is

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

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

further comprises an over-voltage protection circuit.

16. The system of claim 12, wherein said multi-phase synchronous buck regulator is

implemented on a central processing unit chip.

17.  The system of claim 16, wherein said pulse width modulator comprises a

programmable, multi-phase, high performance PWM controller.

18.  The system of claim 17, wherein each of said drivers comprises a high speed
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20 1 5 MAR 2005 are conbined to form an out put voltage, and wherein i&ﬁ
mul ti-phase synchronous buck regulator is inplenented on a nntherboéggﬂ il
13. The systemof claim 12, further conprising a droop circuit to add a
droop voltage to said output voltage. 14. The system of claim 13, wherein
said nmulti-phase synchronous buck regulator is coupled to receive a
plurality of input voltages, and wherein said nulti-phase synchronous buck
regul ator further conprises a sequence timng control circuit to allow
proper operation of said multi-phase synchronous buck regul ator

regar, ﬁﬁﬂﬂgﬁp' vaai d i nput voltages. 15. The system of
claiﬁﬁ%gg&%ﬁépé?ﬁrsal nu???¢g&g§é synchronous buck regul ator further
conprises an over-voltage protection circuit. 16. The system of claim 12,
wherein said nulti-phase synchronous buck regulator is inplenented on a
central processing unit chip. 17. The system of claim 16, wherein said

pul se wi dtlff. modiflessystemodreprimslds “daelpirogicgnﬁﬁédi ewitehing volgaggsenveitegh
performance PWM controller. 18. The system of claim 17, wherein each of

sai d jghdRTSIGAMHS éfS95tcRinki MDSFEES tnd hn batpMARI266E synchronous pover
MOSFET smart driver. 19. The system of claim 18, wherein each of said

switching voltage converters includes a plurality of sw tching MOSFETs,
and an out put inductor. 20. The systemof claim 12, wherein said

mul ti-phase synchronous buck regul ator .is |np] enmented on an inteyrposer.
P 20. y The system of claim 12, %vL}llereEn said multlrrghase synchronous %uck regulrapor 1S

implemented on an interposer.

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

controller.

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, at least one of
said switching signals being out-of-phase with respect to other ones of said switching signals,

a plurality of drivers, 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 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
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21. The system of claim 20, wherein said pul se wi dth nodul at or conpr%s % a
PWM controller. 22. A system conprising a DCto-DC regul ator conpri%'r@% 405
plurality of multi-phase synchronous buck regul at or nodul es, wherein each
of said nodules includes: a pulse width nodulator to generate a plurality
of switching signals, at |east one of said switching signals being

out - of -phase with respect to other ones of said switching signals, a
plurality of drivers, each coupled to receive one of said swtching
signals, a plurality of switching voltage converters, each coupled to

r eceiph@aBfy SFuhittpHasOHnchBo bikirdgdstbv@bguief)d an input vol tage, wherein
the outputs of said switching voltage converters are conbined to form an

R e b e e SR Tt Sy R R

synchronous buck regul ator nodul es, and wherein said multi-phase
synchrgheteaduck regul ator nodul es are inpl enented on a notherboard. 23.
The DC-to-DC regul ator of claiml1l, wherein the switching signals from one
phase to a next phase are separated by 90. 24. The DC-to-DC regul at or of
claim11l, wherein the switching signals fromone phase to a next phase are

separat ed 58y SOpneASe-13115C fph R el %ﬂ&gin%@é\gftéhé’xg‘ﬁgr@a‘é\é EGRIdAG signals

from one phase to a next phase are separate syst em of

cl ai %gsze,to\ghn%&?wasg%s%\éma}a& |br§990§.| gnal s fromone phase to a next

24.  The DC-to-DC regulator of claim 11, wherein the switching signals from one

phase to a next phase are separated by 90°.

28, The system of claim 12, wherein the switching signals from one phase to a next

phase are separated by 90°.

26. The system of claim 22, wherein the switching signals from one phase to a next

phase are separated by 90°.

23



phase are separated by 90. 23 1 5 MAR 2005 27. A DC-to-DC regulatoq, R 2005
conprising: a nulti-phase synchronous buck regul ator including: a pu?@é

wi dt h nodul ator to generate a plurality of switching signals, at |east

one of said switching signals being out-of-phase with respect to other
ones of said switching signals, a plurality of drivers, each coupled to
receive one of said switching signals, and a plurality of sw tching

vol tage converters, each coupled to receive an output fromone of said
drivers and an input voltage, wherein the outputs of said swtching
vol t age cnvert er A & teDibicpadtor,aofrprisingn out put vol tage. 28. The
DC-to-DC regul ator of claim 27, wherein said nulti-phase synchronous buck

regul ator is inpl ermokiephaedshciRInBes BRA zul#8r intli;dgC t 0- DC regul ator of
claim 27, wherein said nulti-phase synchronous buck Tregulator is

ol ement e on an 1 e aastvidi0n TGP LGB RN afhel 1 2T

further conprising a dr circurt to add

| t . 31. The DC.t,0- | at f clajm29, wherei ai d | ti-ph
54 175 MR 2008780 T BB i e AR R nE R PEa RS VahEspeti |

plurality of iﬁgut vol t ages,, and _wherein said nulti-phase synchronous
buck regul at oPtELPREAS s8 fchig signdlsquence

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 converters are combined to form an output voltage.

28. The DC-to-DC regulator of claim 27, wherein said multi-phase

synchronous buck regulator is implemented on a motherboard.

29. The DC-to-DC regulator of claim 27, wherein said multi-phase

synchronous buck regulator is implemented on an interposer.

30. The DC-to-DC regulator of claim 27, further comprising a droop circuit to

add a droop voltage to said output voltage.

31. The DC-to-DC regulator of claim 29, wherein said multi-phase
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timng control circuit to allow proper operation of said nulti-phasF AR 70
synchronous buck regulator regardl ess of the sequencing of said ianM 08
vol tages. 32. A DC-to-DC regul ator, conprising: a plurality of nulti-phase
synchronous buck regul ator nodul es, wherein each of said nodul es

i ncludes: a pulse width nodul ator to generate a plurality of swtching
signals, at least one of said switching signals being out-of-phase with
respect t gyncbtomens bumksregilawaistospletl ¢hravgive iaghakisty o ingghutivaltagey, aofl dri vers,
each coupled to receive one of said swwtching signals, a plurality of

sW t chi ngwherelrigd fRNI-phise s$nchedis Gtk alato? fire by Bpridd adhidiicef r om one
of said drivers and an input voltage, wherein the outputs of said

swi t chi ngtifsﬁﬁlgt aiiferof BRUGT lro%'ilgwﬂfr{g%‘ﬁg) : 06 of Qid ﬁﬁm-ﬁl?ss‘a 8%%)%?(58110\8(1% bhage. and

a current aring circult to i at the curre ared
anongst sai d plurali ¥ %f nulti}phas§1s nchroTous buck regul ator nodul es.
33. The DESBP%?-‘B&C%%S% o\ otpe O RN I U 3 1 WAL QMRESai d mul ti - phase 25 1 5
MAR 2005 synchronous buck regul ator nodul es are inplenented on a

not her board. 34. The DC-to-DC regul ator of claim 32, wherein said

mul ti-phase synchronous buck regul ator nodul es are inplenmented on an
i nt er posed2. 35. AAshEtterDC oagutateri egmpridd@:t o- DC regul at or conpri si ng:

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,
at least one of said switching signals being out-of-phase with respect to
other ones of said switching signals,

a plurality of drivers, 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
outputs of said switching voltage converters are combined to form an
output voitage, and

a current sharing circuit to insure that the current load is shared
amongst said plurality of multi-phase synchronous buck regulator

modules.

33, The DC-to-DC regulator of claim 31, wherein said multi-phase
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a nmulti-phase synchronous buck regulator including: a pulse width

nodul ator to generate a plurality of swtching signals, at |east ohe MR 2005
said switching signals being out-of-phase with respect to other ones of
said switching signals, a plurality of drivers, each coupled to receive

one of said switching signals, and a plurality of sw tching voltage
converters, each coupled to receive an output fromone of said drivers
and an i nput symhreages butkeregiilator evdubtapingple@fiensal ¢h sidottekboagd. vol t age
converters are conbined to forman output voltage. 36. The system of

cl aim 35, wherein said nulti-phase synchronous buck regulator is

i npl emented on a not herboard. 37. The system of claim35, wherein said

mul ti - phasg synchrgnoys_hysk F‘%ﬂj . 045 | on an i nterposer.
26 1 5 MAR 2005 38. Thé Syst el c?q{é:?"‘rﬁmf?: b”ﬁhpgéﬁ‘ewsﬁ‘[#@g%“dp iFti - phase
synchronous buc regul ator Jis inplenmented on a central processing unit
chip. 39. Thgy@g{n@ﬂ’gﬁ?c Ieﬁ?lﬁﬁ’églmf‘%ﬁaﬁéfnpéwqu‘?‘}@ IQGPEH circuit to
add a droop voltage to said output voltage. 40. The system of claim 35,
wherein said nulti-phase synchronous buck regulator is coupled to receive
a plurality of input voltages, and wherein said nulti-phase synchronous
buck regul3tor f urA hptersonppiisieg adGegdéhegulhioncamgprisiont rol circuit to
al | ow proper operation of said multi-phase synchronous buck
a multi-phase synchronous buck regulator including:
a pulse width modulator to generate a plurality of switching signals,
at least one of said switching signals being out-of-phase with respect to
other ones of said 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 converters are combined to form an

output voltage.

36. The system of claim 35, wherein said multi-phase synchronous buck

regulator is implemented on a motherboard.

37. The system of claim 35, wherein said multi-phase synchronous buck
regulator is implemented on an interposer.
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regul ator regardl ess of the sequencing of said input voltages. 41"ﬁSMAR2%5
system conprising a DC-to-DC regul ator conprising: a plurality of

mul ti - phase synchronous buck regul at or nodul es, wherein each of said
nmodul es includes: a pulse width nodul ator to generate a plurality of
switching signals, at |east one of said switching signals being

out - of -phase with respect to other ones of said switching signhals, a
plurality 38 drivekhs systamiofetaip38dwhereiresal meltpplese fymhtahosibiickhi ng
signals, a plurality of switching voltage converters, each coupled to

receive an mgupuwir if impeoested bn a@estral pro@EsnAit &Hipi nput vol t age, wherein
the outputs of 27 1 5 MAR 2005 said swtching voltage converters are
conbined to forman output voltage, and a current sharing circuit to
insure that the current lead is shared anongst said plurality of

mul ti - phasg synchr r | at or nodul es. 42. The system of claim
T, wherey satd ey SeRag SfR Rt ERBY o ara et g s eer

i npl enented on, a not herboard. 43. The system of claim41l, wherein said
nul ti - phase ?@H@ﬁﬁ%ﬁﬁggmﬁﬂbwﬂpﬁﬁulator nodul es are inplenented on an

i nterposer. 28

. 40. The system of claim 35, wherein said multi-phase synchronous buck
regulator is coupled to receive a plurality of input voltages, and wherein said
multi-phase synchronous buck regulator 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.

41. 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, at least one of said switching signals being out-of-phase with respect to
other ones of said switching signals,

a plurality of drivers, 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 outputs of
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said switching voltage converters are combined to form an output voltage, and
a current sharing circuit to insure that the current lead is shared

amongst said plurality of multi-phase synchronous buck regulator modules.

42, The system of claim 41, wherein said multi-phase synchronous buck

regulator modules are implemented on a motherboard.

43, The system of claim 41, wherein said multi-phase synchronous buck

regulator modules are implemented on an interposer.
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