W) 2005/008892 0..JAN 2007 1 LOWPOAER N-FET H G+ SIDE SWTCH BACKGROUND
L Field [1001] The present invention relates generally.to circuits, and nore
speci fi cal lwobesmesgeower headswi tch. 11. Background [1002] | nteggr ategh]
circuit (1C) fabrication technol ogy cont ilnual ly inmproves and, as a result,
the size of transistors continues to shrink. This enables nore transistors
and nore conplicated circuits to be fabricated on an IC die or,
alternatively, a smaller die to be used for a given circuit. Snmaller

transi stor size al so suppOW POWERSN-FEICHIGHSIDE myedrcHnd provi des ot her
benefits. [1003] For conplenentary netal oxide sem conductor (CMOS)

technol ogy, which 1is widely used for digital circuits and sone anal og
circuits, a nmgjor issue with shrinking transistor size is standby power. A
smal l er transistor geonetry resul t BAGKGRB@UNDectric field (E-field),

whi ch stresses a transistor and causes oxi de breakdown. To decrease the
E-field, a |bwer Pielker supply voltage is often used for snmaller geonetry

transistors. ortynately, the | ower power. supply voltage al sQ increases
the del ay of utoh’ﬂ t?@ﬁﬂ@? ARVeniipn & atFSsg 3o EIB‘F%‘SfWIH GHPEPEEEYIP Reuit s.
To inprove th&,dela¥wilche f threshold voltage of the transistors is reduced.
However, the |lower threshold voltage t and snaller transistor geonetry
result in higher | eakage current (or standby current), which is the current

passi ng throij h a transistor when it is turned off. [1004] Leakage current
beconmes nore gr obBagkgrpendyis CMOS t echnol ogy scales smaller. It can be shown

t hat | eakage ent; Wole i res t. to.the ,decrease
in transist o!ﬁglﬁge. 85% feﬁﬁgﬁ 'r%gfig )'? %@Cg%?%@?ﬁgmrﬁg{:crogﬁ?@agfs% Fo‘ﬁe%%?%r?%ﬁlt ed in

0. I3 pm (m cresnit e )siZeNISrineicloro bagiusdio dirdiki pPakie chehlss afordbangsta@psdt 0 one
m Il -anp in standby current when it is powered down. In contrast, it has
been esti nafWE ¢antlicglied pireuits te he fabsicaad Po gy I disrmasaliomatyalyea preliesgicdeessor

ol erent o oyl 88 APPSR EE oL A0St 83 LSy =

nore tines gmehpreridehaherttracfitst andby current for 0.13 m CMOS technol ogy.-

(0.13 mand :[gl%Oglm ' %fo? E:orglgie;nggtary metal oxide semiconductor (CMOS) technology, which
1s widely used for digital circuits and some analog circuits, a major issue with shrinking
transistor size is standby power. A smaller transistor geometry results in higher electric
field (E-field), which stresses a transistor and causes oxide breakdown. To decrease the
E-field, a lower power supply voltage is often used for smaller geometry transistors.
Unfortunately, the lower power supply voltage -also increases the delay of the
transistors, which is undesirable for high-speed circuits. To improve the delay, the

(" : threshold voltage of the transistors is reduced. However, the lower threshold voltage

and smaller transistor geometry result in higher leakage current (or standby current),
which is the current passing through a transistor when 1t is tumed off.
[1004j Leakage current becomes more problematic as CMOS technology scales
smaller. It can be shown that leakage current increases at a high rate with respect to the
decrease in transistor size. To illustrate the point, a nﬁcroprocessor implemented in
0.13 pm (micrometer) CMOS technology may dissipate tens of micro-amps to one
milli-amp in standby current when it 1s powered down. In contrast, it has been
estimated that with current technology trends the same microprocessor implemented in
30 nm (nanometer) CMOS technology may dissipate as niuch as one Ampere of standby

current when powered down, which is a thousand or more times greater than the

standby current for 0.13 pm CMOS technology. (0.13 pm and 30 nm refer to the



10 JAN 2007 WD 20051008892 2 "feature" or device length, which is the
effective length of a transistor inplenented by the CMOS technol O%é')
Leakage current consunes power and reduces standby tine for a pbgt biZQT
devi ce (eW 2005048892 ul ar phone) that uses battery power. 110051 One net hod
of conbating hi gh | eakage current and réduci ng standby power consunption in
| arge digital VLSI (very large scale integration) designs is to cut off the

power supply to a digita] circuit when it is turned off, The power supply
may be cut OFFUTENOF HEEFE laptha Whechds fhe Ectre k@ngé&f@ﬁrwwtormn@wgwtbom is a

switch plac ceSRRLY, iqi i el o
footswitch ﬁlg damg\;m%‘%@ﬁag%% g%\g%({ﬁewee nﬁttcﬁe |ég§’irb?§% r Qfg% fégE%,![s Sgaﬁgﬁyc?lﬁg lﬁ?rt
ground. [ 109friahlidhéaviteve s b ceBuleophoaat thainakd hatienppenent ed with a P-channel

field effect ransj stor. (P-FET) device, which is also referred to as a
P- channel tP&Héli st éfne W%OC&’; ARy i Ipakage epgHy dndireducmestmndb e Paven v

| arge size (| . I . i i : Lelentd i hat the
ON resi st anézéensﬁtgptslém Ilwgﬁg%ﬁgvg“g?g\%g%hg&o%agéﬁg 's?l hf[c? @e&ts%’}e{%}@(}g%%ts&?gﬁguced
when the depdwes supply iy adgitehcirclitivehoprsivmesed bt Thepewedivpplynaty ncivpif t he

P- FET device.js.wthin_ a desired lim}t when the device |s_turned on.
However , th@’ldllegﬁ%rea el & otsgpngtgfx.aﬁs]@eaﬁgg@}{}g 3 SIS geoed SREGEN &5 r ent

when t he deyi i -{ ; i C 3 LE , i ssues
are encount gér“g s elkg{lﬂgglg}élf%'cm\éjﬁg{}ifgg ﬁ%ﬁﬂgghggﬂgﬁﬁgﬂﬁ?\%ﬁ,mgg %Iscri bed
bel ow. [ 100@fcultreedeirtst gdoendf ore a need in the art for a headswitch with

i nproved performance over the conventjonal P-FET headsw tch. Y

[1008] A |ofwB§Mer X Beionhen heomens e Y haplemgniedpy 8 e -pmnel ﬁ%f%swer tr}e_
conventi ona = FET, hp@ﬂ SyM-ACh i i EILA., T.NE,] hi _ !

(el ectron) b?f%%fﬁﬁ gpy of %&%#@P%%Yrﬂﬁ%é%ﬁé‘g&ﬁ %-Iggadg\%?&%ﬁ%‘r evices is
expl oi t ed t BETidepicenedesigrdNvHEE? suffadentiyt letpehand (g.,|ths svidibakdhe device ént |

| ower ON resistance, .and I device size tha or P- FET headswi t ch.
170007 1 aRHEHE0GT i) o Aeibe SN R e e G CoMhe el b A5 2 v i
and a  headqwj;tch rbichd QUERR deTR8 il RAgkacdd. Chtiit eﬁsﬁ?és"lﬂ@cgzo fhﬁ;ﬁgaﬁcﬁmy FET
device and may be, for exanple, a mcroprocessor, a digital signal
processor, ¢efeRBT\devne is, wiind asdeswed limit when the device is turned on. However, the

large P-FET device size also results in high leakage current when the device is turned

off, which is undesirable. Moreover, other issues are encountered when the P-FET

device 1s used as a headswitch, as described below.

[1007] There is therefore a need in the art for a headswitch with improved

performance over the conventional P-FET headswitch.

SUMMARY (
[1008] A low-power, low-area headswitch having improved performance over the
conventional P-FET headswitch is provided herein. The inherent higher (electron)
mobility of N-chanmnel FET (N-FET) devices over P-FET devices is exploited to
implement an N-FET headswitch having less leakage current, lower ON resistance, and
smaller device size than for a P-FET headswitch. .
J1009] In an embodiment, an electronic circuit comprised of a load circuit and a
headswitch is provided. The load circuit includes at least one FET device and may be,
for example, a microprocessor, a digital signal processor, a memory unit, and so on.
The headswitch includes at least one N-FET device and couples between a power
supply and the load circuit. The headswitch couples the power supply to the load circuit

when the headswitch is enabled and cuts off the power supply from the load circuit



The headswi tch includes at | east one N-FET device and coupl es between a
power supply and the load circuit. The headsw tch couples the p rA@mpl y
to the Ioaqwﬂ]c{og/wstsg when the headswitch is enabled 'and cuts off e power
supply fromthe’ oacf circuit 1 0 JAN 20073 WD 2005/ 008892 3 when di sabl ed.
The electronic circuit may further conpri'se a charge punp that couples to
the headswitch and provides a control signal for the headsw tch. The control
signal is s i g Vay Al : Ot . i g pply
vo'tage pl us PRSI SLh BRIk I o B fukr Qo BHECR EhitE b BREERSRAEN Yo
i s enabl ed t o thndesdswittiasnd previNedEdontdésipe fapthe htadswiteh. lHd coaas] siggl wn and

has a small drain-to-source voltage drqop. . The headswtch nmay be operated as
a power Swi té‘f'fg@@HﬁY)]i“ggk?'gv BFUa TRt rereseding the Py suely veltageingisdhs thembeld

i npl enent a L} f ¥ r t _FE@RS
descri bed bell‘{!c))]v@\?.%% [O{g%ol?q%(?%b %S%E@sﬁeg%ﬂdﬁggﬁﬁéﬁ#gd tS%ﬁs@iglt‘dt@Eg&f g]??t he

i nventi on ar dedesopdaritedin a bnbariepen adthas kb shelllodvainBRlsERE cDESERcRTLEON TBe THE

.DRAW NGS [1011], T features, nature, and advanta of. th yesent
ot o v gt o, i Gt PoT PO Lo ST Ao Heged 1t ek for t

bel ow when t@mﬁl : B i L 1 i i i ence
characters identi fa{}llogg?rllg %Eglr?g?ﬁé%&%o?}t?%ug outorilﬁcril %ﬁe‘?gééé[%g&%?hgse 1

shows an el edexcohedcbatow.cuit with a conventional P-FET headswi tch; [1013]
FIG 2 shows lectronic circuit with an_ i.nnovative. NN FET hegadsw t ch;
[1014] FIG éla(gﬂﬁws O BPPOReFHRAFREHS- *RY fPafirs § ]KEHN@E’P e Fsﬁg%?dclfllow]

FI G 4 shows fahclastidggogharge punp; 11016] FIG 5 shows an el ectronic
circuit with an N-FET headswitch used in a |inear vol tage regul ator; and

[1017] FIG 6 shows an electronic circuit with an N-FET headswitch used in a

digital voltage regul atQr T P [ 8 rd "exenplary"”
is used herein to manhmmgm%%ﬁﬁgﬁﬁ illustration.”
Any enbodi marﬁm(ﬁ deﬁ{egi%at(ljueess? {1.’!1’[191‘%9 aII:l] Etgxlia?lta%gs of %ﬁ%nﬁ%!as%%' mveniton will become

more apparent from the detailed description set forth below when taken in conjunction

with the drawings in which like reference characters identify correspondingly
throughout and wherein:

[1012]  FIG. 1 shows an electrome cirenit with a conventional P-FET headswitch;
[1013]  FIG. 2 shows an electronic circuit with an inpovative N-FET headswitch;
[1014]  FIG. 3 shows an N-FET headswitch with multiple N-FET device's;

[1015]  FIG. 4 shows an L-stage charge pump;

1016]  FIG. 5 shows an electronic circuit with an N-FET headswitch used in a hinear

& voltage regulator; and

[1017] FIG. 6 shows an electronic circuit with an N-FET headswitch used in a
digital voltage regulator.

DETAILED DESCRIPTION

[1018] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments
or designs.

j1019] FIG. 1 shows a schematic diagram of an electromic circuit 100 with a
conventional P-FET headswitch. Circuit 100 includes a P-FET device 110 coupled to a
Joad circuit 120. P-FET device 110 implements the P-FET headswitch. P-FET device



s not “necessarily to be construed as preferred or advantageous over other
enbodi nents or designs. 110191 FIG 1 shows a schematic diagram of an '
electronic circuit 100 with a conventional P-FET headsw tch.]g E}_ﬁ‘z@t’ 100
includes a P-FET device 110 coupled to a load circuit 120. P- I‘:l vice 110
i pl ement WOPAR/IBEET headswi tch. P-FET device 10 JAN 2007 WD 2005/ 008892 4
110 has a source that couples to a poweft supply, VDD, a gate that receives a
control signal CTRL, and a drain that provides a |oad supply, Vload. Load

circuit 12 | e bei ween t he | oad circuit graound. [1020] As

oL eqher o 103 St bl ioeer Bo & B3Pt HRPIY SFOF: €lshferbin BoAu: et pEr -

device (i.&igna\oFRT, o4 afaiPibEJrodRNe & &sh sﬁﬁﬂg@ﬁahglﬂ)g@cﬁ&ﬂ BRELoGBIcR OVer
C

via a headswitch. The load circuit is powered on when the headsw is

enabl ed andepusmetisioad suppheamdidrsuitemasd t ch i s disabled. The load circuit
may be a ! rogesso a digital .controller.. a digital. signal essor
(0%p) - o rahAGP A8 S8 merfinth Sheaft R & oy Fort Sortarthan e cbacte one FEE 55
anal og Ci r qiévice (28, MNEFERNaldfordP FETOHeRORP an@tddafiotied GHi Feeei{(é-ggfd]er {heaP- FET

headswitch in FIG 1 operates as follows. If the control signal CTRL is
| ogi ¢ | ow (headswitcheal'he iteagucrongr Bupeyered wanwhelF R deadspécll 19 ensbledirnéd on

and the |l oad supply, -V oad, .is.a oxi nat equal to.the power supply,
VDD. Load CROP/VE{ﬁ%t Df%iﬁh@s%%éﬁa%sﬁﬁﬁeﬁ Saﬁ’r‘?ﬁ' opgﬁ%t%gdiﬂmlu s Tt z’ﬁdgd
manner . ComyRfcpRbc¥ssot,fa dibial GoMtSIRY, a &bl alenTiecdsSor (@RS, MnBRofParl, annear

t he power s_uppol(i);!;é vol tage), then P—_FETE%%vigge %O ) is( tt?r}ned of%g}e‘;nd t he | oad
suppl y, VI capit/oupup (VO kanit.ondiggtek firaiti an gneloa dingyit| aalC.cir Kuidte, o1 20meoad
circuit 1200'3 th powered off. The saturation current, Isat, refers to the
current consUREd By |oad circuit 120 when it is powered on. [10221 P-FET

devi ce 110 fig21di memsd P Weddbwacts i FICE 1e6ckated & BMoWws AP ieUeBnbhdknalt he ON.
resi stance of the device is small and the drain-to-source vol tage, VD5, drop

across t he (dERE éelogy lpwdgdedeaytivei FroedathtmiiiEk godeetl Gisrtemed ohsad, when
LD v ol g O, T0AnEARFEY S KGR P MR R R e
devi ce 110 129 i ¥R otefedionr amadpefates i@k daend2d thnndgi OGnvehRlye oithé ebnifjignal
CTRL hi gher than the power supply voltage (i.e.,

signal CTRL 1s logic high (e.g., hear the power supply voltage), then P-FET device 110

1s turmed off and the load supply, Vload, is pulled toward circuit ground by load circuit

120. Load circuit 120 is then powered off. The saturation current, Isat, refers to the

current consumned by load circuit 120 when it is powered on.

fl 022]  P-FET device 110 is dimensioned with a sufficiently large width such that

the ON resistance of the device is small and the drain-to-source voltage, Vpg, drop

across the device is reduced, given the maximum expected circuit load, when the device

is turned on. The large width results in a large leakage current when P-FET device 110 -

is turned off. To reduce the leakage current, P-FET device 110 is sometimes tarned off

harder by bringing the control signal CTRL higher than the power supply voltage (i.e.,

CTRL > VDD). However, this overstresses P-FET device 110 since the gate voltage is

higher than the power supply voltage, VDD, while one of the diffusion voltages reaches

zero volis (i.e., the device 15 oversiressed when either the gate-to-source voltage, Vgs, or

the gate-to-drain voltage, Vap, is greater than VDD). This overstress may compromise

the reliability of P-FET device 110 and shorten its life expectancy.

[1023] FIG. 2 shows a schematic diagram of an electronic circuit 200 with an

innovative N-FET headswitch. Circuit 200 inciudes an N-FET headswitch 210 coupled

to a load circuit 220 and a charge pump 230. N-FET bheadswitch 210 is implemented

with an N-FET device 212. N-FET device 212 has a drain that couples to the power



CTRL > VDD). However, this overstresses P-FET device 110 since the gate
voltage is higher than the power supply voltage, VDD, while one]pfJil h@7
di ffusion ]%I tg\% g - eaches zero volts (i.e., the device is overstressed
when eit heW %% h(§'§(%-to-source vol tage, Y0s, or the gate-to-drain voltage,
VOD, is greater than VDD). This overstress may conpromse the reliability
of P-FET device 110 and shorten its life expectancy. [1023] FIG 2 shows a

schemati c di M ' j Iri j & ' vVat. | ET
neadowi  ch. rreuPRsdcet B SRS Fhealhcn it o . AR ke 5
circuit 220 280d and chanuge thainpro2Bes the kad dwpplys Wleah 206d ickrcniplerseenpled with
an N-FET device 212. N FET device 212 has drain that couples to the, power
10 JAN 2007 b%%&éﬂs}f’%é‘m@f and crepis |%RW%DB%°H°13&PEC‘PB%‘BO Iiné}ég? {rdergented
headswi t ch c@®tih Al girs LoniVAS 1cf T, rfgq:{;@r at
provi des t hg@lﬁgg% Sé%%%,mumﬁc}gé@’fga ci’ragﬁiS‘?Hg%A%ggg? %@q"‘g‘é‘?%féﬁ’?"tﬁe] | oad
supply and dliescuiFor gxanpie . N-FEEteadsvitchcl0cuil tloR0Growity2 20emiynin enpiaheded wi t hi n

.a single IC, Itiple I.LCs, an ]C.die, and so on. (An IC may include multiple
IC dies.) Iﬂwrgﬁw,ﬁ%égﬁﬁgcﬁ%‘%sw tch 210 and load circuit 220 may be
i npl ement ed 3d)hi NTEOBSBIR Volth &I NaL & aFHTCMvice delPAdles ThEvdiBEESRAih |

voltage, Vth, of a FET device detéermnes the voltage at which “the device
turns on. A thedetibty waiseind A/t thpshadd vokagoeadsspoodd odewer@Nresitatcafioahd or t he

FET devi lts in,l | eak t. sely, .a high
Chr eshol d varthHEnce bt okdiss HuEois | FRARErtR CoPersbe Tah SHuoRCPIY ce
but results dgfeSiRRlL & hizREKANGesi @M et thelLrimeae\%t% seﬁd%ﬂ@nﬁ Smbl & 16AlbLY

reduces the delay of the FET device and all ows h evice to operate at
hi gher speediurBhie kdwasHoradistenbe tipecally rafwpesitiedelapnf thed TIMBSicetand hlowe gy

d to fabrjcate the FET ice. A duyal -\t t e | |
Fabri cat§ on B SEORHS SR H DA G, Sk bR RPReeSs SR MO nce
speed is nogsmblosyREd B fubhi@dd thé PETAIHRBI WISV MDY fﬂecl{haﬁg&FﬁE%vsdﬁyi ce

may be used for the headswitch, if available. However, the N-FET headsw tch
may be i npl abmcadignwi bbih 1pevityend bighhY GHERE deniper BT thesanedic. BigespesiFET

'S high o gommgRg et &isd o Rt LEPS T S Pla s aReR B e i dos
the |oad supphywitcl gashaildifnad Howieet, the2RIHTS héAORitEONRY eR afplandaperat es in
s it endedlow—Vth or high-Vth N-FET devices.

[1025} N-FET headswitch 210 operates as follows. If the headswitch control signal,

Vhs, is mgh (e.g., Vhs = VDD), then N-FET device 212 is turned on and provides the

load supply, Vlcad. Load circuit 220 is then powered on and operates in its intended
manner. Conversely, if the headswitch control signal, Vhs, 1s low (e.g., near circuit
ground), then N-FET device 212 is fumed off and the load supply, Vload, is pulled
toward circuit ground by load circuit 220. Load circuit 220 is then powered off.

[1026]  N-FET device 212 operates in a saturation region if the headswiich conirol

signal, Vhs, is equal to the power supply voltage VDD (i.e., Vhs =VDD). In this case,

the voltage drop across the drain to source of N-FET device 212 is approximately equal

to the threshold voltage (i.e., Vp,, ~ Vih), and the load supply voltage is decreased by
the Vps voltage drop (i.e., Vload = VDD —Vth). N-FET device 212 dissipates power
due to the Vpg voltage drop. To reduce this power dissipation, N-FET device 212 may
be operated in a linear region by providing a headswitch control signal that is at least
Vth higher than the power supply voltage (i.e., Vhs 2 VDD +Vth). In this case, the

drain-to-source voltage, Vps, is approximately equal to zero (i.e.,, Vo =~0), the load



manner. Conversely, if the headswtch control signal, Vhs, is low (e.g.,
near circuit ground), then N FET device 212 is turned off and tgg J'Aﬂ%'[}?
supply, Vlioad, is pulled toward circuit ground by load circuit 0. Load
circuit 29@ J0e5/a08892 powered of f. 11026] N-FET device 212 operates in a
saturation region if the headswitch conttrol signal, Vhs, is equal to the
power supply voltage VDD (i.e., Vhs = VDD). In this case, the voltage drop
across the drain to source of N-FET device 212 is approximtely equal to

t he t hr eshofugplyotoltagsds gpprexumaggly equal/tchthy powercserply violage Gappilyado VYR i s

decreased b - ol ?‘gg i€, VDD - Vth ). N FET device
212 di ssi pa%léistﬁ‘g (\)/\‘/]?a@r'?%l%l(li}%15 0 ﬁép%éwv%elztlz%{%a&gr g)‘p. To reduce this power
di ssi pati onf10F]FET Cilegt emd LB 0nRyeivize epefeadheth bontebl|sigh@R EnbeGhOfables

providing a headsw tch control signal that is at [east Vth higher than the
power suppl §F dieAblegdle gharge puryn s Chargppump R )perfprng roltage aydtiplicaieon of the

drai n-to-so , I i to zer I 8., YDS z0),
the 1oad 1 B ARI0H e Sobs 68 BE5T R e i BB Mm s r e Sn 5 madery
equal to thgopideethe SeqRivitcly obitad Sighal, ¥hs, Whicachnbe\D)er thaartie pdieerRapEsy

di ssipation by N-FET device 212 is small, [1027] Charge punp 230 receives a
char ge punpvdtsae.r\oPDsiligiha chargs pump gaptrd sigsplk Enbois afjogipiows(eghacEtaicyd punp.
Char ge punp per . LRk j ower ppl.

Vol t age. VEEPIRAERn AR Kb R bRy LR KRR SRR VBSR4

provi des t hpwhesldgai srhNEET devics i20ndb trWbd offWhCehiveeay, g thd gihese phap t he
power supply voltage, VDD. |If _the charge punp control signal, Enb, 1s at

| ogi ¢ | ow (@engro! sigedr Bt ng af logicgugh ket neardhe epseigrpplinyelEge), thendbses| ed,

the headswi t. ' , i a. |g | FET. devi ce !
1o et L 590k el ey Bich AL g 0 R £
at | ogic hi gibplevatage,ERD, the NoBBRTdesispd1y ivolrhedien, AmexeraflatgRsigpitp 230

i s enabl ed, the headswitch contraol signal, Vhs, is higher than the power
suppl y vol t gijeze vty 239dgdesertked bRdgWee 212 is turned on. An exenplary design
of charge g 230, .0 S5 cLd el ow. : il agsi 1 &&N
provi de var f%@ ad\g}‘éln?aggz %‘%‘gg&é -Cﬂfrgﬁgéiwot%h%ﬂdﬁga%gscr| béeglhggﬁow. An
N- FET headshéatistdhs asdesaipdderw.eln OVBET hradswiEH is dmqirefated bvdran NoEETai n
applications. For exanple, nmultiple N FET headswitches may be . used.to
control di f Fefureh gwsgrtam@apmopﬁ By copREe BAIPIC N peadpyitchep BRerber egi me

used to control different power regimes in an electronic circuit. Each power regime:

refers to a different power supply voltage and/or power source. For example, a first N-
FET headswitch may couple a first power regime to one portion of an electronic circuit,
a second N-FET headswitch may couple a second power regime to another portion of
the electronic circuit, and 50 on.

[1029] FIG. 2 shows an implementation of N-FET headswitch 210 with a single N- L |
FET device 212. The size of N-FET device 212 is selected to be sufficienfly large so
that power dissipation by the FET device with the maximum expected load is within a
tolerable limit (i.e., a predetertmined percent of total power of the headswitch and load
circuit). Moreover, the voltage drop across head switch 210 at maximum load current 1s
within 2 tolerable limit.

[1030] FIG. 3 shows a schematic diagram of an N-FET headswitch 210x, which is
another embodiment of an N-FET headswitch and may be used in FIG. 2. For this
embodiment, N-FET headswitch 210x comprises M N-FET devices 312a through 312m
coupled in parallel, where M is an integer greater than one. As shown in FIG. 3, N-FET
devices 312a through 312m have drains that couple together and to the power supply,



refers to a different power supply voltage and/or power source. For exanple,
a first N FET headswitch may couple a first power reginme to one [Eg’mjlz 2 of
an el ectraonic % 0§ it, a second N-FET headswi tch nay couple a skt on @ wer
regine to WAAHEPH58rtion of the electronic circuit, and so on. [1029] FIG
2 shows an inplenentation of N-FET headswitch 210 with a single N FET
device 212. The size of N-FET device 212 is selected to be sufficiently

|l arge so t LSSl i [Wol=TAN : i pect ed
oad i o it iy DREHE fat SpyeReqahob fnd el R Rith ikl B VISTNEEE S
power of theocheadidwi torhledogbthwadd poivideuhd Joad Mypéowaoad. t he vol t age drop

2er25% 12 Qe 218 BLEE R PSR ER R S LA A
is another ArhediERR. Of RRstNdERE MERLRWLAN ARG, FBY rREHSESL il ﬂl%% 2. For
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di g: [1032] Al thrbughoMBmacsaphe irbkériesdinvagr o ofircaroflessh ageBThasde penp 230X,

whi.ch may be used for char%e punmp 230 in FIG 2. Chargeg\f)unjé 230x includes
(L + 1) N Pewkdvp dbe diapo1iths agnNATEmdsrge. L Thepdam: of D-HDfeviee difn 4121.

N- FET devic 41043 _t 0] p i n € ' hersource each
N FET devi ng% eéﬁgﬁec&vﬁfggpﬁ% ﬁ%g&%g’r g;f)l’]lj of Tt Lﬂés %Geu;(%@ kfll%’?’gge@%% 4%1% drain
of N FET devproeiddsliia headswiilyvastiohsigpadyEhs. SEqepNLFEG|deaige 41V/I0Rsoasadifiplred sour ce

of N-FET device_ 410m  proyvides th headS\ividtch ontrol signal, Vhs. Each
N- FET devi ce®S4 $osie angd gfg’ e 6{54} m coupled together. Capacitors 412a through 4121

have one end coupled to the source of N-FET devices 410a through 4101, respectively.
The other end of capacitors 412a, 412¢, and so on for odd-numbered stages couples to a
confrol signal P¢. The other end of capacitors 412b and so on for even-numbered
stages couples to a complementary control signal Fq; The control signals P¢ and F;?—ﬁ
are complementary clock signals that transition between logic high (e.g., the power
supply voltage) and logic low {(e.g., circuit ground). The control signals P¢ and P_gzﬁ

{ | may be viewed as one form of the charge pump control signal, Enb, in FIG. 2.
_ y
[1033]  Charge pump 230x operates as follows. Initially, the L capacitors 412a
~ through 4121 are discharged, and the voltage across each capacitor is zero. During clock

phase ¢1, the control signal P¢ 1s at circuit ground, N-FET device 410a conducts as a
diode until the voltage at node N1 becomes (VDD ~—Vth). During clock phase ¢2,
which is complementary to clock phase ¢1, the conirol signal P¢ is at VDD, the
voltage at node N1 is increased by VDD and becomes VDD + (VDD — Vth), the control

signal —PE is at circuit ground, and N-FET device 410b conducts as a diode until the

voltage at node N2 becomes 2-(VDD —Vth). When the control signal F;’; goes high

again, the voltage at mnode N2 is increased by VDD and becomes



as a diode and has its gate and drain coupl ed together. Capacitors 412a

t hrough 4121 have one end coupled to the source of N FET devices 106;I

t hrough 4101, respectively. The other end of capacitors 412a, Wlﬁ‘c,?ﬂ&nd SO
on for odavmenebeesssk st ages couples to a control signal 'PO The other end of
capacitors 412b and so on for even-nunbeged stages couples to a

conpl enentary control signal VO The control signals P and PO are
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410m Each of capacitors 412a throug . i s successively charged by a
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N FET device 410a. Charge punp 230x is described in further detail by J.F.
Di ckson i n deplapeye, elitBH 1. Sdlid-Sratehirgnits, yil- Vol aerp. 374-378, June 1976,
[1035]  The output drive capability of charge pump 230x does not need to be high.
In fact, the drive capability just needs to be large enongh to drive the gate capacitance of
N-FET headswitch 210 and any leakage current through the parasitic capacitance Cgg
between the gate and source of the N-FET device(s) used for the N-FET headswitch.
[1036]  Charge pump 230x may be turned off when N-FET headswitch 210 is turned
off. This is possible since a low headswitch control voltage, Vhs, turns off the N-FET
headswitch. Charge pump 230x does not consume current when N-FET headswitch 210
is turned off. The current consumption of charge pump 230x is thus not considered in
the leakage current budget.
[1037] FIG. 4 shows an exemplary embodiment of a charge pump that may be used
to provide the headswitch control signal, Vhs. Other charge pump designs may also be
used, and this is within the scope of the invention.
[1038] FIG. 2 shows an embodiment whereby N-FET headswitch 210 1s used aé a
power switch to either supply or cut off power to a load circuit. The load supply
voltage, Vioad, is determined by various factors such as the headswitich control voltage,
Vhs, provi(ded to the gate of N-FET device 212, the size of N-FET device 212, the
saturation or load current, Isat, and so on. The load supply voltage is not regulated and

may vary depending on the loading on the headswitch.



Generation in NMOS Integrated Circuits Using an I nproved Voltage Miltiplier
Technique,"” IEEE J. Solid-State Crcuits, vol. 11, no. 6, pp. 374-1ﬁ@§nupl\]une
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0, a charge pu 530, and an operational applifier . 540. N FET headsw tch
510 is inpl el o i e e B By ioRe ol FeEabviueR that tiy, lopdad
circuit 520, 9,vi&aa,ggmeymné%@@esﬁwlﬁge%%dfé%fsr‘*r ghegppove for FIG 2.
Amplifier 540 'has an inverting 1 nput coupled to the |lo supply, Vload, a

non-i nverti rdg04iput Thdhbear sokageasguatoavgettey af falpeys. VAaptfits 54nskness theit put
t hat provides char u control signal, Vcp. 11040] Operati gpal
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on the result of the comparison. Charge pump 530 adjusts the headswitch control

voltage, Vhs, up or down corresponding to (and possibly proportional with) the changes
m the charge pump control voltage, Vep. The headswitch control voltage, Vhs,
determines the Vpg voltage drop across N-FET device 512, which then determines the
load supply voltage, Vload. For example, if the load supply voltage, Vload, is less than
the target voltage, Viarget, then the charge pump control voltage, Vep, is increased,
( which then increases the headswitch control voltage, Vhs. A higher control voltage Vhs
turns on N-FET device 512 harder, which then results in a smaller Vpg voltage drop and
a higher load supply voltage, Vlead. The complementary actions occur if the load
supply voltage, Vleoad, is higher than the target voltage, Vtarget.
[1042] As also shown in FIG. 5, a divider circuit 550 comprised of two series-
coupled resistors 552 and 554 may be coupled between the load supply, Vload, and
circuit ground. A divided load supply voltage, Vdiv, 1s obtained at node Na where
resistors 552 and 554 interconnect. The divided load supply voltage, Vdiv, may be
provided to the inverting input of operational amplifier 540 instead of the load supply

voltage, Vload. Lower voltages at the inputs of amplifier 540 may simplify the design
of the amplifier.



regul ator. The target voltage, Vtarget, represents the desired voltage for
the load supply. The linear voltage regul ator adjusts various_ control
signals such that the |load supply, VM oad, is naintained at t hé Jg@ﬁﬁ[ﬁed
vol t age aviol2005/00880% "regul ated”. [10411 The l|inear voltage regul ator
operates as follows. Anplifier 540 sensgs the |oad supply voltage, WVl oad,
and conpares it against the target voltage, Vtarget. Amplifier 540 then

i ncreases or decreases the charge punp control voltage, Vcp, based on the
result of tIhe4donpamiiyeme NIRRT Headswitph BEDMaldGL St N-FHE hheladgol 6 bhindeitt r ol
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t he headsw a&’e"\f 8- 'ge, Vhs. A higher control voltage Vhs turns on

N-FET devi qeodff2 hgrgley shomia@ﬂbxteﬁg&\rﬂy esbbdifichNoPa $OMde G VAN thel fag@edr op
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headswitch 210 in FIG 2, N FET headswitch 510 in FIG may be turned off
by bringi ngVtid daicgdl2y f-FhY deadspiaich 10, Ipadweiraitgh20, pred ehargadummp pHUHE) .

N- FET headsw 1 b r n, by, Yo t he [ | tages
Vt ar get hiég%lb%Q a%t %5 eegi %Dé’ggvof? g‘g?e‘f" ﬁgﬂqog%%%g&p%a§é€gﬁiﬁgg@, %}fggg may
al so be adjheadsediday 680j aigt ADT obhert algetonpddd age, fodlieacetonfiki@bdd UG 5
shows an exenpl ary enmbodi nent .of a voltage requl ator that nmay be .
collectively implement a digital voltage regulator. The digital voliage regulator adjusts
various control signals such that the load supply, Vload, is maintained at the desired
voltage indicated by a digital contro! word, Dtarget. _
[1046)  The digital voliage regulator operates as follows. ADC 650 receives and
digitizes the load supply voltage, Vload, and provides a k-bit word Dload, where k is an
integer greater than one. Controller 640 receives the k-bit word Dload from ADC 650
and the k-bit conirol word Dtarget, which is indicative of the desired voltage for the
load supply, Vioad. Confroller 640 then computes the difference AD between the
received words and provides an n-bit control word Dcp for charge pump 630. The

control word Dep 1s related to the difference AD between the words Dtarget and Dload.

In one embodiment, the control word Dep may be computed as follows:
Dep = Av-(Dtarget ~ Dload) —Dos Eq (2)

where Av is a gain value and Dos is an offset value. In another embodiment, the
difference AD is provided to a look-up table, which then provides the control word Dcp.
The look-up table contains a transfer function between the difference AD and the word

Dcp.



used-to provi-de the -headswi tch control signal, Vhs. Qher voltage regul ator
designs may also be used, and this is within the scope of the invention.

[ 1045) FIG 6 shows a schematic diagram of an electronic circuit gojg \éyp[ﬂh an
N- FET heaﬂ@%gsqgasmed inadigital voltage regulator. Circuit 60 H des
an N-FET headswitch 610, a load circuit,620, a charge punp 630, a digital
controller 640, and an analog-to-digital converter (ADC) 650. N-FET
headswitch 610 is inplenmented with an N FET device 612. N FET headswi t ch

610, | oad cipo4ilt 62Bargansirehargercpiitds Hi0nditecontolRlRE B d8SGrjRRdHabove
for FIG 2. Controller 640, charg‘%jpurrp 630, N-FET headsw tch 610, and ADC
c
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lated to t I , I
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(Dtarget - Dhexdshyiteh ddnsro] vdipeé, 2fhawieeeniAes the Vayg galtape\drdp acrassdN-DBT desican
of fset value._In another enhodipent, the difference AD is provided. t
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control wordVided, @b édjrebtaltaghe headswi tch control vol tage, Vhs, up or
doun cortespihro. L0 (and PRSTL DL RISRBLL R0 WL Ui compel ord
an anal og si gnRgly NGRmeWdIERY hiRvidiea RIWPVAIESH: § 02&H) for the control word Dtarget.
N-FET headswitch 610 may be turned on by providing a high value for the control word
Dtarget. This high value corresponds to the desired voltage for the load supply, Vlead.

The load supply voltage, Vload, may also be programmed to different voltages with the
control word-Dtarget.

[1049] A digital voltage regulator has various features that may be useful for certain
applications. For example, the load supply voltage, Vload, may be easﬂy set and
programmed by selecting a proper k-bit digital control word, Dtarget. Different load .
supply voltages may be easily obtained with different word values for Dtarget.
‘Moreover, different waveforms and/or characteristics may be obtained for the load
supply, Vload. For example, the rates at which the load supply, Vlead, is powered up

and powered down may be controlled by programming a sequence of values for the

word Dtarget.

[1050] FIG. 6 shows an exemplary embodiment of a digital voltage regulator that

may be used to provide the headswitch control signal, Vhs. Other digital voltage
regulator designs may also be used, and this is within the scope of the invention

[1051]  An N-FET headswitch can provide varions advantages over a P-FET

headswitch. Some of these advantages are described below.



- t-stage voltage multiplier circuit, such as the one shown in FIG 4. In
anot her enbodi nent, the n-bit control word Dcp is used to control n-stages
of a charge punp. For exanple, by turning on an appropriate nmurit 2088
stages (from1l through n), the desired control voltage Vcp can be obtai ned.
This is iWARMAE2n equation (1) since Vhs is a function of L, which is

t he number of stages for the charge punk? In any case, the headswitch
control voltage, Vhs, determ nes the VDs voltage drop across N FET device

612, which determn e |l oad. supply voltage, Vload. Controller 640
thus ad] ust[@&Ehee]c%%t %ﬁ'\%&dh@ﬁwﬁ% 85“ &6%‘560@?‘?%133?3@&?”@%%@? B
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can provide better | eakage current to drive ] ] )
designs, the N-FET headswitch and P-FET headswitch are both dimensioned to provide

drive strength of 300 mA (i.e., Isat =300 mA ) uvnder a worst-case “slow” IC process
variation that results in the highest ON resistance. The P-FET and N-FET devices are
dimensioned with a length of 0.13 pm, which is the minimum length for 0.13 pm
CMOS technology. Table 1 gives the device widths for the N-FET and P-FET
headswitches, their ON resistance when the headswitches are turned on, and the leakage
current when the headswiiches are tuned off. The leakage cwrrent in Table 1 is
obtained for a worst-case “fast” IC process variation that results in the highest possible K -

ieakage current for the device.

Table 1
P-FET N-FET .
Parameters Headswitch Headswitch Units
Device Width 32 5.5 mm
ON resistance Ry 5.26 0.91 Ohms-mm
Leakage Current 157 20.5 pA

In Table 1, the device width is given in units of millimeter (mm) and the ON resistance

is given in units of Ohms-mm. To obtain the ON resistance for each headswitch, the



strength tradeoff than a P-FET headswitch. Drive strength or drive
capability is typically quantified by the saturation current, {lgsgf g[mhl ch
is the CURE&9%0s Bﬁb%i ded by the headswitch to the |oad ci rcui t vvhen t he
headswitch' 1§ turned on. 1t is well knog@ that N FET devi ces have higher
(electron) nobility than P-FET devices e to device physics. As a result,
for an N-FET device and a P-FET device designed to provide the sane drive

trength t t ET, b
strength (i . gue dife SRTRISE 1grdglgézﬁb§'d£er&é%e %ﬁﬁik%a*@%zsgurgg&a\d@g).ca“ e

much smaller 1nSize than th ET device. Since
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be used for iven, sat urat.i rren t he | eak ge current of an

N- FET “headsw %h med)s B O‘f%dﬂqﬂé’?s {\r(ﬂ%\f%@f‘ds"‘%t"bﬂfﬁ’ Frod disiipt &pdeott

Al ternati velwéme%adﬁh%&a&ae@mmn Eatferll UL e dgs ; rength
for the sane amobunt of | eakage cuf’?e%?e [ 1053] n%%'pber%g’%%ﬁgm?%stﬁﬁ\{ﬁeﬁg from
t he use of &iFENadalFwihdhoaltms tlodosi ﬂght&ade&iﬂx}areﬂuctﬁﬁ‘ﬁn Hl@kdwu‘rmlnt oeey theP-
quantified e fol exenp) ary des . es he N FET
oadsui t ch i PASETIHCRICHe CARE BB ERED: nDis Ko DFwpi o THRT 4E1es
strength of 300w (ilne§ (6x g'ﬁaﬁmm%@%@@%%@me@ RTS8 asiton’ ﬁ,kr Ang
.process variation that sults 1n the highest ON resistanc E’ ET and

N- FET devi cakivaseengih. nBtUﬂiIO(ﬁﬁEGb banchisal.b.elegt kealofge Ourt@it and vm:ﬂdﬂn diesaréd)arari ni num

l ength for Q. l.un technol ogy. Table 1 gives the device wi dths for
the N-FET aﬂﬂéﬁyéﬁabﬁeadsw tches, their ON resistance when the headswi t ches

g;g turned qpgssAnd &hend eﬂ#@@ﬁET%ﬁ&&ﬂ&h%ﬁﬁ kPGicNEAHSW Qe RaR " £PINed

The | eakagé current in Table 1 is obtained for a worst-case "fast" IC
prccess var itmadssntchhdip rc@&a lgakagercuitent, thegh® €l hpadssiiloh ds sdrmkrwgewcrdnwmt for

devi ce. TbIelPar rsPFTN—F its t ch. Headsw t

Devi ce W dt h** Eago@:rqu %ts‘? &eéﬁ \%Dgg %Eﬁ%??@% bR AgE Oé(%r rent
157 20.5 pA tho pTaf Bevhee hii@erd oM 1 dﬂn‘ijtﬂlaal!ssto gﬁﬂsﬁ@ &m& Ninks 1 gAfbld-LAi er
(mr) and the ON resistance is given in unit ms-nun. To obtal n the ON
resi stance fwitagadhsphedtewietd NDIY, véiith thed Alxlemtiasges WOPHIB AGGS8 9o reduce

leakage current, the P-FET headswitch 1s also sometimes dimensioned with a smaller

size and overdriven with a control voltage that is lower tham circuit ground (i.e.,

CTRL < 0) to tum on the P-FET device harder. The large gate to source voltage (i.e.,

Vs > VDD) also overstresses the P-FET device.

[1056] In contrast, for an N-FET headswitch that is operated in the linear region, the
gate voltage is V,; > VDD + Vih, the sowrce voltage is V; =Vload = VDD, the drain

voltage is V, = VDD, and the gate to source voltage is V¢ > Vth. In this case, the N-

P

FET device will not be oversiressed when it 1s turned on. For an N-FET headswitch
that is turned off, the gate voltage is V,; =0, the source voltage is Vy » 6, the drain
voltage is V, =VDD, and the gate-to-source voltage is Vg = 0. The gate-to-source
voltage, Vs, is less than the power supply voliage when the N-FET device is turned off.
The device is also not overstressed when it is turned off. An N-FET headswitch may
thus be more reliable (i.e., less prone to failure) and may have a longer life expectancy
than a P-FET headswitch.
[1057] The N-FET headswitch may be used in various devices and apparatuses. For
example, the N-FET headswitch may be used in a wireless device (e.g., a cellular
phone), a personal digital assistant (PDA), portable computers, and so on. Moreover,

the N-FET headswitch may be used for various end applications such as wireless



-~ 13 val ue
0.16 Ohns).

t he exenpl

given in Table 1 is divided by the device width (e.g., 0.91/5.5 =

The drain-to-source voltage, VDS, is approximately 50 nVv for

ary designs. [1054] As shown in Table 1, the N-FET heﬁiim,tzm
he

provi des a better tradeoff between ON resistance and | eakage cu :
exenpl ar Waesisesozndi cate that the N- FET headswitch of fers -al rest ei ght

times (8x)

reduction in | eakage currenti4over the P- FET headswitch for the

sanme drive strength. The N-FET headswitch further offers alnobst six tines

(6x) reduc
strength.
area) are

tion in die area over the P-FET headswitch for the sane drive
Bompusfcatioie séath egraiihucytione netwWoekisg) eatayier,cend ent omandAsnal | er die

Ly, 055 an, N- FET headsw t ch. R
experi ence Fﬂgﬁs’l CPF @ngéfﬁgﬁ‘f‘ ggtél #beﬁ aaag%e?wu U 8 JUEEst E’é‘?ﬁ’@ g/1'(,3urrent
the P-FET bemadsvlicsb fof aSQERLdinEon Q@A Ae8s (WDMIA ?S?ﬁéﬁlr 9l in¥Obiage that s

greater than VDD (e.g., CTRL > VDD + Vth) to tam of

harder. If

t he’ P-FET devi ce
muieple pedess (G190 sydersi ¢ Seduengyr divisthn mhléipletdocesy é]t"]éMtPc)SGlfrtann

vol t age, VGD exce DD, en _overstresses -t P- FET. devi ce. To
reduce | eélklg'émpceulrn %ﬁl 13 OW%Q&E%QS S 3Psooesndl 'ﬁeﬂ@’s Bi$%hsi oned
with a smahhetip leS|al:@as§-nCtCM§lz{L\é9§teﬁM t Br @ aBONGrkRgoN Al tﬁ&ﬁrlehaat divEsidrower

than circu
The | arge
P- FET deV|
in the I|n
vol tage is
source vo
over stress
off, the g
vol tage is
gate-to-so
N- FET devi
turned off
to failure
[ 1057] The
For exanp
cel lul ar
and so on.

it ground { to turn on the P- FET dévi ce harder.
g@ﬂ@l@}ang( ) obtemge A iCIBMA syten mayDD)pletherts Bves, si-298es t he

e aé%S@]ﬁMAP ﬁ@?&é@ \?8?-@13 5%{11? E,Fﬂ%EE;T@g%%S %ﬁﬁh&gﬁgst'g% dﬁ er at ed

Mﬁlemeiﬂ R6baY BEstenh Fod Midbile @@ﬁﬁr@%ah@nsvg}%w %d/o@%niehgthglat eto
tage is VG > Vth. In this case, the ET device will not be

end#idn it is turned on. For an N- FET headswitch that is turned

st O BN ot O PR R Bl ST 5o oY "
ek&fpley et MIERT YeRlswitch |n%§_15bé hged f&ieanpgpiﬁfcaﬁdipﬁﬁe\élﬂé%i@% dwhen the
ce is turned off. The device is also not overstressed when it is

cirppt (ABED, Weéz@g@& pigpp! rmyceswL@Si’é m@tadeﬂlgrmblpéoc(essm devties s prone

RSPy TR SRRl BB et (15} B Stertrlfe Bl iy SR s,
lagprotdagorNa E&Tﬁ&lﬁa@d&mﬂrﬁ&oﬁﬁoﬂd@% ysadp ﬂoﬂes’éoﬂMars@dthl‘&nﬂﬁfi hé@s{e. ., a

hone ersonal digital assistant (PDA portabl e conputers,
p ) RAII)VI , a digital Cll'%l]lt an analog circuit, (and o)ther electronic umtsrrp

noted above, the N-FET headswitch, load circuit, and the charge pump may be
implemented within the same or different IC dies and in the same or different ICs.

11059} The N-FET headswitch described herein may also be fabricated with various
IC process technologies such as CMOS, NMOS, and so on. CMOS technology can
fabricate both N-FET and P-FET devices on the same die, whereas NMOS technology
can only fabricate N-FET devices. The N-FET headswitch described herein may be (
fabricated using different device size technologies (e.g., 0.13 pm, 30 nm, and so on). In
general, the N-FET headswitch described herein is more effective and beneficial as the
IC process technology scales smaller (i.e., to smaller “feature” or device length).

[1060]  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but 1s to be accorded the widest

scope consistent with the principles and novel features disclosed herein.



the N-FET beadswi tch nmay be used for various end applications such as
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comuni cati on, networking, conputer, and so on. As an exanple, trnejp\lN-Z:ﬁ
headswi t ch nmay be advantageously used in a wireless terminal or a cellular
phone for a code division multiple access (CDVA) system a tine division
mul ti pl e access (CDMA) system a frequehty division multiple access (FDVA)
system a multiple-input rmultiple-output (MM) system an orthogonal
frequency division nultiple , access (OFDVA) system or an orthogonal
frequency division mul thI exi ng(OFDM system A CDMVA system may i npl enent

| S-95, | S XBaT ISWIMNERISSDMA (W CDMA), and/ or sone ot her standards. A TDVA
system may i nplenment G obal System for Mobil e Conmuni cations (GSM and/ or
sone other standards. [1058] The N-F.JUEL ﬁqﬁflsvmtch descri bed herein may be
used for various units. For exanple, FET headswi tch may be used for
an application specific integrated ci rcw t (ASIC), a digital signal
processor (IDSP) Anzladirgii¢ @tcuis ingneitelgsy @oasmicaigpndesice the cirddB8RBhpridngpr ogr amrabl e
| ogi ¢ device (PLD) a field progranmabl e gate array (FPGA), a processor, a

controller, contro sor C. random access
nenory (SRAM gchﬁéir%ug co@Prﬁsgﬂb{a%legﬁ og%gﬁl‘g%? &3 PRt o ¢ %ﬁdiegf‘ﬁer el ectronic
units. As noted above, the N-FET headswitch, load circuit, and the charge

punp nay be i Wﬁ'h@dl@\ﬂf&@ldzoiﬁbﬁé@ﬂﬂfdt nestsmcmnaimfr@mm) dvicda@bcopled i N the
sanme or different l& (?tg% FET he dsvm tch descr i bed herein may
al so be faFMeEst %’H"W fuRPly 4pd 15 load ?lff”‘&r HRErb§ioRL1SE deogrle B¥ns,  NVOS,

and so on. poMeESupRehn 19@1ycuelﬁﬂwh&1a1terue@cﬁtv@chh@éﬂab1% hidTo andffthdpowedappiges on
t he sane dig, B/nisra(gas .NI\/? echnol tg]g 4530 only fabricate N-FET devices. The
N-FET headdtim ehloatarepit Bhan ey Ef/ o5 edf’abrl cated using different device
size technologies (e.g., 0.13 m 30 mm, and so on). In general, the N FET

headswi t ch descrichegh ﬂiﬂfp%ﬁpmcﬁommead@mcﬁ%é Mﬁrg@ dmpm{w&y &abiabdsiion | C
process technol ogy scal es, snal | er QI Eﬂ? "feature" or device

| engt h). f@é@ﬁewcam}m% S RIS fosnt thFl‘T%ad&‘?’%CéleS:?éat B ATRNES i s
provi ded tcbhag@@lnq,coms@@mson skilled in the art to nake or use the present
invention. Various nodifications to these enbodinents will be readily

apparent to those skilled in the art
an analog-to-digital converter (ADC) coupled to the headswitch; and

a controller coupled to the ADC and the charge pump, wherein the controller, charge
pump, headswitch, and ADC are coupled in a feedback configuration to implement a digital
voltage regulator, wherein the ADC is operative to convert a load supply voltage provided by the
headswitch to the load circuit into a digital signal, wherein the controller is operative to provide a
digital control for the charge pump based on the digital signal from the ADC and a digital target
value, and wherein the digital control maintains a load supply provided by the headswitch to the

load circuit at a selected voltage.
2. The electronic circuit of claim 1, wherein a charge pump output signal for the headswitch
has a first voltage when the headswitch is enabled and a second voltage when the headswitch is

disabled.

3. The electronic circuit of claim 2, wherein the first voltage is higher than a voltage of the

power supply.

4. The electronic circuit of claim 2, wherein the first voltage is equal to or higher than a



and the generic principles defined herein may be applied to other

enbodi nents without departing fromthe spirit or scope of the invention.
Thus, the present invention is not intended to be linited to t{He)AN 200
enbodi ments shown herein but is to be accorded the wi dest scope consi stent
with the principles and novel features disclosed herein. 10 JAN 2007 15
WHAT IS CLAIMED IS: CLAIM5S 1. An electisonic circuit in a wireless

comuni cation device, the circuit conprising: a load circuit conprised of
at |east one field effect transistor (FET) device; a headswitch conprised of
at | east one N-channel FET (N-FET) device and coupled between a power

suppl y andveltage ¢fdlzechowier wpply plusvnthreghald vditegerd e swliessc neiNsFBPdevadei ve t o coupl e
the power supply to the load circuit when the headswitch is enabled and to
cut off the power supply fromthe load circuit when the headswitch is

di sabl ed; & chatlgeelqstrpnic drsuip Pedkimg, vhreeiltha dssivdlegr, revulieinghrige spurp

sel ectivel : I I ative to
R R e A L il Al gt

si gnal ; anoraPiFBEdevicedi gi tal converter (ADC) coupled to the headsw tch; and
a controller coupled to the ADC and the charge punp, wherein the controller,
charge punp, headswi tch, and ADC are coupled in a feedback configuration to
i mpl enent & di giielectroni¢ ¢yt of daym|latinrein (i atledstone ReFEDevics isdiwicaied wigh t o
convert a Laadssipfl Yonsgd tage provided by the headswitch to the |oad
circuit intoa digital signal, wherein the controller is operative to
provide a digital control for the charge punp based on the digital signa
fromthe ARC angha,dirgiit &cuk 8f G 1, VRk&iRhe 3NELVIRNEFET §IRe Bl @hdiRlbon&ont 1 Ol

mai ntains a_| oad supply provided by the headswitch to the load circuit at a
sel ect ed vIthages todimitpiqeerdissipationnt the padptiteh ioWithip apisetermipsd parent of ttiar ge
punp out puboidr 9N@ hda@dwitchendBRASWiL ch  has a first voltage when the
headswitch i s enabl ed and a second voltage when the headswitch is disabl ed.
3. The electronic circuit of claim2, wherein the first voltage is higher

than a vol gage he ddBoniPOWRT oSl 1y whedein the Bebv@ifch cOiiprisesd pleHlity oPR-FEITAI M 2,

wher ei n thg first voltage is equal to or higher than a 1p JAPJ NO
EVICES.

9. The electronic circuit of claim 1, wherein the digital target value is programmable to

achieve different voltages for the load supply.

10. The electronic circuit of claim 1, wherein the load circuit is a microprocessor.

i1, The electronic circuit of claim 1, wherein the load circuit is a digital signal processor.
12. The electronic circuit of claim 1, wherein the load circuit is a memory unit.

13. The electronic circuit of claim 1, wherein the load circuit is an analog circuit.

14. An ¢lectronic circuit comprising:

a load circuit comprised of at least one field effect transistor (FET) device;

a headswitch comprised of at least one N-channel FET (N-FET) device and coupled

between a power supply and the load circuit, wherein the headswitch is operative to couple the



16 voltage of the power supply plus a threshold voltage of the at |east one
N FET device. 5. The electronic circuit of claim?2, wherein the firsgw T
voltage results in a drain to source voltage drop across the at ﬂ@a @%e
N FET device of less than a threshold voltage for the at |east one N FET
device. 6. The electronic circuit of claim1l, wherein the at |east one NFET
device is fabricated with a high threshdld voltage. 7. The electronic
circuit of claim1, wherein the at | east one N FET device is dinmensioned
with a size to limt power dissipation of the headswitch to within a
predeterm ned percent of total power of the headswitch and load circuit. 8.
The el ect r oVE" WPRIE i the lgpd Gicgit when theeadspiteh is prableé anfinicetoff thappprel sieBly a
plurality ofodNnEREd cifl@¥ WhESthe Beadsien &lRGEIELNI C circuit of claim 1, wherein
the digital target value is progranmmable to achieve different voltages for
the | oad supply. 10. The electronic circuit of claim1, wherein the |oad
circuit is a m crdyeopwpseppled e thehsadswitchand opsrative forreayiide agbntrd! sigmal for thaher ei n
the | oad ciggMific:s @ digital signal processor. 12. The electronic circuit
of claim1, wherein the load circuit is a menory unit. 13. The electronic
circuit of claim1l1, wherein the load circuit is an analog circuit. 14. An
el ectroni c ci r cunengeptprdigilngnvede] (ARE) cdupledia thekmagaviislsd of at | east one
field effect transistor (FET) device; a headswitch conprised of at |east one
N-channel FET (N FET). devi.c nd upl.ed between, a power s | y and the
load circuit, wiéer gf()rllleﬁ%plﬁetg sevﬁ‘[?(g j4C Dt BYTR, avh rgﬁg%eucb)?téolfg ﬁélyaige\l AN 7007
17 power suppipiheddswitdheanddd” o caplet! invhieaibbdkeohfeachtivn todinplesere ndigitdd and to
cut off th%mﬁ%%@éu ypply fromthe load circuit when the headswitch is

di sabled; a ¢ rd% punmp coupled to the headswi tch and operative to provide a
control signal for the headswi tch; an anal og-to-digital converter (ADC)
coupl ed to the heedivht ADC isopenrite tokdretrt & Daphupplytvoltdgh romided Bintde t he char ge

punp, wherein,t contraller,. char . hea{il]?wi CC .and A are. .coupl ed
Pa'B" t eedbateRestdf P g edeniionS A ehE sk Srean e s g R AiSes T

digital control for the charge pump based on the digital signal from the ADC and a digital target

value, and wherein the digital control maintains a load supply provided by the headswitch to the

load circuit at a selected voltage; and

wherein the charge pump includes a plurality of stages, and wherein the digital control

enables selected ones of the plurality of stages.

15. An integrated circuit in a wireless communication device, the circuit comprising:
a load circuit comprised at least one field effect transistor (FET) device;

a headswitch comprised of at least one N-channel FET (N-FET) device and coupled
between a power supply and the load circuit, wherein the headswitch is operative to couple the
power supply to the load circuit when the headswitch is enabled and to cut off the power supply

from the load circuit when the headswitch is disabled;

a charge pump coupled to the headswitch, the charge pump selectively enabled based on

a charge pump control signal, and operative to control the headswitch based at least in part on the

charge pump control signal;

an analog-to-digital converter (ADC) coupled to the headswitch; and



wherein the ADC is operative to convert a |oad supply voltage provided by
the headswitch to the load circuit into a digital signal, wherein the
controller is operative to provide a digital control for the char]q}ejmyﬂ%]
based on the digital signal fromthe ADC and a digital target value, an
wherein the digital control maintains a |oad supply provided by the
headswitch to the load circuit at a sel ected voltage; and wherein the
charge punp includes a plurality of stad®s, and wherein the digital control
enabl es sel ected ones of the plurality of stages. 15. An integrated circuit
in a wreless conmunication device, the circuit conprising: a load circuit
conprised at least one field effect transistor (FET), device; a headswitch
conpri sed of at alcgggﬁ}erﬁgﬁﬁf%ﬁ?rﬁ%q andgthe %Ng?—'@‘f*}p’ JevrindheLaprdisuphE®  bet ween

a p0\|Ner ﬁumahly, RBdbwithte ad OAIIC Gielcbupldd,in WRedREN cohigiriiRA dSiMplcaland siQREr ati ve to
coupl e the

ower supply to, the load circuit when the headswtch is enabl ed
and to cut V(S’R‘fgetr?%aﬁ’g\%%rewb%@c 1§ PPERIYHE PR ﬁ’?‘? aply vokrer ProKdedhydbswi t ch
i sI di sabl Fdhacawg‘lhﬁbgfglcﬂdl’dﬂcﬁﬁmp|aGi%it&l@i@&l,ewﬁéﬁbﬂﬂﬁi%dnlﬁbﬂqrﬁsf'lﬁle@ﬂ@rtgSroﬁi'dém _
sel ectively.enabl e sed on a charge punp, control signal, and operative to
control thed‘%tégctﬁ’gwqtf?fﬁh%c dEHPYLP t?aé‘gi t‘i‘erf**%g}ﬁ)lrseg“a rqange A&"F&ﬁ“ﬂé%ﬁﬂﬂﬁmﬁ%nt rol
si gnal ; an vamalagwheeid it@idigithl @R afain®ins @A uPBUPHEEd 1O tHemeaddRRASWHECh; and
10 JAN 2007 .18 aﬁégg%rol | er coupled to the ADC and the charge punp, wherein

the cont r ol PECICR ccted {Re headswi t ch, and ADC are coupled in a feedback
configuration to inplenment a digital voltage regulator, wherein the ADC is

operative tg conyert a l.oad.s | ol t a ravided by the headswitch to
Che Toadci Pour c i mesirsdray R 1 a2 e A mBmenies PUFoH S or at | ve
to provide a digital control for the charge punp based on the digital
signal from,the ADC and a.di.gi.t al rget. .val ue nd erein the digital
control rralmrqt ai r@e glteigléage cgﬁuﬁtgqfﬁlaaﬁ? %@i g&“ﬁ%ﬁ?ﬁ&%@éﬁ?%‘?lgﬁa%li%tlctrﬁ%ioml oad
circuit at aaccseheoirg(PRAMNIX age. 16. The integrated circuit of claim15,
wherein the load circuit inplenments a mcroprocessor. 17. The integrated
circuit of claim15, wherein the load circuit inplenments a static random
access nenoiy ( SRAMegraldd. cirfitiefichinetfy, vherdin chierlgadicircwif implemiemts 4 Bigitalbignai n t he

| oad circuit | ts a digital signal processor (DSP). 19. The

i ntegrated pé?cﬁ%glgq iojp claim 15, wherein the integrated circuit is fabricated
with a

19. The integrated circuit of claim 15, wherein the integrated circuit is fabricated with a

complementary metal oxide semiconductor (CMOS) technology of 0.13 pm or smaller.

20. A wireless communication device in a communication system, the device comprising:
a load circuit comprised of at least one field effect transistor (FET) device;

a headswitch comprised of at least one N-channe! FET (N-FET) device and coupled
between a power supply and the load circuit, wherein the headswitch is operative to couple the
power supply to the load circuit when the headswitch is enabled and to cut off the power supply

from the load circuit when the headswitch is disabled;

a charge pump coupled to the headswitch, the charge pump selectively enabled based on
a charge pump control signal, and operative to control the headswitch based at least in part on the

charge pump control signal;

an analog-to-digital converter (ADC) coupled to the headswitch; and



conpl ementary netal oxide sem conductor (CMOS) technol ogy of 0.13 prn or

smal ler. 20. A wireless communication device in a conmunication syste ihe
device conprising: a load circuit conprised of at |east one fielld &aniﬂé
transi stor (FET) device; a headswitch conprised of at |east one N channel
FET (N-FET) device and coupled between a power supply and the load circuit,
wherein the headswitch is operative tojgouple the power supply to the | oad
circuit when the headswitch is enabled and to cut off the power supply from
the load circuit when the headswitch is disabled; a charge punp coupled to

t he headswi tch, the charge punp selectively enabl ed based on a charge punp
control signal,a@ntbliepeuptd toehd ADC amt thothatgh euhe adisteint thdrobasied chdrgd east i n
part on the charge pu ntrol .si.gnal . an anal 0g-to-digital .converter

CADG) *cougra eR R ARRA Rum el 8 5 S0RY e B AL F BRI CoL e 10
t he ADC andlthdgeeeghargehepimtbe AWKGES eperntivéie caontt b ddall eupplyclobasg @rovipladriy; the

headswi t c n [ upled in a.feedback.confiquration to inplement a
di gi tal Cho %gggﬁ?%eﬁ?%tc%raflplﬁﬁ(e%rdéﬁﬁﬁfis tlgf!l'gl’ X%éﬁl? %he S%Hetr rogff’rilvf)spe{advectg vert “a | oad
suppl y vol digitgbcqutrohfpitbeichosge phrep bdsechaigte digital signat faiem HteaddCandeudigital tages a
digital si I [ : r ol i Lve f ' igital
control for haéldc gielééﬁep%%@ ‘%oglg{jaldg Jéllrﬁﬁﬁ%aelg%ﬁg&g)g*m‘\sﬂ?egdnbglt%;hr%%d%g]ﬁ %hgm and a
di gi tal t alogkdircuivatlageectaindltageerein the digital control maintains a | oad
supply provided by the headswitch to the load circuit at a selected

vol tage. 21. The device of claim 20, wherein the comunication systemis a
code divi s?lon nTHetdeyiteeof clape 2% svh¢rEiDINIE) comommiration ssicoris 8 ystedivision multiple

access (CDMA) communication system.



