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This application clainms the benefit of provisional U S. Application Serial
No. 60/600,511, entitled "An Inductor-Coupled Milti-Band Tunable VCO " filed
August 11, 2004. BACKGROUND 1. Field 100021 The present invention relates
general | y t ov@eRoosodoss, and nore specifically to-a voltpggueendohs ed
oscil'lator (VCO. I1. Background 10003] Wrel ess comuni cation systens are
wi del y depl oyed to provide various combnication services such as voice,
packet data, and so on. These systens nmay inplenent various wreless
standards and nmay operate in various frequency bands that nmay be spaced far

apart. A given syste 8 iffe f Les in

di fferent geographi cﬁgﬁﬁ’iﬁsﬁﬁﬁm@iﬂﬁk’@bﬁﬁh&w&@] A wirel ess
device (e.g., a cellular phone or a handset) nay need to operate at

mul tiple frequency bands and support multiple standards in order to
comuni cat e W0001] selondppieatidnhéelsichsghsbenafit of provisenalsH.Sc dypplicationSexdal syst ens
that are w de| oyed throughqut th rlq. .The wrel ess i ce has at
| east one r aﬁﬂ‘?\; g&&éﬂaﬁﬁcf“ﬁ“hﬂ) " %ﬁucwé%aweé 3@1‘4@? ¢ Tpable X& \éu ledj gnal
for transm ss)@angvijapgps rel ess link and to process an RF input signal
received via the wreless link. Each systenistandard typically inposes
stringent requirenments on the RF output signal to ensure good performance.
The tight specifications inposed bﬁeﬁi&l‘fﬁ@ﬁﬁi standard nornmal |y prevent
the use of a single RF front-end ency bands and standards
supported by }he g.r | ess device, which would be an optinum solution in
terms of circhit 1€ , conplexity, and cost. Instead, a mnmulti-band,

nulgl - st andar [émg[y el PeeSprél@i ifRenfiof fé?dtés)ée&iz‘r'ﬂiy‘tﬁairaﬁts,%ﬁ%ort@bg{e&ﬁbiﬂ backs or
ev an entire front-end for each supported standard and/ or requency
band. 10005] yeltagecontrolind-os¢illates(MC€Al |y has at | east one VOO to generate

| ocal oscillator (LO signals used for frequency upconversion and
downconversi on. The VCO typically WD 2006/ 020873 PCT/ US2005/ 028748

II.  Background

[0003]  Wireless communication systems are widely deployed to provide various
communication services such as voice, packet data, and so on. These systems may
implement various wireless standards and may operate in various frequency bands that
may be spaced far apart. A given system may also operate at different frequencies in
different geographic areas (e.g., different countries).
[0004] A wireless device (e.g., a cellular phone or a handset) may need to operate at
multiple frequency bands and support multiple standards in order to communicate with
second and third generation wireless communication systems that are widely deployed
‘ throughout the world. The wireless device has at least one radio frequency (RF) front-
end to generate an RF output signal for transmission via a wireless link and to process
an RF input signal received via the wireless link. Each system/standard typically
imposes stringent requirements on the RF output signal to ensure good performance.
The tight specifications imposed by each system/standard normally prevent the use of a
single RF front-end for all frequency bands and standards supported by the wireless
device, which would be an optimum solution in terms of circuit area, complexity, and
cost. Instead, a multi-band, multi-standard wireless device normally duplicates some
circuit blocks or even an entire RF front-end for each supported standard and/or
frequency band.
[0005]  An RF front-end typically has at least one VCO to generate local oscillator
(LO) signals used for frequency upconversion and downconversion. The VCO typically



.2, has an LC resonator conposed of an inductor (L) and one or nore capacitors
(© _ The oscillation frequency of the VCO and hence the frequency of the
LO signal, nay be varied by adjusting a variable capacitor (varactor)
within the LC resonator. The range of frequencies (or the tuning range)
achi eved w two tdoeorsmsactor is typically small and is optRisHGRIsAH® account
for variations in integrated circuit (I C) process, tenperature, power
supply, and so on. [0006] To support rmnul4i-band operation, the LC resonator
typically includes a bank of capacitors that may be selectively swi tched on
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bands. A VCO™W a Sw aci acnt &ve good pe nce when

the frequencysdiaids fiefjudnby of aRtV@D arddicatd the lfitqednop of the LG sighaloiliebe €. g. ,
within 10 to 20% of each other. However, when the frequency bands are
suf ficient |y veagd bypdustinga veriable Gapprier GrraciopEthin fied £ reson3aogddBe 14888 une t he

VCO to the ' : : | :

ransi ates 1o d T arae b o e e P 8 s o or
whi ch in tur nfiemwsEstoaaccalm tfor edrjatibay pemtegrated cirvdd JIC)aimoeess; dempératore, i n t he
VCO anpl i tude anrg?gqase noi se over the different frequency bands. [00071 A
mul ti-band wiPPEFEEEPHAPL 82%%my enpl oy nultiple VOOs to support operation on

nul tiple freqosusfy b onﬁﬁﬁlh-b\{ﬁ@oﬁ@éﬁohgﬁé hobqeééﬁﬁb i@allﬂnélﬁcl[@s%\lflﬁxﬂc good

performance for a specific frequency band. wever, fhe use of nultiple VCGs
for multipl e of ceppoitare thabmayibe sebestively ewitehed on ox 9Htte shifl dhiominal Jrequeany ci rcui t

area, all of i [ e.uMn i rabl e 00 here is,therefore need in
Thernrt tor i FRORR BMGRE SeaBtct bandst X Yo MRS, heuch Bk BECST )
mulgdyi - band V@chievgdood ipaidorthaficewhencthe fregieher banas 6fintefspiaréitivelytlosbayi ng good

pe rmance for a wide range of frequencies is described herein. The
coupl ed- i nducedt otheis &> WEhB ;18 20% cagheathery, dlowevere Whemmthe fregusAROPADds f ound i n

many  VCGs ang Gafié rfﬁ%gé‘rt,tah&‘r ViR é%g&%itbﬁcfeé’is‘ﬂe&déﬁ% uﬁ@&%%d‘% $hor, in
sone cases inproving) th phasé noﬁse performance for the VCO The
coupl ed- i nductiffererd fisgutncy bmds alor latga sapdcifrarce spgadnansiates tp glergervatiatiinan 2. One
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undesirable variation in the VCO amplitude and phase noise over the different
frequency bands.

[0007] A multi-band wireless device may employ multiple VCOs to support
operation on multiple frequency bands. Each VCO may then be designed to achieve
good performance for a specific frequency band. However, the use of multiple VCOs
for multiple frequency bands increases cost, system complexity, and circuit area, all of
which are undesirable.

‘ [0008]  There is therefore a need in the art for a multi-band VCO having good

performance.

SUMMARY
[0009] A multi-band VCO employing a coupled-inductor based resonator and

having good performance for a wide range of frequencies is described herein. The
coupled-inductor based resonator replaces the LC resonator commonly found in many
VCOs and can increase the VCO tunnability without degrading (or, in some cases
improving) the phase noise performance for the VCO. The coupled-inductor based
resonator has N ports, where in general N2>2. One port couples to the VCO circuitry
and is called the first or primary port, and the remaining ports are called secondary
ports. Each port has an inductor, and the N inductors for the N ports are magnetically




ports. Each port has an inductor, and the N inductors for the N ports are
magnetically WO 2006/ 020873 PCTI US2005/ 028748 3 coupl ed. The

i nductors/ports nmaybe sel ectively enabled and disabled to allow the VCO to
operate at different frequency bands. Each secondary port also has at |east
one capaci two 00anghstshe prinmary port may or may not havecfuSapaiker. The
capacitor(s) for each port may include (1) one or nore fixed capacitors
havi ng fi xed capacitances and being al ways coupl ed across the inductor for
the port, (2) one or nore varactors having variable capacitances, (3) one
or nore switch fana orstha aQn te i n d to the
i nductor via'‘s %ches é:ulp 5‘3 éﬁﬂf‘ bn?r%ecl&%elﬁgnﬁ?e%mg%%g% tlgdaiﬁg‘gﬂl e\?ﬁEQ

vari abl e, andowm&mm:ﬁersﬁpﬁ)&qh&wama’m%sw seemaiyep&aalaslhh@a61eéstfonany) in
the enabled ports nmay be selectively enabl ed and di sabled to vary the VCO
oscillation @P@t{%ﬂ%‘ijlthcvﬁ@awm%m@f Qr pay nofhgye i‘ﬁaptaﬁ@reﬁ%f’%’am%@{gorcan vary
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desi rabl e f orbemedilvesd coupddd, acmiss ﬁmumduanoeﬁo,r theergebrt, € opd emnmy vax[a&@fsﬂiavﬁge
mul ti-band VCO.and coupl ed-j_nductor bas esonat or e ted W|th
Do bus oaci RIS o BRee: Lo T S LabiE Sopat (a ey i SR B

t echnol ogi es GRdiftteditd hedhdifetiottvi @ﬂfm&neﬁ(@ an¥ Qfrhddr ayarahpa&nﬁﬁmto? and
enbodi nents of the invention are described in further detail below. BRIEF

DESCRI PTI ON cﬂxemﬂnammG@n[cb@i@]:awmws edbe nswgclahld capeciiers (ffanyhim eesent

i nvention will| he rom alle d t. set
forth bel ow vﬁ%‘ﬂ (fgﬁen R %803%%%?1 FI %nr?bf\c/?/l taﬁdt sable d%’ mg%‘ll%loflke

refgrence chaeaatmys Thdﬁeﬁ}idtdry (ﬁ:afyy Bstheéfibleg bymi d‘zhﬁ wghmxiscﬂw@bn m&é@y n:
[0 ] FIG 1 shows a anplifier and an LC resonator; . [0014]
FIG 2A showsmélwké%fo}ﬁﬁ%?amserﬁd frweew;ﬂ sigele APV CO gappsplage mugdtiblo B and 2C

show nodel s [Hegepgt %ich Fﬁlgﬂly_\%smw oM Ras&A0ask:, iR agé Safjyed and

enabl ed, respec i ve y; [0016] FIG “3A shows a resonator wt ree coupl ed
i nductors; [O®fiplexB#y.GS. 3B t hrough 3E show nodels of the resonator in FIG

SA with dl ffeﬁ)ﬁﬂ)t] The multi-band VCO and coupled-inductor based resonator may; .be

implemented with various oscillator topologies and may also be fabricated with various

IC technologies and/or with discrete components.
[0011] Various aspects and embodiments of the invention are described in further

detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]  The features and nature of the present invention 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:

[0013] FIG. 1 shows a VCO with an amplifier and an LC resonator;

[0014] FIG. 2A shows a resonator with two coupled inductors;

[06015] FIGS. 2B and 2C show models of the resonator in FIG. 2A with the second

port disabled and enabled, respectively; '

[0016] FIG. 3A shows a resonator with three coupled inductors;

[0017] FIGS. 3B through 3E show models of the resonator in FIG. 3A with different

ports disabled and enabled;

[0018]  FIG. 4 shows plots of the peak impedance for the resonator in FIG. 3A;




ports disabled and enabl ed; [0018] FIG 4 shows plots of the peak inpedance
for the resonator in FIG 3A, WD 2006/ 020873 PCT/ US2005/ 028748 4 [0019]
FIG 5 shows a resonator with three coupl ed inductors and a bank of

swi t chabl e capacitors for each port; [0020] FIG 6 shows plots of the
frequenci es wohéoenwmdsby the resonator in FIG 5; [0021gctuSo00sf0286a9gws a
resonator with N coupled inductors, where N> 3; [00221 FIG 8 shows a VCO
with three coupl ed i nductors forned wi th*t hree conductors; [0023] FIG 9
shows a conpl enentary cross-pair oscillator with a resonator having three

coupl ed i ndugpgret; [4824] LG, 1005R0GsR Rk RlokiSa GRGELRARA 2 Wkl &

resonator having'three coupled ‘T nductors;

W rel ess devisagtchebibabavitoit fordaétsgor;onruni cati on.  DETAI LED DESCRI PTI ON

[ 00261 The word "exenpl ary” is used herein to .nmegn "serving as_an exanpl e,
i nstance, or P93%st (HG: Bsbowsgigss of JeEhfies Grhigye ﬂ)gﬁpeagngthrggilﬁ ei n as

"exenpl ary" ot il : r .or advant ageous
o n@gzdl!j' FIG‘?‘?%I?&J ar¥so}1£{opﬁ[€1(t)lgg%§ﬁﬂg\é&\a}g%&§)r§ WEERMNISS

over ot her i ments r designs. may be inpléenmented with
various desi dig22fnowriG. B shidves ad¥ €O Suthethreo/oplee sidgeters dormedwith tiyed ¢canldbatorkor
radio RF, so Si re nore suitable for .fabrication on an | sone
Gost gne. can. dUEA de HiSk Bshortim el SBirp epropnELoEHR 8 sSouior taipes rmy
al so be desi gﬁﬁgc&gﬂm@{&s;at mul tiple frequency bands, with the specific
frequenci es bei ng dependent ‘on the requirenments of the systens and standards
for which thel0 i stl(sd.shows & kelppitsaespilloCOvatbsd rpsonator awing iyeaicaypledw,
[00281 FIG 1 3&9{;/\55_ agdschemati c diagramof a VCO 100 conprised of an
anplifier 11998847 LC resonator 120. For si mplicity, FIG | shows LC
reggnat or 120[0bz5]ng FIGON MEdw Y wirekesd\@vize msedUfoit witeldss Qoramanidati®hngl € capaci t or
l4@g@eoupled in parallel. Anplifier 110 provides the signal gain needed for
oscillation. Anplifier 110 and LC resonator 120 collectively provide the

360 phase shift needed for osﬁﬁ*&ﬁ% D‘ﬁ%gﬁﬁngi des an oscill ator

signal (Osc) having a fundanental Trequency The oscillation

frequency ", (0026 detiRy WoReCxBhBIdEM i9aRéd Yerb fohBedn oS ingN&LCar lexarfle,i Nduct or

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.

[0027] A VCO may be implemented with various designs known in the art. Some
VCO designs are more suitable for radio RF, some designs are more suitable for
fabrication on an IC, some designs can provide better phase noise performance, and so
on. A VCO may also be designed to operate at multiple frequency bands, with the
specific frequencies being dependent on the requirements of the systems and standards

‘ for which the VCO is used. An exemplary VCO design is described below.

[0028] FIG. 1 shows a schematic diagram of a VCO 100 comprised of an amplifier
110 and an LC resonator 120. For simplicity, FIG. 1 shows LC resonator 120 being
formed by a single inductor 130 and a single capacitor 140 coupled in parallel.
Amplifier 110 provides the signal gain needed for oscillation. Amplifier 110 and LC
resonator 120 collectively provide the 360° phase shift needed for oscillation. VCO 100
provides an oscillator signal (Osc) having a fundamental frequency of f,.. The
oscillation frequency f. is determined predominantly by the inductance (L) of inductor

130 and the capacitance (C) of capacitor 140 and may be expressed as:

1
—— 1
Jow === Eq(1)




130 and the capacitance (C) of capacitor 140 and may be expressed as: f.
-2)c FL-,-C Eq(1) WO 2006/ 020873 PCTI US2005/ 028748 5 [0029] A

coupl ed-i nduct or based resonator may be used in place of LC resonator 120
in FIG | to allow for operation in nultiple frequency bands and to provide
good per f orweree010873 al | of the frequency bands. The cegpusmesngugt or based
resonator, which is also called a trans%ormer-based resonator or a

swi t chabl e coupl ed-i nductor resonator, has N coupled inductors for N ports,
where N >- 2. At |east one of the N ports may be selectively switched on
and of f 003 | G r tor
based resE)nat l((99”?20 Av?&%u %Q@%u@gﬁ% mrs%gﬁ)gt sbyﬂsg(i ﬁaﬂg&u&ﬁ lggééggg#%r 200

i ncludes (1) EOfinddG. pér ellovhforioperaton mnmunnlc)r&e@bﬁcycbanpkenﬂiorprmdagdoﬂl with a

capacitor 214 2 cond port aving.an in oupl ed in
series with g{]ﬁ%%)l %551 %gz?i)glf?dgﬁq%%yt SZZgge C?Wg“tﬁﬁ g‘f%or%’f@e%a are
nmagnetical |y ﬁmumh@dls@raalwaayl&@ngfmme@ﬂase@ rés&ﬁat&rdrrmgvymme cs mnﬁlaﬁdorports
respectively, of a 2-port transformer. Capacitors 214 and 4 may each be

i npl ement ed wWestratonchasN eupledtindustore fop Ak pertss whergrid G- Abﬂ@st\meaxftthﬁbl one or
nore sw tchab i Qr ation thereof. Switch 226 may be
sel ectively O%S%?a&%% S‘L'l {u%lé’&“?tah%log%ﬁn%)%&or enabl e, respectively, the second

port, which tmom]varm 24 Hiovel eehdndtialdisghad a4 edupRiitducRt bies aiahasr 200.
Nodes V1 and V2 represent the output of resonator 200. [0031] For the

enbodi ment  sh#nwith twe epupied indygiers {ogr N =20 %?FGHQQIOZQ%W@U qsr(élhét@ﬁd@ﬁ of Ll
and L2, respeﬁ:gvin %}nymd\%ﬁﬁl 299% 1&?& a?ailéll v@ﬂfim%%% Ct i s%@oqﬁj) §20 oy

and C2, respectl ct ance

be iven as Mvmgkan irfuctb? 220 \mbqﬂeﬂ ln besiet Imethcmmppabmg Izacmalra(swntclcalﬁll i ng

co icient) et we in tors 210 and 220. Resonator 200 _has two resonant

frequenci es c@gﬁﬁ?fssg% dd%ﬁ’%ﬁ‘agﬁi?c ¥ cpupldand anpy be viewed @ the primapyaod

(L, CL+L2C2) 2-+4aidyMpork icRhecRfel £ 2of M port kradshimieh) CRhacitdBNE 00y

frequency wis obtained with the plus ﬁ%’x) sign in front of the square root

quantity in eepdhbe gnplemyntethyith eg@wamre edjeApACiiorss one orsmersivaragiets, gletdr t he

':nh gtjsl Elzjucts'ogféo}f%gfxtgﬁag e c(?l{)acritgx%, ér%?'égmﬁlgzﬂlton %1%%%&'. g%tch%g%z{y%e séleétlvaﬁlsumas
opened or closed to disable or enable, respectively, the second port, which then varies

the electrical characteristics of resonator 200. Nodes V; and V represent the output of
resonator 200.

[0031] For the embodiment shown in FIG. 2A, inductors 210 and 220 have
inductances of L and L,, respectively, and capacitors 214 and 224 have capacitances of

C; and C,, respectively. The mutual inductance M of inductors 210 and 220 may be
given as M=k-,/Ll -L, , where k is the coupling factor (or coupling coefficient)
. between inductors 210 and 220. Resonator 200 has two resonant frequencies @, and

o, , which may be expressed as:

7 _=(L,G,+L,C,) 2 4/(L,C, + L,C,)* +4C,C,(M? — LL)
o 2C,C,(M?>-L,L,)

Eq (2)

where resonant frequency @, is obtained with the plus (+) sign in front of the square
root quantity in equation (2) and resonant frequency @, is obtained with the minus (-)

sign in front of the square root quantity. Equation (2) assumes that inductors 210 and
220 are ideal and have no loss. Resonator 200 is typically used at resonant frequency

@, instead of @, because the quality factor (Q) and the resonator peak impedance at @,



220 are ideal and have no | oss. Resonator 200 is typically used at resonant
~frequency winstead of (Db because the quality factor (Q and the resonator
peak i npedance at cw WD 2006/ 020873 PCTI US2005/ 028748 6 are hi gher than at
twb . However, resonator 200 is not restricted to too and may al so be wused
at wb. [00330 t066l020870r s 210 and 220 typically have soner¢meRess/bdvad nay be
nodeled with resistors having resistances of r, and r2, respectively. The

i nput i npedance Zmlooking into nodes V, and V2 may be expressed as: (M
-L,L2)w2 + C +r,r2 + j(wW,r2 +ol2r, - r1) C2z Zm=r2-0C (&L1r2+co
L2r,-rC )+ | (VP - W2 + + ; 33] In
gener al , ind\l%%éﬂs@%lagr%' }gdveﬁear;?%%&\?@k? %gsrlgﬁlgs%lr%teg:?? ?’érﬁ%ﬁg%ﬂﬁéggt ances,
and capaci torlﬁidZa:} and 224 may al so have the sane or different
capacitances. For Sinplicity, the follow ng description assunes that the

i nduct ances gpg32} eduaduchSs 3 1Pdnd 200 Typiedilyhdve sbil€ 1933 A hRAH 66 Todéled RfANal SO
that C, = C2 = C, and the internal resistances are also equal so that r, =
r2 = r. [0034psigirchaving rskistasces ofmded nofespeotiysiy dTherinpnt topedprees a4l loekiogat or 200
with swtch 226 é)pened. In this confjguration, no current flows through

i nduct or 220,10%PRedes o AY V2 BBy be POTEEM ed, and resonator 200 is equival ent
to LC resonator 120 in FIG 1. A resistor 212 nodels the internal

resi stance of inductor 210. The resonant frequency wH and the peak

i npedance ZH of resonator , with siytch 22 ened, may, he expressed as:
wH=1LC, and Eq (4) _ L&&H'Pl\f@g%q*( “l’lﬁ%fé"eggﬁ*éﬁ 2 I<3ncy wH
det er m nes t Hg =oset or egtrer of—a—VEO-th =S

I &¢

esofrato 66.. The

peak inpedance ZH-sCHBE 1,MwIL,H, ACw COMP RE. L))bb+Addas, i o 1ard-V7 at
th‘ esonant frequency wH. The pe#Cinpedance z. affecs the vco @C,

Eq (3)

[0033] In general, inductors 210 and 220 may have the same or different
inductances, and capacitors 214 and 224 may also have the same or different
capacitances. For simplicity, the following description assumes that the inductances are

equal so that L, =L, =L, the capacitances are equal so that C,=C,=C, and the

internal resistances are also equal so that 1, =1, =T.

[0034]  FIG. 2B shows a model of coupled-inductor based resonator 200 with switch
226 opened. In this configuration, no current flows through inductor 220, the second
port is disabled, and resonator 200 is equivalent to LC resonator 120 in FIG. 1. A

resistor 212 models the internal resistance of inductor 210. The resonant frequency @,

‘ and the peak impedance Z, of resonator 200, with switch 226 opened, may be
expressed as:
0, =——— , and Bq (4)
"oJLc’
L
Z. =— . Eq(5
=170 q(5)

The resonant frequency @, determines the oscillation frequency of a VCO that uses
resonator 200. The peak impedance Z,; is the input impedance looking into nodes V;

and V; at the resonant frequency w,. The peak impedance Z, affects the VCO
amplitude, which in turn affects the phase noise of the VCO.



anplitude, which in turn affects the phase noise of the VCO W) 2006/ 020873
PCT/ U52005/ 028748 7 [0035] FIG 2C shows a nodel of coupl ed-inductor based
resonator 200 with switch 226 closed. In this configuration, the second
port is enabled and resonator 200 includes both inductors 210 and 220. A
resistor 22womdedwsBhe i nternal resistance of i nduct opcREHooshresd esonant
frequency &L and the peak inpedance ZL of resonator 200, wth swtch 226
cl osed, maybe expressed as: OL =1 , and Eq (6) +MC ZL = 2i Eq (7) The
resonant frequency OL rmay be obtained fromequation (2) by setting L1= L2 =

L, C =& q an = Lua . i ined from
cquat | on (3JADRbt g 2E-pi « HRDSESolMAGHARGE, tppd Poi otk
simplicity, kwith 22/clbded.oligthis2éonfifiauticn] jheaocond pait icejabled bnd re2dhétoni206 No
parasitic capacitapce.and (2) an ideal switch 226 with no seri.es resistance
and no par aé‘?‘g‘id@s‘ g‘é‘ﬁé@“ﬁ"ﬁﬁc%‘.o 30f] 228-p|Aa’E?F’Ft8’é?2% npdedi b dpferg fesistiice Ohes and
capacitors h i1l ﬁgggﬁﬁi ngey. . r flow

t hrough t he %Z@g@???% Eg%g%.lﬁﬁlﬁce I taf;h%ﬁstgggﬁ%ar gg%ﬁs%’"e%sﬁﬁ%{&{hese
ports are swi200ath sWifch 2E@a6seR Ay tRXpleSse@ BISi dered as having a fix
parasitic capacitance that is always present. This parasitic capacitance
limts the maxi num frequency swing that is achievable in a practical

i npl enentation. The capdci t ance fior each port may be designed tg {] ke into
account the parasitic acamgoct’ance for the port. For sinplicity, 1

foll owi ng description assunes that ideal capacitors and switches are used
in the secondary ports and does not consider parasitic capacitance and

. series resistance., [ 03 M) As shown in equations (4) and (6), two_different
re ant frequencize‘s= W cand coL may be obtained with switch 226E9Haned and
cl d, respectively. The ratio of the two resonant frequencies nH and OL
maybe expressed as: 6H = (I LM =1+k , Egq (8 L WD 2006/ 020873

PCT/ US2005/ 028i¢ 4&on#it frequency @, may be obtained from equation (2) by setting L, =L, =L,

C,=C,=C, and @, =w,. The peak impedance Z, may be obtained from equation

(3)bysetting L, =L, =L, C,=C,=C,and @=1/,/(L+M)-C.
[0036]  For simphcity, FIGS. 2A through 2C show (1) an ideal capacitor 224 with no
parasitic capacitance and (2) an ideal switch 226 with no series resistance and no
parasitic capacitance. In a practical implementation, switches and capacitors have:some
parasitic capacitance. Thus, some current can flow through the parasitic capacitances in
the secondary ports even if these ports are switched off. Each port may be considered
as having a fix parasitic capacitance that is always present. This parasitic capacitance
limits the maximum frequency swing that is achievable in a practical implementation.
’ The capacitance for each port may be designed to take into account the parasitic
capacitance for the port. For simplicity, the following description assumes that ideal
capacitors and switches are used in the secondary ports and does not consider parasitic
capacitance and series resistance.

[0037]  As shown in equations (4) and (6), two different resonant frequencies @,
and @, may be obtained with switch 226 opened and closed, respectively. The ratio of

the two resonant frequencies @, and @, may be expressed as:

Dy _ (____@+M> ~Jl+k , | Eq (8)
@y L



where k is the coupling factor, which ranges fromO to 1, or 0 < k <_ 1.
Equations (4), (6), and (8) indicate that the desired resonant frequencies
VWH and coL maybe obtained by selecting the proper inductance and

capaci tance val ues and the proper coupling factor k. Equations (5) and (7)
i ndi cate t havotdeonesi red peak i npedances at frequenci escr/iobtogdidsMg nmay be
obt ai ned by sel ecting the proper inductagce and capacitance values and the

proper coupling factor k. The proper valties for the inductors, capacitors,
and coupling factor nay be obtained via conputer sinulation, enpirical

. ! Favi
Foo resonat or ke HE ol Hilor VHOR Flte R TR, B 8R40 VEERRELE) 2! N0
magneti cal |y (6pund 8) indied thitabOdsired refonamt flrgsendies %] fnd @5 adHe dbt@pdency,

which is a resonant frequency determ ned solely by the 1 nductance and
capaci t ance flyr seldsting dhet prop@Oid@jctantGand sapsbitanse aalveshandathe propeagouphingf a
coupl ed-i nduct qr_based..re at . 30 i t.hree coupl i nductors.(or N=3).
Resonat or 30 aﬁﬂrclf.ﬁ‘%%u “?%S(gga“é?@t%ﬁi‘s% %ﬁ'a#}tg% fl?isbre(gﬁea?ﬁgﬂ%g%es ?1%3‘388% ed in
paral l el withpd HARACKaPbe s SRAROFroPQiAduciRE A e 320
coupled in series wth g cg%égﬁb?rse%% andﬁapésivlétch 326, c?r%gﬁ(%é)y%ggst hird
port havi ng amdithaipoparcod@hgdadigr le dThenproprivelesvior theaindrpas; ichpcit@Sandnd a
switch 336. Inductprs 310, 320, and 330 are magnetically coupled and may be
viewed as thecouglmgnfgmr, may, be, pRIAPSA Vig ARMPWET STAYIGHoR PORUICH daggaemenbi apd of a
3-port transf@rger. Inductors 310 and 320 have a coupling factor of k12,

i nductors 310 and 330 have a coupling factor of k13, and inductors 320 and
330 have a cd@f38lng Resonater 200 mag 3lso bapimwed ey mvidig4wo B2dnator sanits BBshertwp each be
[ mented wi th e.or nore fixed capaci.tqrs n r .nore varactors, one
or @bre swit LS 85}3’85?§°86€%r,t % a%‘&?ﬁﬁ@ha‘ﬁ“@ﬁ&t %@?he’fgfoné ?@g}? 326 and
336 may be ingifvedusit! fre@pRYeHhvh Bl HeEni SQuERy dRdnnitiSaNIe 1 thenabl e
the second and third ports, respectively, which would then vary the

el ectrical chBfusangs pugkqapagitanse fordheqiost or * 300. Nodes V1 and V2 represent the

out put of res or . na. enhocdd _@gﬂy@t i

i nductors 310@6%0 aﬁgggfg%ﬁg]g Sal%?]n Bg'?ggi%%s&o L&l,e& aﬁdﬂfgﬁi gérS(t)aIgigé’(~a[cti vel y,
and capaci t or3003#ih thd@Acoapkld 3idcthaver NeappcResonates3@lf inCliides(2) afigstpart
respectively.. The nutuyal induct e M r any two, ts .0 and |, where
i=1, 2, 3, j ﬁvm@ m%fngﬁ‘ﬁ‘ﬁf ?Lj °,°“ﬁ]§§ 1’2)@?’6@@??3&? caRﬁ?lt‘llp » (Bha S?_cfn!,i PRHere k1
is the coupl 'Wg%%&fuc&?@%ﬁpl@@ﬁis%ﬁés Wittla bapadifor BN switdh326) QR4 @30873

PCTI US2005/ 02874 ) ) )
a third port having an inductor 330 coupled in series with a capacitor 334 and a switch

336. Inductors 310, 320, and 330 are magnetically coupled and may be viewed as the
primary, secondary, and tertiary ports, respectively, of a 3-port transformer. Inductors
310 and 320 have a coupling factor of k;,, inductors 310 and 330 have a coupling factor
of ki3, and inductors 320 and 330 have a coupling factor of ky;. Capacitors 314, 324,
‘ and 334 may each be implemented with one or more fixed capacitors, one or more
varactors, one or more switchable capacitors, or any combination thereof. Switches 326
and 336 may be individually opened or closed to selectively disable or enable the
second and third ports, respectively, which would then vary the electrical characteristics
of resonator 300. Nodes V; and V; represent the output of resonator 300.
[0040]  For the embodiment shown in FIG. 3A, inductors 310, 320 and 330 have
inductances of L;, 1, and Ls, respectively, and capacitors 314, 324 and 334 have

capacitances of C;, C; and Cj, respectively. The mutunal inductance M, for any two
ports i and j, where i=1,2,3, j=1,2,3, and i#j, may be given as

M; =k;-JL;-L;, where k; is the coupling factor between ports i and j. In general,



9 inductors 310, 320 and 330 nmay have the sane or different inductances, and
capacitors 314, 324 and 334 may al so have the sane or different

capaci tances. [0041] Different resonant frequencies may be obtained by
controlling the state of sw tches 326 and 336. Up to four different

confi gurati ong200692088 obtained with two sw tches 326 apgrd0es@sgaglescri bed
bel ow. [0042] FIG 3B shows a nodel of coupl ed-inductor based resonator 300
with both swtches 326 and 336 opened. ¥n this configuration, the second
and third ports are both disabled, and resonator 300 is equivalent to an LC

resonator. A i |.s t i . i S of 4 nductor 310
and has a resllﬁcg%g%%:gfobs %Meﬁaryeﬂs}‘g%glﬁ? &?% Qﬁ%‘g%%@t' mé%%geﬁdil}dﬁgg aﬁé&ﬁ?
iLrpeda_nce Z, u#, 3%&21233%33’8?1%hafvelhetsb]ilSdei{Térbgwﬁpchléﬁi&es. may bg Zexprgsged as
shown in equ s (4).an , respectively, or, = wWu_an , = :
[0043] FIG %@Eow@@%ﬂ@ww @emlﬁlil%fa-m%%&PB?mﬁhéﬁ_aoqt@%{ﬂé%ﬁta@oé} with
switch 326 clgserksand suhseh (336 PrBES entlcgréﬁébga?gﬁéjﬁlfa&%”bﬁitain%‘wiﬂl% second

port is enabled, the third port Is disabl resonator 300 1ncludes
i nduct ors 31Cvatebes320 and336; axdesaribed Bdw.nodel s the i nternal resistance of

i nductor 320 ha nesistance of r2. If. L. =L2 =L, C =C2 =C , =r2

I:r , uand k12 :@&&t] hemgﬁr%‘ggﬁémoﬁg&ﬁwﬁémgw‘f baé?ﬁlorei%émbéoﬁw’i%‘éthance 712
of resonator s33Qhesf326 ahd336 GRAdd. gﬁﬂﬂéédﬂﬂgurﬁﬁdﬁ, BR s6ooRA BSEMAd pérs AEBYM | N
equations (6) and (7), respectively, or 6012 = w L and Z12 = ZL . [0044]

FI G 3D showsdiggbledcpad respnater J90dgiequingleat toan b&rerpnptes of agsistor 3ddmeflelhtheswi t ch
326 opened a A 6. (G | I qur-at i port is
di sabloed, t hremtteﬁ]% %ﬁ%tggf c|’f(s:d“§e{%a I?’é(i)j ?n&a%saréeé%%%%c?% rf %0 |rﬁ%:qtl§182§;e%?%n§¥ct ors

31Qgand 330. &, raadithé @ealdddpedattel Z, toh@esonitar BEY, foe Hhis canfiparaibn,i MepeLor 330
an as a resistance of r3. If L,=L3=L, C =C3=C, r,=r3 =r, and k13=k, then

-the resonant dxpesedasshodd iBequatichsi(4)enp €ojrespepibeynorwddd odndrgsanat or 300,

for this configuration, may be expressed as shown in equations (6) and (7),
respect i vel y, 0843160 1HG: 3 ishawy 2 Znadel of icoppghmriugtrchasg respraiey 300nwithl  of

coupl ed | nduckary bagesbete3ANRh FRVD Ao oM ERGS 126AATGR3R ol osed

In this configuration, e secon t port ena )
resonat or 30Cenabled, tiskethirdiport ishlisabled, addics@mpor 300incBA& iadidtod3T10 ahd 320 A C

peak | mpedandB S22 grOp B eGY Sobane A ARG SULAG P EFOR iy o
expressed as:p, =L,=L, C,=C,=C, f,=5,=1, and k,, =k, then the resonant frequency w,,
and the peak impedance Z,, of resonator 300, for this configuration, may be expressed
as shown in equations (6) and (7), respectively, or @, =@ and Z,, =7, .
[0044] FIG. 3D shows a model of coupled-inductor based resonator 300 with
switch 326 opened and switch 336 closed. In this configuration, the second port is
‘ disabled, the third port is enabled, and resonator 300 includes inductors 310 and 330. A

resistor 332 models the internal resistance of inductor 330 and has a resistance of r3. If
L,=L,=L, C,=C;=C, fy=r,=r, and k;; =k, then the resonant frequency @,
and the peak impedance Z,, of resonator 300, for this configuration, may be expressed
as shown in equations (6) and (7), respectively, or @,, =@, and Z,, =Z, .

[0045]  FIG. 3E shows a model of coupled-inductor based resonator 300 with both
switches 326 and 336 closed. In this configuration, the second and third ports are both
enabled, and resonator 300 includes all three inductors 310, 320 and 330. If
L=L,=L,=L, C,=C,=C,=C, f,=1,=1,=r1, and k,, =k, =k,, =k, then the
resonant frequency @,,, and the peak impedance Z,, of resonator 300, for this

configuration, may be expressed as:



WO 2006/ 020873 PCT/ US2005/ 028748 10 1 wlz3= (L+2MC and Eq(9) Z123 = ~r
2M Eq (10) [0046] In FIG 3A, the first port is shown having capacitor 314
coupled in parallel wth inductor 310. Capacitor 314 may be omtted from
- the first port, which does not need to resonate. |If capacitor 314 is
omtted frofWee®oswr 300 and the second and third porptwusnes@sapl ed, then
t he i npedance | ooking into the first porfO is simlar to the i npedance
obtained for resonator 200 with two coupted inductors (N = 2). [0047] FIG 4
shows plots of the peak inpedance of coupl ed-inductor based resonator 300
for different configuratiops of swtches 326 and 336. For the exenplary
design il lustrated®?iqsr =ndwatiors 310, 320 and 330 have i ndigd®rances of

L, = L2 =L3=1 nano I@E?ZMQTC):, capacitors 314, 324 and 334 have

capacitances of C, = C2 = C3 =1 pico Farad (pF), the coupling factors are
k12 = k13 = k23= 1 , resj rs 312, 322 and 332 have resistances of r, =r2
=r3=1 Ohm (52), Apd es 326 and 336 are ideal and have nggl(pgses.

[0048] Plot 410 shows tRe(eak inpedance of resonator 300 for the
configuration shown in FIG 3B with both switches 326 and 336 opened. Pl ot
420 shows the Kk h’ﬂg@d c r f onf L,ous at i shown
in FIG 3C w [drqggw tc 22‘&1’ Ce%%t(?%gtggﬁlso% thggg\g,g%fag%gﬁ%g.cgﬁlﬁjm ?Jﬂg ows the
peak i npedancwithfinduetsnBHL 0€Car2Oiforf3dd mdytte anittéd fomahé st pérgwhidhnddes Got 3E Wit h
both switches 326 and 336_cl osed. _The peak _inpedances for the three

conf i gur at i on&8dR &sougte:r Hsamaer Mol pamtideom resgpatey) 300 apddhe goponsl andas shown
in FIG 4. [O0fddlpofts e chablOf ithliRS ichitRincd 10MkEHB ihRNAE ARE pbE R b RaUenci es
may be obtained wth coupled-inductor based resonator 500. G 4 also

i ngaacat es t hatmpedance ebikined fop easomatas 206 with pyeosoupied aldpctosi(M-ad). or changes

makes 11 easi 9% of Gt AOTROIE 185 Ritho ARRALS Oh P pRIPBr Jiide ot o

e at all

ct
three r esonanteséiatf Be0 Er@sferéd @bkt gufatibhs &f sHAIEMS 336 S6SIRLFGE i RamplyOf a
coupl ed-i nductor based resonator 500 with three cougl ed inductors (or N =

3) and three BeiRsIBETaG) de G &, clagertart o118, 32Readnas®rhaspdndusienisdes (1) a
first port ha\ﬂ, Qqﬁ a=rL3' =nld Lﬁ%c? ﬁet%‘}(lnﬁf "ég}iagﬁioré @148%53 laL(? 53%5\1@ cgpacitances of

C,=C, =C,; =1 pico Farad (pF), the coupling factors are k,, =k, =k,, =1, resistors
312, 322 and 332 have resistances of r, =1, =1, =1 Ohm (Q), and switches 326 and

336 are ideal and have no losses.

[0048]  Plot 410 shows the peak impedance of resonator 300 for the configuration

shown in FIG. 3B with both switches 326 and 336 opened. Plot 420 shows the peak

impedance of resonator 300 for the configuration shown in FIG. 3C with switch 326
. closed and switch 336 opened. Plot 430 shows the peak impedance of resonator 300 for

the configuration shown in FIG. 3E with both switches 326 and 336 closed. The peak

impedances for the three configurations occur at resonant frequencies of @,, @,, and

@, , as shown in FIG. 4.

[0049]  FIG. 4 indicates that a wide range of resonant frequencies may be obtained
with coupled-inductor based resonator 300. FIG. 4 also indicates that the peak
impedance is approximately constant or changes smoothly for the three configurations.
This peak impedance characteristic makes it easier to optimize the VCO for good phase
noise performance at all three resonant frequencies.

[0050]  FIG. 5 shows a schematic diagram of a coupled-inductor based resonator
500 with three coupled inductors (or N =3) and three banks of switchable capacitors.
Resonator 500 includes (1) a first port having an inductor 510 coupled in parallel with a




WO 2006/ 020873 PCTI US2005/ 028748 11 bank of one or nore switchable
capacitors 514 and switches 516, (2) a second port having an inductor 520
coupled in series with a bank of one or nore switchable capacitors 524 and
- switches 526, and (3) a third port having an inductor 530 coupled in series
wi th a bank WD 20w®263r3 nore sw tchabl e capacitors 534 angcgiishak)eBs74836.

I nduct ors 510, 520 and 530 are magnetically coupled and nay be viewed as the
primary, secondary, and tertiary ports, }bspectively, of a 3-port
transfornmer. The internal resistances of inductors 510, 520 and 530 may be

nodel ed with | . S A1 Nk 3E . The.c cj tor, bank for
each port | ncf)u gg %ﬁ}%gﬁ&%wetchgmet%ﬁ%@ﬁes%lé aaggcsiwtﬁgl}céﬁg’a@ﬁ%ss\ﬁ&%ng HED e
capaci t or nayhdvingsed éelutivelsg0 eoaiideth sorieslivatbh adnk of \6aE Yor héte svasimant

frequency of resapatgr, 500.. Although t showmn in FIG 5, a fixed _capacitor
may be coupl e&apﬁﬂﬁ’&é"’iaﬁ Swiiehes @21%%%9 &gPlﬂ"{diH?é@,a"@éaJE‘H@PCtPIh@Of‘i"P&l?dE’ort i s

enabl ed even 'sefrieglvhmswtxaﬁmgggnecap%&é Qrchatié &gﬁn&i}ssmng&ﬁ%@ﬂchg% %hei r

associated swi tches 516. | 1) Switches 526 ahd 536 nay be In ual 'y

opened and cl buetonrs03105 82@@pd 530 fdre mmgheticaliyveupbed wainomy die vpwedats dre f or
resonat or 500, .For each, port .th I s _enabl ed, . the switchabl e capagitors for
that port nayp%lgmge?eecg?qa&'el agpde. e8°‘§ndesaF°§1§(B‘VeaF laog,yl Q%fffanifﬂ’énef'ezﬁt?‘i"ant
frequency. Al {rifgne fesittincds @ MauttBrsl 6 520,an@ 330'mRPHE mb8elélt with Meelrbdisidrs POI )
may al so include one or nore varactors to vary the resonant frequency of

resonat or 5002s shpwp i Bl 3Bt She epacitor hanktfpy eagh portiinciudesons vomosIWitaltle530 nay

be used for c f : uni ' bl e .capaci.t 514, 524 and
254"y be SR efifor. EASUSREbIObRter 1§ b8 SILEDRY BB dhlR 8 iy,
freguency acqthestiesdnant feyertcyaafkiesigator [S00.5241tHoagh hbiestomporl PENtS, sheyed i n FI G

5, e or nore swtchabl e capacitors are cougllfd,in parall el _w th inductor
B

510. The swi t S3PAHIOL May e pqupled acppst prauetor {0 ghrll tmesne thakthe firg pathiseve

different resgndpi dvieHuRNGhRshaBRt WBsRolshs14NigNBRh r y CO
(which is obtained with just the ¢(Hpachots T Ak W cB28 A0 el SEK B hest

resonant fre8iéehesSMit (which is typically obtained with two ports

enabl ed). Swi bl e achtaor y _be . used .for. the first port, for
exanple, if thfebg epa?gﬁﬁgﬁggétaﬂééﬁe Y b?ni‘@g‘a@‘tah?e‘%‘?f&n %f?lgsﬁﬁéﬁ‘éfllef}, and
the next hi ghéifferehefaently band of Spiratidicfor REonafor S8 1 JiR eadhQidH tHR iRédaBRE Suggest

t hat sw tchabl e cagﬁgi tors shoul d be included. ,[0053& FI'G 6 shows plots of
the resonant PESHUehblesaragitors dyrdhatpprimaydieaselsetivshpenabled and disabled to vary

the resonant frequency. Although not shown in FIG. 5, each port (e.g., the first port)
may also include one or more varactors to vary the resonant frequency of resonator 500.
For resonator 500, the three inductors 510, 520 and 530 may be used for coarse
frequency tuning, the switchable capacitors 514, 524 and 534 may be used for fine
tuning, and the varactor(s) may be used for frequency acquisition and tracking,

. [0052]  For the embodiment shown in FIG. 5, one or more switchable capacitors are
coupled in parallel with inductor 510. The switchable capacitors in the first port may be
used to achieve different resonant frequencies between the highest resonant frequency
@, (which is obtained with just the first port enabled) and the next highest resonant
frequency @,, (which is typically obtained with two ports enabled). Switchable
capacitors may be used for the first port, for example, if the separation between the
highest resonant frequency @, and the next highest resonant @,, is large, or if design
considerations suggest that switchable capacitors should be included.

[0053]  FIG. 6 shows plots of the resonant frequencies achieved by resonator 500 in
FIG. 5. Plot 610 represents the range of resonant frequencies achieved by inductor 510

for the first port, with the second and third ports disabled by opening switches 526 and
536. The entire frequency range for plot 610 is achieved by enabling and disabling



FIG 5. Plot 610 represents the range of resonant frequencies achi eved by

i nductor 510 for the first port, with the second and third ports disabl ed
by opening switches 526 and 536. The entire frequency range for plot 610 is
- achi eved by enabling and disabling WD 2006/ 020873 PCT/ US20051 028748 12

swi t chabl e cwpaoicioeesss 514 in the first port. Plot 620 r egrRSeIt/mmstdge range
of resonant frequencies achieved by inductors 510 and 520 for the first and
second ports, with the third port disabiZ2ed by opening switch 536. The
entire frequency range for plot 620 is achieved by enabling and di sabling

swi tchabl e ca ' 14 apd 5 N foh [ and econ ort s

respectively. S%@ﬁg%bqégwé?léoﬁsr gg4e'r?t2'§e P ﬁsét"?%nggltla()to Ol’rg’g%?ﬁréﬁgh ¥ eu%é]rg?oé%m

achi eved by aﬁréqu&x{giﬁi@&cliﬁeﬁhd(ﬁ @c&i@%}ﬁﬁdﬁgdoﬂﬁé) g?lfspﬁnd ébecaﬂdlc}fcﬂeb\rm{ the. The
LTy o LSRR by soubatgibSLE i et aRHeA i

ports, respeci. . : fraquenci es

achi eved by réecg%ﬁ%%/% g}léag%n@@ (g%gm:%gr@g:h??ée?&gﬁé&ggrﬁén%fgsﬂ? gl?%ﬁr(s)tt%amo, 620

and 630 are sseténdcpats| [rgspedtistely. t Ploh 680 asmesente dhe mamge rednmgemanti fréquencéas| ap at

t he edges, as sho in.EIG.G. In I §.Cca the use of sw fchabl e

capacitors al?%%E&?P%é%ﬁg?%FggﬁﬂsPg&é§WﬁQ§§BQ EbﬁF%Hﬁbﬂgmaﬁhl GEEnge of
resonant frequgaCieslot (SMORhidNed By ERSRRAARIdiA8Eh Wik L BRikasd4 0E various
frequency bands between the | ower” frequency of ow,. and the upper frequency

of worry . [OGE4P4mthetfing, seedndandihird potis wspeatively.CPlosG40shews the édalpanges i n

The smal | est taseenr R EbalS SR SR e B o YR SR Feconant.
fr %ency i n plbBi616,1020 adde3Osardsuifidéntly ddds teh Anrsefréqueidyearides will @ieeaps/cond
po

determ pnes .t he highest resonant frequency in plot 620. The small est
capaci t ance i hereAgess py downda FEGd0. Inthig ?ﬂS?,c}hi)Bﬁ%i:S\*ﬂﬁh@#F fARgCiteEs allows

rel atively | afg6atRBa¢ td /iR ¥ @ntifnoud SHEHlE Mge bffsdH 0

frequency in SI ota 630.0 I n anot ﬁer Oél odi neniﬁl%earfest hr ee orcfeg' gfgégel ected
at all tines. witheeshiagore¥0 mayethembe nseflrfequarivoy fiegueagshbande tetweerhtht hewsmal | est
capaci t ance egch of the threedg)orts, and _| owest resonant frequency is

achi eved wi t hTe9VERGY; Y et MBS HPPErATraRency fh @6 -t he three ports. The three
ports may be l,gne Lth the s nunb f .sw tchabl e capaci s, and

t hese capacit &'ﬁé‘hrrayg?f\gﬂa%ﬁlgh‘?ﬁﬂe %%ﬁ%ﬂ‘ﬂ Ebﬁl.rG' %o?he\ghrﬁﬁﬁ?‘gs, mtrﬁ?%?tlo’f é(?d #&paci t or
in all threesdefivédy eRablddeo BRI 66 thréBEuERS BREONThE BRAGSE Qpadifin®!th t hree
ports maybe enabl ed to achieve the next |ower resonant frequency range,

then the thiréediparart deterimineg|the highess resonant frequency in plot 610. The smallest
capacitance in the first and second ports determines the highest resonant frequency in

plot 620. The smallest capacitance in the first, second, and third ports, which may be a
relatively large capacitance value, determines the highest resonant frequency in plot
630. In another embodiment, all three ports are selected at all times. The highest
‘ resonant frequency is achieved with the smallest capacitance each of the three ports, and
lowest resonant frequency is achieved with the highest capacitance each of the three
ports. The three ports may be designed with the same number of switchable capacitors,
and these capacitors may be enabled in unison. For example, the first capacitor in all
three ports inay be enabled, then the second capacitor in all three ports may be enabled
to achieve the next lower resonant frequency range, then the third capacitor in all three
ports may be enabled to achieve the next lower resonant frequency range, and so on.
[0055])  FIGS. 2A, 3A and 5 show three different coupled-inductor based resonators
with two and three coupled inductors. In general, a coupled-inductor based resonator
may have any number of coupled inductors.
[0056} FIG. 7 shows a schematic diagram of a coupled-inductor based resonator
700 with N coupled inductors, where N >3 for this embodiment. Resonator 700



ports may be enabled to achi eve the next | ower resonant frequency range, and
so on. [0055] FIGS. 2A, 3A and 5 show three different coupl ed-inductor
based resonators wth two and three coupled inductors. In general, a

coupl ed-i nductor based resonator nay have any nunber of coupl ed inductors.
[ 0056] FI G wostwew=msz schemati c di agram of a coupl ed-i ngdugiySioodsad
resonator 700 with N coupled inductors, where N > 3 for this enbodi nent.
Resonat or 700 WD 2006/ 020873 PCTI US2005/1828748 13 i ncl udes (1) a first port
having an inductor 710 coupled in parallel with a capacitor 714 and (2) N -

| secondary se oupl ed
in series wi 5%5 g&é zsiglac&[ '%fn qﬁwtop?@] o%ltéh rl1‘“??13(3"51}\e]i Qﬂg é)a i lg‘%g]rlg

magnet i cal |y and@)pNed, semdm@fpen@mmleadhg;ecfoadm@oﬁ heviiig @iydyetdr ﬂZ@éoupR:dUCt ors
i, jisgi venas k. Resonator . 700 be vi ewed as having N resonator

tanks for thd®Nepgs Vit a;qu’}éa%(’? %?@;%Fwﬁ‘%‘n % BpeNrngeriars & woenetitived. Each
ond capaci  anCuPS afa RE'cbEe FRA forah PHERENREREL T 1P Blen &, Weshibfgt ance
omtted, in wyGh, Pf"}s‘ﬁ 2 d&%@ﬂ%ﬂ%ﬁégsg?%%% ?@P’tﬁe ﬁepkpﬁ e‘f’ﬁ’e“ﬁtr&Bnart&“c for the

N1 secondary pol no res I'rst port. 7] For a
coupl ed-i ndumrc)magm(qeaﬂyroeapiemt}imhmsmﬂatohxltanhlhpd zestlﬁ-rasimmttcmequenwmmnMednay be

any val ue gr r. one, the N i ctors or different

i nduct ances. ebP'htg gtfa"?‘i‘?dmfiéélfa&’l”’é‘c? %éﬂ&gf%qugi’/%ﬁep?‘n@agé’ﬁe or

different. Thgithh GRRAGH QESrecsdRl 900 %ulhhﬁv@'Nﬂﬁ‘r'&B&‘ié‘r 1Y @l 8O Npaye the

sane or different = capacitances. The N ports may have the sanme or different

-sel f - r esonantsefandefygout et no regonatbrtank fonthdifikst gerdnt resonant frequenC| es nmay

be talned N—l svmtc rie duc - I the
uctors @ée"equaraco&ﬁgﬁé@gé&%&% efona}e?r wiith Iﬁ"coup mdqf % Vf_,erel the C

capaCI tors alm@y bavsy esluelorearp &ah lode)aBe Moindtidbrs nlay havélale—same or%h@ideﬁf C, and
if the coupli ng‘}factors are equal so that kv = k for_any pair i nduct ors

i, j , then Noghdtangssenthe cuphngntectprsegubgdY esduﬁav 8%y %@a.sme%g}lf@@éct i vely
control ling tHe N §eﬂo}sc ledth tﬂléiqfﬁnea&rs'rﬂ%u%ﬁﬂ&esthe%@ﬁ ant‘ﬂ?‘g?f‘f eand/ or

coupling factors are used for different port en nore t rent
resonant frequemitaesss.nile Nipertoinayhave thelsyms et @ﬂbnenteslelf “resbwst figquendidseAgnt

conbi nati ons 10058 F 0 ts de | bed

above, each slg%sew]a‘ﬁﬁjx}eﬁtorﬁonﬁ'ggeﬁ?e%%?f’y %Mﬁg ?égﬁ e@& "fﬁe ries

with an inducdefies With -1 eadictRfe BWhé Q. m@cﬂﬁ:{ hévd eftial inductance so that
L,=L,=..=Ly=L, if the C capacitors also have equal capacitance so that

C, =C, =...=Cy =C, and if the coupling factors are equal so that k; =k for any pair
of inductors i, j, then N different resonant frequencies may be obtained by selectively

controlling the N —1 switches. If different inductances, capacitances, and/or coupling
. factors are used for different ports, then more than N different resonant frequencies may
be obtained by selectively closing different combinations of the N —1 switches.
[0058] For the embodiments described above, each secondary port has at least one
capacitor coupled in series with an inductor via at least one switch. Other circuit
elements may also be coupled in the primary and secondary ports. For example, a
negative resistance generator (e.g., an amplifier) may be used in each of one or more
secondary ports. Each negative resistor may be selectively turned on and off, and may
serve as the switch for the port. Each secondary port with an enabled negative resistor
is able to oscillate by itself. In this case, multiple oscillators may be formed in multiple
ports, and these oscillators are coupled via the coupled inductors. Different secondary

ports may be enabled and disabled to achieve different resonant frequencies.



el ements may al so be coupled in the primary and secondary ports. For
exanple, a negative resistance generator (e.g., an anplifier) my be used
in each of one or nore secondary ports. Each negative resistor nay be

. selectively turned on and offs and nay serve as the switch for the port.
Each secondaw9 2@ei0208% t h an enabl ed negative resistor ipgTAaRkedsbg4@SCi || ate
by itself. In this case, nultiple oscillators may be forned in nmultiple
ports, and these oscillators are coupl ed%ia the coupled inductors.

D fferent secondary ports may be enabl ed and di sabled to achieve different
resonant fre e 06/ 020873 1028748 4 1005 Fpr a VCO
enpl oying a (rq@g%bﬁat (S)l?or\\/ﬁ%§8ﬁn}? ci}%ge%relg)n g)g%t?@? ¢ gcrd:mﬂm o1, ﬁv%erec?%a?r e tuning
may be perfOrdmﬂetm@@@ﬁe?éiﬂundé&&tﬁneblébﬁﬁ&Eﬂﬂ’@ﬂm@ﬁﬂbﬁdﬁb@iﬁhﬁﬁo@ﬁfﬁ&fstS such
that the center, or nom nal frequency of the VCOis as close to the desired
frequency as P64 the centereon %ﬁlﬂe’ﬂ‘ﬁleﬁf B BePr raretloteotocthasietirednd

di sabl e the ﬁ’§q%s}%gha‘§?ﬁg§iﬂ9t PRR ting Wah SRANHERRAGT fUnbif ihd BMe bR e

enabl ed port(s t the nom frequency oser to the
desired frequaopsy combiphiamef seitétablelcampitor§ BE &r)y) mathe ehebledlperti(sy acth that theck t he

VCO to the desir. f dj usti,ng the ractor(s) in the enabled
port ( g) : ioogwéeﬁﬁlﬂ%e?ﬁ%g wls]a‘f&%g{}f)%@o‘{éf?ﬁﬁl\(f?etqﬂ?n%’aééé‘a%eggﬂﬁgtlw may be
i npl ement ed i (PLL) YA tR&ASHETRIAGH JockFBE VOXRIPHR. debit@ f'réh‘dé!rfctyq{ysadﬁlﬁﬁnlz%gx)ef or med

with metal conductofrs on an IC die or a printed circuit "board ( . The
i nduct ors mayvascks(shia thegsiabledpet@.- with di screte or hybrid conponents.

[0061] FIG 8 S \ 00. W C -i.aduct or _based r.esonai.or 802
havi ng three E’gﬁ@ edﬁfen"g‘u%(? &) %rg%&p?@?gyackggﬁ r?s?)nra?qrﬁ?a eb%?lflg?nq of this
enﬂi ment,  vandusiaineR] For sxdnpleyait mdickoramby b6 for@ed ohith nfefal corddeteis@®n 820 is
fo d wth a s]feqc nd conduct.or, and inductor 830 is forned with a third
conduct or. ThE ¥ figor agrpigdqcircyiy poard {PEH). - Sheiindpeiprs mayealsabsrigmplementedr ce

spirals such &vﬂ@&is&ré&o{ ﬁP}cB&?oxfeﬁ@dUCFor is adjacent to the second
alf o

conductor for the righ the spiral and is adjacent to the third

conduct or forl006d | eFEG.hhishovest a tWHeO HOD rveith aredugl@d-inttheorsleased cesanatbrt §92r d
conductors arg_.adjacent.t.0 each h faqr e .entir iral. .The three
conduct or s m@avagsoeggmpé)eld r}g(ﬁ]cf%s ng)t ﬁieor“ﬁéﬁf@?f TCERR Sejg?ﬁgﬁlse?mtfoﬁgn?gcond
conduct or mayinbectdrB10ESl fardiea Gt a igst atrdliuctor) Shdietop 820 Refobéd itk andewzor, and
the third conductor may be forned adjacent to and outside of the first

conduct or . Thfegdugtere pbindugten &30 is Jsmied) with o third icpndycter. g b fitsh §pgopghcpnd
third conductors are formed in three spirals such that (1) the first conductor is adjacent
to the second conductor for the right half of the spiral and is adjacent to the third

conductor for the left half of the spiral and (2) the second and third conductors are

adjacent to each other for the entire spiral. The three conductors may also be formed in
other manners. For example, the second conductor may be formed adjacent to and
’ inside of the first conductor, and the third conductor may be formed adjacent to and
outside of the first conductor. This alternate layout would result in a higher coupling
factor k;, for the first and second conductors, a higher coupling factor ki3 for the first
and third conductors, but a lower coupling factor k3 for the second and third
conductors.
[0062] A capacitor 814 is coupled across the first conductor at nodes 816a and
816b, which further connect to VCO circuitry 840. A capacitor 824 and a switch 826
are coupled in series with the second conductor for the second port. A capacitor 834
and a switch 836 are coupled in series with the third conductor for the third port. VCO
circuitry 840 includes all of the circuitry needed to generate the oscillator signal (Osc)

such as, for example, amplifier, capacitors, delay circuit, buffer, divider circuit, and so

On.




factor k12 for the first and second conductors, a higher coupling factor k13
for the first and third conductors, but a | ower coupling factor k23 for the
second and third conductors. [0062] A capacitor 814 is coupled across the
. first conductor at nodes 8l16a and 816b, which further connect to VCO
"circuitry 840020¢/6mpaCci tor 824 and a swtch 826 are cowpl/gshobdn28Agi €S W th
t he second conductor for the second port. A capacitor 834 and a switch 836
are coupled in series with the third conductor for the third port. VCO
circuitry 840 includes all of the circuitry needed to generate the

oset 1201 =1 @feh (B0l Ronal R (R BrpiipPbicia 0°! 2

PCT/ US2005/ 02&ifiédly (crSalin6dGatirel) oach loswdsambiay lhyétU@lgl Ltoopp@y; temcept @r, arfyne three
conductors may be fabricated ent.i reagmgor al nost entirely) on a | ow1 oss

metal |ayer (Wd§Passqigyplepopnnest seopns me fBdIcias sTlieoﬁFS cendugan et
sections of tﬂ@uo?&rﬁiO Pthed Iﬁ“ﬁﬁel? lopSthe FARUCHOG] {29 in! Gb 95 i§t0 may be

forned entirely on the Iovv- oss nmetal |ayer in order to achieve ovv-Ioss A
“tap' pin 81810W310&SheA Clepit gin 8 &y the cemtentep of iBlLGondiD adymiyebe canpleddotao a

| t h | t d b t
o onent e ¥ istist SStpty Wlage ofhith dan Hhen i e b fagk St fC O Comtipens o o1 so
formed in the(e%@‘,@@f&dtoﬁzdoupldalté dlecmstdséﬁmfos fr s dréldbtpfo%ed 348 fa6hd3;

respectively, e used if needed. 641 FIG 8 shows a specific
enbodi ment of thirg P@@uﬁtﬁ@lﬁ@ﬂw@w&l@O 38Q§3(hm§p®9®ely,land ngehen@ﬂ if Ixeh@eddesu red

I nduct ance fo Qﬂﬂ t r priate
pattern (e.qg. ﬁl rawg mﬁgfmg é;{zégﬁmpe\élﬁ gtg%ogr% rlgll l'ing

th wi dt h, hgﬁngﬂal, thfaldebhed m:htanceafdrrdaﬁuirﬂactmf m‘af/l&)ethmim&ItW sel&ﬁhg ahent
controlling the placenent of the

co ing factors na bt ai ne
conduct grs ant PGP %é’a'g‘?rgg%lﬁcép t4Rublg SP‘EW’&&%IGE‘% & §n) aqdecopiplinge thsr s may
be fabricat edwidt, hed rhﬁMﬁ&B@%&@ﬁesQﬂMﬂﬂ&r 'ﬁf‘f@r@ﬁt% ﬁngfa&érs SndyOW | 0ss

netal (e.g., co per a nore Ioss?; nmet al .g., alumnu sone” ot her
material. Hi gbfe@bt@wdv cgetralling e plicengent pe eomiludmrand/gr tﬂnaldrstaoecﬂwdwmnt h a

| ow-| 0ss rret I duct [ ricated on.a |, 0ssy metal
| ayer because d’A}F gfr% }esnt eés"ung‘r‘f‘t&ﬁ &Y T %%cﬁtp)ﬁ% ﬁ:‘l'ﬁaém%ﬁ’ﬂ’ﬁ%f%f%ndfl%f%t he
i nduct ors maymaﬂehalbﬁch ds allow-t@t ﬁd:tad)(e 4. 'oppa)ye Moy REsy(radal {9V \luinthufd) r 8) - or

on different a| n _ stacked i nductors Different | ayouts
and fabricati etg]gqg&qlaéﬁlj@g ii} dpé}ygbq\;}cé}%ed if the conductor)ls fabricated with a 4

low-loss metal. A smaller-size inductor may be fabricated on a lossy metal layer
because different design rules may apply. The conductors for the inductors may all be
fabricated on the same layer (as shown in FIG. 8) or on different layers (e.g., to obtain
stacked inductors). Different layouts and fabrication techniques (including Micro-
Electro-Mechanical Systems (MEMS) technologies) may provide different advantages.
‘ [0065] The switches to enable and disable the inductors/ports may be placed
anywhere in the secondary ports. For example, the switch for a secondary port may be
placed next to the capacitor, near the inductor, or even between two sections (e.g., in the
center tap) of the inductor. The switches may also be implemented in various manners.
For example, the switches may be implemented with N-channel metal-oxide
semiconductor (N-MOS) transistors, P-channel MOS (P-MOS) transistors, bipolar
junction transistors (BJTs), Gallium Arsenide (GaAs) transistors, MEMS devices, and
so on. The switches may be fabricated on an IC chip with the same IC technology used
to fabricate active elements (e.g., transistors). The switches may also be implemented
with discrete components or using MEMS technologies. The implementation of the

switches is generally not critical, but the losses of the switches should be kept low to



El ectro- Mechani cal Systens (MEMS) technol ogies) may provide different

advant ages. 100651 The switches to enable and di sable the inductors/ports
may be placed anywhere in the secondary ports. For exanple, the switch for
a secondary port may be placed next to the capacitor, near the inductor, or
even bet weewa y06/608MBi ons (e.g., in the center tap) ofpdhesnadughor. The
swtches may al so be i nplenented in various manners. For exanple, the
switches may be inplenented with N-chand@l netal - oxi de semi conduct or
(N-MOS) transistors, P-channel MOS (P-MOS) transistors, bipolar junction

transistors it | i um Arseni ( {4k ansd st o V | ces, and
so on. The S\(/rmgql;é (%e%p%g OPQ%? iecegﬁgél éﬁ?\aﬁ;%en%%sc%li %Evéoﬁ%le elz@ cstgrerréﬁﬁ%i%

t echnol ogy usewdnattro fabricate active elenents (e.g., transistors). The

swi tches may al be i nmpl enent ed ith discrete conpopents or using MENVS

t echnol ogi es.[&ﬁ%g i E‘Bﬂee‘i?éll’rlﬁ%fl}d&ﬁ% aseq, gesorgipr %&?ei":?e‘gg‘?feﬁ“’ép}‘i/ st %ritical

but the | oss : I :
DT Uas005T oSag Faok o i 19008, GHieH ﬁ%dgg%]&(p;ﬁgcg%ga%ef(fggéﬁ i E

of the coupl edystahdsetiators GES¥Qs), andsooat dhe cqupleddjdudioebasednsbandior mdpelsor based
resonat or nay _be used for various t s.of Loscillators as VCGs,
current cont ?BSI ?Sgg %@%ivﬁl%o?sgﬁf’ﬁ%béé%?o%1 t SEETa SR e?ﬁ(ag Agrigng, are

oscill ators (d¢texdbed belepd so on. The coupl ed-i nduct or based resonator nay

al so be used with various oscillator topologies. Several exenplary VCO

designs are ri - BShows a sabesatic ¢ragm of 3 > WBIGB MRHPECRANEEG3am of a
6t i JIG- B cherstjc dia F3 NG, whish isimpleninied
VCO 900, whi ¢hod Sk & aif‘ﬁ%cili’atcgp Wb@%tiﬁgydeg%g&ﬁg@ﬁ%du?%? badedit Or . VCO

900 i ncl udes a coupl ed-1 nductor base resona ree coupl ed
in tors, anesnpbi P02havirpOthrearvdupled indnatos, soampldie® 340, aqdiaroantntsowrcee 950

in des a P- ransi st or_ 95 avi LtsS sour coupled to a ower

suppl y, VDD, S%ES Ct@ﬁ?‘& S?‘E&%é%?i‘?éugsﬁﬁaggosmﬁg‘g %V,m@wowgcwlfﬁﬁ%r ovi di ng
a reference F Sipply, Agp! ité gt r8&4RrigSa GRERGR f s, MRS dediR DRIvRiSY 8 942a
and 942b and ﬁ)g{e t};glggl stl(%rsr944a g:?ld 944b%é'lyr%ansi stors 942a and 944a

forma first refevaaes eyrent. Fqaplifier dkis seropesedali-MOR) transistors Wmand 42band
inverter. Tr i | S L &fo s LI CHlf: its
drai n coupl egﬂﬂo{% ﬁiensgﬁgsr@nﬂgﬁn 4 %%Rsﬁg glgtog}%g? andMlg{@gaaﬁé{mg%r%}p{{ng to a
node V . Tr ansdnsisiors 94Pbaandas44btforms @usecendcinu@teed Transishe ¥Raibas g do@asi st or

2 and | I n . Transi rs 94 44b ar |
Igﬁ s?mdl :'if’ S gc%tugleg (t)ou uc%lct! gtro?md,ci?sedramv’ F():oupled tgrill?el Eﬁg o &gns%slt)orabqga, ?md Rs gatg coupl ed

coupled to anode V. Transistor 944a has its source coupled to the drain of transistor
952 and its gate coupled to node V_,. Transistors 942b and 944b are coupled in similar
manner as transistors 942a and 944a. Nodes V,, and V, represent the input and

output, respectively, of the first inverter. Nodes V., and V_, also represent the input
' and output, respectively, of the second inverter. The first and second inverters are thus

cross-coupled. Nodes V., and V_, also represent the differential output of VCO 900.

[0068]  Coupled-inductor based resonator 902 has three ports. For the first port, an

inductor 910 couples between nodes V; and V,, and varactors 914a and 914b couple in
series and also between nodes V and V. For the second port, an inductor 920 couples
in series with varactors 924a and 924b and switches 926a and 926b. For the third port,
an inductor 930 couples in series with varactors 934a and 934b and switches 936a and
936b. The center taps of inductors 920 and 930 are coupled to circuit ground. A
control voltage (Vi) is provided to varactors 914a, 914b, 924a, 924b, 934a and 934b
and used to adjust the capacitance of these varactors. In general, each of the three ports
for resonator 902 may include any number and any combination of fixed capacitors,

switchable capacitors, and varactors.



manner as transistors 942a and 944a. Nodes V,,, and V.', represent the input
and output, respectively, of the first inverter. Nodes V', and V' al so
represent the input and output, respectively,. of the second inverter. The
first and second inverters are thus cross-coupled. Nodes V', and V,,, also
represent theodiotdmesntial output of VCO 900. [0068] CpupyeMsddiguet or based
resonator 902 has three ports. For the first port, an 1inductor 910 coupl es
bet ween nodes V, and V2, and varactors 9¥4a and 914b couple in series and
al so between nodes V, and V2. For the second port, an inductor 920 coupl es

in series wt ra 924a and 924b..and sw e 26 nd 926b. For the -
third port, [Q%éé?ndai@%io§ %%?8?18 Cidipezazp P}(Ie\%% ﬁOO@aWQEI?l?r@p atednd 934b
and swi t ches 836@opite os8BGRr. TED G800 eichided Sofled iNgiesdr WaSedSmEbnatdd 9930 are

coupled to circuit ground. A control voltage (V.,) is provided to varactors

914a, 914b, 9Iewag thysuepuplyd jedugiers, 8 9ukent sovace 040, aug ap @ppkifiert!R0.cepawitt ance of
h . for 902
these varact Qbtrce ?@gﬁg&g&neg ll%l(\)@:ftﬂag?]%to}sh%ﬁz{ﬁnﬂel 8% ﬁa%mrgttﬁ)erlr Joﬁt%@&h@]%g bl e nmay

i ncl ude any nunbe on of fiIxed Ccapacfrtors, sSwt
capaci tors, dodirmdtr grotual; their\iated Gée6ivingQ8hias FIihgd Bt Gbir/dtfins dohipled@69] FI G

10 shows a schematic diagramof a VCO 1000, which is inplemented as a
Col pi tts osciuofes ¥s. andcw,.oemedtivelyu desplfist pPEintlndas N-MOD tansistore iS3at or 902
having three coupled inductors, a current source 1040, and an anplifier
1050. QJrrentandslgﬁﬂbd@meBli soutcasieyipud Koaodes Vi iand Of.s, respectivelynandibaizb havi ng

their sources, coupled to circuit _ground, thejir gates receiving a bias

vol tage Vbj ,dr3Rycqupisd to dhessupplycenliace ¥ opo Caypled-dndyctor bessd reponatercdBeist i vel .
Anplifier 105Q0icRehiddas j ak ' eir
Sogaces couplelTereass SROHR a0 ShEhRIcE V] ks of Rordl 8B AL 02

cob ed to t gstes opfphnsistond 1GGe and/DI52b,Cesppétevelyi ddcrphditor bele doupdessdiottesn 902 i S
i npl enent ed descri bed above, . a nodes V2 of .resongtor, 902 coupl e
to the gat egtﬁ%gas? ?"ﬁfr%’}l’é’?f? ganf%f?ﬁgg%?ﬁda ‘ia@%?\/{?,r ?@B 68‘53‘?5\}’&‘@??“ e a5 28t or
1054a coupl esohet Weehhsisto ot i N Gapaci tor
1054b coupl es0 et ween ltsf?e 8%21%&51?1%&})2‘%3{ QG%HI%IEE%%%{%%@@%E,V%@%&a
capaci tor 105¢-coupl e between output nodes V,',, and Vout' [0070] The VCO
and coupl ed-i ntfuct or based resonator described herein may be enployed in
various syst qup70pnd BRPVCOddeaplediildudsr bRABAHRbEAdr RBoribBE h¥fRinkini be

conputing, consuner electronics,” and so on. For exanple, the VCO and
coupl ed- employed in various systems and applications such as communication, networking,

computing, consumer electronics, and so on. For example, the VCO and coupled-
inductor based resonator may be used in wireless communication systems such as a
Code Division Multiple Access (CDMA) system, a Time Division Multiple Access
(TDMA) system, a Global System for Mobile Communications (GSM) system, an
Advanced Mobile Phone System (AMPS) system, Global Positioning System (GPS), a
‘ multiple-input multiple-output (MIMO) system, an orthogonal frequency division
multiplexing (OFDM) system, an orthogonal frequency division multiple access
(OFDMA) system, a wireless local area network (WLAN), and so on. The use of the
VCO and coupled-inductor based resonator for wireless communication is described
below.
[0071]  FIG. 11 shows a block diagram of a wireless device 1100 that may be used
for wireless communication. Wireless device 1100 may be a cellular phone, a terminal,
a handset, a subscriber unit, or some other device or design. Wireless device 1100 is
capable of providing bi-directional communication via a transmit path and a receive
path.
[0072]  On the transmit path, a digital signal processor (DSP) 1110 processes data to

be transmitted and provides a stream of chips to a transceiver unit 1120. Within



i nductor based resonator may be used in wreless conmuni cati on systens such
as a Code Division Multiple Access (CDMA) system a Tine Division Miultiple
Access (TDWA) system a G obal System for Mobil e Conmuni cations (GSM
system an Advanced Mbil e Phone System (AMPS) system d obal Positioning
Syst em ( GPSw0 moc/orod781 pl e-i nput rnul ti pl e-out put (MB4O myisdiL9s/088480r t hogonal
frequency division nultiplexing (OFDM _ system an orthogonal frequency
division multiple access (OFDVA) syste}ﬁ a wreless |local area network
(WLAN), and so on. The use of the VCO and coupl ed-inductor based resonat or
for wireless, co icatd is de [ ¢ . ] a bl ock
di agr am of atrvg\ﬁlsgégyegs@ﬁ dlég{)]’c(glelofdg&% h ntg;%g lﬁlgﬁ" ﬁcs)evgggx%(glr) K\/bm% %ﬁéscgﬁ%fﬁ

communi cat i othe si¥éanebBddpsdevhea ndk® Bnalopysignalsa The hdaldgaignplis)aes, filkrddeyrd nal , a

handset, a subscrjber unit, or song other deyjce design. W.rel ess device
1100 i s caprFr_e“c%“’ lifigd By Bi Yaﬂ‘?ﬁ’lécﬁ%ﬁﬁﬁpxéﬁnﬁz(%ébiﬁégn%%e‘ﬁmﬁyansm' t
path and a rgg hV&ite%FfﬁﬁlbbaJeQQlletb I@ﬂb%'gem%('ﬁaﬁ]m{o fathie & R Qighal shgnal

processor (D 1110 processes data ~be transmtted and provides a stream
of chips to #&equens)svprionersiomist peafoped with lenrupeevesds/ DO GERal /aJ¥L2005/ 028748

18 t i it 1120 di gi.tal - t.9- anal DACs
1222 convert Thithette BT Satal s Bt BF b S Pl s e R G &P BB Gk *orad o
si gnal (s) ar g134, tduesertolish Adupldxbl ®) 113624nd ttutiBthitfed GOmby attemarilakl e gain

amplifier (VGA) 1126, and frequency upconverted from baseband to RF by a
m xer 1128 t 0@8her Snebareceire pathyraai RF mpet signpldlg deesived by awerpa ld4Q poyted

performed w V. i i - jgnal is
filtered by glg?‘?%ﬂt(}eﬁpﬁg%ﬁ?g’a%qﬁ%@gggg&l go%g%11§@%%§?4%%reﬁl%ﬁd4, rout ed
t h@ugh a duffiliexEdo (do) fiedEmcy dovdnconansdirdbmeRF forbasnbaml iyt mivenl M&4dth § 0073] On
th eceive path, an RF_input_ sign IS .received by antenna 1140, routed

t hrough dupl SR¥RCORYeRgon &Pp‘ﬁwi gﬁ‘%ﬁya{lg dafndhe dourepy el Plgeﬁrwuﬁﬁ%ﬁ,
filtered by %zabfxffértl%zjﬁ%@db?'&(ﬁltfefﬁ%%ﬁ)d_iﬁt%ﬂﬁ BEdringde ita@B. tRdidital baseband
by a m xer 1148 wi th a downconversion LO signal Troma VCO 1150. The

downconver t egorvereral (ADEsh Uf $t te @btaimyone prufmoes stiepgy | off amples.e dThgysaznplg | t er
1154, and diQjti K I -1o-digital converters (ADCs) 1156
to obtain ongh%afni%eg‘yrgﬁ?%datﬁs])%@%ﬁgﬁleoggssﬁl%e sanple strean(s) are provided
to DSP 1110 fje074pr o®&Gsinghows a specific transceiver design. In a typical transceiver, thé

signal conditioning for each path may be performed by one or more stages of amplifier,
filter, mixer, and so on, as is known in the art. FIG. 11 only shows some of the circuit
blocks that may be used for signal conditioning. '
[0075]  For the embodiment shown in FIG. 11, transceiver unit 1120 includes two
VCOs 1130 and 1150 for the transmit and receive paths, respectively. A phase locked
loop (PLL) 1160 receives control information from DSP 1110 and provides controls for
‘ VCOs 1130 and 1150 to generate the proper upconversion and downconversion LO
signals, respectively. VCOs 1130 and 1150 may be implemented with various VCO
designs and may employ the coupled-inductor based resonator described herein. For
example, VCOs 1130 and 1150 may each be implemented as shown in FIG. 9 or 10.
Each VCO may also be designed to operate at an integer or non-integer multiple of one
or more frequency bands. Table 1 lists some frequency bands commonly used for

wireless communication.



[.0074] FIG

transcei ver,
or
art.
si gnal

FIG 11

nore stages of anplifier,

11 shows a specific transceiver design.

In a typical

conditioning for each path may be perforned
filter, mxer, and so on, as is known
shows sonme of the circuit blocks that may be used

the signal

only

by one
in the
for

condiwo aes/029873[ 0075] For the enbodi nent shown i np&t/Gs20dsloastsg anscei ver

unit 1120 i ncludes two VCOs 1130 and 1150 for the transmt and receive

pat hs,

generate the

respectively. A phase | ocked
i nformati on from DSP 1110 and provides controls for

| 08P (PLL) 1160 receives contro
VCGs 1130 and 1

proper upconversion and nversion LO signals,

I
150 to
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desi gns and enpl oy tne Fedsl Mguctor based t esopar or Crip

herein. For | exanple “%E b 50 may each hb i MRS X #2%s _khown in
FI G _ 9 or 10} per@gmomoﬁg%nb@@si ghed to ope atfgsatto wpou\mﬁgger or
non-i nt eger puttipte—of—one—or—rore—tregquency bands—Tabte—t st one
frequency bah@ewas nmon! y used for wreless comuni ,atlgﬂtowl‘é@@6/020873
PCT/ US2005/ 0P8/, ah 2 .. al
Cormuni cat i op ﬁd&gl 20 900 M-z Ce ]

Digital Cell uGSM%Xystem (DCS) 1710 to 1880 Mz GSMDOO @9@09@1@3@ MHz

I nt ernati ona VUDI e AL car.l MI="2000 2 T70] MHz
CDMA450 411 Wﬁd’g‘&%%gu @Wmf %92#’3 1P, | & obal
Posi tioni ng S@gmmGDS) 1574. 4 to 1576 4 MHz [007 :] m@t@mm/[gg I nduct or
based resona geser+bet—herer-r—ray—atso-—be—used—+Fo other—et+ettt{ bl ocks
besi des VCO KEPMéxanpl e, the coupl ed-induct or basefl r &58iarMgny be used
fo I'ti-bangppeg tunable fiTters, inpedance natchihg pgbl\ﬁg{@mg 50 On.
[0 ] The V| ' Lnl may be
fabricated w Globeldositinsing S:yqnenm(fm t echnol ogi es such B34 HHMMIB6.4MNLS CMOS,

BJT,

[0076]  The coupled-inductor based resonator described herein may also be used for

other circuit blocks besides VCO. For example, the coupled-inductor based resonator

may be used for multi-band or tunable filters, impedance matching networks, and so on.
[0077]
fabricated with various IC process technologies such as N-MOS, P-MOS, CMOS, BIT,
GaAs, and so on.
fabricated on various types of ICs such as RFICs, analog ICs, digital ICs, mixed-signal
ICs, MEMS devices, and so on.

[0078]

any person skilled in the art to make or use the present invention.

The VCO and coupled-inductor based resonator described herein may be

The VCO and coupled-inductor based resonator may also be

The previous description of the disclosed embodiments is provided to enable
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 is to be accorded the widest
scope consistent with the principles and novel features disclosed herein.

[0079] WHAT IS CLAIMED IS:



GaAs, and so on. The VCO and coupl ed-i nduct or based resonator nmay al so be
fabricated on various types of 1Cs such as RFICs, analog ICs, digital 1GCs,
m xed-signal |Cs, MEMS devices, and so on. [0078) The previous description
of the disclosed enbodi ments is provided to enable any person skilled in
the art to nake or use the present invepntion. Various nodifications to
t hese enbodi nents will be readily appatent to those skilled in the art, and
the generic principles defined herein may be applied to other enbodi nents
wi thout departing fromthe spirit or scope of the invention. Thus, the
present invention is not intended to be limted to the enbodi nents shown
herein but is to be accorded the w desAIMScope consistent with the
princi pl es and novel features disclosed herein. [0079] WHAT IS CLAIMED I S:
20 CLAIMS 1 An apparatus conprising: a resonator having a plurality of
ports, each port coapippshigcaiprisinguct or and at | east one capacitor wher ei n
a plurality of inductors for the plurali ports are netl?al
coupl ed. mheﬁbﬁﬁm@ﬁb‘?@§ﬁhﬁW6Wy€§HﬁFr§§ pat “W@ﬁ?ﬁgﬁﬂﬂggmﬁbwp§“ Arid™an
anplifierc ?&HQJ Qi 4 RRIrAIBS ONALRRora st B BluailyCott ford QRE MatRtieMy @Yt it si gnal
havi ng a requency determned by the resonator. 2. The apparatus of claim
1, wher ei Whartiethe saseator 6pmpiites at irast g Rof:éRd are configurable to operate at a
plurality of fefneﬂ%ﬂgycogﬁpdj% thS resdiafr @Rp%e@a%lésco ane?alt@émtpfput W3RA qﬁh\nné he
plurality of ports are selectively enabled and “disabled to vary the
f r equencyfraenchdeteutiped by diegesanatord, The apparatus of claim |, wherein each
port for at |east one of the plurality of ports conprises at | east one
switch operable to selectively connect and di sconnect the at |east one
capaci tor for %he metapp“Satuswf@laalppavlmqjsthbfesma@r prdithe yohrdifier a1e eadiBuipde t f or
at | east rts conprises a variable capacitor anong
t he at Ie@gﬁaone ggﬂgg C§§F9% ggport. 6. The apparatus of claiml,
wherein the pIurallty of |nductors have approxi mately equal inductances. 7.
The apparatus of cl-gj.m Jaﬁ,tmefr It CMRreh HE Bdah) P orls AHHER ARy A Fed and
approxi mately “‘equa &6l

disabled to vary the ﬁequency 01‘ the output su,nal

4. The apparatus of claim 1, wherein each port for at least one of the plurality of ports
comprises at least one switch operable to selectively connect and disconnect the at least one

capacitor for the port.

5. The apparatus of claim 1, wherein each port for at least one of the plurality of ports

comprises a variable capacitor among the at least one capacitor for the port.

6. The apparatus of claim 1, wherein the plurality of inductors have approximately

equal inductances.

7. The apparatus of claim I, wherein the plurality of inductors have approximately

equal coupling factors.

8. The apparatus of claim 1, wherein the plurality of ports have approximately equal
capacitances.
9. The apparatus of claim 1, wherein the resonator and the amplifier are coupled as a

cross-coupled oscillator.




8. The apparatus of claim 1. wherein the plurality of ports have

approxi mately equal capacitances. 9. The apparatus of claim1l, wherein the
resonator and the anplifier are coupled as a cross-coupled oscillator. 21
10. The apparatus of claim 1, wherein the resonator and the anplifier are
‘coupled as a Colpitts oscillator. 11.1The apparatus of claim1l1, wherein the
plurality of inductors are forned mﬁtﬁza plurality of netal conductors. 12.
The apparatus of claim 11, wherein the plurality of netal conductors are
fabricated on an integrated circuit (1C. 13. The apparatus of claim 11,
wherein the plurality of netal conductors are fabricated on a printed
circuit board (PCB). 14. An integrated circuit (1C conprising: a resonator
having a plurayity (gl HRLHS or 8GN RALEIGATRLLSLNGHN dRHGLOL ARd: AL, | east
one swi tchabl e capacitor, the swtc abl e capacitors al'l'owi ng the resonator
t o achi ev®l@ttsovetlatomous and w de range of resonant frequencies, wherein a
plurality of inductors for the plurality of ports are nagnetically coupl ed;
and an anplifier coupled to the resonator and operable to generate an out put
signal havingla f maeupaeyusdetcdaimi INediedain thd eluraligosfaibdictorslare fdied iwithegr at ed

circuit ohg |l aim 14, ﬁgerein the anplifier conprises at |east one
net al - oxi ﬁg%ﬂ$%%ﬁ8 gPS(MOS) transistor, at |east one bipolar junction
transistor (BIT), or at |east one Gallium Arsenide (GaAs) transistor. 16.

The integrated. circuit of claim 14, wherein the plurality of inductors are
formed with aZpl ot FRRGTagE © a1 bttt s Py ‘%ﬂ&tq?é?“d§ef9rs?‘ﬁéaquﬁﬁt@grat ed

circuit oh afimdghaek@irch@cein the plurality of nmetal conductors are
fabricated with a lowloss netal. 18. The integrated circuit of claim 16,

wherein the plurality of nmetal conductors are fabricated on a single |ayer

of the I'C. 221319. ThE&ppaRtBAr @hifd 1ICWE&Gh the BlurdityPdfReld contli@6:8 bR fbiakesonat or
and the anplifier are configurable to operate at a plurality of frequency

bands by °8&{PEREd ¢iEqui besdfIGHg and di sabling the

14. An integrated circuit (IC) comprising:

a resonator having a plurality of ports, each port comprising an inductor and at least one
switchable capacitor, the switchable capacitors allowing the resonator to achieve a continuous and
wide range of resonant frequencies, wherein a plurality of inductors for the plurality of ports are
magnetically coupled; and

an amplifier coupled to the resonator and operable to generate an output signal having a

frequency determined by the resonator.

15. The integrated circuit of claim 14, wherein the amplifier comprises at least one
metal-oxide semiconductor (MOS) transistor, at least one bipolar junction transistor (BJT), or at

least one Gallium Arsenide (GaAs) transistor.

16. The integrated circuit of claim 14, wherein the plurality of inductors are formed

with a plurality of metal conductors on the IC.

17. The integrated circuit of claim 16, wherein the plurality of metal conductors are

fabricated with a low-loss metal.

18. The integrated circuit of claim 16, wherein the plurality of metal conductors are

fabricated on a single layer of the IC.




plurality of ports of the resonator. 20. The integrated circuit of claim 14,
wherein the resonator and the anplifier are configurable to achieve a
continuous band of operation by selectively enabling and disabling the
plurality of ports of the resonator. 21. An apparatus in a wreless

‘conmuni cati on system conprising: neaq&,for formng a plurality of resonator
tanks that are magnetically coupl ed; neans for selectively enabling and

di sabling switchable capacitors in the plurality of resonator tanks to

achi eve a contjpnuoyg %ﬂ%rwwarcru%g%la% 14 ERRRER khel fEAMEN G LHe aﬁa@ﬁﬁé?%?é‘s for
anplifying a signal from at least one enabl ed resonator tank t enerate an

out put sicgnfzdurahievtp aperate frapjurality \f frequenqyibaedy by peledtiwely enabbing andohsablengdky ed

resonat or L apKk AN atus of claim?21, further conprising: nmeans for
sonat or, LARK.f s oftHE ?o%ﬁt%F. - nmp g
adj ustin cap%cﬂ%an%e of "the at |east one enabled resonator tank to vary the

frequency of the output signal. 23. Awreless device in a wreless

communi cat i on ,5yst &, ; GOMRL] SHAY or dif 8NN ALin BAIDGaB: BILEbHaG PO 5.
each port conprising an Fhductor andat ™ east” one capacit or, erein a

pl ur al i t yonfigurabtiLto tachievefaodontiveupband af opeyatiofi bp edlécsivedy enabugeidi disabling tiwoupl ed,
wherein thelreﬁfngtoé coqprises at least three ports; and an anplifier
coupl ed tPOTRIIREOLROERRLPSIESTA™ oper abl e to generate an output signal having a
frequency determ ned by the resonator. 24. The wirel ess device of claim 23,
wherei n the oyt put su%nal i S usep for freguenc downconversion of a radio

frequency (RF)H npuyt™ pYHKT in aydreless foMUpICIon SYSIERY, FURPTS 8| ai m 23, wherein |
t he out put si gRahs fobfobifiag a bRFalify T eRdSTAGY tankiIERQ Bié@iaghdidal Bfcodpliigseband i nput
signal. 26. The wrel ess device, of clég 23,,w@$&$in the re ongﬁﬁr agd t he
anpl i fier are MBI GhIFEHFY Ta°lgeratsadinea it FAPFIOF Pridf RSy Bands by
sel ecti velynfnaklks facRiBE: Aiof@bhd¥ed Wi rangk bf rédohdn freduefddst sndof the resonator.
23 27. The wirel ess deyvice of claim?26, wherein the plurality of frequency

bands i ncl ude meapsefor @makfypgrigsigith framps dessinene cophlsrlissator Gk 49 SENSFAY #CS)

band. 28.,.{iesidMal 18853 1d§1Eh SR minb By theZ? leaMdBE &labled REorhRSRMAL Or and the
anplifier are “configurable to generate the output signal used for frequency

conversion for at least two different wreless conmuni cati on standards.
22. The apparatus of claim 21, further comprising:

means for adjusting capacitance of the at least one enabled resonator tank to vary the

frequency of the output signal.

23. A wireless device in a wireless communication system, comprising:

a resonator having a plurality of ports, each port comprising an inductor and at least one
capacitor, wherein a plurality of inductors for the plurality of ports are magnetically coupled,
wherein the resonator comprises at least three ports; and

an émpliﬁer coupled to the resonator and operable to generate an output signal having a

frequency determined by the resonator.

24, The wireless device of claim 23, wherein the output signal is used for frequency

downconversion of a radio frequency (RF) input signal.

25. The wireless device of claim 23, wherein the output signal is used for frequency

upconversion of a baseband input signal.
26. The wireless device of claim 23, wherein the resonator and the amplifier are

configurable to operate at a plurality of frequency bands by selectively enabling and disabling the

plurality of ports of the resonator.



29. The wreless device of claim 28, wherein the at |east two different

w rel ess comuni cation standards include cdma2000 and W deband- CDVA
(WCDMA). 30. A nethod of generating an oscillator signal, conprising:
identifying a selected frequency band from anong a continuous and w de range
-of resonant frequencies; selectively énabl i ng and di sabling sw tchable
capacitors in a plurality of ports of resonat or based on the sel ected
frequency band; and generating the oscillator signal for the sel ected
frequency band with the resonator. 31. The nethod of claim 30, wherein

sel ectively enabling sw tchable capacitors in the ports of the resonator
conpri ses enal7i ng Tat virelasstdenineofchpa 26, wdereinrthepliralgp of Sequény beraln@woludd 3.  32.

The net hod, qf ,cl ai 0 ‘{;‘Yﬂ rein.s Iet've@ glibs bling switchabl e capacitors
in the pCSP@?bS?fi’ﬁ]@%Ffég g?‘BV’u'&‘f)a ?S%S Y |E§ aI“lgl'ng at | east one capacitor in
all ports simultaneously.
28. The wireless device of claim 23, wherein the resonator and the amplifier are
configurable to generate the output signal used for frequency conversion for at least two different

wireless communication standards.

29. The wireless device of claim 28, wherein the at least two different wireless

communication standards include cdma2000 and Wideband-CDMA (W-CDMA).

30. A method of generating an oscillator signal, comprising:

identifying a selected frequency band from among a continuous and wide range of resonant
frequencies;

selectively enabling and disabling switchable capacitors in a plurality of ports of a
resonator based on the selected frequency band; and

generating the oscillator signal for the selected frequency band with the resonator.

31. The method of claim 30, wherein selectively enabling switchable capacitors in the

ports of the resonator comprises enabling at least one capacitor in all ports simultaneously.

32. The method of claim 30, wherein selectively disabling switchable capacitors in the

ports of the resonator comprises disabling at least one capacitor in all ports simultaneously.



