COUPLED- | NDUCTOR MULTI - BAND VCO [ 0001] This application clains the benefit
of provisional U 'S. Application Serial No. 60/600,511, entitled "An

| nduct or -WCoupéeadodvlal t i - Band Tunabl e VCO, " fil ed August »TT/URAO40284CKGROUND
| . Field [0002] The present invention relates generally to circuits, and
nore specifically to a voltage controll &d oscil [ ator (VCO. 11. Background

[ 0003] Wreless conmunication systens are wi dely depl oyed to provide

vari ous conmuni cati on services such as voice, packet data, and so on. These

systens may inple LOUS J\MT. te in various
frequency bands tﬁﬁm&IQEH@WﬁJ%@SMy al so
operate at different frequencies in different geographic areas (e.g.,
different countries). [0004] A wireless device (e.g., a cellular phone or a

handset) npy00nEped This apslication alaims|thé pbrefit refqprevisipnblabids Aprlicstiprp Setial
mul tiple standards in order to c ni cate w ond..and.tRhird, ration
wirel gss c DemH Q09314 n cafitled ngnt m@@%&g M‘H@'ﬁ%ca&geﬁuﬁd?}%wg‘?@u? %Fq?}e

wor | d. The \whghessygdevi ce has at | east one radio frequency (RF) frontend
A &@ . . e I ! ; !
to generate dn output signal for transmission via a wireless link and to
process an RF input signal received via the wireless |ink. Each
systeni standard typically imoseizﬁﬁwm rements on the RF out put
signal to ensure good performancet ecifications inposed by each
syst ent stagdard normal Iy prevent the use of a single RF front-end for all
frequency ands Figld st andar ds supported by the wirel ess device, which would
be an opti f_0| ufﬂegﬁeéerﬂt ReABorPicldbds! geHbrhl1 R i@ ircdR Rl dEmbleYsped@ bl BB ta
Instead, a multi-band, multi-standard W reless device normally duplicates
Sone ci r cuivbltigewokizolted asedlatar{VERY)i re RF front-end for each supported
standard and/or frequency band. [0005] An RF front-end typically has at
| east one VCO to generate local oscillator (LO signals used for frequency
upconver si ?f an%agﬁ Gagversion. The VCO typicallyhas an LC resonat or
conposed of an induttor (L) and one or nore capacitors (C. The )

[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



oscillation frequency of the VCO and hence the frequency of the LO signal,
may be varied by adjusting a variable capacitor (varactor) within the LC

r esonat orwoth&/mnesvge of frequencies (or the tuning rangerrasbiswesissv t h the
varactor is typically small and is often used to account for variations in
integrated circuit (I1C) process, terrper%lture, power supply, and so on.

[ 0006] To support nulti-band operation, the LC resonator typically includes

a bank of ,capacitors that may be.se Lvgly, | ~of f~t 0 i ft
t he nom ne%fasiapgfétléeﬁ%’%ftt%fc ﬁ?}g@ ??noingﬁ%? fe/ﬁ“e)n“ltmci:‘/&rn tg;bggx%l)gg@%ﬁgﬁggs (XS'V QWI th a
switch capseilflaBén BRfkened DB VOE @dditnpe teofremrney vhdre LOsigrabquandy bands
of interest are relatively close tgo each other within 10 to 20% of

L L at . €000
each ot hervarieh\adiusting avaripkle capasiien Xarasiary &ithinthe [ resonatery Thefanggart . a
| arge ran A ol B ViV Qs kil ol iaeist
frequencyg(gfaf?f%lg.8 e(lof Q%@ﬁ%‘&%%@%? gﬁggééraa&r’\glg ter anascl at gsﬁ)tloﬂg I éar ge
vari ati on éffent iiedpeadccoimetbanaeiatibnst heint€grated ananid r(ICWpiashss, derperatucauses a
relatively | arge, .and undesirable variation in the VCO anplitude and phase
noi se overPaWE SupY.¢nd 80 OBy equency bands. [0007] A nulti-band wirel ess

devi ce mang%looy mhﬁ%&& uHERENd QS HRROHe 100 8ésBhiteNtypitally likdliles affagRuUENCY
may then

bands. Eac e designed to achi eve good performance for a
speci fi ¢ fofapasivys thahohay Heweleetively hwitched awf omeff te phié theoeming fieguericy| e

whi ch ar e ShibereupaRntsenipaemey ParE. (RepCPsvit e RN Heiti BEmy , ©f
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enpl oyi ng a coupl ed-i nductor based resonator_and havi ng good perfornmance
for a wi deeachrgferod.gf mityineh@ ke20%fagl pthse dHewiewstn when ghecegiteaey Padlsct or

based resonat of. repl aces the,LC reson r . Nl ' DRIBO and
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based resonator has N ports, where in general N> 2 . One PO t coupl s to
t he VCO ci theupeak ympedance of the LC resonator, which 1n turn causes a relatively large:an
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 N >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



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 ar evorgewaRigzal | ycoupl ed. The inductors/ports nmay lpeTask@siopsresy

enabl ed and di sabled to allow the VCO tf operate at different frequency
bands. Each secondary port also has at {east one capacitor, and the primary
port may or may not have a capacitor. The capacitor(s) for each port may

include (1) o oy e, fixe legg - [ | ClitodNGe d
bei ng al wa élpégugf"s&l é‘gtroasé%orfshr% nd%élc%?e]?ge\rﬁh‘%lﬁ%%%;ﬁg ?Hi?(g one or Wrr%(? e
varactors thadficige \GIdiffldIb@ Gepraty daeds, Eed) senvaday poot elseiias cd dbdse one
capacitors that may be connected and di sconnected tq the, inductor, Vv
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ports may B ena and di sabl'ed to vary the oscillation
f r equency. beltipalvayachuplal 4dréssahyindictor fre thepdnt,«@) por osmorervayapters hawng
oscillation frequency to ck the VCO t desired frequency. A si.ngle
mul ti - RARURACS i e FOF OF BIoEe g\fnﬁﬁaaﬁlebcg%m%&?f Y B St ey
desirabl e g0t bedUE & iHeORluct G ¥if WlitcASsSdr (ANshyCRIBE bntl Yany|RbMatibh et

mul ti-band VCO and coupl ed-i nductor based resonator nmay be inplenented with
vari ous osfixdd, argableopnl pyitdebnapasiioral dhepavifchahle capasitors (h ayyr inols | C

t echnol ogi d/ i th di .et ts. .[O0011] Vagni S and
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invention will beconme nore apparent fromthe detailed descriplgl)ti on set forth

bel ow whentotlalethe] VCQdo p dagitaddreanenay. 1 singleampltigeand ¥ G icam renilace mtipleence
h t N ti i t hr i G 1
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resonat or ¥éhplekit®p coupl ed inductors; [0015] FIGS. 2B and 2C show nodel s of
the resonator in FIG 2A with the second port disabl ed. and enabl ed, b
respect i vel0910} oo mudti-band SKER: ard, seuHed-Brduglor baskd cteseusiny Sopy: be

i nductors;

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;

[0015] 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;



[0017] FIGS. 3B through 3E show nodels of the resonator in FIG 3A with
different ports disabled and enabled; [0018] FIG 4 shows plots of the peak
i npedancewbanodihesrsesonator in FIG 3A;[0019] FIG 5 shees/us26esesvag or with
three coupled inductors and a bank of sw tchable capacitors for each port;
[0020] FIG 6 shows plots of the freque‘ﬁci es achieved by the resonator in
FIG 5; [0021] FIG 7 shows a resonator with N coupled inductors, where N >
3 ; [0022] 8 o] a VCO wi t p i r i

three conomﬁ rs; Fﬁéoggthyfsea rﬁsqsnf%o\t/r\sh&g[ﬁc%?rf%l é‘ﬁ%rll d;%&%frags:éﬁ gaﬁq%%mc‘ffﬁ at or
with a resqngheblelkayicnorstBr @Rhgettpl ed i nductors; [0024] FIG 10 shows a

Colpitts oscillator with a resonator having three, cqupled jnd rs; and
[0025] FI d0028] sh&Wg- & shawsalats of thevireauenfdess WC&Y gﬁ"*é&@&@ﬁfﬁﬁ@a&i on.

DETAI LED | PT 2 T (0 J0 AV in to nmean
"serving é@ﬁgﬁ exg%I {é?&?"gs]s %H@gwaﬁt}}ﬁi&‘és %gwdgﬁ!o?s’%ﬁgge%% ment or

desi gn despoRdled MeGes shdss 4 vRENRithhte cauphdtindeters Samiedywithothiee cmodedtospd
as preferred or advantageous over other enbodi manhs or.gesi ns, [0027] A
VCO may bel00RPl endibed shpwha samplsiRstHEY PHTE PRIAGHHIAAT WHE 2hetonatgr havipgo
desi gns ar I; for radio RF, sone designs are nore suitable for
fabricati Oﬁré&ﬁ&ﬁﬁﬁﬁé@&g&%ﬁ% desi gns can provide better phase noi se

per f or mancp024nd FIGoN0 shoWEd Gelpittl csoillatordeith grresbritor dwingt threst covpledi pl e
frequency bands, wifh the specific frequencies bei ng dependent on the

r equi r ementguepTsy systens and standards for which the VCOis used. An
exenpl ary M@E’g%gs'fqﬂ. i B SEIRRCS WhedshvustDR2 YlirdidsGeorhmeatiod schemati ¢

di agram of " a 100 conprised of an anplifier 110 and an LC resonator 120.
For sinplicity, FIG 1 shows LC resonator 120 being fornmed by a single

or ovi 465 i he of Slnlil "gan nedbd ADCERDESERBPIONT &, 715100 1S T
i L ' . i &
ocei T ati olf0XE0 106 BPE) aREMTC Wird RS bl erfELE in Samplc,

f undament alnsfanes)wentyst@fiof.” osay embediment 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 fosc. The
oscillation frequency fjs. is determined predominantly by the inductance (L) of inductor

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

[ Eq (1)

272L-C



oscillation frequency f osc is determ ned predom nantly by the inductance
(L) of inductor 130 and the capacitance (C) of capacitor 140 and may be
expr essedve¢dRadp A coupl ed-i nduct or based resonat or wray/Useoossest4g n pl ace
of LC resonator 120 in FIG 1 to allow for operation in nultiple frequency
bands and to provi de good performance for all of the frequency bands. The
coupl ed-i nduct or based resonator, which is also called a transforner-based

t i tchahle. | ed- .
aucrors OB\ b FORE iR B Vol hEPBOTNA 1 e B EEURMGor,
sel ecti vel y2(ii FIchedtooslln orodgeratiod B Ghulfiple frehendyobumda asd he privide ghaglgr am

of a coupl ed-i nductaqor based resonat or O with't coypl ed inductors (or N

2
= 2). Resonafemapepfomell ofdbe depuency iaggs. norhe ¢pp eﬁdng‘ﬁ’t?rnw&g(ﬂasoﬁ@r’
coupl ed in pagallgl wiidy 2 t&ﬁ%ﬁhé%asgdlf'esaﬂﬁoﬁ &) aasvﬁ%gﬂlg RRplealadidE an

i nductor 2 coupled 1n series wth a capacitor 224 and a switch 226.
| nduct or s Z6naadrg ha®® eswplathidattosafolr W patg | veltbrad >12ay Avdeast enedf 8 Nhe

primary and secondary ports, respectively, of a 2-port transforner.
Capaci t or sPriymay,ge Q%W%V%E’iegénﬁ%?génent ed with one or nore fixed

capacitors or r : A } or
(]i(%()lggﬁ X hFéIg 02% g%{vﬁ% ﬁél&maﬁ@ %&gmﬁw & WhicalallcfordRRardsOtiator

any conbin 226 may be sel ectively opened or closed to
di sabl e or 2ehatithetwo esypded indaktprs (dreNseZpn®Repanator 2000 mhludbse Ol)\a first porthe

| ectrical characteristi f tar. 200. Nod t th
Sutput of heduhah graushs 2Pl snpariE KHBaREIOr A preong ot | "
i nductors glO,and 2dfciBAYooi QRpflaRCsiet with %ngaﬂagitorr DAY 12V Slviteh 206,

capacitors 2147 and 224 have capacitances of Cl1 and C, respectively. The
nut ual i ndictuatoce2 M @fd 22{vare mmesetichlly sauplod andrmpy ibe vigweshasgdhe mrimagy and | 2

where k is the.coupling facto r coupling. coefficient j ctors
210 and 228oRGES s s Nas: Pha TBUD HATor Ry Cafao, AT R gt ME Ol
nmay be expeggsdindfementbd ®ethtorleZfedhore ixed Cipaciidfe? dite drifaoddSRdrhdiors, bida) w ' b
= 2C1C2(M L1L2) ' E g (2) where resonant frequenc§wma is obtained with the

plus (+) simpme pwit¢habletcapciton® os guweambiggiiondhenset. t Switeh 22 ey ba sglegtivehyy

et SRR R Rt B TS P i s (e
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-,/L1 -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:

s _ =L +L,C) £J(LC +L,C)° +4C,C,(M? ~LiL,)

Eq (2
D 2C.C,(M2-LL,) 1@

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

w, 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 wa instead of wb because the quality factor (Q and the resonator
peak i npeslenc@/@bsmaare hi gher than at w. . However, regomaisesosD0€r48 s not
restricted to wa and may al so be used at w [0032] Inductors 210 and 220
typically have sone | osses that nmay be frodel ed with resistors havi ng

resi stances of 1 and r2, respectively. The input inpedance Z |looking into

des V1 and_ V. b d . +0 .1 M | I,
nduct or s SESENELRGY iy HAVE Eriesaivs 250 Hinoy Eaih i Aty MigRE "

capacitors 214 and 224 may al so have the sane or different capacitances.
For sinpli%® )?t %he foll owi ng description assumes that the inductances are
equal so t L1 = = i 3 =C
“and e (52 o diicTs o140, shd 96 BARRLY BACERA sl il 188 DBbAGRI Wit )
FI G 2B shpsitoss B! resfstaoeridfad ahd ey edspectivelye d recisputatnped 200 Ay tokksgi t ch
226 opened. In this configuration, no current flows through inductor 220,

t he secondinponddes ¥ dind ¥ainaay, besgrgpresessioasat or 200 i s equivalent to LC
resonator 120 in FIG 1. A resistor 212 nodels the internal resistance of

i nductor 210. The resonant frequency ft>H and the peak inpedance ZH of
resonator 200, with svm'tch2226 opezneg:i1 may be expressed asiy H = - > Eq (4)
ZH - Eq (5) The resonant (Wf edubpnky W;L—détrer"rﬂ(ﬁ’éafzt'h@la&c"rm i on frequency

of a VCO that _uses resaonator 200 _Th&2pe + 2 .
i npedance 1'6oki ng, i 0 1_afid \2: 2 apt. Fr equency iwH _TiThe
peak imedancézz%f%%gé?%g'?ﬁézYVC@@%{[?}cmi @@\m?ﬁ%}i n t@yn he{‘lgctsl tdz(izP

phase noi se of the VCO [0035] EIG 2C shows a nodel of coupl ed-inductor
based resonator 200 with switch 226 closed. In this configurationEd{he
second port is enabled and resonator 200 includes both inductors 210 and

220. A reSi[(ﬁ)t.’Bf 22]121 ggrge%lll,s i}lcrlll?ctci)rrs]t g1 aa!ndr 3% Sﬁqucﬁavgf 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 r, =1, =r.

[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 @y

and the peak impedance Z; of resonator 200, with switch 226 opened, may be

expressed as:
1
@, =——— , and Eq4)
" oJLC
L
7 = Eq (5)
"or.C

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



i nductor 220. The resonant frequency wL and the peak inpedance ZL of
resonator 200, with switch 226 cl osed, naybe expressed as: ZLL =2 r c .
Eq4 (W) woeoseaeosrant frequency wL nay be obtained frompegquabiosn2{7ay by
setting L1 = L2 =L, C1L =C =C, and wh = wa. The peak inpedance ZL may
be obtained fromequation (3) by settinZ; L1 =L2=L, C1L =C =Cabd wI/
(L+|\/p.-tC . [0036] For sinplicity, FIGS. 2A through 2C show (1) an ideal
capaci tor Wi t rasitic._c It i iohch,:+226
weh no sePpegl" el ARy 4 pRR8r St | BERa I kr @l riRoT b

i npl enent adviitdh, 221660 In akid coapAahii®r, Shdrgeecend pom iperabiddt dnd resqatir200ce.
Thus, sone current can flow through the parasjitic, capacitances.in the

igﬁ g Ingg: gdlpéhldﬁs b‘_?ﬁbﬁmiiﬁc;qrﬁ@é@ aperes. ¥ éesssmrt?&%eta%éiﬁ thepigteEng) SpEstangs e
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achi evabl eyg i ol i h i
. 200) wAth &h'z‘EG'cld g@n@ﬁe&t +QEed akhe capacitance for each port may
be designed to t% Into agcount thez(bparasi tic capacitance for the port.

For sinplicity, the follow ng description assunes that ideal capacitors and
switches are used in the secondary ports and does not consider pa %g;ti C
capaci t ance andwsre_rlP/gﬁr_—,@t’ar?Eg. [ 0037] As shown in equations (ﬁ? nd
(6), two different sonant frequencies H and wh may be obtained with
switch 226 opened and cl osed, respectively. The ratio of the two resonant
frequenci es wH and @“my)be expressed as: | M=wL VL / where k isg the
B (o).

coupl i ng.faptor,ZL\ﬁfTr?h-@nranges fromOQo |l , or Ok | . Equations
and (8) indicate tha e desired resonant frequencies wH and w may be

obt ai ned by selecting the proper inductance and capacitance values and the
proper coufhi RGohak fiRGudncy FHlU adyttsottSihe@ROm(ehatlidit(2) dy settingtL t-E, adsji r ed

peak inpedances at frequencies < H and o) nay be obtained by selecting the

proper i nd;tapgce Cangldcapaci,t. alae pealt ingsedance Z; may be obtained from equation
(3) bysetting L, =L, =L, C,=C, =C,and w=1/y/(L+M)-C.
[0036] For simplicity, 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 @y
and @, may be obtained with switch 226 opened and closed, respectively. The ratio of

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

Dy _ /<L+M) _JT+k Eq (8)
@y L




and the proper coupling factor k. The proper values for the inductors,
capacitors, and coupling factor nmay be obtained via conputer sinulation,
enpi ri calwoeassnesyent, and so on. [0038] Resonator 200 may/sbes/obsr4yi ewed
as having two resonator tanks for the t ports. The two resonator tanks
are magnetically coupl ed. Each resonatof tank has a sel f-resonant
frequency, which is a resonant frequency determ ned solely by the

i nduct d it | : ti
i agr am of “BCEdu B aac Ribe: eiop TP ke KPRl b & 0 PRSI AR €
i nductors (g9rand (8? HdicaReHaNAk AesitdGetorahtii@fchdids a)§11°1§21ﬁ$ 'Eatz,_vm@y be bbtaired an

i nductor 3 coupled in parallel with a capacitor ) a second port
havi ng an bydeletting 820pmpepieliciances end espactaiceavalugsagid thre gRpennoupingwi t ch
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tertiary ports, réspectiv ort ormer. Inductors 310 and

320 have aagPihelgrogerfRap@ig fktok k. . THeBRIpEOTHuctlfor drdndddloRpvpacitasgdi ng
factor of k13, and inductors 320 and 330 have a coupling factor of k23.

Capaci t or sc@mpiing $actor may bg htained v epmpeter spfudaion: SBPHCRHMEHUTERENGHY i xed
capacitors, one or nore varactors, one or nore sw tchable capacitors, or
any conbi n%ﬁ?%n thereof. Switches 326 and 336 nay be individually opened or

closed to thbspt i VRedswnatbs200 eapslse bablesvetihe haviagiwo sssdndtén tankspior the, two
respectively, which would then_vary the electri c% gﬁa}; acteristi of
resonat or BOts- MBe &¥o yesonnlgr \anks sremegretically soupled Sech ssepaipor $ 4 0040]

For the enpqu%é;ﬁ%t i@é’dif%géﬂ FhiGh 85 &%‘Aﬁ %;eﬁ‘éé%g’ det&hiRdtd SR, RV

i nduct ances o L3, respective pacitors 314, 324 aend 334
have capacirdaciaas aid d@pacitaRceafod th€dortt especti vel y. The nutual inductance M7
for any twp rts i_and j., where z= 1, 2, 3., J =1, 3. and i ] may
be given aﬁﬂq%B]:k J‘tl(? 3A ‘shoyreg schemptip diggrim @(gﬁp‘ic’luﬂlﬁdﬁlé@cfﬂr b&é‘?ﬁ&éﬂgﬁ?ﬁ ts i
andj. In 996@‘%»%!51, RAUGHPIR iﬁ&&toéggr apd 333 RdEBNatHAYS0 [HiRideA(D #hidlipofer ent

i nduct ances, and capacitors 314, 324 and 334 may al so have the sane or

di ff erent bayingianaindestor pOO4ohplel fifi gamile] mathon zapacitoe §libn() &b seeapd pert

SRR R IR TR AT ST I
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 ky3. 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 Li, L, and Ls, respectively, and capacitors 314, 324 and 334 have

capacitances of C;, C, and Cs, respectively. The mutual 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;-,/L;-L; , where k; is the coupling factor between ports 7 and j. In general,



swi tches 326 and 336, as described below. [0042] FIG 3B shows a nodel of
coupl ed-i nduct or based resonator 300 with both switches 326 and 336 opened.
In this osof2nguned7son, the second and third ports are beth/deeabbsds and
resonator 300 is equivalent to an LC resonat or. Aresistor 312 nodels the
internal resistance of inductor 310 and®has a resistance OFT1. The resonant
frequency W and the peak inpedance Z1 of resonator 300, for this

Coupest worghgB Yol oS AR5y 3 R e AR GAR o Ul
coupl ed- 'HMBMaﬂﬁ§ﬁdmh?%¥&66hb%th3@ﬂn&\btdhf&mnttcdipaﬁﬁﬁwed; osed and switch 336

opened. In this confi guration, the second gort abl ed, th| rd port
i s di sabl el04khd AuEEreat sesongy fraqueneirssman &6 Q 6?1%6‘13 bcaﬁ%olk% epstateist or
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r2. If L1 and k , then the
resonant f§\el‘mlﬁ§1326wm&3336)dsﬂé}senb@hﬁelmmpedance Z12 of resonator 300, for
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cl osed. I's con |gurat e second port is disabled, the third port
i s enabl eddlsdfldd raad ocsahator 300isi aquivaldestol anduC resosatan 0Aansistandil2 modads thst or

332 del th t I St d h f
r3. r]? Elsmtq:_rga I_rgﬁlgtrarrl]%lo nag a?’tﬁ‘)3 (Ih'cllsp %lfé:sﬁ a{nc:e)% &1 k?ge %ngganrt t e'gﬁgr% nce o

resonant f ra?qﬂl‘?&]%fe ‘@% expPEma@e@k of TB&AANF 3001 For khik %ﬁﬂgﬁrﬁﬁoﬁ%ayfﬂér this

configurati an, essed ds shown in equations (6) and (7)

respecti VeE}Ypre&Ed H‘é showf i e@ﬂﬁmﬁ@@?m@%), T E&ﬂﬁ]&ly'zbl@w &Ez)%fzag&\/?na: pdel of

coupl ed-i nduct or based resonator 300 with both Swi t ches d 336 cl osed.
In this copfodgpr atFIeh, 3€ hshosscamiodehdft dvuptbdpioduciorabased atebonatvabd (d withnd

resonat or 300 .i ncl udes_all thr e i nduct or 0, 3 d 330. If .L1 = L2 =
L3 = L , CiwHchg26c¢ %e‘la@d syvite r3;36i’PF§e‘£ rsm%hllérfanﬁ °fk1t ¢ seqond Rorfis " oy

the resona FPESIPRER (&R 3uqbrs26 aRaB0. 00,
for this Cgﬁ%ﬁ%ﬁ?{éﬁ?ﬁ% aﬁgial@gblée{](g?ggﬁg%ﬁas [0046] In 1IlZI GIS 3A, the first

port is shmmtdralzangodm)ﬁw|mtomaBrcAlstaucmbﬁmduﬁmp&(hm@hasw resisteneafitor 1310,

Capaci t or 3i14 nay _be omctte fromthe f] rkit E?rﬂtwn %lch o

=L, =L, , I, =T, =T, an resonan %requency @y,

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, .

[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, r;=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
IL,=L,=L,=L, C,=C,=C,=C, =1, =1, =r, and k,, =k, =k,; =k, then the
resonant frequency @,,, and the peak impedance Z,, of resonator 300, for this

configuration, may be expressed as:



need to resonate. If capacitor 314 is omtted fromresonator 300 and the
second and third ports are enabled, then the inpedance | ooking into the
first porwoisoszizo87Bar to the i npedance obtained for reseoatusroo20087usth two
coupled inductors (N =2). [0047] FIG 4 shows plots of the peak inpedance
of coupl ed-inductor based resonat or 3004 or different confi gurations of
swi tches 326 and 336. For the exenplary design illustrated in FIG 4,

i nductors 310, 320 and 330 have inductances of L1 = L2 = L3 = 1 nano Henry
(nH), capacitorgkgkgygléigumL§34n@ave capacitances of CL = C2 = E§(® 1
pi co Farad (pF), theyo#Mng factors are k12 = k13 = k23 = 1, resistors
312, 322 and 332 have resistances of r, =r2 =r3 =1 Om (W, and sw tches
326 and 336 are ideal and have no | osses. [0048] Plot 410 shows the peak

i npedance of resonat@+3¥0 for the configuration shown in FIG 3Bgyiif) both
swi t ches 326 and'336 gpamed. Plot 420 shows the peak inpedance of resdnator
300 for the configuration shown in FIG 3C with switch 326 cl osed and

switch 336 opened. Plot 430 shows the kﬁ)%%)ﬁlgi r&?an(ﬁg 0 resog t.or 300, for
the confi glf®6] on T8HIA 3 te st Bert s ¢ IR APRHEY HdecotplyddB 825k ed.
The peak i - 3 fy H 35 r (A
frequenci eg}? @’fdﬁgv& &érvégf aggﬁ a\l/(\:fitgIt %‘c}igﬁg ryg\%iﬁ l?trr?HFl G @%H{s(t)ggg] @,Iﬁ:ileg%f not

i ndi cat es hbat toaresdmhte. r heppaciforr Hdon antittéd fqueresorsom3f0 wal tetsetonsdand t h

coupl ed-i nduct or based resonat gr 300. FI 4 also dndicates that th eak
i pedance FETHRFFOEF FRelle -tg%grtea]mpeg?ncg ﬁ%?}ﬁ’é% 1@%&%& ﬂﬁ? PGt Plllilgialr (e gl?eéo
confi gurat %Iﬁﬁédmg@bbiaiﬁgéﬁ)r'r%ﬁ%i‘g_@() ARG t6p1ed indus Et)easier to
optim ze the VCO for good phase noi se performance at all three resonant

frequenci e$00479050FIG: & siovehpless af e aeal i impgiangeaod gpupledindppter-biapesuct or

based resonator, 5 i th.three coupl.ed inductor or = nd_t hr banks
of swi tchaB?SQH?,Iarpg@q %I;foerﬁgts%ﬂ@lggﬂlg%o?%fcha%?é T}‘d ggq-l fért tﬁsg}r(%m avi ng an
i nduct or 51&@si§1‘?uiﬂlh§i§htéd‘ inaprt) @l widdiorabsatk 810 amd 980 NBfve Eidutiehabl ef
capacitors 514 and switches 516, (2) a second port having an inductor 520

coupl ed i n Iser Les Iyi=th ranb&fdary (nky eapacitonsrd 45 324 ehd BB & hewpeapiacitaneesof and
switches 526, and (3) a third port having an inductor 530 coupled in series
with a bankC,of Cord,cr1 minocFaed (pihatheecovplmefacors agak,, arkd; skt Thetssisoes

| nductors 510, 520 and 530 are nmagnetically coupled and may be vi ewed as
t he 312, 322 and 332 have resistances of r, =r, =1, =1 Ohm (Q2), 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
@1, » 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



primary, secondary, and tertiary ports, respectively, of a 3-port
transforner. The internal resistances of inductors 510, 520 and 530 nay be
nodel ed wyDhoddnnes3r esi stors, as shown in FIG 3E The eepaskésndrank for
each port includes one or nore swi tchabl e capacitors. Each sw tchable
capaci tor may be sel ectively enabl ed orlldi sabl ed to vary the resonant
frequency of resonator 500. Although not shown in FIG 5, a fixed capacitor

b | ed i nduct - al 1zt : ' t i
onabl e ov BT o S SEpicrE AtsPhennd, Sarbisly ST fRE el 335, ) bichid oBRLT 1
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opened and cl osed to select different frequency bands. of O)F)gg@tio for
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resonat or 500. For resonator 500, the three.inductors 5 520 and .530 nm
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534 may be;YseH £QLahded B rifiofdgh 57 cs[zo R4 %80 Atk Ye(HILIBY whE 86 foslsRirs,

frequency acquisition an g. [0052] For "the enbodi nent shown in FIG
5, one or avstevavintRIGadE e Thepamicitar mnkfer each pordnsindgsamaor slorepwichiahluct or
510. The switchable capacitors in the first port . may .he, used it chieve

di fferent FEEGHNH %af’gdﬁ’étﬁ%%é% R ﬁ?g Sﬁféﬁ{\‘éeg eﬁ%bgg%%?ls l?lg%]g% ney w
(which is gl alshemt WdgleddySbf tdendtbr 500.POAth&URAbARIShoRdid FEGNEXh ftaghest
resonant frequency wn (which is typically obtained with two parts enabl ed).
Swi t chabl ecapmotiei mey eneauplesl aevess ductond1@iat All Hiwes., s that dheafipiteory 8 t he
separation b en t I ghest .resonan e . . Lghest

r esonant \Nﬁnaﬁ’i‘l’,&ag}]e@eﬁe‘%}r Slg'ir‘]tc%aeb%? ﬁ%gaccgtﬂ{.ssi éli(’afa i gﬁ(\s’(m}sé%gggg‘?& '? ﬁ%]{]%gv(\)ﬁcﬁ:%abl e
capaci t or sgehiendsd1be i ncl uded. [0053] FIG 6 shows plots of the resonant

frequenci es achieved by resonator 500 in FIG. 5 Plot 610 rf)gédasents t he
range of r&@hnt $witcheeP2Peandaedt avayd beyndixiualiss opeaed st c foselecthor )

with the s ¢ ' QP ] : 536.
The enti re%ﬁ?%%ﬁéﬂr%glyl&{rlgr%g@?éﬁépﬁ?%ﬁ)%g%g?@/aéch| eve r%éél%ﬁ%ﬁﬁaﬁ%@gﬁ%‘l@d,
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the range of resonant frequenci es achi eved. | nd 10 d.520 f th
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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



third port disabled by opening switch 536. The entire frequency range for
pl ot 620 is achieved by enabling and di sabling sw tchabl e capacitors 514
and 524 iwotbes/20873t and second ports, respectively. Pl etcTA880seps7esent s
the range of resonant frequencies achieved by all three inductors 510, 520
and 530 for the three ports. The frequéﬁcy range for plot 630 is achieved
by enabling and di sabling sw tchabl e capaC| tors 514, 524 and 534 in the

first, second rts ect | ot range
of resonarﬁmﬁcpglgﬁé’ﬁ@cé@r W ’é’v@ﬁeiﬁgt R sona 626 Breg#'? fh%%?%ér ggre%%%{tjencyg
ranges forg@uehdeSddhieved dydnauctcd 520 ané 6RO If61f ﬁatﬂr}z‘t amdobecoﬁmms; Wéthethe
frequency ranges will overlap at the edges, as shown in FI 1%{L&pthl S
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may t hen B req enc ween | ower frequency of
| ow and t h@ceuPbrts, rﬁgp@ﬂwlyof Pley 630 E@@&é;]ltsﬁthe fahge eﬁhesbnaﬂnﬁeq&mnm n
FIG 6, the three ports in resonator 500 el ecérlé ?ﬁ (frd to obtain
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achi eved the small est capacitance eéach of the thiee ports
resonant fthegudees; asishown i AE6d 6wi InHhisheasti thhase Oéa]b’até}ilft%é@aéé@ﬁ aflpwshe

three ports. The ree orts d ned W|t e

SWi t chabl eTCEH; #O@ g ac ﬁiﬁe ?ﬁ@%‘uggsp?as‘f’gj?g rggogﬁ%tbi?&ﬁleﬂﬁgga n‘i“s\gﬁo For
exanpl e, t{anfrbdodhtod %D@%éyofheh healskd o eLide rﬁcesluemy tade bafteed thé hevert he
second capacitor in all three ports nay be enabled to achi eve the next

| ower r esofraqtenty efjugpcanditengwer fraquenchef vhiy-d capacitor in all three ports
may be enabled to achieve the next |ower resonant frequency range, and so
on. [0055] [ﬂOS@ Fay BAemhodisieahgwvrhineBIGH &, fthe e pofipHinerrspriRIc ¥ 218as ed

coupt oa-i neAterBpvReRR b bl 5F B e BhE) fhen EpO PG splbgitoncs i, o ¢

the first port determines the highest resonant frequency in plot 610. The smallest

capacitance in the first and second ports determines the highest resonant frequency n
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 may 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



[0056] FIG 7 shows a schematic diagram of a coupl ed-i nductor based
resonator 700 with N coupled inductors, where N> 3 for this enbodi nent.
Resonat orw@Q0eemebsrdes (1) a first port having an i nduct ecTikGoosopgrsed in
parallel with a capacitor 714 and (2) N, | secondary ports, wth each
secondary port having an inductor 720 c,léupl ed in series wwth a capacitor
724 and a switch 726. The N |nductors are magnetically coupled, and the

coupling factqr r r . of
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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.



Is able to oscillate by itself. In this case, nultiple oscillators may be

formed in nmultiple ports, and these oscillators are coupled via the coupled
i nduct or swobddieogBt secondary ports nmay be enabl ed andpdirasbéosa247es achi eve
di fferent resonant frequencies.[0059] For a VCO enpl oying a resonator with
N coupl ed i nductors, where N > 2 , coarlde tuni ng may be perfornmed to enable
and di sabl e the proper conbination of ports such that the center or nom nal
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the spiral and is adjacent to the third conductor for the left half of the
spiral andaf 20 didver aguiomell einchit boardi (RGRY udho rindustess aufyadlembe twplementedt her
for the enti.ile.s iral. .The three conductors may al so be forned in other
manners. FYRthEseHRle of hybrid compoRE®onduct or may be formed adj acent to and
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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 kq, 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

O1l.



816b, which further connect to VCOcircuitry 840. A capacitor 824 and a
switch 826 are coupled in series with the second conductor for the second
port. A ocwmpacidnos7’834 and a switch 836 are coupl ed i n secras2wsbobs7ssie third
conductor for the third port. VCO circujtry 840 includes all of the
circuitry needed to generate the oscil | B or si gnal (Gsc) such as, for
exanpl e, anplifier, capacitors, delay circuit, buffer, divider circuit, and
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i nductors nmay all be fabricated on the sanme | ayer (as shown in FIG 8) or
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(e.9.. 1N 4B&use 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



center tap) of the inductor. The switches may al so be inplenented in
various manners. For exanple, the switches nmay be inplenented with

N- channelwoeb@lo2esssde sem conduct or (N-MOS) transi st orspcPAsbasnes7430OS
(P-MOS) transistors, bipolar junction transistors (BJTs), Gallium Arsenide
(GaAs) transistors, MEMS devices, and d® on. The switches may be fabricated
on an IC chip with the sane I C technol ogy used to fabricate active el enents
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i nverter.
coupled to circuit ground, its drain coupled to the drain of transistor 944a, and its gate

coupled to a node 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

out

output, respectively, of the first inverter. Nodes V,,, and V;, also represent the input

out out

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.

out

[0068] Coupled-inductor based resonator 902 has three ports. For the first port, an
inductor 910 couples between nodes V; and V5, 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 (Viume) 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.



+ ut and V ut also represent the input and output, respectively, of the
second inverter. The first and second inverters are thus cross-coupl ed.
Nodes VO woubocanos780 t al so represent the differential egtrpstoosfd287@0 900.
[ 0068] Coupl ed-i nductor based resonator 902 has three ports. For the first
port, an inductor 910 coupl es between dddes V1 and V2, and varactors 914a
and 914b couple in series and al so between nodes V1 and V2. For the second
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it chos. oPBESTana FGe 6 ShEvS B sefrn i ot POOGHR0SwHEGe Rlflctedita?
series W thy yar@asiercscRR avdP3060 andudesi donpled-iS@feoranded 3Gbnaidh@ozent er
taps of inductors 920 and 930 are coupled to circuit gr ,gnd cqntrol

(&

\égla,}g aged(\lna}’glg)thr@ goupleddaducters,apuant saurod 4640, gnd gn agpAAl Lot and
and used t | yst t I \/&E,ﬁ&t : ' |,
each of thseouﬁ'?r@éag%(ﬂ]f‘ésesf@'&@gg%%%%@c@ggg %@W‘ﬁ% l'ude 6;[%1? ﬁ%lg%eg%%gﬁrgaany
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varactors. [0069]+ FIG 10 shows a schematic diagramof a VCO 1000, which is
i npl ement exbdes ¥, GaldoiVE} srespectivélst dvmplifigo 1060 dngludas NBEOE diapsisiars Hffet or
based resonator 902 having three coupled inductors, a current source 1040,
and an anpind 1E2b105hg their seurtessaupted to dades Nl aod N\ Messctivelysint ey 1042a
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source of transistor 1052b, and a capacitor 1056 couple between output nodes V,,, and
Vo
[0070] The VCO and coupled-inductor based resonator described herein may be
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



gates of transistors 1052a and 1052b, respectively. A capacitor 1054a
coupl es between the gate and source of transistor 1052a, a capacitor 1054b
coupl es bebweesm2bdre gat e and source of transistor 1052bpcand2@so2gragi t or
1056 coupl e between out put nodes VO + and out [0070] The VCO and
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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.



1134, routed through a duplexer (D) 1136, and transmtted from an antenna
1140. [0073] On the receive path, an RF input signal is received by antenna
1140, rowvedodsdmasrgh dupl exer 1136, anplified by a | ow poras2@spbs7is er
(LNA) 1144, filtered by a filter 1146, and frequency downconverted from RF
to baseband by a m xer 1148 wth a dowd&onver sion LO si gnal froma VCO
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filter 1154, and digitized by one or :lfg anal og-to-digital converters
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the coupl ed-inductor based resonator may be used for nmulti-band or tunable
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m xed- si gnf’6077] The VCO and coupled—mductor based resonator described herein may be
fabricated with various IC process technologies such as N-MOS, P-MOS, CMOS, BJT,

GaAs, and so on. The VCO and coupled-inductor based resonator may also be
fabricated on various types of ICs such as RFICs, analog ICs, digital ICs, mixed-signal
ICs, MEMS devices, and so on.

[0078]  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 vention 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:



| Cs, MEMS devices, and so on. [0078] The previous description of the

di scl osed enbodi nents is provided to enable any person skilled in the art
to nmake owous&/bgr3present invention. Various nodifi catipomast@siobsrse
enbodi ments will be readily apparent to those skilled in the art, and the
generic principles defined herein may b%)applied to other enbodi nents

W t hout departing fromthe spirit or scope of the invention. Thus, the
present invention is not intended to~he,liyated to the enbodi nents shown
herein but is to be accorded the mﬁdg e consistent with the
princi pl es and novel features disclosed herein. [0079] WHAT IS CLAI MED

| S: CLAIMS 1. An apparatus conprising: a resonator having a plurality of
ports, each portl. conphisppaghirompdsingor and at | east one capacitor, wherein

a plurality of inductors for the plurality o orts are magnetical |
coupl ed; and anaéﬁﬁPWPF§FWE%GﬂH@Hﬁ d’IHEmrQE% ORI ﬁﬁP@Dmeﬁgherate

an out put ?é;@gtn%e nggcﬁ%awﬁgr@mu%]ﬁm 81 8f ThdiRebrd Yot Mg E)iﬁﬁﬁ‘lﬂ?tw ports afd1€

apparatus of claim erein the resonator and the anplifier are
conf i gur abmgheticafigcaipdedgtand pl urality of frequency bands. 3. The apparatus

of claiml1, wherein the pluraljty of rts are | ectively enabl ed. a

di sabl ed to var W@H’@E‘EF’E&&P@%"OO%G lr?ﬁ?g%ﬁf 0 eiréﬁfé?(.’ g??“%%@“é’b‘%’é‘& 3{%929 of
claim 1, wheyigkd fRAGhchAeterhfiled By theRSnagte of the plurality of ports
conprises at |east one"swtch operable to selectively connect and

di sconnect the at | east one capacitor for the port. 5. The apparatus of

| ai . wh i f |. . | 4i
compri ses-a var Pabl o TBa3RERERP G TnaRaEi heeSRiot B bt SR oy

port. 6. Thenfaraslatdspctte & Bplitality vhREgiency bmds.esonat or conprises two
ports. 7. The apparatus of claim1l, wherein the resonator conprises three

ports. 8. The apparatus of claim1, wherein the plurality of inductors have
approximately equal ifd lﬁﬁbﬁ‘gﬁﬁ%f claim 1, wherein the plurality of ports are selectively

enabled and disabled to vary the frequency of the output signal.

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 resonator comprises two ports.
7. The apparatus of claim 1, wherein the resonator comprises three ports.
8. The apparatus of claim 1, wherein the plurality of inductors have

approximately equal inductances.

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

approximately equal coupling factors.



9. The apparatus of claim1l, wherein the plurality of inductors have
approxi mately equal coupling factors.10. The apparatus of claim1l, wherein
t he pl ur avotgosai2ogrert s have approxi mately equal capacit aocas200502873%e
apparatus of claim1, wherein the resonator and the anplifier are coupled
as a cross-coupled oscillator. 12. Thezépparat us of claim1l1, wherein the
resonator and the anplifier are coupled as a Colpitts oscillator. 13. The

apparatus of clgim wherein th Lurali .1 pdu r ith a
plurality of methl c Fopgats 05 St !a.’pé%l}eg%lﬁsﬂ%f %té'?‘éﬁ%afg L%%Vgnthe
plurality %rdﬁhaﬂelf&iigp@c{pgéi&naése fabricated on an integrated circuit (1CQ).
15. The apparatus of claim 13, wherein the plurality of nmetal conductors
are fabricated on a printed circuit board (PCB). 16. An integrated circuit
(1C conprising;, a resonat i i

conprising an ilnlductglr§e 3‘%’&9 %‘f‘pﬁgg%gn giﬁgll }%%%gctp%(égfon%g%%g? rﬁ%?ﬁ?ﬁ?rf y of

i nduct or s doupledhie apressabolpled ofcilimot. s are magnetical |y coupl ed; and an
anplifier coupled to the resonator and operable to generate an out put
signal having a frequency determ ned by the resonator. 17. The integrated
circuit of claifn 16, | l4 fd ; el er

net al - oxi de semf%ondgig?gé&%%&??f %g@s%’sﬁlgr?lﬁg?plrgsgg?oﬁtﬁga El?f)g?g?ﬁj u?}rgti on
t r ansi st orcdupiel)as adColpittslosclldtoone Gal | i um Arseni de (GaAs) transistor. 18.
The integrated circuit of claim 16, wherein the plurality of inductors are
formed with a plurality of netal conductors on the 1C 19. The integrated
circuit of claifg]18, !  alvhbdeiPthe PRlitCONBGtOsSar@ fF&med
fabricated wt hmei I o&ﬁlg@g&!ﬁnﬁ glﬁ?lm%.l’ J'VI'V'kllle integrated circuit of claim 18,
wher ei n t heithlaphahlityyofofctabeoaducternduct ors are fabricated on a single |ayer
of the IC. 21. The integrated circuit of claim 16, wherein the resonator
and the anplifier are configurable to operate at a plurality of frequency

bands by sel ectiyel yThe apparatus of claim 13, wherein the plurality of metal conductors are

fabricated on an integrated circuit (IC).

15.  The apparatus of claim 13, wherein the plurality of metal conductors are

fabricated on a printed circuit board (PCB).

16.  Anintegrated circuit (IC) 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; and

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

having a frequency determined by the resonator.

17.  The integrated circuit of claim 16, 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.

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

formed with a plurality of metal conductors on the IC.



enabling and disabling the plurality of ports of the resonator. 22. The
integrated circuit of claim 16, wherein the resonator and the anplifier are
conf i gur abbeodem2e878i eve a conti nuous band of operation pgTask@siopsres y
enabling and disabling the plurality of ports of the resonator. 23. An
apparatus in a wrel ess comunication §325tem conprising: nmeans for formng
a plurality of resonator tanks that are magnetically coupl ed; neans for

sel ectively enabling.and di sabling. it f. raso t .jand
nmeans for anpli P%/i nnge s‘fl%%ﬁ e%f FH%%IE?)?I ‘éqgfgljti afoghee(rlelér)fg%]l 2[% ?@%ﬁgtgf;‘ L to
generat e agorAUtiH ars ERRhteb AMiNNDlow-Toseguancy determ ned by the at |east one
enabl ed resonator tank. 24. The apparatus of claim 23, further conprising:
means for adjusting capacitance of the at | east one enabl ed resonator tank
to vary the frewenpafhgfin{e?%té&ltcﬂgﬁit Yr903m A0 wherbdn' ﬁ{eeiﬁrﬁiﬁ\j”@nﬁéiala_
wirel ess comunicati on sysfem conprising: a resonator having a plurality
of ports, eatlictesy dre €bichiediond siiple laglieraifahe Hhd at | east one capacitor,
wherein a plurality of inductors for the plurality of ports are
magnetically coupl ed; and an anplifier coupled to the resonator and

operabl e to gengiat eTan AilRHLe iGiRoMBMgIe GhEMHE Y rdehabrmaduly the
resonat or. 26. e wreless-device of claim25 wherein the output signal is
used for fmeglifiercyretonfigamblertei aperatd ata phdalityf ofefjeansogy baIls bynsalectivelynal .
27. The wirel ess devjce.of  claim?25 erejn the output signal is used for
frequency ERROYRS &R fiﬁﬁﬁmgtgeBE’?g]ﬁ%ﬂﬁpq tf‘%fea‘?féﬁtc.’r' 28. The wirel ess device
of claim25, wherein the resonator and the anplifier are configurable to

operate at a plurality of frequency bands by selectively enabling and
di sabling the pRral Thy infegpated siretit tafe claing ohtat wherei theryasoppior| @ds theevi ce

of claim 28 erein t plural ity of fregu S J.nel ar
band and amﬁgﬁg‘f)rngﬁe ?f’d’%rﬁlbgeaq Bﬂ%gfs'? é’ﬂﬁ?’ﬁ%@?ﬁaﬁ‘?}lgﬂ Q?Sﬁ%?ﬁgﬂw%lgﬁfggg
devi ce of ghlifb 3Rd dWEBIRI e bligalltg SOPGtLSS thetbsbimgoranpl i fier are
configurable to generate the output signal used for frequency conversion

for at | east

23.  An apparatus in a wireless communication system, comprising:

means for forming a plurality of resonator tanks that are magnetically coupled;

means for selectively enabling and disabling the plurality of resonator tanks; and

means for amplifying a signal from at least one enabled resonator tank to
generate an output signal having a frequency determined by the at least one enabled

resonator tank.

24.  The apparatus of claim 23, further comprising:

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

vary the frequency of the output signal.

25. 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; and

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

having a frequency determined by the resonator.



two different wireless communi cation standards. 31. The w rel ess device of
claim 30, wherein the at least two different wirel ess conmuni cati on

st andar dswoneéeades7sdma2000 and W deband- CDVA (WCDMVA) . 3PCTASomGhegh1of
generating an oscillator signal, conprising: identifying a selected
frequency band fromanong a plurality B supported frequency bands;

sel ectively enabling and disabling a pIuraIity of ports of a resonator

based on the se .ct eﬁhérﬁvg banﬁ a%g gener O'tﬂegoﬁtlﬂﬁt Qﬁﬁillik%é)cf fo gnal

for the selectetfre ésona
frequency downconvers1on of a radio frequency (RF) input signal.

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

frequency upconversion of a baseband input signal.

28.  The wireless device of claim 25, 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 wireless device of claim 28, wherein the plurality of frequency

bands include a cellular band and a Personal Communication System (PCS) band.

30.  The wireless device of claim 25, 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.

31. The wireless device of claim 30, wherein the at least two different
wireless communication standards include cdma2000 and Wideband-CDMA (W-
CDMA).

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

identifying a selected frequency band from among a plurality of supported
frequency bands;

selectively enabling and disabling 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.



