WO 20051104347 PCT/ US2005/ 007045 1 PROGRAMVABLE CAPACI TOR BANK FOR A
VOLTAGE CONTROLLED OSCI LLATOR [0001] This application clains the benefit of
provi sional U 'S. Application Serial No. 60/557,782, entitled "A Thernoneter
Decoded Capacitor Bank for Coarse Tuning of a Voltage Controlled
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[0003] VCOs are an integral part of many electronics circuits and are particularly
important in communication circuits. For example, VCOs are often used to generate
local oscillator (LO) signals used by transmitter and receiver subsystems for frequency
upconversion and downconversion, respectively. VCOs are also used to generate clock
signals for synchronous circuits (e.g., flip-flops). A wireless device (e.g., a cellular
phone) in a wireless communication system may employ multiple VCOs to generate LO
signals for transmitter and receiver circuitry and clock signals for digital circuitry.
[0004] A VCO is typically designed to operate at a specific frequency or a specific
range of frequencies. The frequency of oscillation for the VCO may deviate from a
nominal design value due to various factors such as circuit component tolerances,
integrated circuit (IC) process variations, circuit component aging, and so on. The
oscillation frequency may also change during normal operation due to various factors
such as temperature, power supply variation, and so on. The VCO typically employs
one or more variable capacitors (varactors) used to adjust the oscillation frequency in .
order to operate the VCO at the desired frequency. The tuning range of the VCO refers
to the range of oscillation frequencies achieved by varying the varactor(s) across the
entire adjustment range. The VCO may be designed with a sufficiently wide tuning

range to cover the expected deviation in oscillation frequency due to all of the factors



Phase noise refers to short-termrandom frequency fluctuations of an
oscillator signal and is a paraneter used to describe the quality of the
oscillator signal. [0005] To reduce the tuning range requirenent, a VCO may
enpl oy a programmable capacitor bank to aid with the adjustnent of the
oscillation frequency. The capacitor bank contains a bank of tuning

capaci t or s whavtosrmedgdbe i ndi vi dual |y switched on or off. PCEABROSAN I+
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SUMMARY

[0007] A digitally programmable capacitor bank having good performance is
described herein. The programmable capacitor bank includes multiple tuning elements.
In an embodiment, each tuning element includes two tuning capacitors and a pass
transistor coupled in series. The pass transistor is placed between the two tuning
capacitors and operates to electrically connect or disconnect the capacitors from
common nodes. For a thermometer decoded capacitor bank, the tuning capacitors for
all tuning elements have equal (or unit) capacitance. In general, the tuning elements in
the capacitor bank may have the same or different capacitances. Each tuning element
further includes at least one pull-up transistor used to provide a high bias voltage for the
pass transistor and at least one pull-down transistor used to provide a low bias voltage
for the pass transistor. The multiple tuning elements in the capacitor bank may be
arranged in a ladder topology such that the tuning elements are turned on in sequential
order starting from one end of the ladder and going toward the other end of the ladder.



havi ng the same ON or OFF state as that tuning el enment and provide biasing
to a "succeeding" tuning elenent, as described bel ow. The thernoneter
decoded capacitor bank and the | adder topol ogy can provide various

advant ages over a binary decoded capacitor bank. [0008] The progranmabl e
capaci tor bank described herein may be used for various circuits such as
VCOs, tunab¥@260sMe4847s, digital -to-anal og converters (DABST/USHNONYHSon.

Vari ous aspects and enbodi nents of the invention are described in further
detail below BRI EF DESCRI PTION OF THE W NGS [ 0009] The features and
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[0020] FI G Whehiows a schematic diagramof a VCO 100 for a first design.
Veo [0010] FIGS. 1A and 1B show two VCO designs;

[0011]  FIG. 2 shows an exemplary CMOS VCO design;

[0012]  FIG. 3 shows a programmable capacitor bank;

[0013]  FIG. 4 shows a tuning element within the programmable capacitor bank;

[0014] FIGS. 5, 7A, 7B, and 7C show four embodiments of a programmable

capacitor bank with tuning elements arranged in a ladder topology;

[0015]  FIG. 6 shows a tuning element with biasing provided by transistors;

[0016] FIGS. 8A and 8B show plots of capacitance steps and quality factor (Q) for a
thermometer decoded capacitor bank and a binary decoded capacitor bank; and

[0017]  FIG. 9 shows a block diagram of a wireless device.

DETAILED DESCRIPTION
[0018] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments
or designs.
[0019] A VCO may be implemented with various designs known in the art. Some
VCO designs are more suitable for radio frequency (RF), some VCO designs are more



100 includes a negative resistance elenment 110 and a resonator tank circuit
120, which is conposed of an inductor 130 and an adj ustabl e capacitor 140.
Negative resistance elenent 110 provides signal gain (or equivalently,
negati ve resistance) needed for oscillation. Negative resistance el ement
110 and reswoawev10¢hk circuit 120 collectively provi dP@/GBOSHNHEE shi ft
needed for oscillation. VCO 100 provides an,oscillator signal (Osc) having
a fundanmental frequency of ft,,,. The oscil?ation frequency fs, is

det er mi ned prseishé Rantbicaliyn bhenilayyemha O ([dedigf cannstueide bettdtasdndike

capacitance (C) of capacitor_ 140 and My -he expressed as; ' LW= 1 2gr LC
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tank circuit 170, Ich is conposed of an inductor 180 and adj ustabl e
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t echnol ogi es (Y 6fcapsciod 13 fidahdEieexpisgdaoxi de sem conduct or (CMOS),

bi pol ar junction transistor (BIT), bipolar-CMOS (BiCMOS), silicon gernmanium
(SiG), galliumarsenide (GaAs), and so on. [0024] FIG 2 shows a schematic
di agram of a VCO 1]00,4,_JA]1LCh_ is an exenplary CMOS design for VCOE(®) in

FIG |A VCO 100a “i"ficlamfsC a negative resistance elenment 110a and a
resonator tank circuit 120a, which are an enbodi ment of negative CVO

2005/ 104347 P S20 007045 5 resistance el nd resgnator tank
circuit 120, [Mect 'Y Shoyvsef éfhem'.ﬂc am § 5%9%8 fifi’éﬁ_rﬁe‘éoi‘t%e S8R a cmos
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110a is conposed of two N-channel MOS MOS) transistors 210a and 2710b.
Transi st or 2™xch is composed of an inductor 180 and adjustable capacitors 190 and 192. Negative

resistance element 160 provides the negative resistance needed for oscillation. Negative
resistance element 160 and resonator tank circuit 170 collectively provide the phase
 shift needed for oscillation. The oscillation frequency Josc is determined predominantly
by the values of inductor 180 and capacitors 190 and 192, as shown in equation (1).
[0022] FIGS. 1A and 1B show two exemplary VCO designs. Other designs may
also be used for the VCO. For simplicity, FIGS. 1A and 1B show only the basic circuit
components of VCOs 100 and 150. A VCO typically includes other support circuitry to
provide biasing, frequency control, and so on, which is not shown in FIGS. 1A and 1B.
[0023] VCOs 100 and 150 may be implemented in various manners and fabricated
with various IC process technologies such as complementary metal-oxide
semiconductor (CMOS), bipolar junction transistor (BJT), bipolar-CMOS (BiCMOS),
silicon germanium (SiGe), gallium arsenide (GaAs), and so on.
[0024] FIG. 2 shows a schematic diagram of a VCO 100a, which is an exemplary
CMOS design for VCO 100 in FIG. 1A. VCO 100a includes a negative resistance

element 110a and a resonator tank circuit 120a, which are an embodiment of negative



has its source coupled to a current source 212, its drain coupled to a node
V,-,,, and its gate coupled to the drain of transistor 210b. Transi stor
210b has its source coupled to current source 212, its drain coupled to a
node Vou , and its gate coupled to the drain of transistor 210a. Transistor
210a fornms a0 RWOSLM4B4Iverting anplifier, and transistor 2RPOHUSH083/9M043 second
inverting anplifier. The two inverting anpli.fiers are cross-coupled such
that the output of one inverting anplifier Couples to the input of the other
inverting anphisthhercleNadd30 ¥nd resanedorMank cifoaftr @9 rispatitell,f iarFIGt LAl wgo put  of
VCO 100a. Current source 2%12 préﬁ‘%/[i g%; bias current for transistors 210a and
210b. [0026] HYeGpyihstabrigated ol PS190a is conposed of an inductor 230, a
variable capgghilor EYAfREnHolintdh® sheWinoFIRy, Qgﬁug%gsﬁ%@ré‘sis@%@é‘%lehﬁﬁt prjaks 250,

all of which couple in parallel and between no V,",, and V,-,,. Inductor
230 and var actampogefDofitwy NoehanheldIDS ANSIOShtrantsistore 2 10arpnt @4ein t Bransigter218&t er nal
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ion frequency
240 may be ugffbnt Subck)212CkPMA doBbled toestbRIRCY* duhd fts SHE cdiPledas irt drfiisi N
tenperature, power supply, and so on, and (2} track the input frequency of
a recei ved RFraisitoal2l0d/aMagisistor 2284 formy adrspinvaengdmplifitre avdtrasistor10hi ch
may be coupled in series or, parallel, to obtain a wder range of
capaci t ance afffm A§¥on W"G’éﬁngtaﬁlﬁl Fgr- riR Gre myprtipeempligers aesaosscomiediishmmabl e
capaci tor ban,?ad JRut RE BEIibakifE dfpittief C6@HIS B! BBINHR of I othbNBiverti
oscillation frgquency of VCOllooa. dlrCg?oaci to@ bank 25%1; mgybe ased tv(e) 1P%duce
the tuning ranplifiereqodeeVEntandfV Y ac@mredent a 2dfdrentibl ahpurayf MCE@N00apCavent phase
noi se performance. Capacitor bank 250 may al so be used to sel ect different
operating freuuesdRgsovides didsicerren fordrasisiois 204 pRi®hcy bands. A control | er
270 provides - bi r.ol, signa [ f0 apacitor,,hank 2 wher e
L > 1. [0028] ol ) sl e Shrotlk L0g eysotbrgoks é‘?ﬁ“‘ﬁ?ﬁ& 23028 Kefte
desi gns nmay  edpacitod ¢vaisest) 240, ahdiepgamnididcapicitohBark] 250p41l f vitfic deapéGRD may
al so be inplemented in other manners. For exanple, negative resistance
el ement 11 Caparelel vad detvesnawded V0. 4t Var e Adugtor 230 tandt vazastor 240 m#oka in
FIG 2. WD 200Q5/,104347 PCT/ US2005/007045 6 [0029] FIG 3 shows a schematic
di agram of pr BGFieAtHEM-ehip ghimnlepentedwith odgngl spreur gempengns. kndpcies 339hapank 250
conprises a bgiierQlp that B8lipR 161285~ SupbhPFb. N eeUEP s B0 By trhNidig
el ement 310 is céntprolal edpby aarespecltlive X] con%srol élioéna from S

210a and 210b via inductor 230. Varactor 240 may be adjusted based on an analog

control voltage to obtain the desired oscillation frequency for VCO 100a. Varactor 240
may be used to (1) account for frequency drift due to variations in temperature, power
supply, and so on, and (2) track the input frequency of a received RF signal. Varactor
240 may comprise multiple varactors, which may be coupled in series or parallel, to
obtain a wider range of capacitance and thus a wider tuning range for VCO 110a.

[0027] Programmable capacitor bank 250 may be adjusted in discrete steps to vary
the oscillation frequency of VCO 100a. Capacitor bank 250 may be used to reduce the
tuning range requirement of varactor 240, which may then improve phase noise
performance. Capacitor bank 250 may also be used to select different operating
frequencies or different operating frequency bands. A controller 270 provides an L-bit
control signal S[1...L] for capacitor bank 250, where L > 1.

[0028]  FIG. 2 shows a specific CMOS VCO design. Numerous other designs may
also be used for the VCO. Each of the elements of the VCO may also be implemented
in other manners, For example, negative resistance element 110a may be designed with

different circuits than that shown in FIG. 2.



controller 270, where x =1 ... L. Each tuning elenent 310 includes tuning
capacitors 312 and 314 and an N-MOS pass transistor 316, all of which are
coupled in series and between nodes V, 't and V,-,,. Tuning capacitors 312
and 314 may be inplenmented as netal insulator netal (MN) capacitors. Pass
transi st or B0@odsso4kaced in the mddle of tuning capacihCaEs20380784d 314 and
operates as a switch to either electrically_connect or disconnect these
capacitors to/fromnodes V,'., and Vo,t. W?h this configuration, a mninal

vol tage sw ngo@29] St SFIRE: 305w @ $6heimatio Siagtaar offkbgrafamibivdabsoiet bamk. 256 @6
transi stor 316 receives the S[x] contrql si %gﬁll t hat enabl es or di sables the
pass transi st\orO 11Qhehappsier bank2o0 copprises ¢ haak of Afuping cloments 393 thrpugn,

t hrough tuni - apad)| ; b1Fed . [ are
connect ed be{ﬁ vvggnﬁ%glcﬁe]lg Bgl.e%%%gﬂgfbv?s%ﬁtargd ] Odc?? % g%{)?@&gfs F)gg%%ﬁgﬁlgﬁ%%}:?iﬁfn:t ion
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have the sanme unit capacitance®of CT. Each tuning el enen thus provides

the sane t uni@alGagdtod RagEMIMcapacidre Rasatthsidig 316tiablateinhe SdEAE oL ance
Ctw is proportional to the number of tuning elenments that .is enabl ed.

[0031] For bithapg capseibas Al andpldcand npsrates 253 sichiosgithep plesticallygortsshent  310a
ld h it f . |t 2 - 31 f or i .el t 31
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may have indi'vidually varying capacitances. If the capacitdf bank™i s used in

a VCO then diketlpdtdct thabbdilatiohgigesacy of ¥COMwessel y rel ated to the square
root of capacitanc as shown in equation (1), t he tuni ng:HeI enents have
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provides the same tuning capacitance when enabled, and the total tuning capacitance

Ciotal is proportional to the number of tuning elements that is enabled.

[0031] For binary decoding, capacitors 312a and 314a for tuning element 310a

would have capacitance of Cr, capacitors 312b and 314b for tuning element 310b would

have capacitance of 2Cr, and so on, and capacitors 3121 and 3141 for tuning element
3101 would have capacitance of 2 -C,. For binary decoding, tuning element 310a is
for the least significant bit (LSB) and has the smallest capacitance, and tuning element
3101 is for the most significant bit (MSB) has the largest capacitance.

[0032] In general, the L tuning elements 310a through 3101 of capacitor bank 250
may have the same capacitance or different capacitances. For example, the L tuning
elements may have individually varying capacitances. If the capacitor bank is used in a
VCO, then the oscillation frequency is inversely related to the square root of
capacitance, as shown in equation (1). If the tuning elements have equal capacitances,

then the VCO would have non-equal frequency steps due to the one over square root



programmabl e capacitor bank 250. Other circuitry for biasing and controlling
the pass transistors is not shown in FIG 3. [0034] FIG 4 shows a
schematic diagram of a tuning el ement 310x, which maybe wused for each of
the L tuning elenments 310a through 3101 in FIG 3. Tuning el enent 310x

i ncl udes t uwmOngsaeséri t ors 312x and 314x and pass transiPETBP2®IB%45hi ch are
coupled in series and between nodes V;, and, V. Tuning el enment 310x further

i ncludes resistors 322x and 324x and an inverter 326x. Resistors 322x and
324x have omgationehip 0Tk eshifgleléhentombp bie deﬁgdeﬂmﬁmtcﬁffeﬁat&apmﬁnctebee.guﬂaer end

coupled to the source . and drain e ss transi stor 316x.

Si nce pass tﬁaﬂg‘ieseﬂl‘}‘i‘ f?ﬂB?PcVéteﬁ%@Hh’ﬁipcg %(ﬁﬂ%ﬁ %‘B‘?Prt%e and drain are

i nt erchangea%mgnd mys@shagqnsmdae@ckhaﬁs Sép e tRic eﬂaﬁn%bmb@ﬁemsn%s for
the transistor esi stors” 322x and 324x provide biasing for pass transistor

316x. | nvert grogepenable caraciter baple 28). xPthebpirquitry fir birsingand cammlb@ the passt or s
322x and 32 I ignal also drives the gate of pass
transi stor %)énﬂs-{?&%&fiﬂs Sﬁyhﬁéglimnt 310x operates as foll ows. Wen the
S[x] control [@i3gpal HIE. atshow@gsmehraghdl(ag:agx of aidhihg elefeng3l0x, ohichasy be

transi stor 316 s at |.ogi and t erter .326x .and
resistors 323% He%"é‘ﬂftg‘?g g&{fﬂf’n &?/8?8“@‘?5%\%@; E&gé”t WHeg elegent 316y
i's turned 0“81@9%&1&&% RchitABAabitR¢ 3134 8xd 9[‘43{ Sadt as@rtﬁan§1\é\;"o¥ ahed Wlﬁc}pﬁxteween
nodes V,'. Conversely, when the S[x] control signal is at |logic
| ow, the gat eo@ledmssmeteremdshe&ﬁ@n Billex V)5 aid Vgi Cluning, elamehnit 3idxofutthert  of

inverter 326x and resistors 322x and 324x are at |ogic high. Pass
transi stor 3iWyudes resistared2% findaﬂé}xtandmM@V@aga’&6t<orl?§s13@@<3?émnd§%xh@fee
floating and oﬁg\”ertltf &%glé&% tl%f @g%ﬁn\éerter ﬁ@g aXd fhe: otheg% W%Q&{pcf t%qge ru?t!e
junctions of "pass nsi s X are reverse |as e pass
transi stor i smdi dranedespecfti‘velyThf sass eruesiste J6RAS Smoé pasyeraasigor BSxtibatedpaas

transi stor 316x . fuII rned off and reduces parasi.tic junction
capaci t ance &Pt Plhzh etqngﬁgqlgla{ﬁm}e hﬂ’%%@ 2’_.6 COP%@F??%‘{ PP HEdesi gn
shown in Fl Gehghnet ﬂéﬁnf“n@l'd If6rethe Rendié R&RfstRasDxt dndrBUL E?Jwé’elﬁésmgﬁfo? phésased to
logic lowin the ON state and to logic high in the OFF state by reSistors

322x and 324%anspHpis3 Waémwge@}?é@rrwws the ]ﬁlﬂﬁ?@trplcﬁ@t@hmvgﬁwsms 3R OFF
tate. t 4 ch of the L
funl ng el eme%fﬂ1 5?3% r'[rh%%ﬁ[ur c?(éﬁ O@%ﬂd afi‘ér?])%ﬁ%é %gg%g?gasgﬁg%é{t&%&ggoded capaci tor

bank, L ray [@03s] relhtnnngedle;mens BE0A opesdtesens fallvahst Wéhedlthe Sf) Sblﬁfcﬁ siigndl i$ fte L
tuni ng el errents ricated .in an area .2005/.104347
PCT/ US2005/ 000EmBe ée%f p@ L 2o PSS BB HomHOR o 8ETS Pl the putpgtofpe a

relatively | %‘i\&ﬁeﬁ@iﬂieanﬁ%sﬁors t3b2£ m&raréiﬁtcﬁgi%%ﬁ%‘%c W BaRkansis 2L
resi stors would t en reqw re a relativel f/
316x is turned on, and tuning capacitors 312x and 314x are switched in between nodes

V+

out

and V_ . Conversely, when the S[x] control signal is at logic low, the gate of pass

transistor 316x is at logic low, and the output of inverter 326x and resistors 322x and

324x are at logic high. Pass transistor 316x is turned off and tuning capacitors 312x and

314x are floating and switched out of nodes V.

we and V... The source and drain
junctions of pass transistor 316x are reverse biased when the pass transistor is turned
off. This reverse bias voltage ensures that pass transistor 316x is fully turned off and
further reduces parasitic junction capacitance of the pass transistor in the OFF state.

[0036] For the design shown in FIG. 4, the source and drain of pass transistor 316x
are biased to logic low in the ON state and to logic high in the OFF state by resistors
322x and 324x. This biasing ensures a low junction capacitance in the OFF state. One
pair of resistors 322x and 324x may be used for each of the L tuning elements 310a
through 3101 in FIG. 3. For a binary decoded capacitor bank, L may be a relatively

small value, and the 2L resistors for the L tuning elements may be fabricated in an area



| arge area to fabricate on an 1C die and would represent a huge area penalty
for using the thernoneter decoded capacitor bank. [0037] The bank of L
tuning el enents 310a t hrough 3101 may be configured in a |adder topol ogy.
For a thernoneter decoded capacitor bank, the L tuning elenents may be
enabled in a sequential order starting froma first end of the |adder and
concl udi ng WO 20¢/8&¥pnd end of the |adder. As many tuni fFEVBAEMNND40r e
enabl ed as needed in order to obtain the dgsired total tuning capacitance
Ctotat. If O < Ctota, <L CT, then a first series of tuning elenents 31Ca
t hrough 310i oftreaspnable sizewntaneld diest Hewevenfl miy beaa delntivedyy lage value fisch on,

and a second i of I S i Lk h finishing. t he
second end Oﬁ%@ﬁﬂ%&g&g&dﬁ%&%@%ﬁ% gﬁ%ﬂ%ﬁﬁg%&uﬁn@ln 5"'“1%%?@%&% 10j are
adj acent t o legehreattbdsbrizaid oipgn Iikdianyd owekl epresdne alhupel aied pewdligfontsng

dependi ng on t he total unj capaci tance Cntai. [0038] FIG 5 shows a
schematic di d ?@Wmﬁﬁﬂfeﬁbdﬁaﬁ?ﬁfﬁﬁ%& acitor bank 250a, which is an
erbodi ment of pp3QIr arKERIR &FaP AfideOsleRank 3 RROmEREh P8 hdPBe cofRedd Bra bank
250a conprises a bank of L tuning elenents 510a through 5101 that are

arranged i n laddentopelogy.open afgrmometss deepdphepperitardank, sheol. tuning elreenismihg
capacitors 5 14 I\QQ@% r St I are
coupled in sgor%"leglgtq gcg%n Seeﬁg\ée}lgﬁp%ﬂg]- es émia f%%’t?n@,o? Fhefl .&gdleﬂ%{dn%)%@g%xgg %Por S
512 and 514 angc@rishdtof adsliaddenr AS hfanf unireael bménisare @natdtdaeneddnlif oedetr teespond
to, and operate. in the same manner as, tuning capacitors 312 and 314 and

pass transi stipainthy desigadfatal fupingcapacancs Loger t Hrll W we<dmént theng fingt sefies 3.
[ 0039] For the. enbodj ment 0 i .G, 5 each.tuning el t. . 510 further
oo ones t v B slemenisgl o lesdh 0 buaiipe TREN el alas BN Rrag e B o
are represeni@@d by, &id £k&one 6 Vf i elemeiits 8107 Prough B OL ERi WX the
pul | -down transistors_ 526 and 528 (which are represented by circles

encl osi ng t hesependiegd of thejaddermagbe-frmed offnd uging|clements 3] Akanek 3 Pj 48 pdiassaht ed by
a circle wthgtdh Lt 84d mBy bel SQUS £ ITS th Oy EorC it t he
gate is at tng s?ﬂdéﬁof tdhrel,[\1 }éi ? calhg,0 an tﬁe ralgn ?Ige&ét’ teﬁégdﬁdgt?gtrlﬁeg#ﬁ% he
circle. For esgihgbapetiBnpeClodown transi stor represented by a circle with the

letter "n", ' t the bott f th | t he . i t th
s e of the dORBIe A § bl GiPh ol § B btiniine tbRutE vemt A1, "
transi stors Sg@ciai’tn2sbodineafeiprogimable cgiaeitdr badid250fod VICTE1 Waa Sapiitbd

di sable the tuning elenent. Pull-down transistors 526 and 528 of ~ each

tuni ng el emertank 200eemnrises pbarks ofd fsingrrements hiarthiongly > Ll dhat are arragedt or s
532 WO 2005/ ]iﬁ‘bsigc?dfeg %fé}??.o%éé}f)g&@lg%%eﬁ%nﬁﬁfb ﬁ@ﬁd%s?t‘d%bg |°_%§R°1J§ 595 204 34

vol tage Vbi as an coup e sources
and an N-MOS pass transistor 516, all of which are coupled in series and between nodes

V+

out

and V,,. Tuning capacitors 512 and 514 and pass transistor 516 for each tuning

element 510 correspond to, and operate in the same manner as, tuning capacitors 312
and 314 and pass transistor 316, respectively, for each tuning element 310 in FIG. 3.
[0039] For the embodiment shown in FIG. 5, each tuning element 510 further
. includes two P-channel MOS (P-MOS) pull-up transistors 522 and 524 (which are
represented by circles enclosing the letter “p™) and two N-MOS pull-down transistors
526 and 528 (which are represented by circles enclosing the letter “n”). For each P-
MOS pull-up transistor represented by a circle with the letter “p”, the source is at the
top of the circle, the gate is at the side of the circle, and the drain is at the bottom of the
circle. For each N-MOS pull-down transistor represented by a circle with the letter “n”,
the source is at the bottom of the circle, the gate is at the side of the circle, and the drain
is at the top of the circle. Pull-up transistors 522 and 524 of each tuning element 510
provide biasing to disable the tuning element. Pull-down transistors 526 and 528 of
each tuning element 510 provide biasing to enable the tuning element. Resistors 532



transi stors 5221 and 5241, respectively, for the top/last tuning el enent
5101 in the |l adder topology. The high bias voltage nay be VDD or a voltage
| ower than VDD. A high bias voltage of VDD allows the junction di odes of
P-MOS transistors 522 and 524 to forward bias when the VCO sw ngs above
VDD. A hi ghwioi2aes/04847 age of | ess than VnD avoids this fRETERZEOSHPHES
phenonmenon. A resistor 536 has one end coupjed to a | ow bias voltage (e.g.,
Vss) and the other end coupled to the sources of pull-down transistors 526a
and 528a f oranil 584 bedploty 4 hiph bidswoltagg Gl.caeinfirtbdrGauple tb e doadeest gullpgl ogy.

0040] The | adder, topgQ] o ovi des cert ai vant ages su S 9o ual it
(O Hactor ramirns RILad vl Murvebofs Bladf bl et di Bty ™ |
resonator tankpdibgt TeaSch Bikevlapefiay BE Vg aKa veltigdnewMaHan VhE Alideias
resonator tank Qresults in |ower nolse and/or lower power for the VCO

[0041] FIG oolpgsef Voosdlewmdite jundioagliodss of P-YQY Hrnsisters 5k and 324 toforwiagrd ch
maybe used f bl el 103l G 5.
Tu%i ng el emarP’? 1s V@%&Eh ﬂgplt}glé}gstagﬁ?ér}gméa%g}:gﬁbgarsg’%g%y&fg‘%g@f Dg%%lhgg@s
transi stor 5if6ywardvhias ipherroenenonupl medision 53@ haseeneaerd dvapled ¢m arlowlddas\woltage and

V,-,. Tuning el egent 51 urther includes two P- ull -up trapsisiors
522y and " 524yCEnd BuBINS Lo 674 catplil o HISavaIcEt of BOESRYH AAEFIYB OB - up
transi stors 528y forfih toedin/MeManing dleiRft 3102in taOWAHE topddogiodes Vu and VRz,
respectively, gates that couple together and receive the S x] control

si gnal, and dPed0hs tTHaeladdmigprolegy pvidenedrtapioavantyss aigl ayRgod geadive (@) vel v,
N . | .
Wi thin tuning.gl ﬁ%gﬁ{égcaﬁa%géére% '@ﬂ%\ﬁ%&aﬂé fa0bro 9¥esgﬁgor§%?ﬁ¥|thglad/s@s

sources that ‘coup 1 respective ates that couple
t oget her and the capavidort ek S§ xijnpooad.r dhe bsitgmabqnaton dardr @ resultshiatlowaupdiee t 0

i nternal nodes .,VLy and VI e tively. Pull-up transistors 522y and 524y
and pul | -dowfnfvroéﬁé‘fe@%‘?’@fg’?%?% 528y are only used to provide biasing

and may thus [pe41] npl EI® Y @@weiatsohdhndic ldidefansf £t@ingSdlertat 51 G 42lchMagese VLY
and VRy correspond to the source and drain, respecti velﬁ&so pa

f SS
transi stor 5% faseactypf thg Letuningralements,S108dkreush /1Y Ay FlfS. c Sppiag glsment o t he
source and i 3 oo Qf i : r A
o emont | mred of ariEEREEhE KepabitoR S1P EnP 3y bR RaCh A TR RO |

tuni ng el enerdoupléd)in iseridshendbbstivesi hddest v, t w r\%t.el'euimﬁg eleteeN5T03dRSthY  and
VRx correspond to resistor 536. Nodes V1 and VR~ correspond to the source
and drain, rdsgedssitwel BFM@S pulieppassistorsaiiddysandr 5F4yr andhtsvot NiVIO§ pudl-dovent

e oL ARG AP POl 05 AL BB by B0 Y0

el enent, thenonpdes vy, mdaVy,, Vespecidlelye $pRH @hdt Qouple together and receive the S[x]
control signal, and drains that couple to internal nodes Vi, and Vgy, respectively, within
tuning element 510y. Pull-down transistors 526y and 528y have sources that couple to
nodes Vi, and Vgy, respectively, gates that couple together and receive the S[x] control
signal, and drains that couple to internal nodes Viy and Vgy, respectively. Pull-up
transistors 522y and 524y and pull-down transistors 526y and 528y are only used to
provide biasing and may thus be implemented with small transistor sizes.
[0042] Nodes Vy and Vgy correspond to the source and drain, respectively, of pass
transistor 516y for tuning element 510y. Nodes Vi, and Vg correspond to the source
and drain, respectively, of the pass transistor for the tuning element immediately below
tuning element 510y in the ladder topology. If tuning element 510y is the bottom/first
tuning element, then nodes Vi, and Vg correspond to resistor 536. Nodes Vi, and Vg,
correspond to the source and drain, respectively, of the pass transistor for the tuning

element immediately above tuning element 510y in the ladder topology. If tuning



resistors 532 and 534, respectively. [0043] Tuning el enent 510y operates as
follows. A logic high on the S x] control signal enables tuning el enent
510y, and a logic | ow disables tuning elenment 510y. If the S[x] control
signal is at logic high, then pull-down transistors 526y and 528y are

enabl ed si nwe:3des4VLx and VRX are at logic | ow for th@OTaEeens/oe@scri bed
bel ow. The enabled pull-down transistors E1§6y and 528y bring nodes VLy and
VRy to logic low Pass transistor 516y is tThen enabled by the logic high at
its gate and elehfent 690yEisl e tap/last fmingoslémentathen Gibdés v, Thel Vegeardspatd wn t he
S[x] control signal_also _disables pull-up transistors 522y and 524y. [0044]
Conversely, FeSIE9i@ %} 39d BontesRselYnal is at logic |ow, then pul | -up
transistors [GRRY anfimadtledél 5@«;5?915&%@%30\09%%@{@ HedHorMiBe S Ccoftroll 09I C

[
high for the reason described below The enabled pull-up transistors 522y
and 524y bri signaloeebley/upingrelemsyis 10y and @i leginilg dispbles tuningneleraens518y.61f i s

t hen di sabl e e | N g [ QA1 C< i source
and drai n. TR FBbeerReal Bt hnoRbs st dowh tanills"sat dla 3osd b POC0E
trﬁnsi st;)r 5%_ﬁgbt1ahdnc&2:8>yl2 es Vgp#ﬂd 52]4V1{§haee ﬁ[li&ﬂ;icdmmfdrdltle felagimad teS(tﬂmggeIWblE&éigt he[
pul | -up transi stors and . y_. _or - down ansi st qr .a y a
any given m)r?B%tl?c{ P‘Fl?'é?l‘h ﬁ&ﬁlit?réﬁgp§taﬂ$§%35g§9g aAFss angr Yetﬁ%ﬁ’%g?w't hen
B_Ode_s VLy andMYandisRr Bidy 8 thdaRnbled BPiHR 1!5%-19 RigBneits A0 hdl el 198k fovhhiGh

i asing on nodes VLXx and 'VR~ for the next tuning el enent imrediately bel ow

tuni ng el emersourse @pd dgny eFlgelogic high pl thedwh conteod ssigabelso sB@plearmyll-p28y ar e
enabl ed, theqmggg{&% 55?%8‘?59\‘}%{& are pulled down to logic | ow and provide

| ogi ¢ | ow bi asihg on and VRz for the next tuning el ement
i mredi ately qoeMg tConvagelg) i€ ier8[xpddiyrol §ifd 6 at Refietow, tgenhadlkaptteenkibicrs 5, f or

the | adder t | ogy,..the tuni.ng elenents. are nabl ed i.n _sequential order
from ¢ he bot SO R SAEY s HIBHISE g7 30085, 1o Nas FEkidpEe HRIalor B ieseg

el enent 510a degerfbb® bélbw S ITHe @nRile® PARLE Grandistérs 3Y2¢ bRIEIMy BrikYhddss Vheaecond
to be enabled, and so on, and tuning el enent 5101 is the last to be

enabl ed. The ¥rytelogicdiglesPass trangisiom?] Oxliethem disabledby the legie favd atoits gatmandf r om
the bottom of - . 0 | r . tuni ng
el enents has ﬂllfft Lb%ﬁ:u@gﬁjgf)%%{@g%g}d;&gﬁns pT@Jr lr?é{(f h‘§¥¥ %gﬁi %DSKJE %of@g%ﬁ%&
transi st ors tdivablesipdi-owTtaimsises 626y awlri28g. of tuning el enments that is turned
off runs fr et f.the Jadder, toward the bgottom af t | ad Each
of these tuniST el el debol GRSt SHler cne pdflup T iatrian dith vt o
pul | - down tr RRGBIdRNE tMEBRE STdy- addBRY0R LAP4RAR RSTLWSAORENAP 1RASstonl

522y and 524y are enabled, then nodes Viy and Vg, are pulled up to logic high and

provide logic high biasing on nodes Vi, and Vg, for the next tuning element
immediately below tuning element 510y. Conversely, if pull-down transistors 526y and
528y are enabled, then nodes Vi, and Vyy are pulled down to logic low and provide
logic low biasing on nodes Vi, and Vg, for the next tuning element immediately above
tuning element 510y.

[0046] Referring back to FIG. 5, for the ladder topology, the tuning elements are
enabled in sequential order from the bottom of the ladder to the top of the ladder. Thus,
tuning element 510a is the first to be enabled, tuning element 510b is the second to be
enabled, and so on, and tuning element 5101 is the last to be enabled. The first series of
tuning elements that is turned on runs from the bottom of the ladder toward the top of
the ladder. Each of these tuning elements has its pull-down transistors turned on and its
pull-up transistors tuned off. The second series of tuning elements that is turned off
runs from the top of the ladder toward the bottom of the ladder. Each of these tuning

elements has its pull-up transistors turned on and its pull-down transistors turned off.



[0047] If tuning elenent 510y is enabled, where y =l ... L, then all tuning
elements (if any) below tuning el enent 510y are al so enabl ed and have their
pul | -down transistors turned on, which then provides logic |low bias to the
pul | -down transistors for tuning elenment 510y. The pull-down transistors
for tuni ng BO2EM04BTI0y are al so turned on and provi de REGVRSPETHT as t o
the tuning elenent directly above tuning el elment 510y. [0048] If tuning

el enent 510y is disabled, then all tuning ell enents (if any) above tuning
el ement 510y [go47]al SH flinf@bbiegheatnd10yave ehdbddd;, Whiré - {p 1.1 ansteh o4lb thdned on,
whi ch then provides |logic high bias to the pull-up transistors for tuning
el enent 510y.clemngs (({any) belowrtemisg slewerf X8y arealsonenableé arhhavs 1hgir pylldeyits o

; q . Lo e . Cuni rect |y bel
tuni g ol emonfRaTy st oy aith it Bl SelcIBwstl Bthe Byt bl i °¢) Ph
recei ves bi asimgg tieowrnias10Yp Tae pali-dgn transistogs foir eursmyg elbraent3d0y fre alsanenédN or

OFF state as that tun el enent 1( i ch be either abov bel ow
tuning el enerft® @ﬂ@gﬁm‘% ﬁ‘ctl%mngﬁﬁtoe'g@%ﬂgvé@wgg%g}ﬁa?ﬂVSWH%gs&T}P‘a'EPﬁ@}"t 0 a
"succeedi ng" [bo4¥)Ng Hlt@mgtelehﬁm Sytib QisaReE thdwh SN tynighelshaite (iﬁ%ng?%bvé uni ng
el ement 510y, which may also be above or bel ow tuni n? el ement Oé. A

t uni ng el enerftning lemest SA0y ee app slisgbled 2ad dipve thelyi pl-viyy tRRBFHETE (HMed G
transi stors if.: I: [ LS. i.al: nd
pr ovi des br asyioh EieR B fhulb IR s plilGh b TR UL U
t hat is i meditetmilumptransistor fort tuning gleateatr8tly dveadlsol terred dnhand@rbvide ddgic

recei ves biasi.ng fro ull-up transistors in.a receding tuning el ement
that is i m%%ﬁto%gwlgﬁgmﬁ“g&fﬁ&8?)‘?‘35%’(? ?@nsla}%ﬂbhp transistors in a
succeedi ng t ugodyy el BaRRinfnpatenicht 50V dinatee} ¥ 10elIOWhnd RR&OEs Bihkdmg FOmSHows a
schemati c di agram of a programmabl e capacitor bank 250b, which 1s another
enbodi nent of“ppecedingihrtmiigeelemgr hiatiog thrasakne2BN drdDFIV/Eate dslibiat. tufiag &teintent bank

250b conprises a bank of L tuni el nts 5104 thr h 5101 that are
arranged | n o IORMERS Py GE Y BORT PEP, HERIA et | P MBDEGIFEIFAL uni ng
el ement 510 mayyhol pipliesEbibath &5a SHRYERdInG” hidmg BlemeRPa&idzOthe Rank ORPEP
operates in simlar manner as capacitor bank 250a in FIG 5. [0051] For the

enbodi ment  sHeW stae py that pyming plemeniup ks “aichpmry 2lpe by ahpypsardiebove Smingind 524
for the |eft gifig:3pel.rA %ﬁ%fé1é1ﬁ%ﬁﬁ§§%@ﬁie\tﬁh¥mte%ce%§ 'Biakﬁ&g'ffaga SUIBARRM
nodes an : y, it

cross- couple to 1nternal respective e tuning
el enent di r ecitdnyistaizone. preceding ¢uvémgdlement Het simmedistely bgdow kndiprovidesisiasinor s

522a and 524a in,tuni el enent 510a.. coupl e to nodes. VRb VLb
o ot oty oimtidei S G R e SibtRding uRes oo RenORE s MEmedR R v A
pul | - down 1t r aiing eRmfenb At @G the OHFOStat hecelvel biasind efrdi Pullivg NtanSikde, in\VIO

2005/ 104347 PCT/ USZOOS/ 007045 o ] ] o
preceding tuning element that is immediately above and provides biasing to pull-up

transistors in a succeeding tuning element that is immediately below.

[0050] FIG. 7A shows a schematic diagram of a programmable capacitor bank
250b, which is another embodiment of programmable capacitor bank 250 for VCO
110a. Capacitor bank 250b comprises a bank of L tuning elements 510a through 5101
that are arranged in a ladder topology, similar to that shown in FIG. 5. Each tuning
element 510 may be implemented as shown in FIG. 6. Capacitor bank 250b operates in
similar manner as capacitor bank 250a in FIG. 5.

[0051]  For the embodiment shown in FIG. 7A, the sources of pull-up transistors 522
and 524 for the left side and right side, respectively, of each tuning element cross-
couple to internal nodes Vg and Vi, respectively, in the tuning element directly above.
For example, the sources of pull-up transistors 522a and 524a in tuning element 510a
couple to nodes Vyp and Vi, respectively, in tuning element 510b directly above. The
sources of pull-down transistors 526 and 528 for the left side and right side,



12 respectively, of each tuning el enent cross-couple to internal nodes VR
and VL, respectively, in the tuning elenent directly bel ow. For exanple,
the sources of pull- down transistors 526b and 528b in tuning el enent 510b
couple to nodes VRa and VLa, respectively, in tuning elenment 510a directly
bel ow. The cross-coupling of the biasing between adjacent tuni_n% el ements
may provi dewéb%oﬁ-‘élof‘?“gdvant ages (e.g., ease of routing fRETEBPGHOHE rcuit

| ayouts, better matching, and so on). [0052], FIG 7B shows a schematic

di agram of a programmuabl e capacitor bank 250c, which is yet another

enbodi nent of regrectivedyymeb kschc amary elbmebtantos26@iploto \iflernal ddes Tapawd Mgy bank

250c conprises a bank.of L tuni el ene 10a _t hrou 7101 that. are
arranged in aTRXGUEY: i 58 BEipe %ﬂ?@ﬁ?ﬁ%’}%ﬁ%n@ﬂf e)gaf%pq?,n f S AEPully t he
el ement's showbvwtrdnsistorH5Pobcaiat 5280 1in hinddSelgtitdt -5d oMvoiipl@ fshade®Vep 2 V), t he
right side. Pull-down transistor 526 for %ach tuning elenment 710 is enabl ed

i f that tuni igSReFiEYRbAED fugtng ¢lerpend SERR difestl® beloy.  Fhet cresseaupimigaf the biasng ¢ or
516 for that i @I{{%F& i st R and
VL are appr oxllsétlngétzegIgh)(/ij%l |gqua ,n%ﬁlgﬁgﬁgn%gﬁ)@g%mﬁﬁaﬁnragﬁﬁ?fg?&%?%g%gﬁggrﬁ% i de
bi asi ng t o t hidr taraimgreslt dayents, bitteeweatchingldodeo oMhi s  enbodi nent reduces the

nunber of pul | -dqwn nsi,stors used to provide.biasing f as

transi stors 5@8%@&‘%@ %13}6{& %?%Sm%%ceglggrglsn P% A JTREN aﬁ%n%@?’mt:% b@%aoi tor
bank 250a i m36kGyhith if {0 28¢thér dmbodimeh 0f\Brogragidid¢dpacithr dailan3ofor ¥ CO
programmabl e capacitor bank 250d, which is get anot her enbadi nent of

progr anmabl e E¥Ba&apasitop hak 2509 cpmprisped bank 04 L teping clemsptsy g treegh Héhpri ses
a bank of L tgnd aﬁlaﬁé@ h 2 r; [ | adder
t opol ogy. Eacﬁgﬂtét}gi ng el_reﬁr}éan%zdaé;%ﬁ%%dgg&aﬁ%fmgf t %E%é?elﬁnﬁﬁgqgh%\}gei n
FI G 6, mi nusclement\sHol8 ip FlLG-- @enoaptt forNIVOP pull-dewe tsansisthef28& emihe gghtetidement

ol emont has. onarRuT CHBIRR CPaRE et phiS leBieh, ALST gl oFRE A e o

transi stors iarthe Oblsatst aggat ete NRky\RaRistdS16 Ertthartthing gltinesi dekoaanesds t he
| adder. The pull-down transistor fqr._each tuning el enent may couple to the
i nternal nodeCrihe FRlE5Hs mpdess Ve end; Vi pise2RREoRimgtell eauaht 204 prsc Pl deydt ow, as

shown i n Fl G 4{dsioF 05268 ¥k Sviad fb%&g%&%hm@kk@%@;%&;ﬂ egfta]@g in

tuning el enent 712b couples to node VU in tuning el enent

bel ow. The puéhbadiment reduees theogrunfher of pelhdowim itnagsisiore meed tonprpvide diastgupt e to
the internal pode on.th si de | e tuning el.enent directly bel.ow (not
shown i 1 % Bl S16 X el b N onb s U0 R B B o5 Reor e,
tuni ng el enren250412BIG.Fay couple to node VRa in tuning elenent 712a directly
below. Differe

tinter- . .
[0?)53] I%IG. 7C shows a schematic diagram of a programmable capacitor bank
250d, which is yet another embodiment of programmable capacitor bank 250 for VCO
110a. Capacitor bank 250d comprises a bank of L tuning elements 712a through 7121

that are arranged in a ladder topology. Each tuning element 712 includes all of the

elements shown in FIG. 6, minus one N-MOS pull-down transistor. Every other tuning
element has one pull-down transistor 526 on the left side, and each remaining tuning
element has one pull-down transistor 528 on the right side. The pull-down transistors
are thus staggered between the left and right sides across the ladder. The pull-down
transistor for each tuning element may couple to the internal node on the opposite side
in the tuning element directly below, as shown in FIG. 7C. For example, the source of
pull-down transistor 528b in tuning element 712b couples to node Vi, in tuning element
712a directly below. The pull-down transistor for each tuning element may also couple
to the internal node on the same side in the tuning element directly below (not shown in
FIG. 7C). For example, the source of pull-down transistor 528b in tuning element 712b
may couple to node Vg, in tuning element 712a directly below. Different inter-

connections may provide different benefits for different circuit designs and/or layouts.



connections may provide different benefits for different circuit designs
and/ or |ayouts. WO 2005/104347 PCT/ US2005/007045 13 [0054] As indicated in
FIGS. 5, 7A, 7B, and 7C, three resistors 532, 534, and 536 my be used to
couple the L tuning el enents 510a through 5101 to the | ow bias voltage
(e.g., | ogiwogsmsumidsi/ss) and the high bias voltage (e.gPCTIuEgM06/0¢70¢h VDD, or
a voltage |ower than VDD) A fixed nunber q% three resistors is used for the
| adder topol ogy regardless of the nunber of tuning elenents in the | adder.

I n contrast, [(U54] esiAd indisatedMuFIGh &, MAcUBOaridOIC, ahiet o&istsryabl, 53¢ apmcidsor bank
using tuning element, 310x in FIG . 4. Since a yesistor occuypies nmuch nore |IC
di e area thaff® Pﬁ?%ﬁoﬁwl?%%ﬁjo%?lﬂpe%%&%éﬁmpgp éﬂ%t‘éﬂ’égg‘?‘r%ﬁsﬁéﬁ%hi eved
Wi th the | adgeg, 1QROLBENG Vi)RdAR YighiRevdIRSd &LO! et Bigh 384, or 4 VoRageaVvi Ny

1
in die area can typically nore than make up for any additional the area used

to i npl enent lawe thiteVoohedelixedonwiticn ¢f Iteg tesistonués usel dforthei ladder Hepolagivet er

to i mpl . cciedonauiengf iy . i
assoc at ed RO Mo, thlter f Bnk BRuphl 8 Al B Sl AR o

decoded capaioutirbesaded fpHH pivlgrdnaniablecdpadionbmiksusify tithiag pleagniedhdalh 1G.

capacitor bank wth the | adder taqpolo ave been descri bed above |n FIGS.
S oA 7B, "o Stee bpsior SrenBionmn P RaRI S Hea don & e RigroRbHeRe U 05 o

anot her tuni pgdielaRaBiMy Hel dehidhe6) with the tdddyr t@?ﬁ?&@y SRR PhtReEsi GO Rl Afked O

another tuning element (if any) directly below In general, biasing for the
pass transi sflbissaying ihdic preawhrlBaicely mard thysmakgeypaios anyadditionsh diparsa psed| - up
transi stor i I | i tage (. . o) r) for
the pass. tr Sniffshl B SELESLELscb At el e TECuife Berppolidie gy RAD

provi de the lcapucitoretmok Ghtladieg rdsistas andvisaipisfory) ahd éhepaswiatadasorirsitlogic miwo

pul |l -up transistors.are typicall sed for hjgh Dbjasing to ensure that the
bass transi sPBFMALeT ey taR o corpsalg Pinarysleptdetl cprattit R and/ or  t he
pul | - down tr agwispt Orfos) ef®bdifRAR sflibeNSofhRMRble SHHALR Balk iR HeeRalide

biasing from at |east one other tuni ng el enent. "Vari ous topol ogi es may be

used to achi éenslagli kave ibsere dessribed ebeie. MHIGSe ¥arfpl &B; tané 7C.t dor tlee idderent s

may bo coupl 1P s el Bl g BRER coiaiRInoRE AL MBI Bl SR Bl
and/ or ot her andfsitlcercatplentn afdihdr6ihnihp eclqnemt ¢iframyy dirodtlyabelewe ninl gengrah- bi t

t hernonet er decoded capacitor. bank was eval uat ed agai nst conpar ahl e 5-bit
bi nary decod &S@gﬁ%ﬁﬁ? e AstoR B b i B Ve %ﬁm&&o@telaa%aﬁw “or bank

has 31 tuni ngpalBH8BE & uskd tdpReeb thdMbR 8ias VelEsR! (e.ch A 1bWeY) tratthe %all_ss
capacitors and each tuni ng capacitor having a unit capacitance of

f ent o- Far ad (amsistorTiaed & lpast oby pell-Jowe rasistords psedi to orovadanthe Aoy bias weltageni ng
el ements, (e.g., Vss) for the pass transistor. Two pull-up transistors are typically used for high
biasing to ensure that the pass transistor is turned off. The pull-up transistor(s) and/or
the pull-down transistor(s) for each tuning element couple to, and receive biasing from,
at least one other funing element. Various topologies may be used to achieve this
interconnection. For example, the L tuning elements may be arranged into two or more
groups, and each group of tuning elements may be coupled in a ladder topology. This
may be beneficial for layout and/or other considerations.

[0056} The performance of an exemplary 5-bit thermometer decoded capacitor bank
was evaluated against a comparable 5-bit binary decoded capacitor bank. The 5-bit
thermometer decoded capacitor bank has 31 tuning elements, with each tuning element
having two tuning capacitors and each tuning capacitor having a unit capacitance of Cr
femto-Farad (fF). The 5-bit binary decoded capacitor bank has five tuning elements,
and the tuning capacitors for these five tuning elements have capacitance of Cr, 2Cr,
4Cr, 8Cr, and 16Cr. Each capacitor bank receives a tuning code that ranges from 0

through 31, with a progressively higher code value corresponding to more total tuning



and the tuning capacitors for these five tuning el enents have capacitance of
CT, 2CT, 4CT, 8Cr, and 16CT. Each capacitor bank receives a tuning code
that ranges from0O through 31, with a progressively higher code val ue
corresponding to nore total tuning WO 20051104347 PCT/ US2005/ 007045 14
capaci t anceWOoAIBat84%al ue of 0 corresponds to the snal | #EI/ES20A000¢NiI ng
capacitance of 0 if (ideally), and a code 1\4al ue of 31 corresponds to the
| argest total tuning capacitance of 31 CT.”'In a practical inplenentation,
each tuni ng ehmirificel Padode FalielbNE corakporidaso the BRall&etot Surli® cap@difande of 0

even for code value of 0, the _ sum of

it thr. t he el t, .
e L o s Shdarols of T St U o5 eippg i of
capaci tance. 3100097k prdcHcal3ApRARNRLBH, Uash &Hr%?&aﬁéﬁtmqs Soff Bfs ddak 5-bit

ther nonet er decoded “capacitor bank and the bit binary decoded capacitor
bank. For easbriasdee"“aff wapaeitancatigpgh the slengnt nFlisgavedifor covde vabieadf O thei ng

capaci t ance 0 . I I.s: ternmined .and subtracted from

t he total tu%@%&%ﬁ%ﬁ%@%ﬁaﬁﬁ Lié)esu 6@?131 aglr%intglrl'negléﬁld?}gcﬁ’-aiﬁ Gobt ai n t he

capaci t ance 40657] ( orFich8Agshows plotpafcapaitaey sipg For thicod-bit atkmomededacadade, or

AC(k)=C,,,a, (k)-C wk-1). For an Jjdeal c citqQr bank, the _capacitance step

is the sane %&acg?%%o%‘dv'g? gt b@m&%f?‘?eazcaﬂﬁf(ltff %a—‘r‘]‘ FOEe%é(@Eﬁ)V?luFB‘OSS]

Pl ot 810 sho : i | e t he 5-
‘Pﬁlg’irgée&ec%ig@ ﬁfggggﬁﬁ tid SRS tfulfy Fg;lfag&mc% ) o ¥hAUDRe 3&1}1]56 Pls

bit thernonete ci'tor. bank. t 810 | ates that t

capaci tance tRRfined 3hd tsfitrdchar fRNBEE otAlonRrle tapRnagdet @r%}gﬁb & Y&

simlar. Plot 812 shows the capacitance steps for code® és 1 through 31

for the 5-Ditvalernvary té@bade theCapattaiicar stepb@i kharfge Gh c&%a%itb:&éj Q@(EP férh@dkt t he
capaci tance steps for the binary decoded capacitor ank are not constant
across all cedée walweeor ARE)=Cgg#)—Capéict)anckors e pdexd ceapscitoh drankt ke MSB i s
switched going from15 to 16 and is alnost twice as |arge as the nom nal

capaci t ance sepgsitafcoewpiis the f4res ©nell eederyghies, ion AI(DEACEBNE)-- +4CB reasur e of
the variation ln.capacijance steps and is larger for bi n ecpded
capaci tor ba Qd#han ﬁteélirfg?‘%ﬁ?&‘: acg%TE’SS@BS %EEﬁéecYa?WFHBEWth %gorlq%ﬁ%er DNL
for the bi namy #HeaRdREr GRAed t&ackatank.s P @10 dndidaRisaRdt thd hEMRES @bdson of
this capacitor bank. Each pass transistor has parasitic capacitors (mainly

di f fusi on ar er the thememstar deaededoppraitep parihate yay il Plet 8i2ishonys the
capacitance fcgéfaé:it%lc%%%&)gq?reéoﬁmglﬁley?&hlgﬁ 91 fdr'the SIBittl%}ﬁaI%Eco%E?%%aci-[&

achi eve the s arger tuning tapacltance, e’resis ce of the
pass transi stbank.n®bd 812 dndieatescibaicthe capapitares ptapdifogthy , bizsy slhandad icapaetjerat i on

(2). This may he achjeved i mpl.enentin ass, transistors in parallel
o1 "t uni ng el O FRrBiER Ao Bl koS AL e FRES: tArptbnee Ragocci Rhch
the MSB is switched going from 15 to 16 and is almost twice as large as the nominal

capacitance step.

[0059]  Differential non-linearity (DNL) is a measure of the variation in capacitance
steps and is larger for the binary decoded capacitor bank than the thermometer decoded
capacitor bank. The larger DNL for the binary decoded capacitor bank is due to typical
implementation of this capacitor bank. Each péss transistor has parasitic capacitors
(mainly diffusion area to bulk and gate overlap) that result in the tuning capacitance for
a tuning element not being zero in the OFF state. To achieve the same Q for a larger
tuning capacitance, the resistance of the pass transistor needs to be reduced
correspondingly, as shown in equation (2). This may be achieved by implementing K
pass transistors in parallel for a tuning capacitance that is K times the unit capacitance.
However, in order to minimize the OFF state parasitic capacitance and at the same time
reduce the non-linear capacitance coupling into the resonator tank, these K pass
transistors are often implemented with shared source and drain. This results in a

lumped pass transistor having less than K times the parasitic capacitance.



However, in order to mnimze the OFF state parasitic capacitance and at the
sane tinme reduce the non-linear capacitance coupling into the resonator
tank, these K pass transistors are often inplenmented with shared source and
drain. This results in a |lunped pass transistor having | ess than K tines
the parasitic capacitance. WD 20051104347 PCT/ US2005/007045 15

Consequent | YO 204880436t al (tuni ng and parasitic) capacit af&@/F89050H0& t uni ng
element is less than Ktinmes the total (tyging and parasitic) capacitance
for the tuning elenent with unit capacitance, thereby resulting in DNL. For
t he t her noneCensedeadlyethe detplatining andpatesiticy ¢apatitancenfyr tep bumirgmlenan i lpss s

transi stor a ' ' L n.t . o for.all L. tuning elenents,
and N 1o e TREFLERRS oo SRR e AR ea faftos e AR o e ¢
capaci t or bawkpativance chesky foseliug i YPNIL uRomtbe dingmamert dedoded tapacitdrmank,
frequency tuning.. The varactor is then selected t@ have a capacjtance range

that covers g garaeitors sud ippss rapsisipr e dgpensioned gythe\samg granmex fpralh b

varactor is bhus desded APDNL ik HudeRRAFb4tRACE Step. A large varactor is
undesirable since the varactor is a non-linear capacitor that upconverts

baseband noi $#60b t He VGQRsuwyamploy aprogaamm#ie cepaditeyr ek ot brarssHaswenyi se of
the VCO In : P LSe (. €. .. . NCreases ] I ncreasi ng
varact or si zg.ﬁﬁ%&g hao%&?oﬁ fgﬁjﬁ% %%,%Wﬁ%r gléesf’ar%%%alcsz i%?eélnsgl)gc‘[\é\@ Eeop 8F the

bi nary decodesgpacizmae rdnge tixoEvdrs thegest icamtitdnge kb deor all blelvahgesh large

capaci tance step for_the thernmoneter decoded capacitor bank.,K The hi pary
decoded capadff I [Safhks P?ﬁilseg %rqgﬁqréescgaq}gp&%gt&). ?hf&ﬁrg? Yarpcier Ermﬁq‘ﬁﬁ”@g i mes
the size as gpge thdVarthétbr iNar MRAMIAY canciRFeHaC apREVER bRaRihdantdehpngr has

wor se phase noi se performance. [0061] FIG 8B shows a plot 820 of the

qual ity fact eesopayr tak andchecerdagradeethapheseapise 98 the MO ¢ &ip gerierabphbserticisand a

pl ot 822 for 3 - Ri t...bi pagi f |l code
val ues. Fr omd%}%ie%@a" Mbg%ag%sgb&émgekﬂe%ﬁera%éﬁgs &@ﬁtggr% %I n%%nts%;vtv)rf ?r??ng ?‘&’eﬁlﬁonet er
decoded capaddirgst cdpacikantes step forothe irtaeyt yecodgdadaphcitor benkrxdpproxirttelly tivive

bi nary decoded capacitor, bank. The hj gher for e ther ter, decoded
capaci t or bgl?‘?kl 3 Q&P%@W%é’r%@gw& ‘%8?‘#6&%??&"8?8{3‘%06@]‘6 Dinary

ther monet er  dgcae@ehpadiR? bhilothudRRtirdsAUArRRS RO FRWK QY nRk/@EAHE SizO¥Edne

bi nary decoded capacitor bank. Fi'rst, the thernonmeter decoded capacitor bank

has | ess DNiort Hignthermometem dycadied outperitonguek tad bensk, hashverseaphasavanoissr use
of a smaller NSLAGLOT which in tam may i nprove phase noi se performance.
Second, the PPReroret er decoded capaci tor bank has higher Q than the binary
decoded capagoasd}  FIG. 8B shows a plot 820 of the quality factor (Q) of the 5-bit thermometer

decoded capacitor bank and a plot 822 for the Q of the 5-bit binary decoded capacitor
bank for all code values. From FIG. 8B, it can be seen that the minimum Q of the
thermometer decoded capacitor bank is approximately equal to the maximum Q of the
binary decoded capacitor bank. The higher Q for the thermometer decoded capacitor
bank may also improve phase noise performance.

[0062] A thermometer decoded capacitor bank thus has some key advantages over a
binary decoded capacitor bank. First, the thermometer decoded capacitor bank has less
DNL than the binary decoded capacitor bank, which allows for use of a smaller
varactor, which in turn may improve phase noise performance. Second, the
thermometer decoded capacitor bank has higher Q than the binary decoded capacitor
bank, which may again improve phase noise performance. Using the ladder topology,
the thermometer decoded capacitor bank may be implemented on approximately the
same die area as the binary decoded capacitor bank, so that there is no die penalty.
[0063]  The programmable capacitor bank described herein may be used for various
types of oscillators such as VCOs, current controlled oscillators (ICOs), voltage

controlled crystal oscillators (VCXOs), and so on. The programmable capacitor bank



bank, which may agai n i nprove phase noi se performance. Using the | adder
topol ogy, the thernoneter decoded capacitor bank nmay be inplenented on
approximately the sane the area as the binary decoded capacitor bank, so
that there is no the penalty. [0063] The programrabl e capacitor bank

descri bed H¥PEPWs/1ptdy7 be used for various types of osci IRCAERPWSEUEH as VCCs,
current controlled oscillators (1COs), voltage controlled crystal
oscillators (VCXGs), and so on. The progrannable capaci tor bank WO
20051104347 BEY/als8DO 0SIA07 e tyfdds offeiyciad sch Eetunsbdelfifters, I dgmnd ypas Tife

circuit such_as tun Ie filters and.so o The r bl

capaci t or baRREHY" I Fe aﬂ%éﬁ@gﬁo %P'lb(?dlge SmBII’JOWEgS msﬁ@ r adi o
frequency | Csadldeﬁieé;&ehcﬁ!mds @RECkpind Ggital TaE. Hﬂl@@jfr@éfﬂiﬁﬁﬂa@le%ﬁﬁ,@tbf Bénkbaak and
VCO may al so _be used for digital nal, processors (DSPs), application
specific i nt&d? anayd alsp rheypged fOASP@g")l sigriab gEacsesors. (RIPM)+ apnlisation gpraifiso on.
[0064] The prg Ke | bed herein may be used
in various sy%%ens an? gpp; jgﬁ#gﬁgﬁsu gﬁgg%gﬁiﬁécatlon net wor ki ng,
conputing,  delédiinerThelpexgraromalde cammnitordentomd VGe dpsanxbe@hm‘ailulrmydmpmed tmor bank
and VCO may be. used in wrel Ss communi I cation s%ﬁiens su Cﬁ

Di visi on Mil VFRPE REterssand, splikrioy S7ush, 28 Coppnegtiops PSW iﬂn@) Beess
(TDVA) syst eRbnsandet elb@tonR¥sifingo duor THORbEemERBRWAbARbl Bik e(n@SM,‘O Egtem  an
Advanced Mbobil e Phone Systen1 (AMPS) system G obal Positionin stem
(GPS), a nul U3 8L HpGES PRIPmPIHF%lOBLﬁYﬁS{nS sofh ROR S9dst Pivisiam Myl 895
frequency di I pl cy

di vi si on mul XF%nga e%sgg%%wg@;%tl 1¥24c§\/|€grse M&{%}(g: 3@8&{1 V\Ixﬁ}r k
(WAN), and dor diebildHeommmeniodtionC@GSM)t bystang 7 dgivmmeébMebﬂ@ﬁ%nond cSrystblat i K

for wirel s descri bed bel 00651 FI G bl ock
i agr am of o PG de8ahe GTpa® BEGEGHAY SRTRHEYSY ot PG S3qPk, gt S O°

communi cat i ogMIMIO)&lyees, dx@‘bttﬁ@go‘ﬂ@pﬁ'@&n&;ed1&1sm| htiltidlexMEOOFDM) b, tar m nal ,
a handset, or some ot her device or design. Wrel ess device 900 is _capable of

provi ding biortHegesel fremarcycdnionitediple acarra GFRM A sritem paaWHelﬁﬁ"le&a [fERej ve
path. [0066] otrIPFWLm t5oRA! ke RsHbOVEBL with Apro aﬁ)‘frﬁ%ﬁeod’a ang 10

processes tra fi data”and provi des a stream of s to a t anscel ver unit
920. Wthin ﬁmm@@svmnnumcatlmﬂm@scnbﬁeﬂmbmre DACs 922 convert the stream

of chips to r alo .gnal s The. nalo | (s |Itered
by a1 er QOsTa s o B0 PR R m o R R P s A B aky
frequency upeaR¥ss &&ﬂnﬁrﬁ@iﬁohaiwﬁ‘ibélm d&ﬁcaﬁ)maﬁbm wrula%ﬁoﬁd)a ug@m@fr@iaqe an RF

signal. The frequency upconversion is_performed with an upconversion
a handset, or some other device or design. Wireless device 900 is capable of prov1d1ng

bi-directional communication via a transmit path and a receive path.

[0066]  On the transmit path, a digital signal processor (DSP) 910 processes traffic
data and provides a stream of chips to a transceiver unit 920. Within transceiver unit
920, one or more DACs 922 convert the stream of chips to one or more analog signals.
The analog signal(s) are filtered by a filter 924, amplified by a variable gain amplifier
(VGA) 926, and frequency upconverted from baseband to RF by a mixer 928 to
generate an RF signal. The frequency upconversion is performed with an upconversion
LO signal from a VCO 930. The RF signal is filtered by a filter 932, amplified by a
power amplifier (PA) 934, routed through a duplexer (D) 936, and transmitted from an
antenna 940.

[0067]  On the receive path, a modulated signal is received by antenna 940, routed
through duplexer 936, amplified by a low noise amplifier (LNA) 944, filtered by a filter
946, and frequency downconverted from RF to baseband by a mixer 948 with a
downconversion LO signal from a VCO 950. The downconverted signal is buffered by
a buffer 952, filtered by a filter 954, and digitized by one or more analog-to-digital



LO signal froma VCO 930. The RF signal is filtered by a filter 932,
anplified by a power anplifier (PA) 934, routed through a dupl exer (D) 936,
and transmtted froman antenna 940. [0067] On the receive path, a
nodul at ed signal is received by antenna 940, routed through dupl exer 936,
anplified WO WO¥W4B4i0i se anplifier (LNA) 944, filtered PYI/HSTODIWEHS 946, and
frequency downconverted from RF to baseba by a m xer 948 with a
downconversi on LO signal froma VCO 950. e downconverted signal is

buf f ered by coavdrteid DOH 256 fd dlitsin ene drymare Sirbdnes ofSadplesnThekiagipld stiesin@y one or
nor e anal og-to-diﬁ'a?l V\? 2%104347 ﬁ}; [ US2005/ 007045 17 converters
(ADCs) 956 t%° BRYEef i digta) signal oL AHEOp ProsesiiBes. The sanpl e strean(s)
are provi dedobes]di 9FIG 9 Shaifiah sPEOREEEBEC90ddsRin. POS ePsitdl dranb RREBIthEI G 9
shows a specific transceiver design. In a typical transceiver, the signal
condi ti oni ncFignst canditiongafar eash Pk WA edterprEm s bibens asmare stagestod gawlifier,
anplifier, k.t 1 : +S 0 i e? only
shows sone o lltétrhlglfxglr’;%%i%? onbaz{%gg%goﬂg;[ﬁﬁaai&t. gg&u?@&%&?’%ﬁ%ﬁ%i"f Exg?&cﬁt oni ng.

[ 0069] For thlecksiimb diagnbntiselforsigiahcdaldEong. t r anscei ver unit 920 incl udes two

VCGCs 930 an for, the transm nd receive paths, res tively. VCOs 930
and 950 masmﬁéqi rrp}g%r teé?]“\%}nﬁ?t[ \7@?‘7’%3&%@%06’d QJsgjer %‘gﬁf%glcﬁ‘r‘%s & gn
shown i n Fl G/C®s 93d¢casd 953036k e Yraddsio aktPre6i®d HIRY rdsPeclPEy AVEGRL939 259950 T i C
frequency or a specific range of freéuenm es. For exanple, VCOs 930 and 950

g . | [ ;
may be desi gAeXbe Enplpaenied with vaHous Y egedesizhs sprtppethgrdesian ghown wofiG: Res) one
or nore of t A ; : i i tem
(PCS) band 1 ‘Ris 0ty ale S5 BETEIRAto AP ot o LEE RSO B R B SlhepHE
Di gi tal Cel | fitguencss tFonmeXdn@®), V20930 amch 930 Daythbe desigiedNbloperate GEMD Gilegsand from
890 to 960 MHz,.. . lnternational Mbile Tele ni gations-2000 (I Mr-2000
band from 19981PlS o?gﬁg.o%%es Aef or@gsgfhaﬁg@%ﬁﬁ%w%y:@g :(Gl(DS) band 12rom
1574.4 to 1576.4 . [ 0070] .VCOs 930 50 desi] to operate at
mul tiple frequéncl%\f{_'r_*!’zf?ﬁﬂ Ty ﬁt@gﬁﬁéﬁ@@&)ﬁi%ﬁlgﬁ% &Sﬂi"%gdgg itors in the
programabl e c3pPa&iPL pRRom AoPha®a Mizgcked | oop (PLL) 960 receives control
information from DSP 910 and provides a control for VCO 930 to generate the

upconver si on L® DigitalCellgiansystenh (DCI) Hahd 0621710 ¢z £880adHeont rol i nf or mati on
From BSP 910 ad PLGUAFIES SR loch fli/ O 950 10
o International Mobile Telecommunications-2000 (IMT-2000) band from 1920 to
2170 MHz, and
» Global Positioning System (GPS) band from 1574.4 to 1576.4 MHz.

[0070]  VCOs 930 and 950 may be designed to operate at multiple frequency bands
by providing sufficient tuning capacitors in the programmable capacitor bank. A phase
locked loop (PLL) 960 receives control information from DSP 910 and provides a
control for VCO 930 to generate the upconversion LO signal. Similarly, a PLL 962
receives control information from DSP 910 and provides a control for VCO 950 to
generate the downconversion LO signal.

[0071]  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.



generate the downconversion LO signal. [0071] The previous description of
the di scl osed enbodinents is provided to enable any person skilled in the
art to make or use the present invention. Various nodifications to these
enbodi nents will be readily apparent toghose skilled in the art, and the
generic principles defined herein may be applied to other enbodi nents

w thout departing fromthe spirit or scope of the invention. Thus, the
present invention is not intended to be limted to the enbodi nents shown
herei n but Whatigclhimedds:or ded the wi dest scope consistent with the

princi pl es and novel features disclosed herein. 18 What is clained is: 1.
An integrated circuit conprising: a plurality of tuning elenents, each

tuni ng el enent AxGhREdafel Ritcuifedmprfngcapaci tor, a first switch coupled to the
first capacitor and operable to electrically connect or disconnect the
first capacit of plusalily of uping glements: eagh faning cleperat campisingnd swi t ch coupled to
the first Smtﬁtﬁrﬁggpagf? able to provide a first bias voltage for the first
switch, and a thitd switth coupled to the first switch and operable to

provi de a secoadirbiseiiclvalupkdeo thedirstichyecitorraad opettbile o, eleondcatih eo@iett drhe fi r st
bi as vol tagg, or th%@ econd bi as vgl tagte for each tuning elenent is obtained
vi a anot her U559ANGSY the tEshepraciter to-pp Hom g camawndofeui t of claim 1, wherein

the plurality gfedoHswRcHEd [SYatFlc] j t d are
enabled in a seé_ﬁégn?i‘gl oroggrr%agct?gjr@??srtlg fro@nggpérig?lgtté g‘ﬁgﬁgfa f?ﬁyag?glcti%gr

t opol ogy ani@r thedestuditelyand a second end of the | adder topol ogy. 3. The
integrated circui.t. of. clai rein for.each.tuning,el enent,. except for
tuning el emant(‘;l ghlédt S‘¥‘¥%§ cwﬂll]%cffoéﬁ%ﬁrgg%’gﬁg a%%%%erag’#e orpro %ed%lﬁefoqc%l?iﬁsl‘@ é)e t he

second swi t fjatHedirstistvitch,taidi ng el enent couples to a first adjacent tuning
el ement and the third switch for the tuni ngiﬂ el ement cquples to a second
|

adj acent t uni ngvhereinbafirst bigs veltage or the qecond biayvel Hpe & sach tuping glementdsrent s
bei ng I ocat aiﬁéﬁxﬁﬁ’ﬁ&%ﬂ&%ﬁi@ G the tuning element. 4. The integrated
, eac

circuit of claim erein of the plurality of tuning el enents
further conprises a second capacitor coupled to the first switch for the
tuni ng el enent ., Wherein. the.fi.rst swtch. s operahle.to.electrical

connect or méi sddh HE%atf%ng§g@6ﬁ§ll%ép\\gf&rqlg?lhetpbur@}ty]OP ng eleny EO&QJr‘F‘ﬁn node,

in a ladder topology and are enabled in a sequential order starting from a first end of the

ladder topology and concluding at a second end of the ladder topology.

3.  The integrated circuit of claim 2, wherein for each tuning element, except for tuning
elements at the first and second ends of the ladder topology, the second switch for the
tuning element couples to a first adjacent tuning element and the third switch for the tuning
element couples to a second adjacent tuning element, the first and second adjacent tuning

elements being located on opposite sides of the tuning element.

4,  The integrated circuit of claim 1, wherein each of the plurality of tuning elements
further comprises

a second capacitor coupled to the first switch for the tuning element, wherein the first
switch is operable to electrically connect or disconnect the second capacitor to or from a
second common node,

a fourth switch coupled to the first switch and operable to provide the first bias
voltage for the first switch, and

a fifth switch coupled to the first switch and operable to provide the second bias

voltage for the first switch.



a fourth switch coupled to the first switch and operable to provide the
first bias voltage for the first swwtch, and a fifth swtch coupled to the
first switch and operable to provide the second bias voltage for the first
swtch, 19 5. The integrated circuit P claim4, wherein the second and
fourth switches for each tuning element are coupled to a source and a
drain, respectively, of the first switch for the tuning elenent and are
further coupled to a source and a drain, respectively, of the first swtch
for an adjacent tuning elenent. 6. The integrated circuit of claim4,
wherein th seﬁgnd and fourth switches for each tuning el enent are coupled
an

to a source- ea}n@gr&pe,q,cuplélgg@@@ip\/bpgh,ereg;fth@ preond gngk fourp swdtchenforeasd  tuni ng
el enment andygh é{:}rﬂ?ﬁt RRS 0Pl k@éjs&lﬂseaan&lﬁﬁfa'ﬁ}, 2& %c?iv§lg%t$ﬁe ﬁfs?%?c%;f%ﬁe/tgé y, of

the first sw or an adj acent tuning e e I ntegr circuit
of cl ai m 4, tunipg¢lement ahdare Hunther aouplddi th & lhowed andrebaihoespeatively, whithadirstel emrent

are coupl edswtitoh? sog(gcen rﬁgia rain, respectively, of the first switch for
t he tuning ef &I AT “HRT L e Gree coupled to a source and a drain,

respectively, of the first switch for an adjacent tuning element. 8. The

integrated circuit of claiml, wherein each of the plurality of tuning
el enents four t Hegintearpipdicarsuit of daimch whewpuibs sespndanddpuh switahpefor pacBt swi t ch

for the tu Q{nﬂg%ﬁlerﬁém e cogwgﬁ ) gbu}&eéﬂcfl Eghza’(l;nd zéé%écgig%lg,sof(%f?eeﬁxgpiﬁtc% or the

electrically nnect or connect the titor to or froma second
comon nodeynisgeleraerft and are ferther chupbaitp b dehin andtaveufcef8épestivel\s bf tharfigst oper abl e

to provide tk irst.bias voltage for the first switch. 9. The integrated
circuit of s@’lﬁgl?hé?a%@f‘gﬁuﬂmﬁﬁg%%ond switch for each tuning element is
coupled to a source of the first switch for the tuning elenent and is

further coupled to a source of the first switch for an adjacent tuning

el enent. 10. Thee inteewtpdpireuit ef ¢laim 4, wherew the third andfifthswitchas dorseelotvaingwi t ch
for each tuyn ' . | i for the
tuni ng. ol crumeALEeENE B ot EARR, BsmOlshl of it sbdif b Bl °F o "2,
adj acent t whinregt fldenefurtherlcbuplEt e 4 svurgrand edrai, Esspédtivelly, 6flthé fisslswiwhdsrei n a
plurality of first capacitors for the plurality of tuning el enents have
equal capacd@diaesat tuamg efementhe jntegrated circuit of claiml, wherein a
plurality of first capacitors for the plurality of tuning el enments have

di fferent capacitances. 13. The integrated circuit of claiml, wherein a
plurality & fThesintegrpaaincgit sf flam t,wderein each of the plurality of tuning elements

further comprises a second capacitor coupled to the first switch for the tuning element,
wherein the first switch is operable to electrically connect or disconnect the second
capacitor to or from a second common node, and a fourth switch coupled to the first switch

and operable to provide the first bias voltage for the first switch.

9.  The integrated circuit of claim 8, wherein the second switch for each tuning element is
coupled to a source of the first switch for the tuning element and is further coupled to a

source of the first switch for an adjacent tuning element.

10. The integrated circuit of claim 8, wherein the second switch for each tuning element is
coupled to a source of the first switch for the tuning element and is further coupled to a

drain of the first switch for an adjacent tuning element.

11. The integrated circuit of claim 1, wherein a plurality of first capacitors for the

plurality of tuning elements have equal capacitance.



plurality of tuning elenents have binary wei ght capacitances. 14. The
integrated circuit of claiml, wherein the first, second, and third sw tches
for each tuning elenment are inplenmented with netal - oxi de sem conduct or
(MOS) transistors. 15. The integrated ci,rcuit of claim 14, wherein the
second switch is a P-channel MOS (P- ) transistor operable to provide a
hi gh bias voltage for the first switch, and wherein the third switch is an
N-channel MOS (N-MOS) transistor operable to provide a | ow bias voltage for

the first siitThe infBratelitarciinbOdiint E,‘dvh@fe[x%f‘?ﬁuaﬁ SRt hpacit¥higshd ei ther the
he third swtch _is enabled for each of the plurality of

second sw tPi‘fhf or g ] ]

tuni ng el erfeHlily of taningglementshgvediffgrent ¢apesiteness. claim 1, wherein the first,
second, and third switches for each tuning elenent are operable to receive
a control signal for the tuning elenent. 18. An integrated circuit

conpri si ng:13a hesgategratedrearsinis vbelaim kivdwein a plpelighifdirtteapacitvisder thegat i ve

resi stance Qr..an sci | Lat OF; d a capacitar bank coupled to the negative
resi st ance POFEERE %eegfﬁ?sll??'%ngyﬂe FAMGIANESS- + uni ng el ements, each
tuning el enent conprising a first capacitor, a first switch coupled to the
first capacitor and operable to electrically connect or disconnect the
first capadi oFhaiptesratedrciyenihof ¢lpiny |, odwrebmthe st segond randdhkied $witches for eackecond
switch cou fil ' rahk r QM a.first bias

ol t age. 1 or i fnlind il it AR ORE SRS BRI Sl s et
switch and operable to provide a second bias voltage for the first switch,
and 21 whereipn the first bia v,oI{agS oy flhe second, hi as volta@e f or each
tuni ng el engnt [h&intsgratad crquil pEclaimotd, Shereimihe sscendesyaich is aRwhapmel MOS (-

osci | | ati onOBPGURRIY op@hblé REproPiat b hith las vsltag@ Wr4BL Rt B¥itd srﬁfdme?ﬂh k4
connecting selected ones of a plurality of first capacitors for the
plurality dhird switchds &l Mrebannsl MOS MeMQS) srnsistonoperablede proydle alore biast egr at ed
circuit of i wherein each of the plurality of tuning el enents
further cor?'%!t?gseerpgﬁgégé%%vﬁl hCapaci tor coupled to the first switch for the
tuning elenent, wherein the first switch is operable to electrically
connect or disconnect the second capacitor to or froma_ second commbn node

of the oscillo allrintegrated pirenit efigleighl, cdbasineaitherthe pesond pwitchyithecthirdpvitdiper abl e
to provide it Byl fSileal HShe plurality of tuning elements.

17. The integrated circuit of claim 1, wherein the first, second, and third switches for each

tuning element are operable to receive a control signal for the tuning element.

18. An integrated circuit comprising:

a negative resistance element operable to provide negative resistance for an oscillator;
and

a capacitor bank coupled to the negative resistance element and comprising a plurality
of tuning elements, each tuning element comprising

a first capacitor,

a first switch coupled to the first capacitor and operable to electrically connect or
disconnect the first capacitor to or from a first common node of the oscillator, a second
switch coupled to the first switch and operable to provide a first bias voltage for the first
switch, and

a third switch coupled to the first switch and operable to provide a second bias voltage

for the first switch, and



voltage for the first switch, and wherein the oscillation frequency is
further adjusted by electrically connecting selected ones of a plurality of
second capacitors for the plurality of tuning elenents to the second common
node. 20. The integrated circuit of cI3in118, wherein the plurality of first
capaci tors have equal capacitance. 2121 The integrated circuit of claim 18,
wherein the first, second, and third switches for each tuning elenent are

i npl enented with netal - oxi de sem conductor (MOS) transistors. 22. The

i ntegrated ci ryhirdin e fibiadiad vbtagd sk \REorBIRNofthdidor fac AdidPliem&RRACT t OF
(varactor) coupled to the ne a%lve resistance el enent and operable to

adj ust t he obtaied Natap@ﬁhem@qaéi%wm, argBwhereia opqiliasign teaueney faruhe osefllator i m 22,
wherein thegs j i . i.tan steps for
the. pl ur ol PALRERE} Aol bolheeBne SASIT RN BRI B SFEBRBABTRE R
negat i ve r elirditpoftaniag elerhtsaptrediteommopnodd. de negati ve resi stance for an
oscillator; and a capacitor bank coupled to the negative resistance el enent
and conprising a plurality of tuning elenents, each tuning el enent

conpri sing 132 T iﬁie%ﬁfedcea@@%mﬁm 18, Whérsih c8M Jr%he ﬁ%ﬂ{}ﬁ‘(ﬁ'tﬁrﬁn% é]@méﬂt% st
capacitor and operable to electrically connect or disconnect the first

capaci t or therthsr cdmpsises first common node of the oscillator, a second switch

coun 0 {0 (1 kkbcub e SRS PRSI bbb BBl 255

for the first sw ird sw

oper abl e t gwjicloigiof€rable se€lendcdliy@snnedl dralis@onrdeerthé fRod ¢aphcifovtd @lfronpdd wWher ei n
the first bias voltage or the second bias voltage for each tuning elenent is

obt ai ned vis%oaﬁﬁqfﬂ'épn?@ﬂﬁq{éhee‘?sé%ﬁ%, and wherein oscillation frequency for
the oscillator, foanh diilslda leml[c% ﬁl%‘fi?sﬁgévﬁﬁ'{ dn¥ oP&Qﬂ@? bl‘agidﬁ‘ﬁ{eefﬁ%t%‘i’asones of a
rs for the p Ity ge

plurality of first capacit ura of “tunin enents to the
first commonltageder.th@first Shidchywande! ess devi ce of cl aim 24, wherein the

plurality of fiyst, capacitors.have equa apagitapce. 26. An apparatus

onpri si na. o WGP AFESFUaReT S e haher SRBRALY SR piopfeimratRloa: | vo
np 9 . 9

resi st ance stlogteddhe® 54 plupdli®f of se€dhd capacitors for the plurality of tuning elements to the

second common node.

20. The integrated circuit of claim 18, wherein the plurality of first capacitors have equal

capacitance.

21. The integrated circuit of claim 18, wherein the first, second, and third switches for

each tuning element are implemented with metal-oxide semiconductor (MOS) transistors.

22. The integrated circuit of claim 18, further comprising: a variable capacitor (varactor)

coupled to the negative resistance element and operable to adjust the oscillation frequency.

23. The integrated circuit of claim 22, wherein the varactor has a size determined based

on capacitance steps for the plurality of first capacitors.

24. A wireless device comprising:

a negative resistance element operable to provide negative resistance for an oscillator;
and

a capacitor bank coupled to the negative resistance element and comprising a plurality

of tuning elements, each tuning element comprising



a capacitor bank coupled to the negative resistance el enment and conprising a
plurality of tuning elenents, each tuning elenent conprising a first
capacitor, a first switch coupled to the first capacitor and operable to
electrically connect or disconnect thngirst capacitor to or froma first
common node of the oscillator, a secon Zswi t ch coupled to the first switch
and operable to provide a first bias voltage for the first switch, and a
third switch coupled to the first switch and operable to provide a second

bi as voltage §@fstt4facibdrf St switch, and wherein the first bias voltage or
the second bias voltage for each tuning el ement is obtained via another

tuni ng el enent afizgh &:W\ﬁﬁmogphqd & firsh capapitdraadopanable foclecttivallp soinettaror i s

capac ¢ or o JEPARELEE B YOS bt BEARSEDBRORPER: & ofefiME: ' chnmon node.

a second switch coupled to the first switch and operable to provide a first bias voltage

for the first switch, and
a third switch coupled to the first switch and operable to provide a second bias voltage

for the first switch, and
wherein the first bias voltage or the second bias voltage for each tuning element is

obtained via another tuning element, and wherein oscillation frequency for the oscillator is

adjusted by electrically connecting selected ones of a plurality of first capacitors for the

plurality of tuning elements to the first common node.

25. The wireless device of claim 24, wherein the plurality of first capacitors have equal

capacitance.

26. An apparatus comprising:

a negative resistance element operable to provide negative resistance for an oscillator;
and

a capacitor bank coupled to the negative resistance element and comprising a plurality
of tuning elements, each tuning element comprising

a first capacitor,

a first switch coupled to the first capacitor and operable to electrically connect or
disconnect the first capacitor to or from a first common node of the oscillator,

a second switch coupled to the first switch and operable to provide a first bias voltage
for the first switch, and

a third switch coupled to the first switch and operable to provide a second bias voltage
for the first switch, and

wherein the first bias voltage or the second bias voltage for each tuning element is
obtained via another tuning element, and wherein oscillation frequency for the oscillator is
adjusted by electrically connecting selected ones of a plurality of first capabitors for the

plurality of tuning elements to the first common node.



