WD 2005/ 086342 PCT/ US2005/ 006330 | | NTERPOLATI VE VARACTOR VOLTAGE
CONTROLLED OSCI LLATOR W TH CONSTANT MODULATI ON SENSI TI VI TY BACKGROUND
Field [S‘Q&% The present disclosure relates generally to tunable oscillator
circui t YO RHPL 63'b£rt icularly, the disclosure relates tCHUBIAUMOBN 0l t age
controlled oscillator (VCO «circuit wth a relatively constant nodul ation
sensitivity over a wide tuning range. Background [0002] Gscillators are
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desired frequency band. |In conventional multi-channel” commini cati on systens,
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a selectable frequency source. This approach is generally used for high
speed swgkjefd ng applications. For less critical applications, a nore
econom cal approach entails the use of a tunable oscillator circuit
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bi ased around the center of the VCO s frequency tuning range. The frequency
tuni ng chBsckgremmdstj cs of a typical varactor has two regions: a) a steep
capaci tance versus voltage slope for certain voltages and b) a saturated
capaci t ani®802]jdDsciltetdrer ateolusagiess stabde sfreppncapsordcande diveseselectidrage regi on
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arrangements employing multiple oscillators may be used to provide a selectable
frequency source. This approach is generally used for high speed switching
applications. For less critical applications, a more economical approach entails the use
of a tunable oscillator circuit comprising a voltage controlled oscillator which can be

phased locked to a frequency reference signal.

[0003] In conventional VCO designs, varactors (variable capacitors) may be used for
frequency tunability. In typical VCO designs, a controlled voltage determines the
varactor capacitance which in turn determines the VCO output frequency. The
varactors are typically biased around the center of the VCO’s frequency tuning range.
The frequency tuning characteristics of a typical varactor has two regions: a) a steep
capacitance versus voltage slope for certain voltages and b) a saturated capacitance for
other voltages. The steep capacitance versus voltage region of the curve may yield
increased output phase noise. For example, a small noise voltage at the controlled
voltage input causes a relatively large capacitance variation and therefore a noticeable
undesired VCO phase noise due to the high sensitivity of the steep curve region. The
saturation region of the capacitance versus voltage curve may yield a limited frequency
tuning range such that voltages beyond a particular voltage threshold will have very
little effect in changing the total capacitance and therefore the VCO output frequency.
For example, in one typical design, the frequency tuning range of the VCO is



tuni ng range such that voltages beyond a particular voltage threshold wll
have very little effect in changing the total capacitance and therefore the

VCO out Qut ncy. For exanple, in one typical degj guency
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2 volts (0.4 volts to 2.3 volts), but &ny voltage higher than 1.6 volts will
only mninmally change the capacitance and therefore the VCO out put
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frequency_responsive to a tuning, voltage, each_ of the varactor pairs having
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and a reference frequency, .and a laoop filter_configured to filter the error
si gnal , t Heeafly Wigh the taping VoRpgsayer edpwﬂrnogﬁlwgof the funirlg range, and the second

varactor pair is biased such that its capacitance vanes substantially linearly with the
tuning voltage over a second portion of the tuning range.

In yet another aspect of the present invention, a phase locked loop includes a
tunable oscillator having an inductor, and first and second varactor pairs arranged with
the inductor to generate a signal having a frequency responsive to a tuning voltage, each
of the varactor pairs having a bias voltage input that may be controlled independently of
the other varactor pair, a divider configured to scale the signal frequency from the
tunable oscillator, a phase detector configured to generate an error signal representative
of a phase difference between the scaled signal frequency and a reference frequency,
and a loop filter configured to filter the error signal, the filtered error signal comprising
the tuning volitage.

[0008] It is understood that other embodiments of the present invention will
become readily apparent to those skilled in the art from the following detailed
description, wherein it is shown and described various embodiments of the invention by
way of illustration. As will be realized, the invention is capable of other and different
embodiments and its several details are capable of modification in various other

respects, all without departing from the spirit and scope of the present mvention.



the tuning voltage. 10008] It is understood that other enbodi nents of the
present invention will becone readily apparent to those skilled in the art

fromt f 1 ng detailed description, wherein it i descri bed
vari oug@gr%g{’)géqwrrgé‘%ts of the invention by way of iIIustP?g{ﬁlﬁgw%mis Will be

realized, the invention is capable of bther and different enbodi nents and
Its several details are capable of nodification in various other respects,
al I wi t hoAigcotidipgly} iheglriwings ahd detpiled desariptiohcapao bk réduedddr B8SEMEtratiRE Nt i on. WO
2005/ 086342 PCT/ US2005/ Q06330 3 Accordingly, the drawi ngs and detail ed
descri pt i Burg2ad pef B5desBgMeded as illustrative in nature and not as
restrictive. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0009] Aspects of the present
i nvention are ill ustr BRIEBDPESGRISTIONGE EHHE NINGS way of |inmitation,

in the acconpanyi ng draw ngs, wherein: [0010] FIG 1 is a schenatic di agram
of the tulDo®] Aspectsidf thé presaEnven@on die MuGrat@l by waytofatxemplepandnapbys: first,
a graph of a gconventional VCO varactor. capacitance versus tuning voltage
curve; an‘H%%@HH’&a,“oél' ti‘r"gf)ﬁc"(?fnp&“w&b&%’t‘%?e gFrethaci tance versus tuning

vol tage curve in accordance with the tuning circuit of FIG 1. [0012] FIG
3 illust 80 two dilShAds a sdemale diggrantel he aminggrauiofiant®Qi dual

capaci tance versus tuning voltage curves of the two constituent VCO varactor
pai rs in [08tHor dancGaiZ hllustrates uwiongraphs: dirst aograph®f 2.copeen®halFNGO 4

il lustrates four graphs: first.. a graph of the.,nmodul.ation sensitiyity K' of
. convent VR B TGS e g YIRS cBivapAte SPOE snBanl 21 bnVahe t 1 vi Ly
K, of t{iRadi¥Lapsihid viedils nMith) Valtae taveRRhécorddic@ VB tReRamgWilthit bhe tuni ng
circuit of FIG 1; and third, a graph of the nodul ation sensitivity K' of

t he superiésiltion of the two constituent VCO varactor pairs in accordance
with the tuning circuit of FIG 1. [0014] FIG 5 is a schematic diagram of
t he VCO oft012le preddfit 3 mlustraies twosgraphs) gatth grapBCreprasemtinge thecinidividuatl ot her
circuits assqciated with.the iné)ut cur{ nt circuit @8 out put anpplifier of
t he VCO Capacitance versus tuning voltage curves of the two constituent O vardctor pairs in

accordance with the tuning circuit of FIG. 1.

[0013] FIG. 4 illustrates four graphs: first, a graph of the modulation sensitivity
K., of a conventional VCO; second, two similar graphs of the modulation sensitivity K,
of the two constituent VCO varactor pairs in accordance with the tuning circuit of FIG.
1; and third, a graph of the modulation sensitivity K, of the superposition of the two

constituent VCO varactor pairs in accordance with the tuning circuit of FIG. 1.

[0014] FIG. 5 is a schematic diagram of the VCO of the present invention
showing the VCO tuning circuit and other circuits associated with the input current

circuit and output amplifier of the VCO.
- [0015] FIG. 6 is a block diagram of a VCO operating in a phase locked loop.
DETAILED DESCRIPTION

[0016]) The detailed description set forth below in connection with the appended
drawings is intended as a description of various embodiments of the present invention
and is not intended to represent the only embodiments in which the present invention
may be practiced. Each embodiment described in this disclosure is provided merely as
an example or illustration of the present invention, and should not necessarily be
construed as preferred or advantageous over other embodiments. The detailed
description includes specific details for the purpose of providing a thorough

understznding of the present invention. However, it will be apparent to those skilleg in



[0015] FIG 6 is a block diagramof a VCO operating in a phase | ocked | oop.
DETAI LED DESCRI PTI ON [ 0016] The detail ed description set forth belowin
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represent the only enbodiments in which the present invention may be
practiced. Each enbodi nent described in this disclosure is provided nerely
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t erm nol ogy nmay 'be used ne or convenience and clarity and are not
i nt ended Hivedt o) whdrb @pmroppiste i tHehwntemt; @an beinditent, @dg)j thraugh ifitervehing gpur poses
of this disclqgsure, the term "coupled" neans "connected to" and such
connect i oHETEISiSTY faricas O Oter @EiNSor . where appropriate in the context, can

be indirect, e.g., through intervening or internediary devices or other
means. [ommy]EGal.n.sasctnn@éhémar@oﬂﬂygmﬁa@wumrwedopmﬁ%gocloﬁabpt 100 of
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I n one enbadbiespmifichelyVidoreabipi digputi phash hoib@0 Inneddld@bodivieny aha @D pairs
110, 120, two resistors 130, 135, two capacitors 140, 145 and an i nductor
150. A t ufining cietuitb 40 meludss twp Harastpringins Hd Oy W80, e Esistars 3aPr K351 4wo (v,
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understand that any high i npedance path pmay be used. in place of resistors
130, 135. Thpgesisiprs d3Pakddtoay be vy, to prete phighrmpedanoe i ek thag thedyaiaet or s)

may be us %gltgg% i® ﬁ&\igﬂfcd%ﬂ%wmé {80 B8 OFe skilled in the art would understand that

any high impedance path may be used in place of resistors 130, 135. The two capacitors
140, 145 (which are DC blocking capacitors) may be used to prevent current from being
injected into the VCO 10 from the tuning voltage source. One skilled in the art would
understand that any DC blocking path may be used in place of capacitors 140, 145.
Additionally, in one embodiment, each of the varactor pairs 110, 120 may include a bias
voltage (Vem1, Vemz)- The bias voltage can be chosen to adjust capacitance over voltage

characteristic of the varactor pairs 110, 120.

- [0018] In one embodiment, each of the varactors (VC1, VC2, VC3, VC4) may
be implemented with a metal oxide semiconductor field effect transistor (MOSFET)
having its drain tied its source. Each of the varactor pairs 110, 120, may comprise two
MOSFETs connected in series at the drain-source connection. Each of the varactors
pairs 110, 120 may be biased by applying a voltage to the common drain-source
connection. The tuning voltage may be applied to the gate of each MOSFET through
respective input resistors 130, 135. Since the VCO frequency depends inversely on the
square root of the product of inductance and varactor capacitance, and since the

inductance of inductor 150 is fixed, then as the capacitance of the varactors (VC1, VC2,



injected into the VCO 10 fromthe tuning voltage source. One skilled in the
art would understand that any DC bl ocking path may be used in place of
capacitgrs 45. Additionally, in one enbodi nent, each of the varactor
pairs 1‘%’,20&52%6 y include a bias voltage (Vvcm, Vc, ,I:Cérquz‘f??éooﬁzl3gs vol t age
can be chosen to adjust capacitance ovér voltage characteristic of the
varactor pairs 110, 120. (0018] In one enbodi nent, each of the varactors

(VCl, VC2ydC3yCHCH) virkd bPehd BppIRAEALRE Véltdle AtHREVEIO EehtéhcyaRiiconguct or
field effect transistor ( FE having its drain tied its source. Each of
t he varaceeforgiaglys 110, 120, may conprise two MOSFETs connected in series
at the drain-source connection. Each of the varactors pairs 110, 120 nay be
bi ased by [eip] ¥iGg2allustratesgbve graphe: guphola tr ai gragowf ce coventiewd iVWOO The
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the inductance of inductor 150 I's fixed, then as the capacitance of the
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graph of the VCO varactor Capacitance versus tuning voltag€ curve in
accor dancdeweasing the tunahiliiynafithe VEEQVA. i In donGast.limplemgntaghthedwof vaRdo®r 2, at

the | ower _tuni t capacit a 1S 1.ap |mately linearly
propor t i oR&Y® tlg@’t @ f’ﬁﬂﬁﬁ% \;\fgtﬁ fayae cﬁSB\}gfng,W%}FS @E‘R,ﬁﬁg Vergfttogﬁ ac%‘f‘cgat er
than appr Q¥isiBtusing volfgy Okrié that RSP IdxARSEIyIRichr Rk @Svidsr thp 36Rage

I ncreases, decreasing the tunabili t¥110f the VCO 10. In contrast,

i mpl ement irknge: 4sshowp iy grapb t2brof FifGi 2. sThuspas shppmihwthe charasfaBtic od h@br cui t

100 yi el ds ract or. capacit ers i ol,t a hat
remai ns aﬁﬁ%&%ﬂ?ﬁﬁgl W?ﬁq??e‘éarp%?l cg%ﬁcfg%{néeuﬁﬁ%ﬁéwégméoekher(g“%&éfdé\gcé)hom in
graph 2b qfinifig (witage fAuiwideRrunslpokafyranpe characteristic of graph 2b  of
FIG 2, the varactor capacitance wll change proportionally to the changi ng

VCO  tuni ngp26p'Fi@9% itfRiras W&l Blaphd! Rh&Ber¥ft tRBRehit}He individual capacitance
versus tuning voltage curves of the two constituent VCO varactor pairs 110, 120. Graph
3a of FIG. 3 corresponds to the VCO varactor pair 110 while graph 3b of FIG. 3
corresponds to the VCO varactor pair 120. In graph 3a of FIG. 3, the varactor
capacitance of varactor pair 110 is linearly proportional to the lower tuning voltage
range of approximately 0.4 to 1.4 volts. Complimenting the linear charactenistic shown
in graph 3a, graph 3b of FIG. 3 shows that the varactor capacitance is linearly
proportional to the higher tuning voltage range of approximately 1.1 to 2.4 volts. By
implementing the two varactor pairs 110, 120 in the VCO tuning circuit 100 (shown in
FIG. 1), their constituent linear characteristics at the lower tuning voltages and at the
higher tuning voltages are combined, resulting in a capacitance characteristic that is
linearly proportional to a wider tuning voltage range of 0.4 to 2.4 volts as illustrated in
graph 2b of FIG. 2. One skilled in the art would understand that the stated tuning
voltage values are presented for illustration only, and that other tuning voltage values

may be used without departing from the spirit of the invention.

[0021] FIG. 4 illustrates four graphs: graph 4a is a graph of the modulation sensitivity
K, of the conventional VCO; graph 4b and 4c are two similar graphs of the modulation
sensitivity K, of the two constituent VCO varactor pairs in accordance with the

embodiment of FIG. 1; graph 44 is a graph of the modulation sensitivity X, of the



[00201 FIG 3 illustrates two graphs, each graph representing the individual
capaci tance versus tuning voltage curves of the two constituent VCO
varactor pairs 110, 120. Graph 3a of FIG 3 corresponds to the VCO varactor
pai r 1l oMabdgeesliaph 3b of FIG 3 corresponds to the pQMaiapkap Pair 120.
In graph 3a of FIG 3, the varactor capacitance of varactor parr 110 is
linearly proportional to the |ower tunPng voltage range of approximately
0.4 to 1.4 volts. Conplinenting the |inear characteristic shown in graph
3a, gr aph sGfensdsitfenGof 3he ews cdistituenth& GRAIraeictsr pARAGH tROGEan Withee! Y
proportional to the.hjgher I ng vol tage range_of approximately 1,1 to 2.4
volts. By eﬂﬁbﬁ%rf&ﬁbﬂfﬂéhlr h@t"awﬂt‘%‘hf%‘tt%&yﬁ%iﬁ gefl‘?é,asf mcrerpeptal gbangeuni ng
circuit 1 N | st Nteld r agterjstics at
t he Iovvergt@ ut%l];éng vé?fé;é*gdé’%‘?ﬁ) gflt ?ﬁdéémﬁﬁgglhgbﬁ. npﬁgﬂl@gjgt gglg%éaﬁ't@g"cgénbi ned,
resul ti ng instantancaysestdpearfdie airaesgresenied it grapho2a arsl 2H ofifd&: By proportional to
a w der tuning voltage range of 0.4 to 2.4 volts as illustrated in graph 2b

of FIG 2[0622¢ Iisgrdphesh bNFIGe4,amht peaki ivalue nefethe nadtthldtidat sehifivity &, edr uni ng
vol tage val ues are presented for illustration only, and that other tuning
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simlar grAaditionelly,tifsaisaibld g eange Baimsitdd teiatportion of the desifadausiapsbitdgeent VCO
varactor pairs in accordance wth the enbodinment of FIG 1; graph 4d is a

graph of £HEeRHaNvE PHHs E@i‘fkii@l’ﬂff 3t aRRrO¥IMAately lm@tﬁpé}l@g@wg grgaph 4d of |
PCT/ US20094806 ﬁﬁxgtﬁat%]g Hgag :%Exgsgérﬁ ‘n?d?luﬁﬁio& P%sﬁ}fﬁyﬁgv uttllu:t I arafidd pafts i‘f(?ior . p?'s rs

in accordance Wt i ment o ["ati on sensitl Vi

defi ned ad20hever nthé esmting alining) avvdtage ahngeh 0.4 ava2dovoltsipadht aneae doastant
i ncrenmental change of  tuning voltage (i.e., the instantaneous sl|qpe of the

curves pr ®Qyaugn sepsyivalyHs araaﬁast?oyiél'ﬂé riwider syning ypbage rppeeq In additan.of Fi G
4, the peal ¥ @lSnd ttl{JdeT&;!/lJﬁle%gﬁRWK”%lhé ¥d debatiely!sialier thaf) ﬂygrggﬁ gpal VCO

tuning circurt 1s relative ch results in’increased ceptibility
t 0 undesi nledsusogptibilityits énput auske g radncsde amesthgoal tquiuttiqrn &5 eutpot stmse noise.

Additionally, .its .usable tuning,range is |limted to a partion of the desired
t uni ng voIQ"&gsé“l}eFldﬁdBe ad thﬁ%mbﬁﬁ@aaw&ga!&ﬂﬁraa@ng&axﬁ;a%@ Wy 1.6
volts. In n5PHnitES to tlﬂ:rtﬁgﬂ-o%aﬂfe and tuning voltage range) of the modulation sensitivity

K., is given as an example for illustrative purposes only.

[0023] Although FIG. 1 shows only two varactor pairs, multiple cascading varactor
pairs, each pair with different and complimenting bias values, may be implemented into
the VCO tuning circuit 100 without violating the spirit of the present invention.
Multiple cascading varactor pairs may be used to increase the tuning voltage range
beyond that of the tuning voltage range of using only two varactor pairs. By
implementing the muitiple cascading varactor pairs in the VCO tuning circuit 100, the
constituent linear characteristics of each varactor pair at the different tuning voltage
ranges may result in a capacitance characteristic that is linearly proportional to an even
wider tuning voltage range than that of implementing two varactor pairs. Additionally,
multiple cascading varactor pairs may be implemented to keep the VCO susceptibility

to input noise at a minimum and thus minimizing the output phase noise.

[0024) FIG. 5 is a schematic diagram of the VCO 10 showing the VCO tuning circuit
100 and other circuits associated with the input current circuit 510 and output
amplifying circuit 580 of the VCO 10. The input current circuit 510 supplies current to
the VCO tuning circuit 100 of the VCQ 10. In one embodiment, the input current

circuit 510 incluces a constant current source 529 and 2 pair o7 cress-coupled transisters



FIG 4 illustrates a near constant nodul ation sensitivity K' of the two
varactor pairs 110 120 over the entire tuning voltage range (0.4 to 2.4
vol ts). “%ﬁﬁoﬂ constant nodul ation sensitivity K, characteristic yields
a wider "t V8 tage range. In addition, since the "CdRSYRIYAUI ation
sensitivity K value is relatlvely snavler than in graph 4a, the
susceptibility to input noise is reduced, causing a reduction I n out put
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t hat of inplenenting var ac or pairs. Additionally, multiple cascading

var act or |l e LR ¢ I nput
noi se at r%%ﬁTﬁEX/&Zdb{% srg%antl éa?ﬁ‘ﬁ?’q%e Sg %Sﬁééchno&aéré%B%% FIG 5
i's a schemBiable sicABfoAMIYT thé puidess apclaﬁ@vmagcoﬁmetbmstm fi@hGipplitdtion 100 and
other circuits associated with the input_current circuit 510 and out put

anmpl i fyi nyyid e disressgBbelow in penngeiomwith Fpbasederk loepr FEat6 isialdegkidiagransuppl i es

current tQe tplﬂgse\ﬁgg( dt%gqglrguﬁ ﬁHb tusﬁllg eo{/CW?(g VHPord: em b3 F‘nggﬂﬁsgem the

[ nput curren Clrcul des onstan curren source and a pal r

of cross- ¢suied Ridplciranis 660 ﬁfcmd\éﬁrﬁmﬂeﬁsﬁﬁ’aw%ﬂeu&GD@IaQGﬁ;Sﬁﬁer 620930, 535 to
inject current into_the VCO tuning circul killed_ in the art would

under st an@ divider 630t dha ahaspdacked loapLiscl 1&"90 é‘ﬁﬁsrf@‘i'ﬁbaélf F‘b‘@?lf the\fe@ 1840 apyt not
limted t Y , e irit of
the. pr esenteiineERPhREy FrdhErkingials WP highy sole S@urbitdRC B T |
FIG 5 amphipht efthe VOO 1(iselypidaly connected to a coupler that directs a portion of the

VCO output waveform to the feedback loop that connects to an input of the phase

detector 610. The remainder of the VCO output waveform is applied to and consumed

by an external load.

[0027] The frequency of the VCO output waveform is usually an integer multiple of the
reference frequency Fj,. The portion of the output waveform from the VCO 10, which
is directed to the feedback loop, may be provided to the divider 630 before being
applied to the phase detector 610. The divider 630 scales the frequency of the VCO
output waveform to generate a frequency-scaled VCO output waveform in accordance
with the reference frequency and the desired operating frequency of the VCO 10. In
one embodiment, the divider 630 may be implemented with a programmable frequency
scale factor N which is the ratio of the desired VCO output frequency to the reference
frequency Fi,. For example, if the reference frequency Fiy is 100 MHz and the VCO 10
operates at 200 MHz, a divide-by-two divider 630 would be used. The phase detector
610 compares the reference waveform with reference frequency Fir to the frequency-
scaled VCO output waveform to record their phase difference. The phase detector 610
generates a phase detector output signal with a DC component which is proportional to

the phese difference between the reference waveform and the Fequency-scaled VCO



waveformto generate a VCO output waveformto be outputted by the VCO In
one enbodi nent, the output anplifying circuit 580 includes a

differ iak-1Q-single ended anplifier. One skilled j t uld
undersﬁg%gﬂpﬁgﬁméther types of anplifiers could be d@gﬁﬁgﬁ?ﬂ@ﬁmﬁﬁe spirit
of the present invention. [0026) The WCO 10 described thus far may be used
in any application that requires a tunable oscillator. For the puroses of

clarity ajughut VapédiRNGSbne &ABodiAet, BRIbCAltr®R0 fftdrd oRahebietssRirde! ow in
connection wth a phase lock loop. FIG 6 is a block diagram of a phase

| ocked | dopeserpgnentsohthg phase datectoyomtpud signgl. obe Rftremnenent, which mayase
| ocked | WA 0_inck \ det. 61 |
(T ter 6I0ueied b BF oS BHET pled inetcl? il s PROENBE BRI i Vo' P

f eedback 10aoladfilst thedredGeack®bfithe ¥CO litplitewaefdrie qude @¢sikddnin{dgsimbiltiplegener at ed
by a high&y stable crystal oscillator). The output of the VCO 10 is

typi cal | yfdhamstesency feguencyFupl er that directs a portion of the VCO output
waveformto the feedback | oop that connects to an input of the phase

det ect or [8028] Theerevaous dedenption of the diolysed epbodimentsfis pravideddp phatdelanyo and

d b ext | d. [00271 The fr f the VCO.output
Caver o micEonSREH T W 3 <0Gake TR By BRSemt eRHOPE YR Ao BRI B 0 e
portion aheseentRdintis WalY 86 @€l Meto \hédeIkilleahinGhe altSakli theGleRéid 0 t he

f eedback | oop, may be provided fo the divider 630 before being applied to
t he phasepribetpiestdefingd bereiphmay be iepplicdag @ther gmbedments witheus deparbing fiom VCO

out put efarmto generate a frequency-scal ed.VCO.out put. wavef in

accor da\rll\ﬁt e s%np] Rt f'ﬁ%ero ft ?é‘ﬁé&t‘?‘}e léﬁ‘l%‘f gﬁ%Fn? %veaggxil F%Wtolé\@epg?f{?é% b requency
of the VGhildd td fhe eRMBo@ikRat SRWn hédel Bitvisd®y be3Micomird RRe iviRE®NREeed Wi th a
programmabl e frequency scale factor N which is the ratio of the desired VCO

out put f resgsisteriwithytheipsiniplasraad nevel feabgaedisglosdheraidr exanple, if the
reference frequency Fin is 100 MHz and the VCO 10 operates at 200 MHz, a

di vi de- by-two di vider 630 woul d be used. The phase detector 610 conpares
the reference waveformwi th reference frequency Fin to the frequency- scal ed
VCO out put waveformto record their phase difference. The phase detector 610
generates a phase detector output signal with a DC conponent which is
proportional to the phase difference between the reference waveform and the
frequency-scal ed VCO WD 2005/ 086342 PCT/ US2005/ 006330



8 output waveform In one enbodinent, the loop filter 620 filters out the
ot her undesired noise conponents of the phase detector output signal. The
DC conmponent, which may be referred to as an "error signal,” may then be
applied to the tuning input of the VCO 10 to adjust the frequency of the
VCO out put waveformto the desired integer nultiple of the reference
frequency F;,,. [0028] The previous description of the disclosed enbodi nents
is provided to enable any person skylled in the art to make or use the
present invention. Various nodifications to these enbodinments will be
readi | y yappal®ited R: those skilled in the art, and the generic principles
defined herein may be applied to other enbodi nents without departing from
the spirit or scope of the invention. Thus, the present invention is not

intended to Pe I'qitgg tauthe enbod{nentsushomn herein.but is to be
accorded t he'wi dedt LRl ASCRRBNRER N RIBIFNRY FRAHBISEE and novel f eat ur es

di scl osed herein.aPindyh@t is clained is: 1. A tunable oscillator having a
tuni ng vol t age ingut, conprising: an inductor; first and second varactor
pairs arranged witif§t atb sqcaad FRIGELOF paige Astnged vith HiegRdyctaralyi gegetatef # equency

LyEt t URI : li ed: ' t, h of
tho var Shp e d BhdRndClesRRRIARY f ok il Ml %o 160 LARG By 70" ©
i ndependmnt, |eaclofof ttie vatabier pwias deting apbibs volapd nwher ebnnagcthe odntioled var act or

pairs conprises, t serially coupled varactors each having a first node
coupled”F%mWa@“bUﬁﬁWbmbﬁvﬁ YriPAhi%nd a second node coupled to its

respective bias vQhdg@e chdhPYE - the - valftort PRADIEMBRSs! il Qeriffy Chgpiga 1 wherein
each of the varactors conprises a MOSFET having a gate, a’'drain, and a

sour ce canetesteach hayinge ficht apde caupléduim dhediming Neltageiingit anddeeaidiniede var act or
conpris te an he cond node of the varactor conprises the drain
and sou?@%ﬁ%@ﬁggé??gﬁ{eggsfﬁgﬁ?dW%%le oscillator of claiml further
conprising a first resistor coupled between the tuning voltage input and
the first node of _a first one of the varactors in _each _
2. The tunable oscillator of claim 1 wherein each of the varactors comprises
a MOSFET having a gate, a drain, and a source connected to the drain, and wherein the
first node of the varactor comprises the gate and the second node of the varactor

comprises the drain and source connection.

3. The tunable oscillator of claim 1 further comprising a first resistor coupled
between the tuning voltage input and the first node of a first one of the varactors in each
of the varactor pairs, and a second resistor coupled between the tuning voltage input and

the first node of a second one of the varactors in each of the varactor pairs.

4. The tunable oscillator of claim 1 further comprising a first capacitor
coupled between a first node of the inductor and the first node of a first one of the
varactors in each of the varacror pairs, and a second capacitor coupled between a second
node of the inductor and the first node of a second one of the varactors in each of the

varactor pairs.

5. The tunable oscillator of claim 1 further comprising an input current

source to the inductor and the first and second varactor pairs.



of the varactor pairs, and a second resistor coupled between the tuning

vol tage input and the first node of a second one of the varactors in each
of the varactor pairs. 4. The tunable oscillator of claim1l further
conprising a first capacitor coupled between a first node of the inductor
and the first node of a first one of the varactors in each of the varacror
pairs, and a second capacitor coupled between a second node of the inductor
and the first node of a second one ¢f the varactors in each of the varactor
pairs. 5. The tunable oscillator of claiml further conprising an input
current so ce t@at d a [ ng .s a airs. 10
6. The tunab e oggflﬁﬁ?%g &$HB(§|Q§§E&ﬁe§€¥%&? eﬁfngﬁﬁpgﬂ¥§gn§£@%hfce

conpr i sespaisesonsnantt auentsotres corpdal waypired ctoss-aoypdéd trafsisaross- coupl ed
transistors. 7. The tunable oscillator of claiml further conprising a
differential-to-single ended anplifier having a differential input coupled
across the imductg tufhblefstMARPbECIFSE] mrﬁtepéonﬂmémg@h AftiRliNGokARRe,
conprising: an inductor; and first and second varactor pairs arranged with
the i ndudebamplifiqjhaepandifferentiabingut taplehgerassithe ipdesteys responsive to a tuning
vol tage, wherein the first varactor pair is biased such that its

capaci tance varies substantially linearly with the tuning voltage over a
first portidh of Ahmableosdatortnging aaneing bemgs eooipdisimar acihdict@abrd i s bi ased

such that its capacitance varies sybstantiall i ne with the tuning
vol tage over a setIrfdpBFYNdhIABHEOT PHE e ‘éﬁb%‘mﬁﬁEYé?#mFﬁ@eéach of the

var act Osﬁ%rﬁ@ha{ﬁ dgcgﬁpqueﬁasretsmsﬁerm @kdnﬁW&@%heWﬁ@tmitQa%W Baw ng a first
node configured to receive the tuning voltage and a second node each of

t he varbigwcosughahatsistsepasifansieasaes wbstatially ooty \Mtbldérecwmng goltage pedsta ve

var act or pWREE ST Bl ARL0SAF o e SECODE oS, o RRSNLNBTRRLE PaiT TS

contr ol de end other varac e

oscil | a&a@ﬁc@ﬁcec\l/eﬁueﬂ‘slﬁ)svﬂﬁﬁﬁl@,l hn&ﬂgz Rvithf thé helmgawﬂ@g@bsercam&mnds]ﬁﬁtmmoﬂvDSFET
havi ng ate, a drain, and a soqurce connected to the drain, wherein the
first nYERE fRee-icadn dhe eash it ¥aratiey RpAS SORMESTHE oseBaiY RS of the

varact %ara&&ﬁr@&dhsrﬁa%mg@eﬁﬂf Rbdd c%ﬂﬁ Ry 'E&Pecéi%‘ﬂﬁ:%hlﬁ@ volJcQée ah& debiiiibl e
oscillator of claim@8 further conpr|5|ng first and second

node, each of the varactor pairs being biased at the second node of its respective
varactors, wherein the biasing at the second node of each varactor pair is controlled

independently of the other varactor pair.

9. The tunable oscillator of claim 8 wherein each of the varactors comprises
a MOSFET having a gate, a drain, and a source connected to the drain, and wherein the
first node of the varactor comprises the gate and the second node of the varactor

comprises the drain and source connection.

10. The tunable oscillator of claim 8 further comprising first and second
resistors, the first node of a first one of the varactors in each of the varactor pairs being
configured to receive the tuning voltage through the first resistor, and the first node of a
second one of the varactors in each of the varactor pairs being configured to receive the

tuning voltage through the second resistor.

I1.  The tunable oscillator of claim 8 further comprising a first capacitor

coupled between a first node of the inductor and the first node of a first one of the



resistors, the first node of a first one of the varactors in each of the
varactor pairs being configured to receive the tuning voltage through the
first resistor, and the first node of a second one of the varactors in each
of the varactor pairs being configured to receive the tuning voltage

t hrough the second resistor. 11. The tunable oscillator of claim8 further
conprising a first capacitor coupled between a first node of the inductor
and the first node of a first one ofjthe 11 varactors in each of the
varactor pairs, and a second capacitor coupled between a second node of the
i nduct Qg hhack bf &k v@ﬁé@ﬁ‘)rggirs@ akPk W@ aPiiorl 28 l\éarbgﬁgegﬁ 3 skiyngach of the
varactor pairs. 12. The tunabl e oscillator "of clalﬁ18 erein the first

var act awdpaf thej igdusitersand the firamodexf aaeeing dnewdithe wiractopsoneachi sf tippl i ed, and
t he seggg% var.act or pair is biased at approximately 2 volts when power is
appl i ed. WTPYFe tunabl e oscillator of claim8 wherein the first portion of
the tuning range is about 0.4 volts to about 1.4 volts when power is
applied, and_the_second portion of the tuning_ range is about 1.1 volts to
about 2.4 vdPts WHeHaBgesc|idonnlaiad wherein ghe ek varpgensdr is 888ed Zonpri si ng:
at Unal%bﬁro?ﬁﬁdtélkqt Qe havi Doy e gu&t, Qhd t}?e_ngecBl:)J ﬁaraaeﬂpéi?gsoeﬁsewtact or pairs

arranged with the inductor to generate a signha aving a frequency

r esponsippexinmtey Lunitnghevpdbwagesppbieath of the varactor pairs having a bias
vol tage input that may be controlled independently of the other varactor
pair, wherein each of the varactor pairs conprises two serially coupled

varactors eagh havik fghablef dscBlaton @@ 1HAUP vaekelnOtht st piHit® of elet @BRgI Nput  and
a second node coupled to its respective bias voltage i nput; a divider

conf i guRRed it B0 Bitevaltaéo Bbayhdrt wortagbemegwerisaprlicd, enshilipisecondgeitionat or; a
phase gﬁlfe%% ?A%%Eﬁ@&%ﬁﬁ.i}%&%% 1® Alb! rughr%é aabvméla%}ﬂgar esentative of a

phase erente between the sealed signha uency a reference
frequency; dAd aA gape fockdddoog@nfmpgsingd to filter the error signal, the

filtered error sl qi@he GOMRIr Bhide b dhttd! Al ¥Rk hAg

ge'cond varactor pairs
arranged with the inductor to generate a signal having a frequency responsive to a tuning
voltage, each of the varactor pairs having a bias voltage input that may be controlled
independently of the other varactor pair, wherein each of the varactor pairs comprises two
serially coupled varactors each having a first node coupled to the tuning voltage input and
a second node coupled to its respective bias voltage input;

a divider configured to scale the signal frequency from the tunable
oscillator;

a phase detector configured to generate an error signal representative of a
phase difference between the sealed signal frequency and a reference frequency; and

a loop filter configured to filter the error signal, the filtered error signal

comprising the tuning voltage.



