-1- MONOLI THI C CLOCK GENERATOR AND TI M NG FREQUENCY REFERENCE FI ELD OF THE
| NVENTI ON 5 The present invention, in general, relates to oscillation or

cl ocking signal generation, and nore particularly, relates to a cl ock
signal generator and timng/frequency reference which is free-running,

sel f-referenced, accurate over fabricajion process, voltage and
tenperature, has low jitter, and which may be nonolithically integrated
with other circuitry to forma single integrated circuit. 10 BACKGROUND OF

THE | NVENTI ON Accur at eMONOLITHRT €L OCKTGENERATPOREARDENCES have general |y
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a mechani cal, resonant VAIIMENGEHREQUENGYt BRENGEquency. The difficulty
wi th such crystal oscillators 15 is that they cannot be fabricated as part
of the same integrated circuit ("IC') driven by their clock signal. For

exanpl e, m croprocessors SUCHEISDIJETHE BEV\VENTIONN processor require a
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or within the finished product, which is also detrinmental in nobile

environments. Moreover, such additional caonponents increase nmanufacturing

and production costs, asBACKEKQUERQFIHEISVERTION i cated and assenbl ed
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generators whi ch have been produ as Integrated circ Wt h ot her
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15  is that they cannot be fabricated as part of the same integrated circuit (“IC”) driven by
their clock signal. For example, microprocessors such as the Intel Pentium processor
require a separate clock IC. As a consequence, virtually every circuit requiring an
accurate clock signal requires an off-chip clock generator.
There are several consequences for such non-integrated solutions. For
- 20 example, because such a processor must be connected through outside circuitry (such
as on a printed circuit board (PCB)), power dissipation is comparatively increased. In
applications which rely on a finite power supply, such as battery power in mobile
communications, such additional power dissipation is detrimental.
In addition, such non-integrated solutions, by requiring an additional IC,
25  increase space and area requirements, whether on the PCB or within the finished
product, which is also detrimental in mobile environments. Moreover, such additional
components increase manufacturing and production costs, as an additional IC must be
fabricated and assembled with the primary circuitry (such as a microprocessor).
Other clock generators which have been produced as integrated circuits
30  with other circuits are generally not very accurate, particularly over fabrication process,
voltage, and temperature (“PVT”) variations. For example, ring, relaxation and phase

shift oscillators may provide a clock signal suitable for some low-sensitivity



shift oscillators may provide a clock signal suitable for sonme

| ow-sensitivity -2- applications, but have been incapable of providing the
hi gher accuracy required in nore sophisticated electronics, such as in
applications requiring significant processing capability. In addition,

t hese clock generators or oscillators often exhibit considerable frequency
drift, jitter, have a conparatively | owQ value, and are subject to other 5
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SUMMARY OF THE INVENTION

In various exemplary embodiments, the invention provides a lowjitter,
free-running and self-referencing clock generator and/or a timing and frequency
reference which is highly accurate over PVT variations and which can be integrated

20  monolithically with other circuitry, to form a singular integrated circuit. No separate
reference oscillator is required. The various exemplary embodiments of the invention
include features for highly accurate frequency generation over fabrication process,
voltage, and temperature (“PVT”) variations. These features include frequency tuning
and selection, and compensation for frequency variations which may be caused due to

25 temperature and/or voltage fluctuations and fabrication process variations.

In addition, the various exemplary embodiments of the invention
provide a clock generator and/or a timing and frequency reference having multiple
operating modes, including modes such as a power conservation mode, a clock mode, a
reference mode, and a pulsed mode. In addition, the various embodiments provide

30 multiple output signals at different frequencies, and provide low-latency and glitch-free

switching between these various signals.



30 nultiple output signals at different frequencies, and provide | ow | atency
and glitch-free sw tching between these various signals. -3- Significantly,
t he various exenplary enbodi nents of the invention generate a significantly
and conparatively high frequency, such as in the hundreds of Mz and G

range, which is then divided to a pl urgi_ity of | ower frequencies. Each such
division by "N' (a rational nunber, as a ratio of integers) results in a

significant 5 noise reduction, with phase noi se reduced by N and noi se power
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frequency divider to divide the first signal having the resonant frequency

into a plurality of The¥winnsgpparaius emaodiments indlndes ronudtony appmplifien y  of
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second) Si gtealperatdie@onipefAURE prosdsatiationBdmpentitbe b voRedigslatdr, a
glitch-Sﬂgpressor. The oqut put signal may be 20 provided in any of various

forms, sudeAugsCYdivider.andiadreqyencyi selpctoredbe sesondier prawisdean firgisigpal squar e- wave
or sinusoj ,n i J . el ect or
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conprising a clock node, a 25 timng _andpfreque,nc,y reference node, a power
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adapt ed tesqraavirequeacy hito d phirglitglof sedoad sighals hatihg atcbfrespgnding plurality
of frequencies substantially equal to or lower than the resonant frequency; and a
frequency selector to provide an output signal from the plurality of second signals. The
frequency selector may further include a glitch-suppressor. The output signal may be
20  provided in any of various forms, such as differential or single-ended, and substantially
square-wave or sinusoidal.
The present invention may also include a mode selector coupled to the
frequency selector, wherein the mode selector is adapted to provide a plurality of
operating modes, which may be selected from a group comprising a clock mode, a
25  timing and frequency reference mode, a power conservation mode, and a pulse mode.
For a reference mode, the invention may also include a synchronization
circuit coupled to the mode selector; and a controlled oscillator coupled to the
synchronization circuit and adapted to provide a third signal; wherein in the timing and
reference mode, the mode selector is further adapted to couple the output signal to the
30  synchronization circuit to control timing and frequency of the third signal. Such a

synchronization circuit may be a delay-locked loop, a phase-locked loop, or an

injection locking circuit.



reference node, the node selector is further adapted to couple the output
signal to the 30 synchronization circuit to control timng and frequency of
the third signal. Such a synchronization circuit my be a del ay-| ocked

| oop, a phase-|ocked |oop, or an injection locking circuit. -4- These and
addi tional enbodinents are discussed i greater detail below. Nunmerous ot her
advant ages and features of the present 1nvention will becone readily
apparent fromthe follow ng detail ed description of the invention and the
enbodi ments  t her eoThesk lafdaldi€iosd] 26 dinikshts 4re disc iR e@GLHOMBNYdtAMObEIGRM NgS. 5
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speci f i catherof, from vife addimsfaing tivoen the @otonipan§ingldrawings.a bl ock di agram
illustrating an exenplary system enbodi nent in accordance with the
teachings of the present invention. Figure 2 (or "FIG 2") is a block

di agr illustrating a first exenplary apparatus enbodi nent in accordance
with the teachings of the present invention. 15 Figure 3 (or "FIG 3") is a
bl ock diagramill ustr aRIEF HESTINTION OFPTAE/DRAWIRGES embodi ment in
accordance with the teachings of the present i1nvention. Figure 4 (or "FIG
4") is a high-I evel Theohinets,ifeatares abd advanthigegofathe prdsentdnveationgvikvenpl ary
frequency controller, oscillator and fre ncy calibration 20 enfodi nents
|1 accor JEAEIeR DRk R Ehupit B Lerre o e IShe FoelBhiE wieh sePgdfEash (or
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(frequency) distortion with'current injection into an oscillator. Figure
513 (& "specificg®n) in whigh: exenpl ary graph illustrating oscillator voltage

wavef orm (frequencyy. di st ortd QL. variation with tenperature, 25 Figure 5C
(or "FIG 5C") is a gg?e]n&rargﬂglr ;W%IP%&Q?% ‘Irklﬁs%ag,_ Ia!naf"lxslinplapf equency as a
functi on gktehh@nbddimesanAvedrasiee vitth Me sashiagHbMBle prakatiih®imtion.

Figure 2 (or “FIG. 2”) is a block diagram illustrating a first exemplary

apparatus embodiment in accordance with the teachings of the present invention.

15 Figure 3 (or “FIG. 3”) is a block diagram illustrating a second
exemplary apparatus embodiment in accordance with the teachings of the present
invention.

Figure 4 (or “FIG. 4”) is a high-level schematic and block diagram
illustrating exemplary frequency controller, oscillator and frequency calibration

20  embodiments in accordance with the teachings of the present invention.

Figure SA (or “FIG. 5A”) is an exemplary graph illustrating oscillator
voltage waveform (frequency) distortion with current injection into an oscillator.

Figure 5B (or “FIG. 5B”) is an exemplary graph illustrating oscillator
voltage waveform (frequency) distortion or variation with temperature.

25 Figure 5C (or “FIG. 5C”) is an exemplary graph illustrating oscillator
frequency as a function of the transconductance of a sustaining amplifier.

Figure 6 (or “FIG. 6”) is a circuit diagram illustrating first exemplary
negative transconductance amplifier, temperature-responsive current generator (I(T)),
and LC tank oscillator embodiments in accordance with the teachings of the present

30 invention.



Figure 6 (or "FIG 6") is acircuit diagramillustrating first exenplary
negative transconductance anplifier, tenperature-responsive current

generator (1(T)), and LC tank oscillator enbodinments in accordance with the
teachings of the present 30 invention. -5- Figure 7A (or "FIG 7A") is a
circuit diagramillustrating an exenpl agy tenperatur e-responsi ve CTAT
current generator in accordance with the teachings of the present

invention. Figure 7B (or "FIG 7B") is a circuit diagramillustrating an
exenpl ary 5 tenper #igre7ASPUNG, Y& PEA It dRIkard SNREAHIHY ail Sif dance
wi th the teachings oféi{rhe 1 resent iﬁlvenctli on. |%ure 7Cﬁ1?%arlﬁ§kl 8%C‘) is a

circuit dicumpengtiteriesprmsivei ‘Bumerd igphearatpr int aoprlantauwith thetpahaigs @f EAT2

current gerneere}t.o‘; kinnaccordance with the teachings of the present
i nvent i onP Y If?gef} 887D (or "FIG 7D') is a circuit diagramillustrating an

exenpl ary tenper at Bigfiré FBRONFIGE7BYY ik @RircGi aﬁg?a&rp_ﬂlusﬁﬁﬁ@baﬁﬁéx%ﬁl galy CTAT,
PTAT, and PTAT2 Figure 8 (or "FIG 8") is a circuit and bl ock di agram

i |1 ust? at tempesatersrigsnonsivp PdAT eratrat gensratpninsacoordanseavitiethe tqpichinge of the
t enperature-r nsive current generator (I1(T)), and LC tank oscill ator
enbodi rrenPgeS?nﬁﬁlg\gegglPﬁance with the teachings 15 of the present invention.

Figure 9 (or "FIG ®iguré ssczeoﬁ'rmgyvc’(?qga%aﬁﬁt tlabkid RsIrthgtdh SERPRIrAT Y _
control | ed capacitor nodule utilized in a frequency-tenperature conpensation
nmodul e i femReEswgRRongve R Te curartrdeneratostin adserdanes with thevtgachingsrof Fi gure 10

(or "FIG 0 B jrcuit diagramillustrating an exenplary 20 voltage
control rrg%%resehéaee@qnized in a frequency-tenperature conpensati on nodul e

in act®rdance with Fiprd ZBqbi 116, 0D} R diicais didgrdnd MRRtra@i} arFb@diptary 1 (Or
"FIG 11 ") is a circuit diagramillustrating an eerr)T}EI ary fi rs% process

vari at i ontcEHFEMSTESRORSiye quIrentiganeiaop Withhecdedizd GTARPTAdctndJEADT t he

pesent rvention. E eterid 495 AEAGH SRR MBTR AT, . .
accor dancexemplirytnegativeaednsegrlucthndednplifier, temperature-responsive current
generator (I(T)), and LC tank oscillator embodiments in accordance with the teachings

15  of the present invention.

Figure 9 (or “FIG. 9”) is a circuit diagram illustrating an exemplary
controlled capacitor module utilized in a frequency-temperature compensation module
in accordance with the teachings of the present invention.

Figure 10 (or “FIG. 10”) is a circuit diagram illustrating an exemplary

20  voltage control module 650 utilized in a frequency-temperature compensation module
in accordance with the teachings of the present invention.

Figure 11 (or “FIG. 11”) is a circuit diagram illustrating an exemplary
first process variation compensation module in accordance with the teachings of the
present invention.

25 Figure 12 (or “FIG. 12”) is a circuit diagram illustrating an exemplary
second process variation compensation module in accordance with the teachings of the
present invention. ‘

Figure 13 (or “FIG. 13”) is a block diagram illustrating an exemplary
frequency calibration module in accordance with the teachings of the present invention.

30 Figure 14 (or “FIG. 14”) is a block diagram illustrating an exemplary
frequency divider, square wave generator, asynchronous frequency selector and glitch

suppression module in accordance with the teachings of the present invention.



present invention. Figure 13 (or "FIG 13") is a block diagramillustrating
an exenplary frequency calibration nodule in accordance wth the teachings
of the present invention. 30 Figure 14 (or "FIG 14") is a block diagram
illustrating an exenplary frequency divider, square wave generator,
asynchronous frequency selector and glitch suppression nodule in accordance
with the teachings of the present invention. -6- Figure 15 (or "FIG 15")
(divided into FIGs. 15A and 15B) is a graphical diagramillustrating

exenplary | ow | at enp;ig %fggﬁnpmsl {dg{'r,ig&Hn?g F%?Eg@gqgméﬁ% the teachings

of the present inven ure di agram
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di sclosure is to be 1@81:%} Fegﬁf’;tslg é&b@%%‘?i‘gre'gtl Bﬁr%lflglaﬂéx‘ﬁl 1484 pl es of
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exanpl es and enbodi ments illustrated. As indicated above, theé various
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15 DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS
While the present invention is susceptible of embodiment in many
different forms, there are shown in the drawings and will be described herein in detail
specific examples and embodiments thereof, with the understanding that the present
disclosure is to be considered as an exemplification of the principles of the invention
20 and is not intended to limit the invention to the specific examples and embodiments
illustrated.
As indicated above, the various embodiments of the invention provide
numerous advantages, including the ability to integrate a highly accurate (over PVT),
low-jitter, free-running and self-referencing clock generator and/or a timing and
25  frequency reference with other circuitry, such as illustrated in Figure 1. Figure lisa
block diagram illustrating an exemplary system embodiment 150 in accordance with
the teachings of the present invention. As illustrated in Figure 1, the system 150 is a
single integrated circuit, having a clock generator and/or timing/frequency reference
100 of the present invention integrated monolithically with other, or second, circuitry
30 180, together with interface (I/F) (or input/output (I/O) circuitry) 120. The interface
120 will generally provide power, such as from a power supply (not illustrated),

ground, and other lines or busses to the clock generator 100, such as for calibration and



bl ock diagramillustrating an exenplary system enbodi nent 150 in accordance
with the teachings of the present invention. As illustrated in Figure 1,
the system 150 is a single integrated circuit, having a cl ock generator
and/or timng/frequency reference 100 of the present invention integrated
nonolithically with other, or second, circuitry 30 180, together with
interface (11F) (or input/output (I/O "Circuitry) 120. The interface 120

will generally provide power, such as froma power supply (not illustrated),
ground, S AQF r h as for
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one of) MOgBukd R Iqmgllgjgg output signals, to the second ci rcwtry 180.
The second circuitry 180 may be any type 15 or kind of circuitry, such as a
m croprocessor, a dllg ¢latk g@lglﬁbr @dﬁuemsog/ﬁ(eqm)efemncc 500, on Additerency
circuit, for, exa rcuit which coucj[.%iliz t he one or
deta]
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signal, such as a reference signal for synchronization for a second
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reference, which may utilize a substantially sinusoidal signal instead. In
addi t i on, mers output clock signals. Also for example, in a timing or frequency reference mode,
the output signal from the apparatus 100 may be a reference signal, such as a reference
signal for synchronization for a second oscillator. As a consequence, the terminology
20 clock generator and/or timing/frequency reference will be utilized interchangeably
herein, with the understanding that the clock generator will also generally provide a
square-wave signal, which may or may not be provided with a timing/frequency
reference, which may utilize a substantially sinusoidal signal instead. In addition, as
discussed in greater detail below, the various embodiments of the invention also
25  provided a pulsed mode, in which the output signal from clock generator and/or
timing/frequency reference 100 is provided in bursts or intervals, for increased
instruction processing efficiency and lower power consumption, for example.
It should be noted that the various signals are referred to as
“substantially” sinusoidal or square-wave, for example. This is to accommodate the
30 various fluctuations, noise sources and other distortions introduced which may cause
such signals to differ in practice from the more ideal depictions found in textbooks. For

example, as discussed in greater detail below, exemplary “substantially” square-wave



di scussed in greater detail below, the various enbodi ments of the invention
al so 25 provided a pul sed node, in which the output signal fromclock
generator and/or timng/frequency reference 100 is provided in bursts or
intervals, for increased instruction processing efficiency and | ower power
consunption, for exanple. It should be gpted that the various signals are
referred to as "substantially" sinusoitdal or square-wave, for exanple. This
is to accormpdate the 30 various fluctuations, noise sources and ot her
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di scussedas indgtshad®R| ovteihbts, ed other extiph biyd arewbséthelkisadonyidekd debe- wave - 8-
signals are depicted in Figures 15A and 15B, and exhibit a variety of
di st ort i oM&ry highegualifissquatravavesopraciiger shoot s, and ot her variations, and are

nonethel ess consi deg rEHnR%{ta%{tﬁféXtuws%?Hfé‘iﬁééehé’ip?f&ﬂ%‘}l%}mvs%ﬁte' 14y actice.

Several inportant features o prese Invention are Irn”system 150. 5

First,5a HRirghi WtighDcadcaiate, 1dwlitiet, fie@trunding and suifiefgerving Slekk gémi/oenci ng

cl ock generataor 100 is integrated nmonglithjcally with other (second)

ci r cui t ry 14®is integrated,monplithigally with Oﬂméijﬁ%ndéalrem?'rwm todomp asingBEY . This is
in sharp M hO EEeo d i -l : . thlator is
used to ke cithil Ayl B0 CTHRH m sl Wahiisb Sinf L BHERAE i AL Cor

whi ch canref¢reiwe asoillatprdas estdwd provideneclock signalf sugh anal chystabtdferehéep, as a second
10 and separate deyice which nust be connected throug circuit board to

any addi t PSHIAOr ek fappqt beppieg jtl otheCigruitsy %}é@?&&ia’ BRSHIEs ent

i nvenid on i | , : abri cat ed

W th %‘? he?r,l& %gg%%e;&e?ﬁei\g@ tc Ir1 f/ﬂ lﬁﬁ?yngdlﬁggﬁé/gﬁﬁ%na f%l‘\ﬁé,a lj%?‘lany%?%%%gl or ot her

f abri cat i cincuitey hFar exgingde, it adcordaticé withrtimpesenCinvantidrg thewsysteqn 1305 Second, no

separate refetrence oscill at is required. Rather, in ,accardance with the
o e G et 0, Mo Priier Wk e s SREFY S5 unni ng,

i nvention,

such that cidveh$oRPEMOSE S8 ENTREMOS Ut oiRs kaflichRorfReldMEgisd @flpkd isUCh as bei ng
synchroni zed in a phase | ocked [ oop ("PLL"), delay Ioc%<ed | oop ("DLL"), or

via i nj emodem ICon&iufectaming r ef erence signal, which is typical of the prior
art. Third, the gloc ener at or 10r(1) pralYi des a plu i of out put
frequehcies and a E%W@:‘(" rg%ﬁeéngpa‘;ea{elfgﬁ RO L (S até’ﬁbstfeﬂﬁéﬁ : ﬁiraéﬁ%eﬁ‘m es may be
switched Ydcbiiah@WMyith the invention, the clock generator 100 is self-referencing and free-
running, such that it is not referenced to or locked to another signal, such as being
synchronized in a phase locked loop (“PLL”), delay locked loop (“DLL”), or via
injection locking to a reference signal, which is typical of the prior art.
20 Third, the clock generator 100 provides a plurality of output frequencies
and a power conservation mode, such that frequencies may be switched with low
latency and in a glitch-free manner. For example, second circuitry 180 may shift to a
power conservation mode, such as a battery or lower frequency mode, and request
(through selection signals) a lower clock frequency for minimizing power consumption,
25  orrequest a low power clock signal to enter a sleep mode. As discussed in greater
detail below, such frequency switching is provided with substantially negligible
latency, with low latency introduced for glitch prevention (in proportion to the number
of glitch prevention stages utilized), using a merely a handful of clock cycles, rather
than the thousands of clock cycles required to change the output frequency from a
30 PLL/DLL oscillator.
In addition, given the significantly high available output frequencies of

the clock generator and/or timing/frequency reference 100 discussed below, new



| atency and in a glitch-free manner. For exanple, second circuitry 180 may
shift to a power conservation node, such as a battery or |ower frequency
node, and request (through selection signals) a |ower clock frequency for
m nim zi ng power consunption, 25 or request a | ow power clock signal to
enter a sleep node, As discussed in greater detail below, such frequency
swtching is provided with substantialTy negligible Ilatency, with | ow

| at ency i ntroduced for glitch prevention (in proportion to the nunber of
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cycles, r e ousands of cl'oCck “cycl*es requi %ange t he

out put f r sibstantatlyfreglipible3 QllGWingPhd closic gdrepdtor andldt tiddid fieqiency irdferentdre
significantly high avail able output frequencies of the clock generator

and/ or ti HOgbe rersaieabystitadandriteppedueh aciusd pfbentisoly oagmbe pulsesfer at i ng
nodes ar ?%We?'c!)ﬁsg ) tiog.f)g?leéé?a@l&’ratﬁ%ﬂﬁlﬁl ﬁ%@Lntg'c%BtihﬁﬁB' ags:]agcilg%kf, ﬁ”fét ively or

subst ant y negl i gl w’ng the ¢ gener a

tim ng f rdockegenyratefand/on tinind/feqiench ecferepeat Wday betopeiatedl iand st opped, such
as turned off ent'ril% gr to .be eg%sgg for power conservation. For exanple,
rat her t HAPRAHNFHFIEBnEISFEGURIEp SorPUETtb e, PRifed)s Penistisel Jeti@PRt or  and/ or
timng/fr # 4 i short,
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peri odi califopsseflon greater detailibslowp vadeths irapgd ktprtaipsenesdcicpulsed dpetBiidn such as a
processor. di scussed in greater detai%%geIOM/ w.th the rapid start-up
time, sudf® F%%Bo‘ﬁﬁesﬁ}ﬁ‘f‘g%r?sglb%ﬂsﬁf@%tl%{‘s6 P INSUMFHRNS pggsqﬁlepgq nstructions
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utilized pusedenddednayadlbybs ytikitedanipesodicakysynchrohiee k serond ebeklorat or, in

addi tion to. ot her es. /As_.a consequence, the clock, generator and/or

1 mi ng! f rSalBiogyn AUREPRAR BN R 6 g HHBSeLFRE BRI HeREcaAMY B sed bel ow
has a plyhabitequeicydBRidick 100 (RiaRe oflBFEHBb I efts AisehisedBEBW) Bad 4 M NG and/ or
frequency 15 reference node, a power conservation node, and & pul sed node.

Fourth, adumlitycafoperiting mpdestineludiog aiclockenaie, a tineng dralér fymeneit or and/ or

timng/ freguency reference 100 includes feat [ep fqQr highly accurate
freqi}gncyre oaKe ThP V& COPSHVHIOn Y ’B?%%BE@? W8§?'age, and tenperature

("PVT") vari ati ons.FouHhe8editRRELH iR réafG|dehel HelRFUROEck Péebfodid/crel ecti on,
and conpensation for frequency
timing/frequency reference 100 includes features for highly accurate frequency
generation over fabrication process, voltage, and temperature (“PVT”) variations.
These features include frequency tuning and selection, and compensation for frequency
20  variations which may be caused due to temperature and/or voltage fluctuations and
fabrication process variations.
Fifth, the clock generator and/or timing/frequency reference 100
generates a significantly and comparatively high frequency, such as in the hundreds of
MHz and GHz range, which is then divided to a plurality of lower frequencies. Each
25  such division by “N” (a rational number, as a ratio of integers) results in a significant
noise reduction, with phase noise reduced by N and noise power reduced by N°. Asa
consequence, the clock generator of the present invention results in significantly less
jitter than available with other oscillators, such as ring oscillators.
These features are illustrated in greater detail in Figure 2, which is a
30  block diagram illustrating a first exemplary apparatus 200 embodiment in accordance
with the teachings of the present invention. As illustrated in Figure 2, the apparatus

200 is a clock generator and/or timing/frequency reference, providing



20 variations which nmay be caused due to tenperature and/or voltage
fluctuations and fabrication process variations. Fifth, the cl ock generator
and/or timng/frequency reference 100 generates a significantly and
conparatively high frequency, such as in the hundreds of Mz and GHz range,
which is then divided to a plurality ofgl ower frequencies. Each 25 such
division by "N' (a rational nunber, as a ratio of integers) results in a
significant noise reduction, with phase noi se reduced by N and noi se power
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invention results in significantly less jitter than available wth other
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ter detail ignFi 2. wWhich i .30 bl ock di idlustrati
ot excopras) Purtids aot e Btk a i Gl it eachi nos
of the presidlled 2156 R fieqlenchHivilénN0r fhde béledtbH20 % ard tHelTReqabiey Rledfor 200 i's

a clock generator and/or tim ng/frequency reference, providing -10- one or
nore out ptRS meurfitaied abevge Hn agcqrdarice piathghe ki dhe escijlatar 248 gergaigny of a

plurality,. . [ . I ' f r.205.. The
Bppar at uesigdl baf B8 SBAEERy O 18 BRaaLE S, DRI RRLRED HeafiSi g o
resonant soeeptht freqienty eonteslizy 218 dnitilized &) fréilencydseldct arieme Yhebseildesr 220, a
node sel ector 225, and the frequency selector 5 205 nentioned above. In

accor dancel Qwsuch thaidhe pseiliatiopfrequencydsisiseiceiable froppa ghyalityoE potgntidli gnal havi ng
a conpar atJ VoY freq iafl i d above,

t he frequ%gﬁ}égltlég?teggﬂc%rg’ f;{g&ﬁ?gf eﬁ?ﬂ%?@@%@ﬁ%% 15"5?1‘%%3/?@2‘?‘@@9%?’9 une the
osci | 1at ohavilfequeticibs whith akdisccaraté bveaaPVhvdriatignency fo is selectable froma
plurality of potential oscillation frequencies, i.e., the fregquency

control ler 215 pr ovf%reegiamafe,smegﬁhesg Pyayasiations, the; augput freguensyiteun ai ch are

accur at e Q¥af RVTcKaE bkl ansa1 § MayVAATRE or BB PSS RLTppREdBhLONS,  t he
alyor, UCPI f )

out put frequency froman oscl as oscillator 2 may ‘vary plus
or m nus $&fh aktrossotiliziaghg osdillaos, such deluasytvadsklityt mbhy be agcepiably.

oscillatoys, such frequency variabjli may be acceptable. In accordance
with the {slraég%rﬁenqew&h_ t &ﬁ?seﬂbmvgwp, @?%%iffﬁ rgr%?é%@ﬁa@ﬂ ¥ thadodi ock 15
genergf or %%Q&ta&o@qs%aés%bﬁ; pdfibilh k@ rhote E&fsftmro‘? cBf ﬁ:'xtdrpgﬁc;ﬁiron?,%m ex
applications, such as providing clock signals for 1ntegrated
m cr opr ocagzovidingrtlakaignts fol itegatedingtroptocesognmiicrpeatmisey digitalonmuni cat i on
controllers, and so on. As a consequence, fre u%QcX
signal processors, communication controllers, and so oh. As d consequence, frequency
controller 215 is utilized to adjust for these PVT variations, such that the output
frequency from the oscillator is the selected or desired frequency fy with much less
20  variance by several orders of magnitude, such as + 0.25% or less, and having a
comparatively low-jitter.
To improve performance and decrease jitter (noise) and other
interference, instead of generating a low frequency output and multiplying it up to a
higher frequency, as is typically done using PLLs and DLLs, the present invention
25  generates a comparatively high frequency output, fy, which is then divided to one or
more lower frequencies (f; through f,), using frequency divider 220. Clock signals
having one or more of the plurality of frequencies from frequency divider 220 may then
be selected, using frequency selector 205. As indicated above, such frequency
selection is provided glitch-free and with low latency, providing comparatively and

30 significantly fast and glitch-free frequency switching. In addition, a plurality of

operating modes are provided, using mode selector 225.



controller 215 is utilized to adjust for these PVT variations, such that the
output frequency fromthe oscillator is the selected or desired frequency
fo wth nuch |l ess 20 variance by several orders of magnitude, such as 0.25%
or less, and having a conparatively low jitter. To inprove performance and
decrease jitter (noise) and other intefference, instead of generating a | ow
frequency output and multiplying it up to a higher frequency, as is
typically done using PLLs and DLLs, the present invention 25 generates a
conparatively high mg@qtseiaaxbmqttd@agtrmmlugﬂanﬁ@m greAtbedetsll ¥ kglddt o one or

nore | ower frequencies (Jr through f"), using frequen di vider 220. d ock
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accor dancﬂdowﬁdmeph&hh@a@ tHengecrd eh’fb@dmi@ﬁﬁ Riayialsoeintliude a fildgédicyididdéro  Fi gure
3, clock generator and/or timng/frequency_reference 300 conprises a

r esonat or2l8 SgWate Wave genergter P, arrpltage 16913@0355 & resonpal Fequercywigsi¥sat or 315,

a proces ngglg,esjg F &113:435 C %’nang@ fgy.e 325,
one or N?Pga%do%f?lﬁcqf g;fegﬁogr?’ggag ependlﬁlg Sg%ﬁiﬂku ect ed
enbodDner’0s, tempyradirs compeisate 345 fprempsevm;andnvcoﬂ@ensamﬂ 328 guedtage walagorgener at or

330, av e |so at or 35 SO t frequency, sele 360,, an out put
frequenc§5§e‘% %‘E@n%ﬁF ?ﬁ%ﬁ?{@ Plgﬁgiﬁueg%caibfélogdgchh%? ar&r?ﬁFPfl er 20
305, temﬁaeaearmﬁﬁq&feaagﬁcgrco%&éuerpg S ?re&eédc%bmo ge@wnﬁasheﬁld%%g vol tage

i sol ator 355, resonant guency se ector 0; and frequency calibration
nodul e 326 nated thittthmsquarecvardegeneratdr (of %(T)mmwmday neadedrinktineng osuch as
frequency, contr ol 215, |t should also be noted that the square-wave
gener at ort'éd ?n%g%rq%?emf’d%nﬁeeded intimng or frequency reference
embogknents. 15 Th@fh%‘%@ébﬂ%?@1@&&y%h?%@ré%ﬁﬁopah(cﬁ%%}@§é}fergV“ ch stores
energy, such as an inductor (L) and capacitor (C) coupled toform an
LC-t ank, swfteasantindudt@-(L) and a capac1tor © coupled to form an LC-tank where the LC-

tank has a selected configuration of a plurality of LC-tank configurations, or is
otherwise electrically or electromechanically equivalent to or otherwise typically
represented in the art as an inductor coupled to a capacitor. In addition to LC

20  resonators, other resonators are considered equivalent and within the scope of the
present invention; for example, the resonator 310 may be a ceramic resonator, a
mechanical resonator (e.g., XTAL), a microelectromechanical (“MEMS”) resonator, or
a film bulk acoustic resonator. In other cases, various resonators may be represented by
electrical or electromechanical analogy as LC resonators, and are also within the scope

25  of'the present invention. In exemplary embodiments, an LC-tank has been utilized as a
resonator, to provide for a high Q-value.

The sustaining amplifier 305 provides for both start-up and sustaining
amplification for the resonator 310. The temperature compensator 315 provides
frequency control for the resonator 310, to adjust the oscillation frequency based on

30 variations due to temperature. In selected embodiments, depending upon the degree of
control desired or required, the temperature compensator 315 may include control over

both current and frequency, as illustrated below for selected embodiments. Similarly,



tank has a selected configuration of a plurality of LC-tank configurations,
or is otherwise electrically or electronmechanically equivalent to or
otherwise typically represented in the art as an inductor coupled to a
capacitor. In addition to LC 20 resonators, other resonators are considered
equi val ent and within the scope of thej,present invention; for exanple, the
resonator 310 may be a ceramic resonator, a nechanical resonator (e.g.
XTAL), a mcroel ectronechanical ("MEMS') resonator, or a filmbulk acoustic
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el ectrical or electronmechanical analogy as LC resonators, and are al so
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provi des reg&ency control for the resonator 310, to adjust the oscillation
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fromanong the oscillation frequencies which may occur in resonator 310,
i.e., to select thdnaddipioh to fhedemeperatufoarfd morass pbmpendsatign,obltageai | abl e or
potenti al, frquggci es, ln selected 10, enpodinents, coteffi cient regqgisters 340
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supply, variations, the resonant frequency may also be selected independently through resonant

frequency selector 360, for obtaining a selected frequency from a range of available

frequencies.

20 For clock signal generation, clock generator 300 utilizes a frequency
divider (in module 330) to convert the output oscillation frequency fj to a plurality of
lower frequencies (f; through f,) and to convert a substantially sinusoidal oscillation
signal to a substantially square wave signal for clock applications, using a square wave
generator (also in module 330). Frequency selector 335 then provides for selection of

25  one or more of the available output signals having the plurality of frequencies, and
mode selector 345 may also provide for operating mode selection, such as providing a
low power mode, a pulsed mode, a reference mode, and so on. Using these
components, the clock generator 300 provides a plurality of highly accurate (over
PVT), low jitter, and stable output frequencies, fy, f; through f,, with minimal to

30 negligible frequency drift due to such PVT variations, thereby providing sufficient

accuracy and stability for sensitive or complex applications, as mentioned above.



15 and may be inplenmented separately or as part of other conponents, such as
part of tenperature conpensator 315. In addition to frequency adjustnent for
these PVT variations, the resonant frequency may al so be sel ected

i ndependent |y through resonant frequency sel ector 360, for obtaining a

sel ected frequency froma range of avah%able frequencies. 20 For cl ock

si gnal generation, clock generator 300 utilizes a frequency divider (in
nodul e 330) to convert the output oscillation frequencyfo to a plurality of
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may al so include a frequency calibration nodule 43 10 The vari ous
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correspondi n adju e resonan requency 1S accurate
over thes@®sRYdn ilmluttat 485 i pathite] dthan@phcitor 440 dthetircuit td’po@ogié!ﬁdrahlld) ng

anplifi erkng?v% atr)l(cal e?p%valenty to that illustrated, such as an inductance in series with a
capacitance. Another such equivalent topology is illustrated in Figure 8. In addition,
as indicated above, other types of resonators may be utilized and all are considered

20  equivalent to the exemplary resonant LC tank illustrated herein. Moreover, as
discussed in greater detail below, additional capacitances, both fixed and variable, are
distributed in the various modules and effectively form part of the resonant LC tank
405. In addition, corresponding resistances (or impedances) Ry, 445 and R¢ 450 are
illustrated separately, but should be understood to be intrinsic to the inductor 435 and

25  capacitor 440, respectively, occurring as part of fabrication, and are not additional or
separate components from the respective inductor 435 and capacitor 440. Conversely,
such resistances can also be included as part of compensation for PVT variations.

The inductor 435 and capacitor 440 of the resonant LC tank or oscillator
405 are sized to substantially or approximately provide the selected oscillation
30 frequency, fj, or range of oscillation frequencies around fj. In addition, inductor 435

and capacitor 440 may be sized to have or to meet IC layout area requirements, with

higher frequencies requiring less area. Those of skill in the art will recognize that



descri bed as a harnonic oscillator or harnonic core, and all such variations
are wwthin 15 the scope of the present invention. It should be noted that
while the resonant LC tank 405 is an inductor 435 in parallel with a
capacitor 440, other circuit topol ogies are also known and equivalent to
that illustrated, such as an inductance in series with a capacitance.

Anot her such equi val ent topology is illystrated in Figure 8. In addition,

as indicated above, other types of resonators may be utilized and all are
considered 20 equivalent to the exenplary resonant LC tank illustrated

her ei n. reoper, as i i reater detail bel g addi, t i .onal

capaci tarl\r/g‘eNS m_ﬁc—f Pgﬂé}ﬁgﬁgaﬁgsrtiog%qggﬁr?rgg%na 18%%??%“5&&5@%%“%& \%’ri ous

modul es and effectively erm({)art of the resonant LC tank 405. In addition,
cor r esporfdhaidadtersissenancthe impedanegsdtisansddy), aRing avith tamgreratura 8ad proeessi | | ust r at ed

separatel y.. but oul d b nder Q 0 be intrinsic . to,the,inductor 435 and
25 capaci%?g&f}f@gro&egé}bsﬁ?ry@ﬁ?,a%%e{?djrl%?rﬁéarggﬁpg’ﬁm “I‘Ct(frétgﬁiaegf?%ﬁﬁorand are

not addi t440mady ¥ sizediatd e BdrateGORFEHARNréqueh&Mntthe 1 LeSERRrAMR; inwihgt or 435 and
capaci tor 440, Conversely such resi stances can al so be 1ncluded as part of

conpefs atemhodimento\mghes of lves frequensicsimey hetdssirabds and allsughafiequsnciasio of t he
t il at or .. 40 i zed. tiall
S e A e

appr oxi na ed oscilration requen range of

osci | | at imvdy be Ratiened esingausieiioondubtoa delbthendiscuithoprot & tébhhologfhndapaci t or
440 may be sized to have _or to neet |C |layout area requirenments, with
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scope of t I'n addition, the i nductor 4 capacitor 440 may
be fabri daitdions itrshoaldybeamwterstroduthdtal]l sach miilememtatiansi and enphodimesss arechnol ogy,

aanpl o, T B SAPURFILE THEBHeR: nOrdi o P aREGR HH96T aHOEBpaci t or 440 may
(v peT Nt Ao L In AP ARG Aaiapt B ke 1 B AR o1 1 Toon,
sen condutilieed dret are ajsorvathimthetseopmnaf thgypresent invention. As used herein, “LC
tank” will mean and refer to any and all inductor and capacitor circuit layouts,
configurations or topologies which may provide oscillation, however embodied. It
should be noted that the capability of the oscillator 405 to be fabricated using a
20  conventional process, such as CMOS technology, allows the clock generator to be
fabricated integrally and monolithically with other circuitry, such as the second
circuitry 180, and provides a distinct advantage of the present invention.
In addition, the capacitance 440 illustrated in Figure 4 is only a portion
of the overall capacitance involved in the resonance and frequency determination of the
25  resonant LC tank 405, and is a fixed capacitance. In selected embodiments, this fixed
capacitance may represent approximately 10% to 90% of the total capacitance
ultimately utilized in the oscillator, as an example. As discussed in greater detail
below, the overall capacitance is distributed, such that additional fixed and variable
capacitance is selectively included within the clock generator and/or timing/frequency
30 reference 300, and is provided, for example, by temperature-responsive frequency (fy

(T)) compensation module 420 and process variation compensation module 425, to



or MEMS-based (m croel ectronechani cal) technol ogies, also for exanple and
without I|imtation. It should be understood that all such inplenentations
and enbodi nents are w thin the scope of the invention. In addition, other
resonator and/or oscillator 15 enbodinents, in addition to or instead of the
resonant LC tank 405, may also be wutilized and are also within the scope of
the present invention. As used herein,”131.C tank" will nean and refer to any
and all inductor and capacitor circuit layouts, configurations or
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In the sel ected enbo imen&s, t he i.nduct ance 435 has been fi({<ed, but al so
coul d be i npl enent efseds dlusiatedpn Eigvss hehe respnant LG tankh9hand 1s1lene 1 i xed and

vari abl e j 2 - SKigdh ol re will
: thit b ANGES % f‘%gﬁ‘?}b‘f lﬂ}?ﬁl% lirds1470 ah§ 475G g t
recogni ze t%at P%hhé %gt g.(ii ﬁ’:%f %lss@u SI ongnao% I xseglr é?\éé vgralhabl e ?:apam tance,
f or bot h diffegntialcsygrialiandprosidds coranmpermdederrejeatich. p Otler sonfigidei@sdence, pertain
simlarly to.nductagce choices. Fo X le, djfferent inductances could
be svit chBEUREdonH fégntalius : & pingleresicd eipiiducatiogs A algg wifizahe #Phg. In
addi ti on, oﬁhég&gérﬁ inVeHHER OF orSexaHE iRfA G BRY¥e A ifighfatiBRgIWhRI G- AS 10 a
consequence, all such I nductance and capacitance variations are within the
scope of instantiation of the various modules (e.g., 485, 460) would be required, rather than the
use of two for a balanced configuration as illustrated. Similarly, other components and
features discussed below, such as frequency dividers, would also have a single-ended
20  rather than differential configuration. In addition, various embodiments illustrated
utilize MOSFET transistors in various forms (such as CMOS, AMOS, IMOS, and so
on); other implementations are also available, such as using bipolar junction transistors
(“BITs”), BICMOS, etc. All such embodiments are considered equivalent and are
within the scope of the present invention.
25 The negative transconductance amplifier 410 is selected to provide
temperature compensation through transconductance (g»,) modulation and the on-
resistance of its resistors. Transconductance (g,) modulation may also be utilized
independently in frequency selection. Another significant advantage of the present
invention is the selection of a negative transconductance amplifier 410 to provide start-
30  up and sustaining amplification, because both oscillation amplitude and frequency are

affected by the transconductance of the sustaining amplifier, providing both amplitude

modulation and frequency trimming (or tuning), in addition to providing temperature



the present invention. Also as illustrated in Figure 4, the resonant LC tank
405 and resulting output signal, referred to as a first (output) signal at
nodes or lines 470 and 475, is a differential signal and provides

common- node rejection. Qther configurations, 15 including non-differenti al

or other single-ended configurations a g also within the scope of the
present invention. For exanple, in siﬁg'é-ended configurations, only one
instantiation of the various nodules (e.g., 485, 460) would be required,
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anplitude nodulation and frequency tri uning), rn addition to
provi di ndumetipdraasconductdifoe is alsp e femtionnf thEHeas@y®nt, vebstardialy onduct ance

lifier 410.will inject t into th C.t 405 d
Spect 11 CRRIRpAD (B aatel b essabite PO AR, BTN act 055t he
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current injection, in turn, Wll change di st or the voltage waveform
(as vol t aywentyEx))Hkrough dwyrantplidfer #h@ (fouBd'Es)t Whichestemperaguredepenslentige or

he. pandeulinsndes el Et Bt Vb ikl SrbfeeiuAga cuRPorfiag noul o e not ed
that thi YepdrBsC NIMSEHABE th FiguRk I IRt ddMRion2hdiflusttite Dl Flghre SQREKRRVI ded to
cancel the loss intrinsic to the resonant elenent. As a consequence,
oscillation frequency is also related to and a function of the transconductance of the
sustaining negative transconductance amplifier 410, providing for oscillation frequency
selection. Moreover, in addition to temperature dependence (as I(T)), the current can
20  also vary as a function of other variables (as I(x)), such as voltage or external tuning,
may also be amplified such as by a factor of “y” (as illustrated below), and as a
consequence, the current is referred to as “yI(x)”.
Significant inventive breakthroughs of the present invention include
utilizing these potential distortions advantageously, to provide for frequency
25  compensation in generating the selected f; value of the oscillator, and frequency
modulation through modulation of the transconductance of the sustaining amplifier. As
a consequence, and as discussed in greater detail below, the transconductance, first,
may be modified or varied for frequency selection, and second, to compensate for such
frequency variation due to temperature or voltage, by modifying the current yl(x),
30 generally on a real-time or near real-time basis. The selected frequency fj, and its
stability with respect to temperature variations, in accordance with the invention, may

be determined through appropriate selection of the transconductance g, and selection of



whenever "transconductance anplifier” is utilized herein, it should be
understood to 10 nean and to be nerely an abbreviation for "negative
transconductance anplifier”. In turn, the transconductance is also a
function of the bias current, substantially proportional (approximtely) to
the square root of the current (yl(x)) through the anplifier 410 (for
MOSFETs), and substantially proportionﬂgj(approxinately) to the current
(yl(x)) through the anplifier 410 (for Ts), which is

t enper at ur e- dependent, 15 resulting in a waveformdi stortion which is both
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e A btoiute Jomperatuse), PEAT (Broportional to absolhle temperatise), or PTAT
(proportional to absolute temperature squared), as illustrated in Figures 7A, 7B and 7C,
respectively, and combinations of CTAT, PTAT, and PTAT?, as illustrated in Figure

20  7D. In each case, the current I(T) (or yI(x)) injected into the negative transconductance
amplifier (complementary cross-coupled pair amplifier) 505 has a temperature
dependence, such as increasing current (PTAT and PTAT?) or decreasing current
(CTAT) as a function of increasing temperature, as illustrated. One or more
combinations of these temperature-responsive current generators may also be

25  implemented, as illustrated in Figure 7D, such as CTAT in parallel with PTAT, for
example.

The selection of a particular temperature-responsive or temperature-
dependent current generator is also a function of the fabrication process utilized; for
example, CTAT may be utilized for a Taiwan Semiconductor (TSMC) fabrication

30 process. More generally, as different fabricators utilize different materials, such as
aluminum or copper, Ry typically varies, resulting in different temperature coefficients

which, in turn, change the temperature coefficient of the oscillator, thereby requiring



tank resonator enbodinents in accordance with the teachings of the present

i nvention. As illustrated in Figure 6, the resonant LC tank 500 is coupl ed
to a negative transconductance anplifier inplenmented as a conpl enentary
cross-coupled pair 10 anplifier 505 (conprised of transistors M, M2, M and
M4) which, in turn, is coupled througﬂ a voltage isolator, inplenented as
current mrror 510 (transistors 525A a & 525B), to a tenperature-responsive
current generator (I(x)) 515. The current mrror 510 nay al so be
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illustrated in Figures C and 7D
coupled through a plurality of current mirrors 510 (or 520) and 530 to a temperature-

responsive (or temperature-dependent) current generator (I(T) or I(x)) 515. As
illustrated, the plurality of current mirrors are utilized to successively provide gain to

20  and increase the current I(T) entering the negative transconductance amplifier 505 and
resonant LC tank 550. Often, the tail device in the current mirror (e.g., transistor M6 in
Figure 6) providing current into node B and which drives the negative transconductance
amplifier is selected to be a PMOS device, and thus several stages of mirroring may be
required (as shown) to provide a PMOS current mirror input to the g, amplifier.

25  PMOS is often selected because in modern CMOS processes, PMOS devices are often
buried channel devices which are known to exhibit less flicker noise than equally sized
and similarly biased NMOS devices. Reduced flicker noise in the tail device reduces
the phase noise and jitter of the oscillator because flicker noise is upconverted around
the oscillation frequency by the nonlinear active devices in the circuit.

30 As indicated above, the portion of the current mirror 510 or 520 (or
other circuitry) sourcing current into the negative transconductance amplifier 505

should have a high impedance at its output to reduce power supply frequency drift,



5 may include a start-up circuit, which nmay be inplenented as known in the
art. In addition, the transistors conprising the sel ected

t enper at ure-responsi ve current generator configuration nay be biased
differently, such as biased in strong inversion for CTAT (M7 and MB) and
PTAT2 (ML3 and ML4), and in subthreshold for PTAT (M and MLO) and PTAT 2
(ML1 and ML2), for the exenplary toporﬁgies illustrated. 10 Figure 8 is a
circuit and block diagramillustrating additional exenplary negative
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shunt the resonant LC tank 405 must be sufficient to sustain oscillation (as illustrated in

Figure 5C) and, as a consequence, will have a minimum value, which may limit the

20  degree or capability of frequency control which can be readily implemented through the
negative transconductance amplifier 410 (or 505) and temperature-dependent current
generator 415 (or 515). As a consequence, I(T) and the transistor (M1, M2, M3 and
M4) sizing should be jointly selected to provide for oscillation start up, to
accommodate maximum currents for power consumption constraints, and to fit into the

25  selected IC area and layout. For example, the transconductance g, may be selected to
provide approximately sufficient current to ensure start up and sustain oscillation, with
a frequency characteristic of decreasing frequency with increasing temperature,
followed by sizing transistors M1, M2, M3 and M4 to be large enough to either make
the frequency independent of temperature or increasing with increasing temperature,

30 followed by fine-tuning the frequency-temperature relationship with appropriate

selection of I(T). In selected modeled embodiments, this has resulted in frequency



capacitor 570 also may be enployed to filter and thereby reduce flicker
noise fromthe wvarious tail devices. 5 Depending upon the selected
application, the use of the negative transconductance anplifier 505 with
its 1(T) (or yl(x)) bias may provide sufficient frequency stability, such
that the additional frequency control l.gg. conponents nay not be necessary or
desirable in that application. In other enbodi nents, however, additional
accuracy and less frequency drift nay be provided, using one or nore of the
10 conporeairscydofappsadniately £02350€to A& Labver PaAITQwhidinmagdde mioeeitHaq provi di ng a
tenperatur dep ndent current yl(x) (or 1(T)), the various transistors M,
M2, M3 aﬁH 2 HORAPPLRAtANS o i at ed resi stance during conduction, which
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representative examples illustrated in Figures 9 and 10.
Figure 9 is a circuit diagram illustrating an exemplary controllable
capacitance module 635 in accordance with the teachings of the present invention,

20  which may be utilized as the controllable capacitance modules 485 in the frequency-
temperature compensation module 420 (and attached to each side of the resonant LC
tank 405 (nodes or lines 470 and 475)). As illustrated, the controllable capacitance
module 635 is comprised of a bank or array of a plurality (w) of switchable capacitive
modules 640 of binary-weighted fixed capacitors (Cy) 620 and variable capacitors

25  (varactors) (C,) 615. Any type of fixed capacitors 620 and variable capacitors
(varactors) 615 may be utilized; in selected embodiments, the varactors 615 are A-
MOS (accumulation mode MOSFET), I-MOS (inversion mode MOSFET), and/or
junction/diode varactors. Each switchable capacitive module 640 has an identical
circuit layout, and each differs by a binary weighted capacitance, with switchable

30 capacitive module 640 having a capacitance of one unit, switchable capacitive module

640, having a capacitance of two units, and so on, with switchable capacitive module



sufficient for many applications. Referring again to Figure 4, additional
conpensation nodules are also utilized to provide greater control and
accuracy over the resonant frequencyfo, such as 5 for applications in which
greater accuracy and | ess variance (or frequency drift) may be required, or
where technol ogies do not allow the prgvious techniques to provide
sufficient accuracy over PVT variations, such as to provide a frequency
accuracy of approximately 0.25 % or better. In these circunstances,
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switched out of the circuit and the corresponding variable capacitance C, is switched

into the circuit and coupled to the control voltage provided on node 625.

20 In an exemplary embodiment, a total of eight switchable capacitive
module 640 (and corresponding first plurality of eight switching coefficients p, though
p7 have been implemented to provide 256 combinations of fixed and variable
capacitances. As a result, significant control over oscillation frequency as a function of
temperature variations is provided.

25 Figure 10 is a circuit diagram illustrating an exemplary temperature
dependent voltage control module 650 utilized to provide the control voltage in the
controllable capacitance module 635 (of the frequency-temperature compensation
module 420) in accordance with the teachings of the present invention. As illustrated,
voltage control module 650 creates a temperature-dependent current I(T) (or more

30 generally, a current I(x)), using current generator 655, as previously discussed, using
one or more combinations of PTAT, PTAT? and/or CTAT current generators, and may

share the I(T) generator 415 utilized with the negative transconductance amplifier 410,



640tw_p having a capacitance of 2(""') units, with each unit representing a
particul ar capacitance value (typically in fentofarads (fF) or picofarads
(pF)). Wthin each switchabl e nodul e 640, each fixed and vari abl e
capacitance 1is initially equal, with the variable capacitance allowed to
vary in response to the 5 control vol tgge provided at node 625. This control
voltage, in turn, varies wwth tenperature, resulting in an overall or tota
capaci tance provided by the controlled capacitor nodule 635 al so varying as
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illustrated, " 'voltage control nodule 650 creatés a tenperature-dependent
current B{T)n ¢apirolehle cgmeiemsmoddule 635.current 1(x)), using current generator
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second plurality of switching coefficients g, though g.;) are determined post-
fabrication by testing a representative IC having the clock generator of the present

20  invention. In the exemplary embodiments, the first plurality of switching coefficients
Do though py,.;) are determined first, by testing various combinations of coefficients, to
provide a coarse level of adjustment, resulting in a substantially or mostly flat
frequency response as a function of varying ambient temperature. The second plurality
of switching coefficients gy though q.;) are then determined, also by testing various

25  combinations of coefficients, to provide a finer level of adjustment, resulting in a
substantially and significantly flat frequency response as a function of varying ambient
temperature. The first and second pluralities of coefficients are then loaded into
respective registers 495 and 455 in all of the ICs fabricated in the selected processing
run (or batch). Depending on the fabrication processing, under other circumstances, it

30 is possible that for higher accuracy, each IC may be separately calibrated. As result, in

conjunction with the temperature compensation provided by the negative



share the I (T) generator 415 utilized with the negative transconductance
anplifier 410, -22- instead of providing a separate generator 655. The

t enper at ur e- dependent current 1 (T) (or I1(x)) is mrrored through current
mrror 670 to an array or bank of a plurality of swtchable resistive
nodul es or branches 675 and a fixed capacitive nodule or branch 680, al
configured in parallel. The resistors 685 may be any type or conbination of
5 different types, such as diffusion resistors (p or n), polysilicon, netal
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fabrication process variations, such as the exemplary modules illustrated in Figures 11
and 12.

20 Figure 11 is a circuit diagram illustrating an exemplary first process
variation compensation module 760 in accordance with the teachings of the present
invention. The first process variation compensation module 760 may be utilized as the
process compensation modules 460 in Figure 4, with each module attached to a rail or
side of the resonant LC tank 405 (lines 470 and 475). In addition, each first process

25  variation compensation module 760 is controlled by a third plurality (“y”) of switching
coefficients #y though 7. ;), stored in register 465. The first process variation
compensation module 760 provides an array of switchable capacitive modules having
binary-weighted, first fixed capacitances 750, for adjustment and selection of the
resonant frequency fp, by switching in or out a plurality of fixed capacitances 750,

30 through a corresponding plurality of switching transistors 740 (controlled by a
corresponding “r” coefficient). Again, as each capacitance branch is switched in or out

of the array or circuit 760, the corresponding first fixed capacitance is added or



30 is possible that for higher accuracy, each I C nmay be separately
calibrated. As result, in conjunction with the tenperature conpensation
provi ded by the negative -23- transconductance anplifier 410 and I (T)
generator 415, the overall frequency response of the clock generator is
substantially independent of tenperatyye fluctuations. As a consequence, the
overal | capacitance provided to the resonant LC tank 405 is distributed
into a conbination of fixed and variable portions, with the 5 variable
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have a similar load under all conditions, when a first fixed capacitance 750 is switched
in or out of the circuit 760, a corresponding second fixed capacitance 720, as a
“dummy” capacitor (having a significantly smaller capacitance or the smallest size
allowed by the design rules for the fabrication process), is correspondingly switched
20  out of or into the circuit, based on the inverse of the corresponding “r” coefficient. As
a consequence, approximately or substantially the same on resistance of the transistors
740 is always present, with only the amount of capacitance varied.
As an alternative to the use of the “dummy” capacitances, metal fuses or
the like could be utilized instead of the transistors 740. Metal fuses would be left intact
25  to include the corresponding fixed capacitance 750, and could be “blown” (open-
circuited) to remove the corresponding fixed capacitance 750 from the resonant LC
tank 405.
Figure 12 is a circuit diagram illustrating an exemplary second process
variation compensation module 860 in accordance with the teachings of the present
30 invention. The second process variation compensation module 860 may be utilized as
the process compensation modules 460 in Figure 4, with each module attached to a rail

or side (lines 470 and 475) of the resonant LC tank 405, instead of modules 760. In



resonant frequencyfo, by switching in or out a plurality of fixed

capaci tances 750, 30 through a corresponding plurality of swtching
transistors 740 (controlled by a corresponding "Y' coefficient). Again, as
each capacitance branch is switched in or out of the array or circuit 760,
the corresponding first fixed capacitgnce is added or -24- subtracted from
the total capacitance available for ostillation in the resonant LC tank,

t hereby nodul ating the resonant frequency. The third plurality of swtching

coeffi ci . |y abiSes [m ne -faprication using test
| Cs, gen%&g P§%a§£§§§9?P%%g#p@é%gﬁg%%g%%%ﬁpwr§%§ﬂ§2@%pwyﬁg?$b s of the first
and seconchtplied dlyiatthied phiralfty ofwitttiing ceedBEibhte irpthotgh )}, Ssteredl ibregistepn i s
acconpl i 2hed usi ng the frequency _calibration m)du%e (é25 or 430) and a

r ef er enc80vsBecaust of therdiffarenbeiritey amployerbinsagh g¥emplprycRraesse yariatioa

determn I Gl shk.ar | LA registers
465 of 1t FonpReeBaFRhe 260 5 366 HWEPer: SlcBtelribnliaf iR PRRARCLED, "COLR TG
may be cavitthing estifepats 2j thoygh fpj) wexibdypt eourdd) be difésrentdroad dadhi ahal) frequency
di stortions, severﬁl a&ﬂltlon | features qgg be inmplemented with this first
process variation &chpuAdsmotd thetdigwe 18 @rovilgsa varagier ilysirationddi t i onal
frequency;eel | 3 ' : i 7 shoul d
be- sl | AR fiokd sc tFrclh DRSPS In LR iRl BUR ShRIRHER,

Second, hM@® transigtas irathercthan aeay cdpacisqrl with amdreow viroliglainc asse ofiskitl ibwo
correspondin ransi stors 740 15 control by the sane "r" coefficient.
Third, t eﬁftg‘(f{]lcféc‘?%ﬂzett ¥ varacts ate qf ntéa':‘}’ig%r I-Mﬁ%“&n%l?tﬁm gFMPEad under al |
condigio MO tddsitort,| i i | | | r out of the
circuit %%gf a cégﬁkiSoﬁﬁrﬁgaggggﬁﬁﬁPngﬁﬁgégg%??é%%%&gg%ﬁgg?eég "dunmy”
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substantially the sane on resiStance of the transistors 740 is always

pr esent , waightedovitlyrespest tmenghtothsf. capacitance varied. As an alternative to
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(open circuited) to renove the corresponding fixed capacitance 750 fromthe
r esonant cqnagpensation module 760. The second process variation compensation module 860
provides an array or bank of a plurality of switchable variable capacitive modules 865,
without MOS switches/transistors, and hence the losses or loading through the MOS
20 transistors are eliminated. Instead, the load appears as a low loss capacitance; such low
loss also implies that the oscillator start-up power is less. In the second process
variation compensation module 860, a MOS varactor 850 is switched either to ground
or the power rail (voltage Vpp), thereby providing either the minimum capacitance or
the maximum capacitance to the resonant LC tank 405 based upon the varactor 850
25 geometry. For AMOS, switched to voltage Vpp would provide minimum capacitance
and switched to ground would provide maximum capacitance, while the opposite is the
case for IMOS. Again, the second process variation compensation module 860 is
comprised of an array of binary-weighted variable capacitances, as varactors 850, for
adjustment and selection of the resonant frequency fj, by coupling a selected varactor
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30 850 to ground or Vpp, through a corresponding “r” coefficient.
As each capacitance branch is switched to ground or Vpp, the

corresponding variable capacitance is added to or not included in the total capacitance



tank 405. Figure 12 is a circuit diagramillustrating an exenplary second
process variation conpensation nodule 860 in accordance with the teachings
of the present 30 invention. The second process variation conpensation
nodul e 860 nay be utilized as the process conpensation nodules 460 in Figure
4, with each nodule attached to a rail or side (lines 470 and 475) of the
resonant LC tank 405, instead of nodulgs 760. In -25- addition, each second
process variati on conpensation noduléd%BO woul d al so be controlled by a
third plurality of switching coefficients ro though r(y-1), stored in
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compensator 320 (or 425 and 460), such as those illustrated in Figures 6 — 12, may be
utilized for other purposes. For example, the various illustrated embodiments for the
compensator 315 (or 410 and 415) may be made dependent upon process variation,
rather than temperature. Similarly, the various illustrated embodiments for the

20  compensator 320 (or 425 and 460) may be made dependent upon temperature, rather
than process variation. As a consequence, the embodiments for these and other
modules should not be considered limited to the exemplary circuits and structures
illustrated, as those of skill in the art will recognize additional and equivalent circuits
and applications, all of which are within the scope of the invention.

25 Referring again to Figures 3 and 4, the clock generator and/or
timing/frequency reference 300 may also include a frequency calibration module (325
or 430). This frequency calibration module is the subject of a separate patent
application, but its high-level functionality is described briefly below. Figure 13 is a
high-level block diagram illustrating an exemplary frequency calibration module 900

30  (which may be utilized as module 325 or 430) in accordance with the teachings of the
present invention. The frequency calibration module 900 includes a digital frequency

divider 910, a counter-based frequency detector 915, a digital pulse counter 905, and a



25 geonetry. For AMOS, switched to voltage VDD woul d provide m ni num

capaci tance and switched to ground woul d provide maxi num capacitance, while
the opposite is the case for I MOS. Again, the second process variation
conpensati on nodule 860 is conprised of an array of binary-wei ghted

vari abl e capacitances, as varactors 850, for adjustnent and sel ection of
the resonant frequencyfo, by coupli ng'2éZ'seI ected varactor 30 850 to ground
or VDD, through a corresponding "r" coefficient. As each capacitance branch
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consi dere exenplary circuits structures
applications are available, including clock generation (substantially square wave),

frequency division, low-latency frequency switching, and mode selection, as described
below.

20 Figure 14 is a block diagram illustrating an exemplary frequency divider
and square wave generator 1000, and an exemplary asynchronous frequency selector
1050, with exemplary glitch suppression module 1080 in accordance with the teachings
of the present invention. As indicated above, frequency divider and square wave
generator 1000 may be included in or comprise modules 220 and/or 330, and frequency

25  selector 1050 (with or without glitch suppression module 1080) may be included in or
comprise modules 205 and/or 335.

Referring to Figure 14, the output signal from the oscillator, namely, a
substantially sinusoidal signal having a frequency fp, such as output on line 250 of
Figure 2, or line 350 of Figure 3, or between the rails or lines 470 and 475 of Figure 4,

30 isinput into frequency divider and square wave generator 1000. The frequency of this
substantially sinusoidal signal is divided by any one or more arbitrary values “N” into

“m” different frequencies (including fp, where appropriate), and converted to



il lustrated, as those of skill in the art will recognize additional and
equi valent circuits and applications, all of which are within the scope of
the invention. 25 Referring again to Figures 3 and 4, the clock generator
and/or timng/frequency reference 300 may al so i nclude a frequency
calibration nodule (325 or 430). This frequency calibration nodule is the
subj ect of a separate patent appli catd®%n, but its hi gh-1evel functionality
is described briefly below Figure 13 is a high-level block diagram
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an exenpl ary frequency divi
a first frequency transitioning into a high state at a second frequency, at a point where

the high state is about to transition back to a low state at the second frequency, resulting
in a voltage spike or glitch. To avoid potential glitches from being provided as part of
20  an output clock signal, the selected substantially square wave signal (having the
selected frequency) is provided on line 1060 to a first DFF 1065 which provides a
holding state; if a glitch should occur, it will be held until a clock edge triggering the
DFF. To avoid the glitch occurring at the clock edge, the DFFs may be clocked at less
than the maximum available frequency, or one or more additional DFFs (such as DFF
25 1070) may be employed, as during the wait for another clock signal, the Q output from
the DFF 1065 will have stabilized to either a first state (high or low) or a second state
(low or high), such as to either the power or ground rail. It has been shown by the
inventors that 2 DFFs are sufficient, with additional DFFs potentially being added as
may be desired, but with additional DFFs causing increased switching latency. While
30 illustrated utilizing exemplary DFFs, other flip-flops or counters may be utilized, and
those of skill in the art will recognize myriad other equivalent implementations which

will achieve this result, and all such variations are within the scope of the invention.



and square wave generator 1000, and an exenpl ary asynchronous frequency

sel ector 1050, with exenplary glitch suppression nodule 1080 in accordance
with the teachings of the present invention. As indicated above, frequency
di vider and square wave generator 1000 may be included in or conprise
nodul es 220 and/or 330, and frequency 25 selector 1050 (wth or wthout
glitch suppressi on nodul e 1080) nay be?3-ncl uded in or conpri se nodul es 205
and/or 335. Referring to Figure 14, the output signal fromthe oscillator,
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| ow state at the second frequency, resulting
second divider 1010 may also be differential and provide any arbitrary frequency

division (divide by “M”), such as dividing by an integer, a multiple of two, a rational
number, or any other amount or number, etc. Topologies or configuration for such

20  dividers are known in the art, and any such divider may be utilized. Such dividers, for
example and without limitation, may be a sequence (multiple stages) of counters or
flip-flops 1075, such as those flip-flops illustrated in Figure 16, which provide
frequency division in powers or multiples of 2, with the output of each stage providing
a clock signal for the next stage and also fed back to its own input, as illustrated. As

25  illustrated, a plurality of frequencies are then available for output on lines or bus 1020,
such as f3/2, fo/4, and so on, through fp/2". In addition, as illustrated, buffers 1085 may
also be utilized, from the oscillator to the first divider 1005, to provide sufficient
voltage to drive the divider 1005, and also between divider stages, to isolate state-
dependent load variation which could also affect signal rise and fall times.

30 It should also be noted that the use of the various flip-flops has also
provided a substantially square wave, as any substantially sinusoidal signal has been

provided to clock a flip flop, whose output is then pulled to a high or low voltage.



in a voltage spike or glitch. To avoid potential glitches from being

provi ded as part of 20 an output clock signal, the selected substantially
square wave signal (having the selected frequency) is provided on |ine 1060
to a first DFF 1065 which provides a holding state; if a glitch should
occur, it will be held until a clock egge triggering the DFF. To avoid the
glitch occurring at the clock edge, the DFFs may be cl ocked at |ess than

t he maxi num avail abl e frequency, or one or nore additional DFFs (such as DFF
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other circuitry. At higher frequencies, however, such low performance oscillators
consume considerably more power, typically significantly more than the oscillator of

20  the present invention. There is typically a “break-even” point as a function of
frequency, after which the clock generator (100, 200 or 300) provides both higher
performance and lower power consumption, and may be selected (through multiplexer
1100), and provided as a clock output to other circuitry. As a consequence, the clock
generator (100, 200 or 300) may also be utilized to provide a low power mode.

25 In addition, using mode selector 1110, other modes may be selected,
such as a no power mode, rather than merely a low-frequency or sleep mode, as the
clock generator (100, 200 or 300) may be restarted comparatively rapidly, or a pulsed
mode, in which the clock generator (100, 200 or 300) is repeatedly stopped and
restarted, periodically or non-periodically, in bursts or intervals. Various reference

30 modes are discussed below.

In sharp contrast to the prior art, this pulsed clocking using the clock

generator and/or timing/frequency reference (100, 200 or 300) of the present invention



second di vider 1010 may al so be differential and provide any arbitrary
frequency division (divide by "M), such as dividing by an integer, a
multiple of two, a rational nunber, or any other anmount or nunber, etc.
Topol ogi es or configuration for such 20 dividers are known in the art, and
any such divider may be utilized. Suchdividers, for exanple and w thout
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1075, such as those flip-flops illustrated in Figure 16, which provide
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example), and then providing the reference signal from the frequency selector 1050 (or

205 or 335). For example, referring to Figure 3, mode selector 345 may select a

20  reference mode and provide the output reference signal from frequency selector 335 to
a second oscillator (with synchronization module) 375. A synchronization module,
such as PLL or DLL 1205, is then utilized to synchronize the output signal from the
second oscillator 1210 to the reference signal provided by clock generator and/or
timing/frequency reference (100, 200 or 300). In addition to a mode of continuous

25  synchronization, a pulsed-synchronization may also be provided, in which the clock
generator and/or timing/frequency reference (100, 200 or 300) provides a pulsed
output, and synchronization occurs during the interval of these pulses, as a
synchronization interval.

Figure 19 is a flow diagram illustrating an exemplary method in

30 accordance with the teachings of the present invention, and provides a useful summary.
The method begins with start step 1220, such as through clock generator and/or
timing/frequency reference (100, 200 or 300) start-up. It should be noted that while



15 oscillator may provide suitable performance with | ow power consunption.
As illustrated in Figure 17, for these conditions, the output of the |ow
power oscillator 1105 may be sel ected (through nultiplexer 1100), and
provided as a clock output to other circuitry. At higher frequencies,
however, such | ow performance oscillakﬁ[s consune consi derably nore power,
typically significantly nore than the “6scillator of 20 the present

i nvention. There is typically a "break-even" point as a function of
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1110, ot hkabndm #eGuemRy ipgerﬁ%lt@d; tsRe.12254%bh abodpA TROVRK 409 4fresbhder than

merely a | owfrequency or sleep node,” as the clock generator (100, 200 or
300) Iay3b® Testesonantiirequepay st ddjusted inagripdhse, to semperptute sttp 1280esnuch a8 whi ch t he

cl ock geperator. (100, 200 or 300),.Ls r.epeatedl y stopped and started,
peri odi cg]r?glghoﬂ’te G iCBE'ipS%ﬁa%;?M%’nw%‘ﬁﬁg%EStBF ‘Fﬂt@F‘& guenG¥r i'dlis reference
30 nodesreabfart frequthe P s AL inl rBspORS 1 EBYTatiBA brdc@ss Vigiallbh, Rlep@DBs, thi s
pul sed cl ocking using the clock 'generator and/or timng/frequency reference

(100, 206uchrasdgoyglvprocess verisdemeonmpapsaiot H19. - Be-resnnent dgrml pavieg theavi ngs or

conservati on. Ll e nor r. may be censuned. duri.ng. a Iven hurst, as the
cl ock haéesgna%#\g%egltcy\Veﬁﬁyﬁﬁ&e&ﬁOﬁpéﬁrﬁ@Wcﬁse élgnﬁgtl}ag%iaocﬁgeﬁ?oél M8 ocessed
in that phikity af frequentievyas which e plurhlitiiof 6dqMoRs afll subkhaiidIBeqdblritbng t he
non- pulse or off interval, resulting 1n higher MPS mVNconpared to a

cont i nuo@sloyer thap thegresonanb rrquengy st 248: such ae threughhseqsngiadiatden 834, | ong
start-up.}i a i 0 ' t d,cl ing results
in nore B%%/\(/fe@)'c'gﬁsou%%F%ﬁalal;laaﬂetg%frg%ftlh%ﬁ félgagiﬁ Pf]ge%ﬁ E%Qlélrliag’rmé’r]?%ﬁ gure 18

i s a bl osdchdisdigoagh fredquenty sdlediar 385 @XO0D) fof yxmple. Mepehdiag upon thieodul e 1200
for a second oscil]ator in accordance with the teachings of the f)resent 10
i nvent i oftlected ¢rabadimparipr ampesre thersplectef qutpupeigeal mayy beprayiged direathyglorr equency

ref efenc r may provide a reference node to synchronize
ot heibeosg)falnﬁpgg%?s?%g&e%g g%&%l,' whi ch may or may not be | ow power, such as

second osci || at or hPdtAed emlgbdiment8Guch as when the output signal is a differential
rather than single-ended signal, and when the resonant signal is a substantially
sinusoidal signal, the method continues with converting the differential, substantially
sinusoidal signal to a single-ended, substantially square wave signal having a
20  substantially equal high and low duty cycle, as needed, step 1250, such as to generate a
clock output signal using modules 330 or 1000, for example. An operating mode is
also selected from a plurality of operating modes, step 1255, where the plurality of
operating modes can be selected from a group comprising a clock mode, a timing and
frequency reference mode, a power conservation mode, and a pulse mode, for example,
25  such as using mode selector 225 or 345. When a reference mode is selected in step
1255, in step 1260, the method proceeds to step 1265, to synchronize a third signal
(e.g., from a second oscillator) in response to the output signal, such as illustrated in
Figure 18. Following steps 1260 or 1265, the method may end or repeat (continue)
(such as with the clock generator and/or timing/frequency reference (100, 200 or 300)
30 running continuously), return step 1270.
Also in summary, the present invention provides an apparatus

comprising a resonator adapted to provide a first signal having a resonant frequency; an



rel axation, or phase shift oscillators). An output signal fromthe cl ock
generator and/or timng/frequency reference (100, 200 or 300) is further
frequency divided as needed to 15 forma plurality of available reference
frequencies, with a reference frequency selected fromthis plurality of
frequencies. This may be acconplished ing the nodul es discussed above,
such as by using the existing frequency dividers (220, 330, 1000, for
exanpl e), and then providing the reference signal fromthe frequency

sel ector aS%ﬁﬁex( &fugle%qg 1y reggta}or' 5 a ﬁéﬁéﬂé ec%r{’tlxgafllg{ {gz\'c/)?glg& ?%{ﬂeqysroﬁat%r) mode

sel ect or 5 may select a 20 reference no e output ‘reference
si gnal f wdnck is adapgettp sshices reson@id Sretjoency hawag adirstsfedquemtyosf a(plidality of

synchroni_zati on ule) 375.. A.synchragnization .modul e, ~such as PLL or DLL
1505, | < ERupClEST 10 aBPHErS Pl iRUies @ IEEStsY YR piRled R BhiSREAOT e cong
osci | | at oihidkAilQdied RdivRE WEnREsighd mabing Ve Heq¥ney fta ?ﬁﬁ‘ﬁ&ﬁgpr and/ or
ti mng/frequency reference (100, 200 or 300). In addition to a de of
cont i huoweronsd sigpals having azormespondingilealitysfifriqnenviesatheqiumtity ofl so be

rovided, in which the clock.  generatgr andlor_.tim ng/frequency.teference
(100, - 208eBrensts Fuuatiefe o s8PLER Ban i LB EPRERPER T THif Docur
during tlgfairgﬁ@{ayﬁﬁmBér.these pul ses, as a synchronization interval. Figure

19 is a flow diagramillustrating an exenplary method in 30 accordance with
t he teachi ngs of t Hdefirgsignal nay baaidifferentradi signalvirdesingle-gadedisigmlimmary.  The

met hod begi ns, W.th star.t st 220 uch as through cl ac ener.at or and/ or
i ngy { ERaHE Y sbfidn e 3 Eedt s th e Fpp e A ERITEH B not ea
t hat 19hi kenveddhe tiffersiitiapbiglalitd a Kingl-endb8 shalc FimFaHY, Wiensthe Bisst sighgise st eps
may occur in any order, and generally may occur concurrently as the cl ock

gener at ois asubsigntiallyndinggoidab signalcthe freghencysbwdgrio furtheo adapted@pnvgser at es.

Referring to,Eigure 19 esonant si gnal..having a reseonant frequency is
gener at eg}e s&%ﬁi@?}“‘%ﬁ@ﬁf%{gnaﬁﬁ? %ﬁ%%gal[béﬁ%a A% ¥ onat or 5 310. The
resonant frequency In SardsljsesitRdirhéhts, e8PRERRNEOdiVRIEP flagtlcBm@risSi pRral#p0, such

as thr ou?h_ a_tenperature compensator 315, which adjusts current and
f r equencyl flimBopsras sountats coppled sHespssively i} sesiee vhereip @8 pyipyeof dsalegind cat i on
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pl uralitynopé garedyda plugility fldvidery couptal suesgsinelyrig sdfesphierein dnyoutput
frequencies, in which the plurality of frequencies are substantially equal
to of a successive divider is a lower frequency than the output of a previous divider. The
plurality of dividers may be differential, single-ended, or differential and single-ended,
such as differential followed by a final single-ended stage. The frequency divider may
20  also include a square-wave generator adapted to convert the first signal into a
substantially square-wave signal having a substantially equal high and low duty cycle.
The present invention may also include a frequency selector coupled to
the frequency divider, and adapted to provide an output signal from the plurality of
second signals. The frequency selector may further comprise a multiplexer and a
25  glitch-suppressor.
The present invention may also include a mode selector coupled to the
frequency selector, wherein the mode selector is adapted to provide a plurality of
operating modes, which may be selected from a group comprising a clock mode, a
timing and frequency reference mode, a power conservation mode, and a pulse mode.
30 For a reference mode, the invention may also include a synchronization

circuit coupled to the mode selector; and a controlled oscillator coupled to the

synchronization circuit and adapted to provide a third signal; wherein in the timing and



or lower than the resonant frequency, step 1240, such as through frequency
divider 330 or 1000). An output signal is selected fromthe plurality of
second signals, step 1245, such as through frequency selector 335 or 1050,
for exanpl e. Depending upon the selected enbodi nent or node, the selected
out put signal may be provided directlyy, for 15 exanple, as a reference
signal. In other enbodi nents, such as ﬁ%en the output signal is a
differential rather than single-ended signal, and when the resonant signal

i s a subs¢ephtémble, thé Med@kéladiosisFhdher alifife F&leeCiH@BﬁtBHl_eﬁ ¥ teonverting
the differential, substantially sinusoidal signal to a’si n%l e- ended,

subst ant isgndhyorizationeingaiy to edngrod timing/andfrequencysefsbe thitd sigriay. Seghal  hi gh and
| ow duty cyele. as _needed tep, 1250,, such as.to geperate a clock out put
si gnal uéwﬁ%ﬂ%wgglrﬁgﬁW%@d@?ﬁ%ﬂ@ﬂm|ae9haisa 8@%‘{12’9?1@ Mode is al so
sel ect ed jhje@vndodling aikdudity of operating nodes, step 1255, where the plurality

of operating nodes can be selected froma group conprising a clock node, a
tim ng and frequehegeledtedembedimenidethe amplifier mephe amegativen node, and a pul se

de, f | h i d | R '
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to step h2Ghentithrodgheit RBhte RadsboridiicBh@@hplifie? i¥respbised EnfREANE, .
oscillator) in response to the output signal, such as illustrated in Figure

18. Fol | 8 Ay SPBPESE P GU T SQUIGE resppRsi Veetp fiesaparetyires rifichra quaigaksoutagont i nue)

(such as ol B &) 86k GRASLASE, ARMAIndh 1 ABLALSFUSHAYLTELS! s0ge (100

200 or 3 runni ng conti nuous SO 1%1Csumrary,

t he pd eseantheiphwealityicdronfiguhties cdm priRing/GIATS, PRATRINdH TWT aconfigendbey. adapt ed
to provide (ial,f_i rst signal having a resgnant frequency; an -33- anplifier
coupl ed f®aqdidon. dhesfrequsney egroler may be fuhes adapias) toanodifoipuresnt t o t he

resonat o éf}m] LS laﬁﬁfl' ving a first
frequencgll-)r((%]?1 a %Fﬁ#ag]lvlg?%ﬂ%c%%?éﬁg%gen |lg§?{o$%fe&g%%e{%%§%§ a Sllil‘%hcl udes a

f r equencynadifyiadeans¢ondugthect dfahé hepaties aamsconductanbe atplifieradaglieerthé o di vi de t he

first signal having the first frequency into a plurality of 5 second signals
havi ng o Yesgpans smcmgorﬁpeﬁ@f ? £yt thrpighibp apgadive iRasGoERGREey of
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si gnal oisolataricogpled émthedesingtoaland adapted to substantially isolate the resonator from
a voltage variation, and may comprises a current mirror, which may further have a
cascode configuration. The frequency controller may be further adapted to modify a
capacitance or an inductance of the resonator in response to fabrication process
20  variation, temperature variation, or voltage variation.
The frequency controller may have various embodiments for these
various functions, and may further comprise: a coefficient register adapted to store a
first plurality of coefficients; and a first array having a plurality of switchable
capacitive modules coupled to the coefficient register and to the resonator, each
25  switchable capacitive module having a fixed capacitance and a variable capacitance,
each switchable capacitive module responsive to a corresponding coefficient of the first
plurality of coefficients to switch between the fixed capacitance and the variable
capacitance and to switch each variable capacitance to a control voltage. The plurality
of switchable capacitive modules may be binary-weighted, or have another weighting
30 scheme. The frequency controller may also include a second array having a plurality of

switchable resistive modules coupled to the coefficient register and further having a

capacitive module, the capacitive module and the plurality of switchable resistive



When the first signal is a differential signal, the frequency divider is
further adapted to 10 convert the differential signal to a single-ended
signal. Simlarly, when the first signal is a substantially sinusoidal
signal, the frequency divider is further adapted to convert the
substantially sinusoidal signal to a §Hgstantially square wave signal. In
various enbodi nents, the frequency divider may conprise a plurality of
flip-flops or counters coupl ed successively in series, wherein an output of

a sel ect ﬁﬂ)du%_fﬁr'tﬂe?g&ﬁ;ﬁéﬁ & a REUEND $ovide ﬁefcbﬁt%l%ﬁ?{%e?te?& RHife h@:e's flip-flop

or counter divided by two, or nore generally, ap ality o vi ders
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The frequency divider may 20 also include a square-wave generator adapted

t o cohvethroughe ¢urrest miirghtelthe sacondaapst anti al |y square-wave signal having a
substantial ly equall.h i.qh and |
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frequency selector may further conprise a nultiplexer and a
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conservation node, and a pul se node. For a reference node, the invention
may al socouiedfadhecesfficipntdagisigr prrhto the resomators eanhlsevtchable kepagiiive sel ect or ;

y Ugdheces bable nepasite sel ect o
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node, t hewleltelesabaudtivy modulk wédpbasivatbodotttspehdipiietfidifig ofthigpltratitygnal to
the synchronization circuit to control timng and_ frequency of the third
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The frequehoy another weightingrsshetne. f urt her adapted to nodify
In another exemplary embodiment the process variation compensator
may comprise: a coefficient register adapted to store a plurality of coefficients; and an
array having a plurality of switchable variable capacitive modules coupled to the
20  coefficient register and to the resonator, each switchable variable capacitive module
responsive to a corresponding coefficient of the plurality of coefficients to switch
between a first voltage and a second voltage. The plurality of switchable variable
capacitive modules also may be binary-weighted, or have another weighting scheme.
The present invention may also include a frequency calibration module
25  coupled to the frequency controller and adapted to modify the resonant frequency in
response to a reference signal. For example, the frequency calibration module may
include a frequency divider coupled to the frequency controller, the frequency divider
adapted to convert an output signal derived from the first signal having the first
frequency to a lower frequency to provide a divided signal; a frequency detector
30 coupled to the frequency divider, the frequency detector adapted to compare the
reference signal to the divided signal and provide one or more up signals or down

signals; and a pulse counter coupled to the frequency detector, the pulse counter



a current through the negative transconductance anplifier in response to
tenperature, and may conprise a current source responsive to tenperature.
Such a current source may have one or nore configurations selected froma
plurality of configurations, such 10 as the plurality of configurations
conprising CTAT, PTAT, and PTAT2 confhgurations. I n addi tion, the frequency
controller nmay be further adapted to nbdify a current through the negative
transconductance anplifier to select the resonant frequency, nodify a
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t r anscorsdiantindicaol & adifferdnce between eeomse sighalandahé sederendehuigrfal.equency
controller may al sq incl ude ag¥§%%ﬁg§, i sol ator coupled.to the resonator and

adapt ed to subst ant1&feFonataIgys nxenionBeY sampHseaneduciydlyand ati on,

and may £@i§ﬁ£i‘co§$€) Boupiéd ®YoriTah 'LQf—tl ,e'raeprléﬁleefcg

Htddgh e cascode
configuration. The frequency contro urtﬁelg aﬁg%tgfe%l to nodify a

capadi t aplumliyr ofdyC-tandtieonfigemtiois, sind asesgesapamnllé¢land ss pajarl may fnahide cat i on
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a first plurality of coefficients; and a first array having a plurality of
SWi t chabresonatosyrndia filebuhs dadustic eesopiter or any biberwedifatarivdiith isegi st er and to
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The plurali f i tchabl e acitive dul be bi nary-,wei ghted, or
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to the coefficient register and further aw_g a capacitive nodule, the
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pl ural i the @bvidedby & nideRtlectdt ongled to thd)ReqRaty tartiler, vagelsinay bto switch the
switchable resistive nodule to the control voltage node; and a

t enper atadepted ppsiindinally stareand ston the eesepaipy @provide a pulsed output signal, or

adapted to selectively start and stop the resonator to provide a power conservation

In another selected embodiment, the apparatus of the invention,

20  comprises: a resonator adapted to provide a first signal having a resonant frequency; an
amplifier coupled to the resonator; a temperature compensator coupled to the amplifier
and to the resonator, the temperature compensator adapted to modify the resonant
frequency in response to temperature; a process variation compensator coupled to the
resonator, the process variation compensator adapted to modify the resonant frequency

25  inresponse to fabrication process variation; a frequency divider coupled to the
resonator, the frequency divider adapted to divide the first signal having the resonant
frequency into a plurality of second signals having a corresponding plurality of
frequencies, the plurality of frequencies substantially equal to or lower than the
resonant frequency; and a frequency selector coupled to the frequency divider, the

30 frequency selector adapted to provide an output signal from the plurality of second

signals.



5 through a current mrror to the second array. The frequency controller may
al so include a process variation conpensator coupled to the resonator and
adapted to nodify the resonant frequency in response to fabrication process
variation. In an exenplary enbodi nent, the process variation conpensator
may conprise: a coefficient register _sgapted to store a plurality 10 of
coefficients; and an array having a ptrdrality of swi tchable capacitive

nodul es coupled to the coefficient register and to the resonator, each

swi t chabl e capaci tj.v, i LS i |.t.anc a second
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a pl Ur al ¢aupledfto dwafeptiveetndrscomiudtance amapliféer ahdvo thg [aC resomaadn, the of swi t chabl e
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bet V\/eenogﬂf)l?%sr%? 5‘{% ?%Sg@geggj eéé@gcaggméﬁ%glgﬁlﬁﬁ?ﬁcur a‘fbitqffyth‘g%ésvm t chabl e
vari abl eresgmpadn taspensetal tangeratisega pencetsevabintion yompsnghtbedoupded thdlee anot her

wei ght i schene. The present.invention al,.so i de a frequency

cal {br at TSRO e BEBES peie Sl ot o Bonty g paciicathpt ed o
modifoy tiae LCeResRAr ih FRESRRAY fAtRicaliGiSROP&S vhfatfon ﬁfﬁ%gﬁé}ﬁ? dsigqal . For
exanpl e, the frequency calibration nodule may include a frequency divider
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provide an output signal from the plurality of second signals.

From the foregoing, it will be observed that numerous variations and
modifications may be effected without departing from the spirit and scope of the novel
20  concept of the invention. It is to be understood that no limitation with respect to the
specific methods and apparatus illustrated herein is intended or should be inferred. It
is, of course, intended to cover by the appended claims all such modifications as fall

within the scope of the claims.



The resonator used with the invention may conprise an inductor (L) and a
capacitor (C) coupled to forman LC-tank, having a selected configuration of
a 5 plurality of LC-tank configurations, such as series, parallel and so on,
and may include other conponents. |In other enbodinents, the resonator may
be selected froma group conprising:3ga ceram c resonator, a nechani cal
resonator, a mcroel ectronechanical resonator, and a film bul k acoustic
resonator, or any other resonator which is electrically equivalent to an

i nduct or Tht invewigploddmedisa capacitor (C). 10 The apparatus of the invention
may be utilized as a timng and frequency reference, or as a clock
generator. In addition, the invention may also include a second oscillator
(such asia ri Agapp#htaxadbmpsin®’ phase shift oscillator) providing a second
oscillator output signal; and a node selector coupled to the frequency
control l er and to 2 feherercecissanates @danted tor provide arfdlerefs¢nse tsignalabiypigeal t o
swtch t .oscillator 15 output signal to provide a power
conservagFgﬁﬁhggggH%hditional operating nodes nay be provided by a node

sel ect or coupl ed tan anydiffer equpdericty tiomeferenct exsonatdty ch nmay be adapted to
periodically start and.stop the resonator to praqvide a pul sed output signal,
or adapted to sel aec?f)?(g’@leypﬁgﬁtﬁr | t‘%[ b stoare & %n@t"&h& 8? RN & power
conser vatédPhicibdis;an@t her sel ected enbodi nent, the apparatus of the invention,
20 conprises: a resqgnator adapted to provide a first signal having a
resonant frequencya fraauengynspatrelisr cewnled txthegeferrace sesonatotrthe fequenger at ur e
Co”pensaké}{troﬁg}lﬁ’qag%dt th Péagor@g% lyfd §|{1rali 9{ Eﬁyﬁﬂﬁnrc%éﬁﬁ?etn% 1o SGEctfiTPEr at ure
conpensat or adap to nodity the resoman requency 1 n response to

t enper at wsenanafrpqueneskavirgy 4 fitst Hequeneyperagdomalityoddigheahcies. t he resonator, the
process variation conpensator adapted to nodify the resonant frequency 25 in
response to fabrication process variation; a frequency divider coupled to
the resgnat ofpe igparabisTURNAY, Rirthbd@mprdmpt ed to divide the first signal
having the resonant frequency into a plurality of second signals having a
correspondi ng pl uralfiedyensy dividergeupdedeto theneefgenpeatesenatass ther Eganeney es

subst ant i . . e ng, f :

P equoncy sy aBEY b Bufthe W Rt sEBRbT Senb BRI e BSE RPNy SR,

sel ect or phajey eflsdcondsigualslbaving abprespondiay plurdlitp ot floquenties,ahé phratity second

si gnal s. 'f37' I n anot her sel ected enbodi nent, the arPBarat us of the invention
gener at o 8f frequencies substantially equal to or lower than t e first frequency.

3. The apparatus of claim 2, wherein the frequency divider is further adapted to
divide the first frequency by a rational number.

4. The apparatus of claim 2, wherein the first reference signal is a differential signal

or a single-ended signal.
5. The apparatus of claim 2, wherein the first reference signal is a differential signal
and the frequency divider is further adapted to convert the differential signal to a single-

ended signal.

6. The apparatus of claim 2, wherein the first reference signal is a substantially



a clock signal, and conprises: an LC resonator adapted to provide a
differential, substantially sinusoidal first signal having a resonant
frequency; a negative transconductance anplifier coupled to the LC
resonator; a tenperature conpensator 5 coupled to the negative
transconductance anplifier and to theyd C resonator, the tenperature
conpensator adapted to nodify a current in the negative transconductance
anplifier in response to tenperature and further to nodify a capacitance of
the LC nimesniddl signilendabe fraqeentypdiviiepsrfattheredapteptoomasert thersubdtamially
conpensator ¢ led to the LC resonator, the process variation conpensator
adapt ed 0 %Hg&gnglﬁgaégﬁiﬂt?@]ﬁaélaﬁwﬁf@ S{g%{‘]LC resonator in respongg to
fabrication process variation; a frequency divider coupled to the
resonator, the frequency divider adapted to convert and divide the first

si gnal hdvi ngTha@ppaalys phtclaimeduphergin teofrequsnayr dividey furthes qpgipsisesnaled,

subst ant i = WaV. I . k i uralit

of 1 oquentt sy of SIERG b @R RR Ao B iRY I el SRS A Py 70

| ower t haele¢téde flipeBomantouitee gua freguenan df 4 pravamils fipdlopdr sbgmed divided by a
substantially equal high and | ow duty cycle; and a frequency sel ector

coupl ed ¥+ he frequency divider, the frequency sel ector adapted to provide
an output signal fromthe plurality of second signals. Fromthe foregoing,

it will be observed that numerous variations and nodifications may be

ef f ect ed 8wi t hdtie agBFsalus joh Flaimody Whereiipihei frequsacys diyister dhrthasecompyises a 20
concept i L | U t i I wth
respect ?) E)ur%lﬂg Olsf g\é‘g?‘%ﬂk ge%ﬁg%%e}gﬁ/ggggp%gg%’ﬁé&?%P ua@ﬁué@}e?(ﬁ fhareT}'rlIec?%;ﬁggLf%s1 i nt ended
or shoul divideriisd lewee ttequency than thefougmtioBeprevionedistaldr.t 0 cover by the appended
clainms all such nodifications as fall wthin the scope of the clains. -38-
The invention clainmed is: 1. An apparatus, conprising: a reference resonator
adapt ed t90 pr q¥é @patathd 6Sdlaimed, SVHRRGE thei phitality REMividkroare dEfR6RMAL, singRquency; an
anplifier coupled to the reference resonator; a coefficient register adapted
to st or e eadgd; prdiffprentiallapd yingle-anded-br ati on  coefficients; and a frequency
controller coupled to the reference resonator, the frequency

10.  The apparatus of claim 2, wherein the frequency divider further comprises a
square-wave generator, the square-wave generator adapted to convert the first reference
signal into a substantially square-wave signal having a substantially equal high and low

duty cycle.
11.  The apparatus of claim 2, further comprising:
a frequency selector coupled to the frequency divider, the frequency

selector adapted to provide an output signal from the plurality of second signals.

12.  The apparatus of claim 11, wherein the frequency selector comprises a

multiplexer and a glitch-suppressor.

13.  The apparatus of claim 12, wherein the glitch-suppressor comprises at least one

flip-flop.

14.  The apparatus of claim 11, further comprising:



controller adapted, in response to the plurality of calibration
coefficients, to select the resonant frequency having a first frequency of
a plurality of frequencies. 2. The apparatus of claim11, further conprising:
a frequency divider coupled to the reference resonator, the frequency

di vider adapted to divide the first rgference signal having the first
frequency into a plurality of second signals having a correspondi ng
plurality of frequencies, the plurality of frequencies substantially equal
to or lower than t#€endder stlectorecpupledyto fhe fiymengypeviedtars tief nwldai stledtor Wher ei n
the frequency divider is further adapted to divide the first frequency by a
rational @ ef0, PpVIdpLR, p&ﬁg‘éfya‘it{ﬁpe&tg‘gl @Pﬁ&ﬁs’z,theV\Pl'éFaZ'i% IpPeRiIng tMqdss er ence

si gnal i geléctél frbBraSbipbordprisia a cl8k Modd, len%h?'aﬁl@ﬂ'eédeﬂ??kefeénce Gde2Ppar at us
of claim2, wherein the first reference signalf I1s a differential signal and
t he freq8@Awgr engergationjimodeygndacpulsedagdeed to convert the differential signal
to a single- ended signal. 6. The apparatus of claim2, wherein the first
reference signal is a substantially -39- sinusoidal signal and the frequency
di vi der i18. f uThdigppasatisyaifethird 4ctuntien doniphigingibst antial |y  si nusoi dal si gnal
to a substantially %ﬂlu?r e, wave signal gd7 The apparatus of claim2, wherein
the frequency divi #Sfchigpizaen ciggicrapied t theymgdessleciorpands | p-f1 ops or
counters coupl ed syggfistlel d5f11Atdr SGipledSto HOSRhidnBRIGHLIR: Ml Rapreg! ect ed
flip-flop or counter is a frequency of a previous flip-flop or counter

di vi ded Byyprovide a tigrd signalappar at us of claim2, wherein the frequency divider
further conprises u i . di; Vi s coupled successjvel % I,n series,
wherei n an out put % ergins%%éég?lgé an%ir?/tlg%é?e fngggi tI?'?)V\%Or efsregeﬁ éﬁ%é‘#hﬁén t he

out put ohdaptqdrtewdoaple thé vutger sigral td e Sppladrikatonadircaitad Bomtrol Wheingiand t he
plurali tﬁr of di vH_ilers ar e ?i fferential, single- ended, or differential and
si ngl e- etgaeency of theflurdsignal. ot us of claim 2, wherein the frequency divider
further conprises a square-wave generator, the square-wave generator
adapted to convert the first reference signal into a substantially

squar e- wdée silheapparaing efoclaims U svhendin ghe synehposikzathangdircaitds & delay-dackyd cycl e.

loop, a phase-locked loop, or an injection locking circuit.

17.  The apparatus of claim 1, wherein the amplifier further comprises a negative

transconductance amplifier.

18.  The apparatus of claim 17, wherein the frequency controller is further adapted to
modify a current through the negative transconductance amplifier in response to

temperature.

19.  The apparatus of claim 18, wherein the frequency controller further comprises a

current source responsive to temperature.
20. The apparatus of claim 19, wherein the current source has one or more
configurations selected from a plurality of configurations, the plurality of configurations

comprising CTAT, PTAT, and PTAT? configurations.

21.  The apparatus of claim 17, wherein the frequency controller is further adapted to



11. The apparatus of claim2, further conprising: a frequency sel ector
coupled to the frequency divider, the frequency selector adapted to provide
an out put signal fromthe plurality of second signals. 12. The apparatus of
claim1l, wherein the frequency selector conprises a nultiplexer and a
glitch-suppressor. 13. The apparatus.gf_claim 12, wherein the
glitch-suppressor conprises at |east one flip-flop. 14. The apparatus of
claim1l1l, further conprising: -40- a node sel ector coupled to the frequency
sel ect or mddify adens direnthathe adggive drahstopdw@vinde amplifietr tal sefeyt the réfoasmt i ng
nodes, the Elurahity éf o$erating nodes selected froma group conprising a
cl ock nmod&auepcy phihgdelsrencs iesefatiicy reference node, a power conservation
node, and a pul se node. 15. The apparatus of claim 14, further conprising: a
synchroni zation circuit coupled to the node selector; and a controlled

osci | | at @2 codpt eppargus pleclaiph thrwhereia theorequerayudontrabiet isflieeadapted tpr ovi de a

hird si 4 104 171 d .~ h d I '
Furt hor . iy, SRR Rabdareor W) PReIC B FREFR L ROk G oo BF ciroui 1

t 0 cont r aksohantiftrequenind of theeefancyreednatdne third signal. 16. The apparatus of
claim15, wherein the synchronization circuit is a delay-locked |oop, a
phase-| ocked | oop, or an injection locking circuit. 17. The apparatus of

claim 1, pgher qhg aphtRatadf tlhine1 7, Wckd1R theCREqREA S on oGS RintRr adapted to
transconductance anplifier. 18. The apparatus of claim 17, wherein the

f r equencynasiyt # clurrent thsovglyr theenegativg trensconductandé fapnpdifieuin aesponder bugh t he
negativev%h sconduct ance anplifier in response to tenperature. 19. The
apparatus of°¢laim 18, wherein the frequency controller further conprises a
current source responsive to tenperature. 20. The apparatus of claim 19,

wherein the current source has one or nore configurations selected froma
pl urality4of d8aPPRARLYE iog glaim by wherein the; Eriﬂusvcycem?qoaerr furthefgomprises a

voltage isolator coupled to the reference resonator and adapted to substantially isolate the

reference resonator from a voltage variation.

25.  The apparatus of claim 24, wherein the voltage isolator comprises a current

mirror.

26. The apparatus of claim 25, wherein the current mirror has a cascode

configuration.

27.  The apparatus of claim 1, wherein the frequency controller is further adapted to
modify a capacitance of the reference resonator in response to fabrication process

variation, temperature variation, or voltage variation.
28.  The apparatus of claim 1, wherein the frequency controller is further adapted to
modify an inductance of the reference resonator in response to fabrication process

variation, temperature variation, or voltage variation.

29.  The apparatus of claim 1, wherein the coefficient register is further adapted to



conprising CTAT, PTAT, and PTAT2 configurations. 21. The apparatus of claim
17, wherein the frequency controller is further adapted to -41- nodify a
current through the negative transconductance anplifier to select the
resonant frequency of the reference resonator. 22. The apparatus of claim
17, wherein the frequency controller.g4ps further adapted to nodify a
transconduct ance of the negative transconductance anplifier to select the
resonant frequency of the reference resonator. 23. The apparatus of claim
17, wher ¢iome 4 hecohd gurelityyof coefficiéntgr andswhereinhtae fadapaaydcdntrollemflirthyr a cur r ent
t hrough the negative transconductance anplifier in response to a voltage.
24. The gﬁﬂﬂﬁ&%us of claim1, wherein the frequency controller further

conprises a Vol t agfrsi &edyda0ingaPhrbRE dfewitBifiblefapiGiieembRiiRLpled &nd adapt ed
to substantially isolate the reference resonator froma voltage variation

25. The tgsaefieignt wsgister andriopthe refprencs rgsangior.\eafh swjiéchablsicapasitiveangsilses a
current 3 r f ] i e mrror
has a ca}su{:v(l)@(e)g ﬁ’é%‘ﬁ??gﬁ@g?ﬁoagﬁ.aa&ﬁ .ﬁb'%ﬁa gp%)lgf’g% 82 g\(g?&%k%i CEF%I tR}v%/hr{é(r%eil]irlen t he
f r equencsespasive &b b eorréspofiding beafficicha plf de secondmbatiafity of coeffiaentsanswitdf t he

referencg resopator .in respons o fabricati.on process . yariation

L ermper at BFHETUIME e FAPASTIaY A JhS VAL (R0 v SHI B ai m 1,
wher ei n tdpacitansoarsontrePviifagd.l er is further adapted to nodify an inductance
of the reference resonator In response to fabrication process variation,

tenperature variation, or voltage variation. 29. The apparatus of claim1,

wherein e c jclent oredl 1S f -:qgQ . =42 second
pIuraIitg&of g@%%#@%@@ﬁ?§§g2?3?® %%gf%{1E§L¥reqﬁ@%@?ﬁggﬁéégrfg@agﬁfther
conpr i sesre binaty-wsightedr ay having a plurality of sw tchable capacitive nodul es
coupled to the coefficient register and to the reference resonator, each

sw tchabl e capacitive nodule having a fixed capacitance and a vari abl e

capaci t agge, eRCdppamtdsorahlf 29 apmstih thesfrdRehty&ontroller further comprises:

a second array having a plurality of switchable resistive modules coupled
to the coefficient register and further having a capacitive module, the capacitive module
and the plurality of switchable resistive modules further coupled to a node to provide the
control voltage, each switchable resistive module responsive to a corresponding
coefficient of a third plurality of coefficients stored in the coefficient register to switch
the switchable resistive module to the control voltage node; and a temperature-dependent

current source coupled through a current mirror to the second array.

32.  The apparatus of claim 29, wherein the coefficient register is embodied as a single

memory circuit or a plurality of memory circuits.

33.  The apparatus of claim 31, wherein the coefficient register is embodied as a single

memory circuit or a plurality of memory circuits.

34.  The apparatus of claim 1, wherein the frequency controller further comprises:
a process variation compensator, the process variation compensator
coupled to the reference resonator and adapted to select the resonant frequency when

calibrated for fabrication process variation.



responsive to a correspondi ng coefficient of the second plurality of
coefficients to switch between the fixed capacitance and the variable
capacitance and to switch each variable capacitance to a control voltage.
30. The apparatus of claim?29, wherein the plurality of sw tchable
capacitive nodules are binary-weighgerd. 31. The apparatus of claim 29,
wherein the frequency controller further conprises: a second array having a
plurality of switchable resistive nodules coupled to the coefficient

regi ster and further having a capacitive nodule, the capacitive nodule and
the plurglit f Lfchablle resistive nmodul es furt.her coupl ed a node to
provi de 3t%he yr(?gn ﬁ%‘)}dfl{u\%oq%t%%g §Z(Eja‘t‘:’%eresl\l}\,i tgg AN V%éalﬁlgflic\%lpﬁgsﬁﬁﬂre{{"&léegponsi ve to
a correspmpesesg coefficient of a third plurality of coefficients stored in

the coefficient register to switch the switchable resistive npdule to the
control vol tage né@&mayiavinsAcpieiitt of ewitchabls sapacitivempdifles ewpleddocoupl ed

through (ge sderfiG@H: r&Bi&teCind!td d\RfS &R0 ?Qogﬁ?t‘é‘gach?szvitcimﬁe l@z@ﬂ@i‘ii@& Hd@k Cl alm 29,

wherein the coefficient register is enb as a sing menory circuit or
a pl ur alhavipgod firstmbixgd cdapaaifence, agd.a Fepondplieedatapacitdnce| eicn Stitchabler ei n t he
coefficient.register is enbodied as a single..nmenory cigcui r apluralit
o enmorgPieitEPAE s5oREe 3 g6 pdfeslo i bR MG S Pt elieliy dflency
cont r ol leeefficientshes soa@hr baesen ah@riirsedixed adapaditante QATPROSscOhd filkd process
vari ati on conpensator coupled to the reference resonator and adapted to

sel ect tHRAYRYSnant frequency when calibrated for fabrication process
variation. -43- 35. The apparatus of claim 34, wherein the process variation
conpensator further conprises: an array having a plurality of sw tchable
capaci t i3fe nddwlapparatosipf daint 35, whiseeirc the fplurality of swischablegapanitivetraodutes r ef er ence
resonatoré ﬁ%?b gw@;ihable capacitive nodule having a first fixed
capacitéﬁc% ANV ond fi xed capaci tance, each switchable capacitive
nodul e responsive to a correspondi ng coefficient of the first plurality of
coefficients to switch between the first fixed capacitance and the second
fixed cHpacikhgripearanls oftelaimg3hawhereia e PEQcssHYBtionreppersatondurihngir al ity of
smﬁtchaQb%pgggacitive nmodul es

an array having a plurality of switchable variable capacitive modules
coupled to the coefficient register and to the reference resonator, each switchable variable
capacitive module responsive to a corresponding coefficient of the first plurality of

coefficients to switch between a first voltage and a second voltage.

38.  The apparatus of claim 37, wherein the plurality of switchable variable capacitive

modules are binary-weighted.

39.  The apparatus of claim 34, wherein the process variation compensator further
comprises:

an array having a plurality of switchable capacitive modules coupled to
the coefficient register and to the reference resonator, each switchable capacitive module
having a fixed capacitance and a fuse, each switchable capacitive module responsive to a

corresponding coefficient of the first plurality of coefficients to open circuit the fuse.



are binary-weighted. 37. The apparatus of claim 34, wherein the process

vari ation conpensator further conprises: an array having a plurality of
swi t chabl e vari abl e capacitive nodul es coupled to the coefficient register
and to the reference resonator, each switchable variable capacitive nodule
responsive to a correspondi ng coeffi.qgyent of the first plurality of
coefficients to switch between a first voltage and a second voltage. 38. The
apparatus of claim 37, wherein the plurality of switchable variable
capacitive nodules are binary-weighted. 39. The apparatus of claim 34,

havi ng. 2l ur 4 TPBectl SR SERRG ey nline SR QMo

coef fi ci ’iHagé RGi filedvoRad. t 0 the reference resonator, each swtchable
capacitive nodule having a fixed capacitance and a fuse, each sw tchable
capacitive nodul e responsive to a corresponding coefficient of the first

plural i ty of %e%ﬁ biahisWc1difh W%e?e%iﬁ %weta ddhe dFURE first 4t Oandmgo ppar at us
of claim37, e gln at 1 east”one of the tTirst vo age ard secon vol t age
i s a fixedtagoistaageabld YoltaPee appar at us of claim 37, wherein at |east one of
the first voltage and second voltage is a variable voltage. 42. The
apparatus of claiml1, further conprising: a frequency calibration nodul e

coupl ed 4xn thmefarpggu@@@yclqmq,rfghh&rcon{phging;f requency cal i bration nodul e
adapted to nodify the resonant frequency of the reference resonator in
response to a seccnfiequepey ealihsationgmadule seunled thothsr ingaqveneyheontroten thet urality

of coeffl el 1 . J r.el ency

cal i brat fr%)cﬁ"leﬁ%{jﬁﬁme)ﬁgg?m%g %E&b%gt%? lrllian S)glr{g &/@d%(f}%gtr ﬁ%ﬁ’ﬁg‘%’@%‘{ tpg r%f%rg requency
cont r ol | esqnatdneén fesponserncy sechindirelferenagl sigha cintl vo detarneine tlenfisuplpralitysoynal
derived from.the first reference signal having the first frequency to a

| oner fr¥§ &t o provide a divided signal; a frequency detector coupled to

the frequency divider, the frequency detector adapted to conpare the second

reference signal to the divided signal and provide
he apparatus of claim 42, wherein the frequency calibration module comprises:

a frequency divider coupled to the frequency controller, the frequency
divider adapted to convert an output signal derived from the first reference signal having
the first frequency to a lower frequency to provide a divided signal;

a frequency detector coupled to the frequency divider, the frequency
detector adapted to compare the second reference signal to the divided signal and provide
one or more up signals or down signals; and

a pulse counter coupled to the frequency detector, the pulse counter
adapted to determine a difference between the one or more up signals or down signals as

an indicator of a difference between the output signal and the second reference signal.

44.  The apparatus of claim 1, wherein the reference resonator comprises an inductor
(L) and a capacitor (C) coupled to form an LC-tank, the LC-tank having a selected

configuration of a plurality of LC-tank configurations.

45.  The apparatus of claim 1, wherein the reference resonator is selected from a group
comprising: a ceramic resonator, a mechanical resonator, a microelectromechanical

resonator, and a film bulk acoustic resonator.



one or nore up signals or down signals; and a pul se counter coupled to the
frequency detector, the pul se counter adapted to determne a difference
bet ween the one or nore up signals or down signals as an indicator of a
di fference between the output signal and the second reference signal. 44.
The apparatus of claim 1, wherein thesceference resonator conprises an

i nductor (L) and a capacitor (C) coupled to forman LC-tank, the LC-tank
having a selected configuration of a plurality of LC-tank configurations.
45. The apparatus of claim1l, wherein the reference resonator is selected

froma gfoup .conprising: ceram ¢ resqnator, a nmechanical resonator, a
mi cr oel e{ r oneiha aéaZFs q}feg%lr%t r,wggrﬁﬂl efir?fi?fe‘ﬂﬁ‘f I{e%?élﬁ'i.‘?ét‘iscel?‘ét%ﬂ tor. -45-
46. The @]iaﬁareatwsanqﬁd@t@i(m doupleies @ capatiier (Cf erence resonator is

cally

el ectri equi valent to an inductor (L) coupled to a capacitor (C). 47.
The apparatus of claim1l, wherein the apparatus is a timng and frequency

referencgr 48rheThe . ARRALALESMOl §hakin ghLalsMst hei AR t LS..a clock
generator. 49. eT aappar at us o;’ ct'a!mm %‘e %eragilsnlst{Igmﬁrg%gnfg@ug%ﬁt roller
furt her etemgceses: a tenperature conpensator coupled to the anplifier; a
vol tage isolator coupled to the reference resonator; and a process variation

conpensator coupled to the reference resonator. 50. The apparatus of claim

1, whereig) t hEheappan@t ysclhit i,mwiatmfmambigmlsad geedtdrh @ second circuit
to forma single integrated circuit. 51. The apparatus of claimb50, wherein

the second circuit is a mcroprocessor, a digital signal processor, a radio

frequency ci r"lehléiaﬁ) arn 58 8f 819%1‘,% ih ﬁ%ﬁfreﬁhér&g'&)n&%%ﬁ gﬂh%r 9(990;%&%&:“3 of claim

1, further conprrsi a second osc at’or provi a sec osci |l | at or
out put signal; anc tempodmremngehstorcoupedth thoampkfiéryr equency control | er and
to the second oscill at t he d r ad ed tp swwtch to the second

or e selecto apt
oscillator output 1°GA&] ‘S?lﬁt(’.r B?‘g\?eidcfg%léf’ rﬁ%\'iwe Eeﬁﬁrgaé r\;/?ﬂqoon node. 53. The
appar at us of cl ai @ fdsesylalibi cdhipensR60dUpRE € the 2éfefentSresorfatord osci |l ator, a

rel axation oscillator, or a phase shift oscillator.
50.  The apparatus of claim 1, wherein the apparatus is integrated monolithically with

a second circuit to form a single integrated circuit.

51.  The apparatus of claim 50, wherein the second circuit is a microprocessor, a

digital signal processor, a radio frequency circuit, or a communications circuit.

52.  The apparatus of claim 1, further comprising:

a second oscillator providing a second oscillator output signal; and

a mode selector coupled to the frequency controller and to the second
oscillator, the mode selector adapted to switch to the second oscillator output signal to

provide a power conservation mode.

53.  The apparatus of claim 52, wherein the second oscillator is a ring oscillator, a

relaxation oscillator, or a phase shift oscillator.

54.  The apparatus of claim 1, further comprising:



54. The apparatus of claim1, further conprising: -46- a node sel ector
coupled to the frequency controller, the node sel ector adapted to
periodically start and stop the reference resonator to provide a pul sed
output signal. 55. The apparatus of claim11l, further conprising: a node

sel ector coupled to the frequency copgroller, the node selector adapted to
selectively start and stop the reference resonator to provide a power
conservation node. 56. An apparatus, conprising: a reference resonator

adapt ed to provi de modd sdectore¢ampledcte the dreghenog\ongoléer, thesmodmnbeléatarquency; an

anplifier, coupled.to the reference resonator; tenperature c ensat or
coupl ed a\dgpctf(ﬁ P %‘ﬁﬁdﬁah&ﬂ,an{‘}?ﬁ oé’nﬁgtr%rﬁp‘ée reg ﬁgﬁ)‘ﬁ’r‘&aﬂaﬂﬁgﬁgﬁwtmdi fy the
r esonantsignaequency of the reference resonator in response to tenperature; a

process variation conpensator coupled to the reference resonator, the
process variation conpensator adapted to nodify the resonant frequency when

calibratgd f196 aE@éth&@HlQi& PIg %oﬁ{grrigi .ion; a frequency divider coupl ed
nc

to the reference resonator, the frequ di vider adapted to divide the
first reference siagnade bdedtorgcaupledrie shadretudnce qpoemalierj tieomade gdlectal i ty of

d sj hayi di | it f ncies, th
o ural i L9PE) o BBReP SO AT RRP, P St bl IR Anba¥E r esonant

f r equencphseaviion nfodequency sel ector coupled to the frequency divider, the
frequency selector adapted to provide an output signal fromthe plurality
of second signals. 57. The apparatus of claimb56, wherein the first

referencg si Mé)[picﬁtlﬁ 55:5;&%51%@‘“ al, substantially sinusoidal signal and the
er

frequency divid is furt adapted to convert the differential,

substanti al | y si nagefecike sésgmadr dadapted 30 poivideen fiestl refenehed sipdal Abviyg aquar e wave
si gnal havi nlgtéa substantially equal high and | ow duty cycle. -47- 58. The
appar at UES°GPMPHACY6, wherein the first reference signal is a differential),

an amplifier coupled to the reference resonator;

a temperature compensator coupled to the amplifier, the temperature
compensator adapted to modify the resonant frequency of the reference resonator in
response to temperature;

a process variation compensator coupled to the reference resonator, the
process variation compensator adapted to modify the resonant frequency when calibrated
for fabrication process variation;

a frequency divider coupled to the reference resonator, the frequency
divider adapted to divide the first reference signal having the resonant frequency into a
plurality of second signals having a corresponding plurality of frequencies, the plurality
of frequencies substantially equal to or lower than the resonant frequency; and

a frequency selector coupled to the frequency divider, the frequency

selector adapted to provide an output signal from the plurality of second signals.

57.  The apparatus of claim 56, wherein the first reference signal is a differential,
substantially sinusoidal signal and the frequency divider is further adapted to convert the
differential, substantially sinusoidal signal to a single-ended, substantially square wave

signal having a substantially equal high and low duty cycle.



substantially sinusoidal signal and the frequency divider is further adapted
to convert the differential, substantially sinusoidal signal to a
differential, substantially square wave signal having a substantially equal
hi gh and | ow duty cycle. 59. The apparatus of claim 56, wherein the
frequency sel ector conprises a mnulijgplexer and a glitch-suppressor. 60. The
apparatus of claim56, further conprising: a node selector coupled to the
frequency selector, the node selector adapted to provide a plurality of
operating nodes, the plurality of operating nodes selected froma group

conprisilg a.clock node, .timng and freguen reference e, . a power
conser vati on \RHFRPAANY %ﬂngé’ﬁglbeé?lnéE? ?‘%ﬁe‘ef&\f’)ﬂﬁﬁ? atena’ 152 gffgqr?ﬂt'gg, further
conpr i sisilktanfialbPsiniisdlidat dighsiGint i REquasddiederd i@ filRy a8l boltohekrsthenal ; and a

synchronj zation circuit coupled to the node selector and to the controlled
osci | | atdstferentiagh substantiably simispidal signal fpta diffepinsial, isubsigntiatly sawase twaved si gnal
in res BhalQol bR aratus of claim56, wherein
t he anpf%%lllﬁera P‘&ragkﬁgg%%ﬂ Flagags?ég aﬁggoﬂla_@g C9@?’ansconduct ance anplifier and
wherein the tenperature conpensator is further adapted to nodify a current

t hr ough t he qi ative tra?5ﬁondu anEe anﬁ%j&jer i n rasponse tqQ tenperature.
63. The “dppardt u®PR3FaY L nf8E HhelBFTRN: B (BB FE W0 MBRRYSES0R | s
further magspiednd @ ghiRHishyprasseapaci tance of the reference resonator in
response to tenperature. 64. The apparatus of claim56, further conprising:

-48- a voltage isolator coupled to the reference resonator and to the

t enper atggr e %?Qﬁlﬁzﬂﬁ%fcl&i&%é’ﬁl&h@\g&nﬁﬁﬁi%} or adapted to substantially
eren r

isolate the re cé resonat or om-a voltage variation. 65. The apparat us
of claim 56, whereimoddecleaopesgiad & denfreqeatyselbetot, the malengeldcees: a

coefficient ister adagpted to store a firs urality of coeffjcients and
S0% oo F8lragie, A Rt o bt Moftss, the, PSRk o orgraS TodeR! £y of
bi nary- welegtbd BdmsaMilotip 3B BrisiAP a eidcR tfeRle, a timing and frequency reference mode,

a power conservation mode, and a pulse mode.

61.  The apparatus of claim 56, further comprising:

a controlled oscillator adapted to provide a third signal; and

a synchronization circuit coupled to the mode selector and to the
controlled oscillator, the synchronization circuit adapted to modify the third signal in

response to the output signal.

62.  The apparatus of claim 56, wherein the amplifier further comprises a negative
transconductance amplifier and wherein the temperature compensator is further adapted
to modify a current through the negative transconductance amplifier in response to

temperature.

63. The apparatus of claim 56, wherein the temperature compensator is further

adapted to modify a capacitance of the reference resonator in response to temperature.

64.  The apparatus of claim 56, further comprising:



branches coupled to the coefficient register and to the reference resonator,
each sw tchabl e capacitance branch having a fixed capacitance and a

vari abl e capacitance and responsive to a correspondi ng coefficient of the
first plurality of coefficients to switch between the fixed capacitance and
the variabl e capacitance and to switgp.the variable capacitance to a
control voltage node; a second array coupled to the control voltage node,
the second array having a plurality of sw tchable resistances coupled to
the coefficient regiodtagsisalatr toupldien thehraferenge sesbhatechnd ap theitémparaturecac h

swi tchabl e resistjve dul esponsj ve . .corresponding coefficient of
the secoffPSITHY {hﬁ)’ og?gecléglia{olr éﬁaé)rtﬁ totSBE’gWa%‘LaHH' oﬁ?ée E\ﬁirf’teﬁeglﬁ? ECSORAQY st j ve
nodul e tforh AsoligitivagihtiotR! t age node; and a tenperature-dependent current

source coupl ed through a current mrror to the second array. 66. The
apparatus of claim56, wherein the process variation conpensator further

conpri segs 2 fRebhlfhR0lof elintt e a obY
coefficients; an I?rayphoav?%g ag%l Sﬁgr'@fnt &%ﬁe@éﬁggrﬁ? v?gll“g%’fsé{?} fsu\?\t}l?rchabl e
capaci t isomprisesdul es coupled to the coefficient register and to the reference

resonator, each sw tghable capacit.i dul & havi first fixed

capaci tance and a OB f‘igésggr a@g%g%ﬁ%%gg,fﬁéta@wag& ‘?f(ﬁ?ﬁ B ANEE ti ve
nmodul e res@NsurdBtyld caeffioieh@spondi ng coefficient of the plurality of
coefficients to switch between the first fixed capacitance and the second

fixed capacitance;a fistarrayohaving 3 plyradite 9f binpriybreighted syrisehable capegiteeet t o
gener at I i t Ji.Cl Mo d f erence
S onal . Ryhed AL b B cGRfoibi I il SEARPIRRckSe DoAY e
conpensadvdichhle tdparitance bpncls bavinga dized tdpacieante amlja siréableachppditadcd andst or e a

plurality of .coefficients;. an ray. hayi apluralit f. binary-wei ghted,

Swi t ChablePPEYT P SOmERSRing CoRTishL P btbe dBn biatibGok sesricies oriieh  agi st er
and to thewesnl Be Eee chpRRReOind BAGAralNCAFHDRICE anarth ahlieh GRPsiabieve nmodul e
responsive to a correspondi ng coefficient of the plurality of coefficients

t o swit cePPpEEangedn agonirelsioltaginadge and a second vol tage; and
a second array coupled to the control voltage node, the second array

having a plurality of switchable resistances coupled to the coefficient register and further
having a fixed capacitance, each switchable resistive module responsive to a
corresponding coefficient of the second plurality of coefficients to switch the switchable
resistive module to the control voltage node; and

a temperature-dependent current source coupled through a current mirror

to the second array.

66.  The apparatus of claim 56, wherein the process variation compensator further
comprises:

a coefficient register adapted to store a plurality of coefficients;

an array having a plurality of binary-weighted, switchable capacitive
modules coupled to the coefficient register and to the reference resonator, each
switchable capacitive module having a first fixed capacitance and a second fixed
capacitance, each switchable capacitive module responsive to a corresponding coefficient
of the plurality of coefficients to switch between the first fixed capacitance and the

second fixed capacitance; and



a frequency calibration nodul e adapted to generate the plurality of
coefficients in response to a second reference signal. 68. The apparatus of
cl aim56, wherein the reference resonator is selected froma group
conprising: an inductor (L) and a capacitor (C) coupled to forman LCtank
resonator, a ceram c resonator, a negfani cal resonator, a

m croel ectronmechani cal resonator, and a film bul k acoustic resonator. 69.
The apparatus of claimb56, further conprising: a second oscillator providing
a second oscill ater freqnepgy Oalilgmﬁbn mothile adapded del geoemate theuplusdity ooft he

frequenc t. on oscillator, the node sel ector adapted
to switc f:f%ge?ﬁs 1ﬁ’res§ osmc(lgpg %eregcespﬁﬁl?i signal to provide a power

conservation node. 70. The apparatus of claimb56, further conprising: a node
sel ect or coug ed to the frequ ncy controller, the node sel ector . adapted

sel ecti Vly sthgrappaiatys<ef, ‘Ha‘fr’ng + WheiRa e Profest BW%@naFOHWtQEOfH gB§tvat i on
nmode or compRydssed output signal. 71. The apparatus of claim67, wherein at

| east one of the first voltage and second voltage is a fixed vol tage. -50-
72. The appar at us agbefficieninegizter adaptadito stare 4 plaslityoofecoefficiants; f i r st vol t age and

second voltage is a variable vo of ratin

ref erence signal 38 ?1'6 Ya h%'f‘%r%rpé'éragtgm gabé?%?{’wefa’ged’ r%‘ﬁﬂgﬁgﬁ @%el | at or
conpri sidagacitivel metitdswouplad tbthe 3pefitib M regibtbCaridrb ke fopenae | Iré‘sbﬁtﬂor eschusi ng the
reference oscill at or generating a reference signal having a cal i br at ed

r esonantSYitch#le Henabl eaﬁﬂﬂ%‘tt“’?\gnoﬁm? [EEROBRIN A Lo ﬁr@ﬁfﬁ@’tﬁ’é?‘“&fcoﬁ kiehkpbMence signal
i n respoigalilydf cBéﬁE’i%ﬁt@rtd‘b@itchCBe\:W&h 'ﬁgfir%th%ltﬁfé a‘?lrd%%@on?l' \%‘ﬂg% Qﬁd’ ing the

resonant frequency into a pluralit second signals h
correspondi ng pl uraafrﬁqwengf Cfahb!qugndn@hlle tadepted tlo agqntv‘lgateoﬁhe fphedt]}emf i es

substant| a ual an _the resonant frequency; and sel ecting
an out pu éJCangsﬂnfef'SB ﬁ%a ?Cﬁp%fef?rencgfmgé%{:ond signals. 74. The nethod of

claim 73, wherein the reference Si gnal is adifferential,
68.  The apparatus of claim 56, wherein the reference resonator is selected from a
group comprising: an inductor (L) and a capacitor (C) coupled to form an LC-tank
resonator, a ceramic resonator, a mechanical resonator, a microelectromechanical

resonator, and a film bulk acoustic resonator.

69.  The apparatus of claim 56, further comprising:

a second oscillator providing a second oscillator output signal; and

a mode selector coupled to the frequency selector and to the second
oscillator, the mode selector adapted to switch to the second oscillator output signal to

provide a power conservation mode.

70.  The apparatus of claim 56, further comprising:
a mode selector coupled to the frequency controller, the mode selector
adapted selectively start and stop the resonator to provide a power conservation mode or

a pulsed output signal.

71.  The apparatus of claim 67, wherein at least one of the first voltage and second

voltage is a fixed voltage.



substantially sinusoidal signal, and wherein the nethod further conprises:
converting the differential, substantially sinusoidal signal to a single-
ended, substantially square wave signal having a substantially equal high
and | ow duty cycle. 75. The nethod of claim 73, further conprising:

sel ecting an operating node froma pkgrality of operating nodes, the
plurality of operating nodes selected froma group conprising a clock node,
atimng and frequency reference node, a power conservation node, and a
pul se node. 76. The nmethod of claim 73, further conprising: synchronizing a

third signal 4n respons Q_t utput signal. . 77. An aratus for
gener at i%g afcllleoa(?Ra §ﬁ1 ﬁglcﬁalwhéﬁagﬁﬁeﬁﬁ?h%asgé’ﬁﬁr°|f§]i“hBFSt 5’8@%%3?“ F8%nce LC
r esonat ovoltagoipta@dristde poleagede a differential, substantially sinusoidal first

ref erence signal having a resonant frequency, the reference LC resonator
conprising an inductor and a capacitor; a negative transconductance

anpl i f1 ey3, coyplindd of NEenblifg GNfferbiice §i§1§ﬂnpﬂfs?r¥§; grégéﬁﬁﬁtggés? I4fcF, fyMPensator

coupl ed to the negative tranconductance e reference LC
r esonat oeferanhe oscigtarcamprising enmprelustat and achppeited, thomethodicOmpesiogir rent i n t he
negative transconduct.an applifier.in response to.tenperature. and further
to nodify a capacit 8%8%9@? r e?ﬁgnc}ee?sgpfgﬁ)&egq_%apgg c?nglfecf?n%ﬁﬁlg'@g EJBHE% 3% o

t enper atdalibrated rgSofsR Seqiénicyat i on conpensator coupled to the reference LC
resonator, the praqcess variation conpensator adapted to nodify the

capaci tance of t h@dugtingeIhe sesgpant feguency|of she rederenesy sigaadin dasPPds¢ or ocess
variatiqgmpﬂa&hgquency di vider coupled to the reference LC resonator, the
frequency Ivider adapted to convert and divide the first reference signal
havi ng the resonanlividihg dgwrefecance sigoal daping thel resopantf fregjuéioyriatotai phlirakity

si ngl e- ended ubstantial |l y squar e-wav .2Cco si gnal s havi ng. a
cor ooncattnd Ras iy g ¥ O SRRUMEL S’ OF rébPidess thE PBRIE of oo
subst ant freubnci®@GuBdtaritiallP equadWesr 1bWathih@e FReRM feqdene@Wwaacy, and each second

signal having a substantially equal high and.IOM/dutX_cycle; and
selecting an output signal from the plurality of second signals.

74. The method of claim 73, wherein the reference signal is a differential,
substantially sinusoidal signal, and wherein the method further comprises:

converting the differential, substantially sinusoidal signal to a single-
ended, substantially square wave signal having a substantially equal high and low duty

cycle.

75.  The method of claim 73, further comprising:
selecting an operating mode from a plurality of operating modes, the
plurality of operating modes selected from a group comprising a clock mode, a timing

and frequency reference mode, a power conservation mode, and a pulse mode.

76.  The method of claim 73, further comprising:

synchronizing a third signal in response to the output signal.

77.  An apparatus for generating a clock signal, the apparatus comprising:



a frequency selector coupled to the frequency divider, the frequency
sel ector adapted to provide an output signal fromthe plurality of second
si gnal s.
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a reference LC resonator adapted to provide a differential, substantially
sinusoidal first reference signal having a resonant frequency, the reference LC resonator
comprising an inductor and a capacitor;

a negative transconductance amplifier coupled to the reference LC
resonator;

a temperature compensator coupled to the negative tranconductance
amplifier and to the reference LC resonator, the temperature compensator adapted to
modify a current in the negative transconductance amplifier in response to temperature
and further to modify a capacitance of the reference LC resonator in response to
temperature;

a process variation compensator coupled to the reference LC resonator, the
process variation compensator adapted to modify the capacitance of the LC resonator
when calibrated for fabrication process variation;

a frequency divider coupled to the reference LC resonator, the frequency
divider adapted to convert and divide the first reference signal having the resonant
frequency into a plurality of differential or single-ended, substantially square-wave
second signals having a corresponding plurality of frequencies, the plurality of
frequencies substantially equal to or lower than the resonant frequency, and each second
signal having a substantially equal high and low duty cycle; and

a frequency selector coupled to the frequency divider, the frequency

selector adapted to provide an output signal from the plurality of second signals.



