- Low power oscillator This invention relates to an accurate electronic
oscillator. 5Many electronic circuits require a clock source. This is
commonl y wohnnogvequency crystal oscillator in circuiteCcruoRh2osoiai n a

m croprocessor. However, such a high-frequency crystal oscillator draws
significant current. For power-sensitive applications, it can therefore be
desirable additionally or alternatively t'o use a rel ativel y | ower - power,

| ower - frequency cl ock source for sone timng functions. 10 Such an
arrangenment is particularly desirable in battery-powered devices, where
battery life can be conserved by keeping a main mcroprocessor and its

hi gh-frequency crystal powered-down for as nuch of the tine as possible. A
| ow f requency oscillator and associated tiner_can be used in such contexts
to generate 15a wakeup signal fokowrpower eseHlater| er and hi gh-frequency
crystal at a precise tine with mninmal power consunption (e.g. to neet a

| ow aver age- pl%‘f?i?wéﬁt%ﬂ%’ﬂa?e?t&’gﬁBE&’JrSt%Oélectr%ﬁic"gski'll%t%? expl ai ned bel ow).
Commonly, a |l owfréquency Clock sighal  7s generated using a | owfrequency
crystal 20oscillator (e.g. a 32.768 kHz crystal) or a relaxation oscillator

circuit (e.g. ' - ' [ . .78_% rystal
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significdltly to the total bill of 30materials for the circuit.

Such an arrangement is particularly desirable in battery-powered devices, where

battery life can be conserved by keeping a main microprocessor and its high-

frequency crystal powered-down for as much of the time as possible. A low-

frequency oscillator and associated timer can be used in such contexts to generate

15  awakeup signal for the microcontroller and high-frequency crystal at a precise time
with minimal power consumption (e.g. to meet a low-average-power transmission

protocol, as will be explained below).

Commonly, a low-frequency clock signal is generated using a low-frequency crystal
20  oscillator (e.g. a 32.768 kHz crystal) or a relaxation oscillator circuit (e.g. a resistor-

capacitor (RC) oscillator).

A 32.768 kHz crystal oscillator can provide high accuracy (e.g. +/- 30 parts per
million (ppm)) with a relatively-low current consumption (e.g. 0.5 microamps).

25 However, it requires an external crystal, which is a large, discrete component, and
thus takes up considerable space on a printed circuit board (PCB). This can be a
significant disadvantage in space-constrained devices such as mobile telephones.
It also requires an additional two chip pins in order to connect to the integrated
circuit. Moreover, an external crystal can add significantly to the total bill of

30 materials for the circuit.

By contrast, a fully-integrated relaxation oscillator circuit occupies no chip pins and

avoids the need for external components. It is also considerably cheaper than a



2 - crystal and can have simlarly-low current consunption to the crystal
oscillator. However, it is far |l ess accurate than a crystal, having a

typi cal awouneaysyp +1300, 000 ppm Wth careful cali braPCorcR2e12¢5011y
appropriately adjusting a progranmable resistor), this accuracy can be

i nproved to around +/- 10,000 ppm 5but this is still a factor of 300 to
1000 tines worse than the crystal oscilldtor. Accurate tinmng is often
critical to achieving good power efficiency in an application. This is
especially tr i | . %k}{) i - ansni ssi on
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to open the radio recerve W ndow conservatrvel §y early, m nim se the
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short com.pgs t.] il r rom one aspect,
the i nverﬂai or{8'fptrh§\%péc;t§® tg‘%@ﬁ%}r é'gﬁ’{”égeq’@mff’g?@o %ﬁ%uoﬁheggnn%ri sing: an
oscillator configured to be switched between a first frequency and a second

reprosent at | ey e el g BB R eI RE 8 LB 7 bet hoen
t he first andesessmndiof opeguled cidasreaeive wihdow conservatively early, to minimise the
chance of missing a transmitted packet due to the clock running slowly. An
20  inaccurate clock therefore results in power being wasted because the receiver
circuitry and microprocessor must be woken earlier than may be necessary. Even if
the oscillator has an accuracy of +/- 10,000 ppm, as a well-calibrated relaxation
oscillator might, then the microcontroller must still be woken up 1% before the end
of the idle period; i.e. 10 milliseconds early for a 1 second idle period. The receiver
25 would then be awake for 11 milliseconds rather than the ideal 1 millisecond, leading

to a substantial reduction in battery life for the slave device.

The present invention seeks to provide an oscillator circuit that addresses
shortcomings of conventional low-frequency oscillators.
30
From one aspect, the invention provides an integrated oscillator circuit comprising:
an oscillator configured to be switched between a first frequency and a
second frequency; and
switching means configured to receive an input representative of a target

35 frequency and to switch the oscillator between the first and second frequencies at



intervals determ ned by the input so as to cause the average out put
frequency of the oscillator to approxinmate the target frequency. This
aspect ofwolre12as®nti on extends to a nethod of operati n@CarGB2012/050110
integrated-circuit 5oscillator, wherein the oscillator is configured to be
switched between a first frequency and a.second frequency, the nethod
conprising receiving an i nput represent ative of a target frequency and
switching the oscillator between the first and second frequencies at

i nterval s det, I.ne . e t ver age
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It al so ext ertds osalledor to apprpxaiatel thei target requampy.i si ng such an oscillator and
further conprising a mcroprocessor or mcrocontroller (e.g. a
systemon-chip). 15Thus it will be seen by those skilled in the art that,

i n accor dancerhig aspechef theringanticorgxtdngds du b tnadihgd ofaplerajinpiandntepratesiatitceitn  of
swi L chi ng sbel ol ot U u it FEMIRDSERT, bb DG QRGN RN SYNt hesi se
an out put frequency I Chis exactl'y or~approxi AL € y equa‘? 10°a t ar get
frequency (weEquaneyragetsenped frequentyethemfetbgd taprisinbrecesioglananmt can be

l'i brated t . j ff i Y€ QL f I i
2001 oat er - pr SV ESaH S SHRIsE ek Bhy KA SERASP RN B 1y
enpl oy a fi xemhdempand trequennies ahinianetl$ detewaningd Ay fliedeedfrequengy aomaltd e
istor. Th ' ' ' +1=
noni ovabi e 1 eo0npois Ak T FRaboIRy R ERLER Wioef B R PRI T | e

better tH&an dreg@Bngyonventional, calibrated RC oscillator. This accuracy
approaches that of a crystal oscillator, w thout the cost and space

requi renents of a crystal, while still sharing the | ow power

char act eri st iltasotxtandoie-dnrietggete) cimuit soambprisiRy efidr aboscillbhe anddurfheequenci es

are simlar, e c ol I ed
accurately angémsIO n'tg)'gg %@%C?%%%gf(ﬁle&W%rﬁ[e:érﬁ%wgﬁ%' %I%Iy g@%a%@ggégond
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frequenci,gs; [.€ It LS %._hi , ,
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equal to a target frequency (when averaged over a number of cycles). The
oscillator can be calibrated to produce a desired, effective output frequency with far
20  greater precision than is possible with known RC oscillators that simply employ a

fixed capacitor in combination with a fixed or programmable resistor.

The Applicant believes that accuracies of +/- 100 ppm are achievable in
embodiments of the present invention, which is some 100 times better than a

25  conventional, calibrated RC oscillator. This accuracy approaches that of a crystal
oscillator, without the cost and space requirements of a crystal, while still sharing

the low-power characteristics of a low-frequency crystal.

Preferably the two frequencies are similar, which enables the output frequency to
30  be controlled accurately and smoothly. Thus the higher of the first and second
frequencies is preferably less than double the lower of the two frequencies; more
preferably it is less than 10% higher; and most preferably it is around 3% higher.
For example, the ratio between the two frequencies may be 33:32 or thereabouts.
The ratio is ideally set such the difference (which may be absolute or relative)

35 Dbetween the two frequencies is wider than a smallest increment by which one or



4 - other of the frequencies can be adjusted (e.g. by controlling a current
source for the oscillator). In this way, any error that remains after a
coarse cawDbnetisgivvof one or both of the oscillator frequemcBer/sex10be
corrected for by appropriate switching between the two frequencies. 5 Under
normal operation the target frequency shchul d have a val ue sonewhere between
the first and second frequenci es. Because the output of the oscillator can
be controlled very accuratel y, it is possible 10to switch seam essly

bet ween usin r.cl I J fut put
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or encodes abmmmn tlhadwc&“eqwfgwcwssw tching ratio between the first and
second fr%quenm es. This ratio may represent a proportion of oscillator
cycles at "which the oscillator should operate at the first frequency,

rel ative to tUreles eomml operatjore theytargebirequeanpblequld have mpalue parpewhberpri se a
digital valu di cating the nunber of oscillator
cycl es out O?oeé\@e& th%g%siapbts?gowa”f@aﬁé%méﬂ the oscillator should operate at
the |l ower of the two frequenC| es. The switching neans may determ ne how to
switch betwe .8
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oscill ator atfreqneecM/tAd)d( synthesided frblm aglmgbeeraftwuanncym@tm ed input to be
provided to the oscillator. 30The oscillator is preferably calibrated

agai nst a reference clock. This reference clock my be generated froma
crystal osci |Thetiopyt tg thelsvatshiag medaat imay soninirigh -af digitplisgipesl ocaygnalbgm)nnect ed
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and second frequencies. This ratio may represent a proportion of oscillator cycles
at which the oscillator should operate at the first frequency, relative to the second
frequency. For example, the input may comprise a digital value (e.g. a 10-bit

20  number) indicating the number of oscillator cycles out of every 1024 cycles for
which the oscillator should operate at the lower of the two frequencies. The
switching means may determine how to switch between the two frequencies over a

period of time (a switching pattern) so as to meet the indicated ratio.

25  The input to the switching means is preferably provided by a calibration controller,
which may form part of the oscillator or may be separate therefrom. The calibration
controller may be configured to perform a (fine) calibration of the oscillator at

intervals in order to generate an updated input to be provided to the oscillator.

30  The oscillator is preferably calibrated against a reference clock. This reference
clock may be generated from a crystal oscillator, such as a relatively high-frequency
crystal connected to a microprocessor (e.g. a crystal which oscillates one, two or
three orders of magnitude faster than the target frequency of the present oscillator
circuit). Because the calibration operation may only need to be performed at

35 intervals, it is not necessary for the high-frequency crystal to be powered up



35intervals, it is not necessary for the high-frequency crystal to be
powered up 5 - continuously, thus resulting in power-savings made possible
by the prweent2/a9sssenti on. The oscillator is preferably fParigB2nrsgriat ed on
a sem conductor substrate. This 5makes it very conpact and able to be

incorporated in a circuit without adding to the bill of materials. The
oscill ator conponent of the oscillator circuit nay be of any sui tabl e
design. It may, for exanple, be a relaxation-type oscillator, aring

oscil I ator. \%ﬁ rﬂ{' Qfggﬁés%ﬂm I g&ﬁ& savfn\ath? d’ otss@teooy tqe ﬁ?esgp j e to swtch

rapi dly betwee requerci cle to the
next, with non\remgomiual effect fromthe frequency setting of the pr ecedi ng
cycle. In one set of enbodinments, the oscillator circuit conprises
charge-storing neans 15whose capacitance can be varied between a first

val ue and a skhearsdillai@r ise;refarablyafu&yjintmtedouramntfmmecibeshttstrateheThis

char ge St ar | NG, Lanf 0 01 A0,B56 b ARl 5001 AHEart difefgiddAbangt the

first frequency Rhen % capacitance i s he f

t he second f rlelgofenatgriziben the capacitance is equal to the second val ue. The
switching neans is then configured to switch the charge-storing 20neans
between the first and second capacitance values at intervals determ ned by
the input. Meiheozsilletor oprepaerienhgf the oseillagr cGitced mayrewnfenp seitdbleadesignatier e t he

osci || ator C R, ke 9E g@%t&gvggp&nmsgr %%Pi&écl%{b?evﬁ?a@e\)%? vari ed

bet ween a fi 'val ue and a secon rrent source connected
to the char gelesigori$ ngedrbawsveroit siwould bealbls ¢o bwiddhonapiatyi sttwesrtinkltaces at a

st requency, uhag. ol dSARARHEATGE d 8 0HRIndh® S E Rl Wil nd 2t

second frequen ance rs e

conpri se smnﬂb@ﬁagﬂﬂhesehaggemsumwkmg@nwwns bet ween the first and second
capaci tance values at intervals determ ned by the target frequency so 30as
to cause the average out put frequency of the oscillator to approximte the
t ar get frequdnoye set of embodiments, the oscillator circuit comprises charge-storing means

15  whose capacitance can be varied between a first value and a second value; and a
current source connected to the charge-storing means, to form an oscillator
configured to oscillate at the first frequency when said capacitance is equal to the
first value, and at the second frequency when the capacitance is equal to the
second value. The switching means is then configured to switch the charge-storing

20  means between the first and second capacitance values at intervals determined by

the input.

Methods of operating an integrated-circuit oscillator where the oscillator comprises
charge-storing means whose capacitance can be varied between a first value and a
25 second value, and a current source connected to the charge-storing means to form
an oscillator which oscillates at a first frequency when said capacitance is equal to
the first value, and at a second frequency when the capacitance is equal to the
second value, may comprise switching the charge-storing means between the first
and second capacitance values at intervals determined by the target frequency so
30  as to cause the average output frequency of the oscillator to approximate the target

frequency.

The charge-storing means may comprise one or more capacitors. |t may be
continuously variable between the first and second capacitance values, but is

35 preferably arranged to be switched discretely between the two values. Of course,



The charge-storing neans nmay conprise one or nore capacitors. It may be
continuously variable between the first and second capacitance val ues, but
i s 35prefwoabiyo9siwanged to be switched di scretely betweem/aBre1osorval ues.
O course, 6 - the invention nay be adapted to use nore than two

capaci tance val ues, such as three or nnr& val ues, with the sw tching neans
bei ng arranged to switch between the three or nore val ues. However,

enbodi ments that use just two values are currently preferred, since they

are S! mpl er ttRe |n%kt?dﬁerﬂ%y ﬁé]gd%)qgﬂok@‘eerﬁgreqﬁgﬁ/ {V\%e a lal:ita%tcg?/afagg,csruicp%g .
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a second capagi i I i Le d i it (e.g.
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circuit s asnd 8e§éri585 bgp&t?o&ee(%lj{?cg%gﬁ:dgw& of the charge-storing neans.

The second capacrtor is prefera an the first, e.g. less than
50% or 10% of the capacitance of the first capacitor; nore preferably

around 3% of e [ t e t Lt ' and
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In this 120 caseicht(hg. sdaosistor)apaogedtrcendeétites sedondreapdetof intsor qutef er abl y

by | ess than ,50% or. 10% | 39 [,.EX l e, the
capaci tance 1 Ch S o 3068 e SpRcinde nELRYOE it gl 7R
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current S@urcee cﬁﬁﬂggb&Fy%esistance nmeans (e.g. one or nore resistors),
or 30any ot her surtable neans (e.g. an active current source or transistor

current source). It may conprise programrabl e current gearing of a source.
Alternatively, the charge-storing means may comprise first and second capacitors
having first and second capacitances, and a switch arranged to connect one or
other of the first and the second capacitor into the oscillator circuit at a time. In this
20 case, the second capacitance differs from the first preferably by less than 50% or
10%, and most preferably by around 3%. For example, the capacitance ratio may
be 33:32.

In both arrangements, it will be appreciated the first or second capacitors need not
25 in practice comprise single integrated structures, but may comprise a plurality of
capacitors acting together as a single charge store. In some embodiments,

different capacitors are used for each half period of the clock cycle.

The current source may comprise resistance means (e.g. one or more resistors), or
30 any other suitable means (e.g. an active current source or transistor current

source). It may comprise programmable current gearing of a source.

The switching means may switch between the first and second capacitance values

in any appropriate way that results in the average output frequency of the oscillator



7 - approximating the target frequency. The average output may be the nean
out put over a predeterm ned period of time, such as a predeterm ned nunber
of cycl eswOThe/msi9put of the oscillator may substanti al PgTER2a12/M5hB0t ar get
frequency val ue when 5averaged over a suitable period (e.g. the nean over

1024 cycles), or it nmay approximate the t gar get frequency, by being wthin
an acceptable margin of error or degree of precision, such as within plus
or mnus 100 ppm Due to the effects of terrperature variation etc., the
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conpri se a signa- ta no freq ency

cycl es at t hdreuesty thatexposmjosest torthé targﬂtyreaseqwss/ebaeemnbofglrmme frequency
cycles at the 30second frequency, over a finite tinme period. In order to
work effectively, the values of the first and second frequenci es shoul d
span t he val uhecfwitchiegtnzerame mayuiepeanfifured e distributechighuppoblowv feequangecyefest ar get

capaci t ance vaed K HEGHod 835 oD Fpbllfen dhanBIBERER, | o ged
so that the \exbowleit nmayehe cmfig@red to distribute the frequency cycles at the first

frequency as uniformly as possible among the frequency cycles at the second

20  frequency. It may distribute the first-frequency cycles among the second-frequency

cycles according to some predetermined pattern or dispersion characteristic. It may

be configured to maximise the number of changes of frequency over a time period.

By appropriately configuring the frequency switches, the oscillator output can be

made to have minimal deviation from the average output frequency (i.e. minimal

25 accumulated jitter over time).

The switching means may be any suitable switching circuit or component. It may
comprise a sigma-delta modulator, arranged to distribute the frequency cycles at
the first frequency as uniformly as possible among the frequency cycles at the

30  second frequency, over a finite time period.

In order to work effectively, the values of the first and second frequencies should
span the value of the target output frequency. To support a range of target outputs,
in some embodiments, one or both of the first and second capacitance values can

35 be varied. The oscillator is preferably arranged so that the value of one, or



preferably both, of the first and second frequenci es depends on the |evel
of a variable current wiwthin the oscillator circuit. The oscillator nmay
conpri se wWopny9siveabl e current source, e.g. conprisi ngPaTEBIAFNED| e
resistor, or programable current gearing of a source, which can be used to
adj ust the current 5level and thereby alter the first or second
frequenci es, or both. Such adjustnent nmf3 be relatively coarse, conpar ed
with the relatively fine adjustnent of the output frequency which is
possi bl e by I i a coarse
calibration ccf) E)a%I)J E)&goc;t.frrr?r‘gedﬁr\é\l! 3 V\%‘le% ﬂgﬁ%@enciegé%fg &ftﬁg I%%pst or second
frequenci es, \@rlaﬂdetchtrerm\mtmuthesseltllatsocltcluat Thheycdtﬁbemnay t@ngese I r equency
(with one be| IIII! r t
frequency). 'J%e sgbt %P%n&%@udf? Sﬁ c%ﬁ{pﬁ&né%‘éﬁ%gr% %q{%(%%go:rgogrl
calibrated bwre@pumahlﬁgcurtmt beayingrof afsouitve, winch fcee e ered tsadjusit the ctlhient ower
frequency bei 1.he Lo t h EQ%X
a const ant5 oflé\%}egﬁé ?Hg%@heeﬁﬁi Ir%tt s ?Jen%JIGe%g%m %rp:%tgr e%ejcﬁaﬁﬂg I'on
be nmade agai msay ke wiatyellcoosei I:dran)ated Wﬁt](thre latatlaelwee ediustmeok of thkeutput
calibration - rce, e.g. hy
adj usting ongpégPBwﬁ Eﬁrsg%g&m%btﬁ/déo“grémsgth% Swﬁﬁ'ﬂgh%ﬁ source nmay be
20configured to be programmabl e in percentage steps of the nom nal
frequency of I o can be
t he hi gher orlhIggr\I\I(éfe%AIOdFfg t? ¥ C%T%g%agﬁaﬁégggn bé §Qﬁorﬂf§d" fﬁ%dq 'ar{ @8}5‘, (rggj%éency
such as tlhe mddre okt Qrtsecorvd)vequEhelep,rcemom are adjustbe sc et eysabn brtaigeon (e. g.
: 2.59% is pr eff?erqﬂgué/ /g\biﬂleén%b%‘g Eiﬁﬁer ftﬁé SIII%‘FbQﬁI; Vel trIeIPFtpE"taqg ke
requencies (e.g. 3%, so that”any Irnrngerror coar se
cal i bration o‘mualhtwaytn dree sadof embedjmfeots tbty: cacﬂlamelsmlarsnyatailmatadtm'r ation
(descri bed b I n t in a
frequency accu ﬁwhéﬁﬁgtﬁe‘?%ﬁﬁw%ﬁ@?fﬂe ‘%ﬁde% Mnﬁgr%ulghéfts opx%tlr;(gﬁ#d +125, 000
ppm simlar otetbermnt&drasemtlxe@rrath ofcthe intghat eehmcmsmlaslaatoostane@‘m@dfrOmcIMI ly or
al t er nat i yel i bration operation may be perfornmed to generate an
i nput to1%§heyhsI I?erff ﬁﬁ%n%geans t hat causes the output frequency of the
oscillator to apprOX| mat e t he target frequency This may result in a final
accuracy for 'Ittteeco% Ce'(!allfi’rtaﬁ{) ﬁt alns}g%r}gmsglr]aeforcg'uéhbgsaé %)fgt
controller may count. Gsci out ut over reference ne period
(rmeasur ed agailonkt Taerceﬁtnfamreaﬁﬁebecfdxr)ne‘dmy Mnﬁungfa currentfaquste eugdbgecond
frequenci es, ﬁﬂﬂ i [qh| ans from
t hese counts, e. t' énggéﬁéﬁﬁ %{8?@9 eIe Le%gg%‘rgt fo‘ocsr?lmg é%u‘ Q)?Rgemosm | I at or
shoul d pepf orqmnbguredtm beoprogramraghle ircyertentage sfepeof thalngmtnabtnequmncf/ ptijaency.

oscillator, e.g. 2.5% steps. (The nominal frequency can be the higher or lower of
the two frequencies, or an intermediate frequency, such as the mean of the two).
The precision of the coarse calibration (e.g. 2.5%) is preferably finer than the
difference between the higher and lower frequencies (e.g. 3%), so that any

25  remaining error after a coarse calibration can always be corrected for by a fine
calibration operation (described below). Such coarse calibration might typically
result in a frequency accuracy for the higher or lower frequencies of around +/-

25,000 ppm, similar to a conventional, calibrated RC oscillator.

30  Additionally or alternatively, a fine calibration operation may be performed to
generate an input to the switching means that causes the output frequency of the
oscillator to approximate the target frequency. This may result in a final accuracy
for the oscillator of around +/- 100 ppm. The calibration controller may count
oscillator output cycles over a reference time period (measured against a reference

35 clock) for each of the first and second frequencies, and may derive the input to the



The calibration controller nmay determ ne when to performthe coarse and/or
fine 5calibrations. A target output frequency nmay be provided to the
control | ewO 20teen98390t rol | er may be configured to perfor mPAETERNBA50110
calibration if it determines that the first and second frequencies no

| onger span the target frequency (e.g. en performng a fine calibration
operation). 10A coarse calibration and/or" Tine calibration may be perfornmed
when the chip is first powered up or reset. A fine calibration may be

performed accQrdj.: i.odi gal | . | r

tenperature fﬁ%tcb'ﬂgtrée%ﬂgf %ﬁﬂﬂggiggun?s:\ghjr%g C\%ﬁ plg ﬁﬁ%&%&ré’%ocgﬁ%nﬁ C&ﬁ}%iha fect
15t he ci r cui tascifator elxauppaforinaat tiee lbaegieqianey loemoyveanftalR! g@dukidauency.i ne
calibration nmay be carried out every 0.25 seconds, or every 31.75 seconds

(= 1111111 binary * 0.25 seconds), or at any other suitable interval. The
i nterval bet wdercafibraorr edritiotlert ey detaayink evhien Xe derdormvthe icatrise antifor Sare

20enbodi mgnt s__i. b i i i i storical
accur acyrrg)f t(ﬁ'lé&gﬂ@%’ﬁ. Igpg%rt Oﬁg)rU?fe;rg r?%lcg%a&% eﬁﬁé\ﬂ%éogéoﬁh%? gnrtFolﬂgF' g@legr mned to
be rel ati vel yoatraliar atay kef aanfigwradid perfdymcaaceesea badibaatioo ifiit detgrmings thattthect t o

| ar ge t enper re variatd - i val i t may be

i ncr eased. Tﬁlﬁés{ aﬁgysﬁﬁéérﬂo;ﬂ{%g%)wgﬁ%H?fdg@%?@ﬁ%?ﬁ%&%‘?&gﬁ g&éﬁ%@‘é\/ﬁgﬁk source
can be asl eemerfolmainglayfineaalibrgtigroogaratid®® The oscill ator may be cali brated
(fine and/or coarse calibration) when a mcrocontrol |l er wakes up, or
shortly before it wakes up. This nmay be done every tinme the m crocontroller

wakes, orlOwhencaaree calibradios ahdfor ee caibrationinomnsbeapafomed wBeo ltheachipsdirstach i s

power effici %\Neréd Ne&r ;\R’E& crystal oscillator for the 30m crocontroller
wi || be runni'ng ‘anyway en the mcrocontroller is active, and will not

need to be powered up specifically to calibrate the oscillator on these

occasi ons. - - Jd r ] - nt
component and® I afipfitoh A be RrkintSh Bhopablnd Shtloauf, BINCL: ARRARERF
conponent i s toahdw fputerdpereturelflucttdionsroy ther fadars Whathonigbhpatbrgiallpaiecdr nor e
criteria.are . AN i i ] I er « [gured to
cal 1 br at 45t nd s STy SoLERAED, BLF WO BLh A2 eER e obS ool (7

char act er i sednaynbe batied het evari BRasecmdsoortavetyl &r.7% seaods$ (glitdd 11 bireat i br at e

t he integrat aq)[_%gééglngjﬁ%r tha%iy%?r]iertsnu‘?ab% ¥edel oscillator when the crystal

oscillator is turne

The interval between fine calibrations may be fixed or variable. In some

20 embodiments it may be varied according to data relating to the historical accuracy
of the oscillator. For example, if the oscillator is determined to be relatively
accurate (for example, because the circuit is not subject to large temperature
variations), the interval between calibrations may be increased. This may lengthen
the time for which a reference clock source can be asleep, thereby saving power.

25
The oscillator may be calibrated (fine and/or coarse calibration) when a
microcontroller wakes up, or shortly before it wakes up. This may be done every
time the microcontroller wakes, or when one or more further conditions are met.
Such an approach is power efficient, since the crystal oscillator for the

30  microcontroller will be running anyway when the microcontroller is active, and will
not need to be powered up specifically to calibrate the oscillator on these

occasions.

This idea is believed to be new and inventive in its own right and thus, from a

35 further aspect, the invention provides an integrated circuit comprising an integrated



The integrated oscillator may be of any type, including a prior-art

rel axation 10oscillator design (e.g. RC oscillator), but is preferably an
osci | | at owoaeromeing to the first aspect of the present PCMGBIWiI20030110 The
integrated circuit may further conprise a m croprocessor or mcrocontroller
which is clocked using the crystal oscillator and which is turned on at or
around the 15sane tine as the crystal os¢fTlator. The calibration may be
performed sinultaneously with the crystal oscillator or mcroprocessor or
M Crocont ot | Kbt HaNady Slodl il Bog BEF LAt Abn{ AT, BabpRgACr after
turn on the moyrEIoaentowberleIramerpowar-mespgﬁm@ttcompheerﬁuﬁtqzmtfigmfedaoturmrﬁ"re whi ch
is clocked us t hel i may,
of course. adin ualTS GRABLTa? BElbl Bina 8 it HAUIBTBEERLAAER VYL,
nmay conpri se aontralleris gonfiguned g callbrate thepiatergraséd asmlwdbrcagamhmmcrysml or
receiver, zan r C ' ets
acoor di ng5t Odoas\égét;(:’l)p g‘nﬁra%%%{ec% tﬁ?ﬁ thg cglfb?&%ﬁhcé)nRBI eé?sr(gc{n\ﬁgu%zggt# ??Ig)?%g as a
cl ock source. the;mtegnafady)saﬂatomaﬁrmt é@mrmjala[sp@abswhemtheasyfitdallcat:ibator:lsr cui t
may be confi\%len?g obo output a clock signal, derived froma crystal

oscill ator, i he oscillator is being calibrated, and to output a clock
signal derived fromits own osci | lati ons when it is not being calibrated.
In this way t { r , brations.
35Preferably ﬁ}% IRt%t%}alté scfb”a[b ?f%%g%a %lu(ahtg%érhoqtégﬂégngxﬁﬂequency (e.q.
within tHe Iosmllats>r dés@r‘nee @(Rﬁloanljptm buhis posferdblyaaroogcillafti@ccdrdingdo freom one
out put type tQ_t t I |y made within one clock cycle, so that
there is a sefgsrﬁa}egggé%to?gr{lsd ??F%III%I n € output signal. 5This idea is believed
to be new and inventive in its own right and thus, froma further aspect,
LL‘?. : lme’fgﬁ ' Ogl'h%;lﬂt\é%g%?éd &&ult%a&%ﬁﬁeer%oﬁfﬁegéjbtm et b?éog%r ﬁnc(gér)]ébtggrgf eirhgﬁ .
arranged to oaahlcrbnsa:loe:kechesmgltfeagxrwtddasotﬁahor arad which graiurmed dnheg ocay&mdlthe

oscil | at I at t yrxié]iet integrated circuit is configured so

t hat theqtl rresrah{éet@é%/\%%agne d SQmétgﬁal derived 10fromthe integrated

oscill ator except when the integrated oscillator is being calibrated,

dur 0, 01 o0 Tkl 5l R aPa LAGKSS A Satial i L e
substanti al | ymptwrmmrfqreqq;reqmyroller belng turned on, or within a perlod of time before

or after such turning on.

20
The power-management component may be configured to turn on the crystal
oscillator in response to the output of a timer which is clocked using the integrated

oscillator.
25  Calibration operations may, of course, additionally be performed at other times.

The integrated circuit may comprise circuitry forming all or part of a radio transmitter
or receiver, and which is configured to transmit or receive radio packets according
to a schedule implemented using the integrated oscillator as a clock source.

30
In any of the foregoing aspects, the oscillator circuit may be configured to output a
clock signal, derived from a crystal oscillator, while the oscillator is being calibrated,
and to output a clock signal derived from its own oscillations when it is not being
calibrated. In this way the oscillator need not pause its output during calibrations.

35  Preferably, the two outputs are of substantially the same frequency (e.g. within the



15under both conditions. Typically the crystal oscillator will oscillate at
a substantially higher frequency than the integrated oscillator (e.g.
orders ofwomgr/msise hi gher); therefore, the integrated ecraBzpizmyiioonprise
one of nore frequency nultipliers or dividers connected between the tiner
and the crystal oscillator or integrated,poscillator. 20 The out put of an
oscillator circuit according to any aspé& “of the invention is preferably
sent to a tiner, e.g. atimer located on the sane integrated circuit as the
osci | l ator. -Il-imié otf 'tHEeéccUPa%y%?thléso%gillgtgr)?%terc%rééélﬁorﬁ%%%uﬁ)hﬁyge% tHRar ts of
the circuit, such as a mcroprocessor,” m croc rol'l"er, radro transmtter
conponent s, rdugrds Pefersldy weadeovtnoorentleck @cie, sdihal theosisid deadess accor di ng
to the inventjon.have scri bed as optionally conprising a calibration
controller, itt"‘?‘\%ﬁ“Pﬁy’bté‘gg’gg)r“gg'ﬁﬁé'ed that the controller need not necessary
be adj acent other parts of the oscillator circuit (such as the charge-
30storinggne . ' r i it e

t her ef rom5 Tﬁreﬁs)’s'gﬁ%%ééﬁg \r/%d;ltog% 'ﬁ%%ﬁ%}&'hg%f(\)/%énn?%&% %/Wga%gzﬁl%?:@bo% such as
t he swi t chi ndunfearmspe@othe ifvuentidri posides an ndegrgied |ciratibconmuigingeanciategradedd out i n
whol e or part_ h ] r r ] | | ' at ed
ciroat. o stefid LR RERARE Mo ! SRt Eneieht b R LT on
may be opti oralibrbteathaiirdsgrefedansyillator againgitirecrysisbesctllsior ahiptesvads, vaepeiopri at e.
Sone or all - ' Ig; ' ar at us.
SCor t ai nprofas g ERBSLa ARAREEEICC heP RS S ARY AP RRES Ly
way of exénplfenotileyintegiatdd owfllatee eseet o/heh éheiotegnganpsaiptariabeings, in which:
Figure 1S ahalanmmd i B iR hAl, Key SOTRRReRER M 9SChbh#er cireuit
enbodyi ng the i'nventron, rgure I'S a“di agranmat | c overvi ew
showi ng si gnalrgstal@sail@of.r om t he di gital 10and anal ogue parts of the
circuit; Figure 3 is a diagrammtic representation of digital conponents of
the circuit; Figure 4 is a diagramof sigma-delta circuit, used to
det erm ne a shWiettomermpgefpabtyoeceives clodkesigsdd ofl sabstantially the same frequency

15  under both conditions. Typically the crystal oscillator will oscillate at a substantially

higher frequency than the integrated oscillator (e.g. orders of magnitude higher);
therefore, the integrated circuit may comprise one of more frequency multipliers or
dividers connected between the timer and the crystal oscillator or integrated
oscillator.

20
The output of an oscillator circuit according to any aspect of the invention is
preferably sent to a timer, e.g. a timer located on the same integrated circuit as the
oscillator. This timer may be used to control the power state of parts of the circuit,
such as a microprocessor, microcontroller, radio transmitter components, radio

25  receiver components, etc.

While oscillators according to the invention have been described as optionally
comprising a calibration controller, it will be appreciated that the controller need not
necessary be adjacent other parts of the oscillator circuit (such as the charge-

30  storing means), on the integrated circuit, but may be separated therefrom. The
same is true of other components of the oscillator, such as the switching means.
Some functions of the oscillator may be carried out in whole or part by a

microprocessor or microcontroller on the integrated circuit.



15Figure 5 is a diagranmmatic representation of anal ogue conponents of the
circuit; Figure 6 is a circuit diagramof a charge punp within the anal ogue
circuit; woaoigsive 7 is a flow chart for the calibrati @TiGB2012/05011020
Figure 1 figuratively shows key parts of a 32 KiHz (1 kibiHertz = 1024
Hertz) oscillator circuit 1 enbodying tng invention. The oscillator circuit
1 conprises an RC oscillator 2 which, %g ot her wel | -known 25conponents
(not shown), has a first capacitor 3 and a second capacitor 4. A switch 5

bar ai o1 1o thBioPlefRRASS any b s WREREC of ARAThftn fal Biel SRy BAGA &, &7
open, only tmlyquthﬁtotbmecterwmerbﬂerwed)p'riatet FeonROorolaf theadspectsimayube . A

conparator 6 lses %Iﬁlé%medreege{h% %@é ?{JI(%I tage to provide feedback to the

RC osci | | at or’°and ¢ o generate an ating output. The RC oscillator
receives a controlled current froma prograrrmabl e current source 7. The

out put ”%mt pr%?e‘%} %ﬁdnﬁerﬁé‘%ﬁt‘gé rﬁrfé'}mﬁésﬁg{\‘nlﬁ} 9@%& BB b %”to‘?r ’

whi ch i s connec t'o co assés VI a switch
10 (e.g. a BEﬁmmpiqodwéycervlt)w rblefance t@&mﬂmgmpheylwdnawlrmsom wﬁrd:h s switch 10 can

Frequency- doun- coniaredr® 13aqAERN: By R cofiiSheh i tiilitlorBrad
osci | I ator 1]enﬁbommI§1H{ze M@S@io)ﬁ The fr equency downconverter 12 generates a
ecei ves an | nput Ty SRedE eUHFnEREL bihBh showing B R EnchfBktigtal
derive a1 M—@dsangh@Ue patis ohthetcwclstas to cal i brate the RC oscillator 2. The
ool 00 C i i 8 PR Ald Ry GBRBRbY BF oG b hndnerkDBr G PUt
circuit;
Figure 4 is a diagram of sigma-delta circuit, used to determine a switching
pattern for the oscillator;
15 Figure 5 is a diagrammatic representation of analogue components of the
circuit;
Figure 6 is a circuit diagram of a charge pump within the analogue circuit;
and
Figure 7 is a flow chart for the calibration function.
20
Figure 1 figuratively shows key parts of a 32 KiHz (1 kibiHertz = 1024 Hertz)

oscillator circuit 1 embodying the invention.

The oscillator circuit 1 comprises an RC oscillator 2 which, among other well-known
25 components (not shown), has a first capacitor 3 and a second capacitor 4. A switch
5 (e.g. a transistor) connects the second capacitor 4 into the circuit, in parallel to the
first capacitor 3, when it is closed. When the switch 5 is open, only the first
capacitor 3 is used in the RC oscillator circuit. A comparator 6 uses a supplied
reference voltage to provide feedback to the RC oscillator and to generate an
30  oscillating output. The RC oscillator receives a controlled current from a

programmable current source 7.

The output from the RC oscillator 2 passes through a calibration counter 8, which is
connected to control logic 9. The output also passes via a switch 10 (e.g. a

35  multiplexer) before leaving the oscillator. This switch 10 can select between the RC



10When correctly calibrated, the oscillator circuit 1 outputs a signal from
the RC oscillator 2 which is effectively at 32 KiHz. The input current is
set such wbabi2/oek#m t he second capacitor 4 is switched PPoT@wGR2OER/SITIOUI T,
the RC oscillator output frequency is a little below 32 Ki Hz, and when the
second capacitor 4 is switched out of thelz circuit, the RC oscillator output
frequency is a little above 32 Ki Hz. The 45control | ogic 9 controls the
capacitor switch 5 so as to switch the second capacitor 4 in and out of the
circuit from C i r i put
from the osciTnrsr bApFEnF R SRANcr oS QAR . B KRN redUiP L

wi t h negl i gi dreoff-clépgdemityz q:ryastabwscma@rm draeHz ¥OSEH). eMre ftdquanadiw\fm-at ed
state, the coq peratlon and a
fine calibr atc{%hk@r]éeaé?gieﬁer%té\sﬁ3?Rﬁ-z¥s@1eﬁ?r%ﬁlstﬁeg@s{eﬁ%?&ll\a?(%sﬂn

calibration counter 8, the nunber of 4 M puI ses derived fromthe crystal
osci || at of 1 5 i t operating
at its hi gherlrhfepcg%ggﬁgéﬁ?qgéé'&& %hﬁ?tﬁq Oz'ﬁ??é’ﬁ' I@E‘?g@gﬁg&j}%tér ﬁéﬁé’& out of

t he circuit) .whi¢h it han derpgueedh AHzofigrnaheviRD ibssdd tba:atdrraiesthelRCewsmllaEm 2t o be
outside an i I f.or med by
adj usting thnlth%nC%ﬁﬂOlm"r@g?%gM?rt(gﬁ(?ﬁgd ﬁ]re c%?)%&%r%@h&rfé %%glr}[ gg%\m%‘rh 1 écrease

t he current salmrihe%ed)grajnmhblemrest(sohhaﬁor 2 inincrenents, until it is

wi thin the acceptable range. 30 Wien the coarse calibration is correct, a
fine calibration operation can be perfornmed. The control logic 9 counts the
nunber o0fl04 NMihrepodrsadly delitirsted, the oscilldier ancyit | alutppitsca bigasldronithetR@at occur
durlng 256 p I 1 t L for ency
(e S ch ooy CEmpably o2 bRl SR A Blreht € B ORI AT RYETCY,
wi t h the RC dbe:sdattcmtimapaqa@r ats switched irtts tHeomrepit fthe Gerrcifialor oatputv t h t he
second - I ﬁkﬁﬁ’ C ant: gic 9
Uses these t V]\‘{)eqﬁg (ﬁﬁ%é%tledbeﬁ% 55 % amj %h%ﬁ"f‘he ér%:%gfrj :c?:%anchﬂ ﬁ’slég\h{cﬂ%% L)l?t

| ow- fr equencwfdymctnecsittthatRCaosa:IIIam@etxbubﬁrequeacxca3la Ilﬁﬂaab@/re J¥efiHed Tpe. g. of
1024 cycl,gs) t )

cal cul at |1§n |dsolater8| I{@E He nﬁ(ﬁglrtrhte)er(ga %glﬁoégﬁfﬁgﬁ 5%0%%é$<§3§ﬁch°tH%§r8£?ndl 83"”"{) 4uses
the | at est priopod Dutm‘ tl\mtlwlttﬁ@rrcwo:tertolcyclla@cc(apagm ematiginttodt divels@angi ve t he
desired cycl et I - i i i | ow
frequency cyc eah*r8ﬂ‘@?§’$§@%’g‘ﬁg’ts’?1t%ﬁé&m”§ dﬁ'%%g%%:é)n%&%&gfw&gs Té@ﬁ ai ned
i n nore det aifeghgblerequéncy jitter.

20  In order to achieve this calibrated state, the control logic 9 can apply a coarse

calibration operation and a fine calibration operation.

The control logic 9 counts, using the calibration counter 8, the number of 4 MHz
pulses derived from the crystal oscillator 11 that occur during 256 pulses of the RC
25  oscillator operating at its higher frequency (i.e. with the second capacitor 4 switched
out of the circuit). If the frequency of the RC oscillator is determined to be outside
an intended frequency range, a coarse calibration is performed by adjusting the
programmable current source 7 so as to increase or decrease the current supplied
to the RC oscillator 2 in increments, until it is within the acceptable range.
30
When the coarse calibration is correct, a fine calibration operation can be
performed. The control logic 9 counts the number of 4 MHz pulses derived from the
crystal oscillator 11 that occur during 256 pulses of the RC oscillator operating at its
higher frequency (i.e. with the second capacitor 4 switched out of the circuit) and

35 again with the RC oscillator operating at its lower frequency (i.e. with the second



During the calibration operation, it is not possible to provide an accurate
output fromthe oscillator circuit 1 using the RC oscillator 2 (since it
nmust be rwo 2hroos39set nunber of cycles at each frequencyrT/GHrer2éfSorie, the
control logic 9 switches the output switch 10 to provide a 32 Ki Hz out put
signal fromthe oscillator 1 that is 15derived fromthe external crystal

11. The crystal -derived output nmay al so” 2 used when the control l ogic 9
determ nes that a calibration operation is required, but is waiting to

performit. The_i.npl.enk i LS Cki L h r t.aJ I 20 Figure
2 shows how t%ga%g}gi“%@? ﬂé)eract @fbpt Eél%{r&ﬁﬁl ih%?&t@ég@f&nf%&% tﬁéggel @IC ggtrt 21 and
an anal ogue pafues2@ detSonipediie prlopoitinpof higt todovgfratigeriog cyeesnthioharepeetisd 21, 22

are shown. 25 . 2 ' scil | at [ i~t which
e cal | brat e VBy o AT APl e 5ro0 2 BBy ol RRAIGB L auif e

oper ati ons cafiHbeutpst.f Brisrealculationlis expldined & mbteadetgblvalo®1 of the oscill ator
can recei ¥e inputs fromother parts of an integrated circuit, such as a

m crocontroller (not shown), and the external 16 MHz crystal oscillator 11.
I n parti cul arTheidontrel locginPiugas 8@ laest goponien vélee taotdndwl thg capacitor switghed s:

S| GNAL NAMVE R Aar P B LACtive. hi.gh. u e digital
cirouit 1t hiBH eoe BN SRR o PRt SRR s B L RO B

cal/ SyncCal i brfetguemcysgyatels uoiidrzdy amongsEieshiph-ffhqagncy eyges, 25 axplabnetione 16 MHz
crystal osci Irj[]&%%ret%” %V@rted up e.g. for use by a mcrocontroller. CGoes

| ow after control of The 16Nz crystal oscillator has passed to a wake-up
timer. rdbscCal Executelnitiates a calibration cycle.

During the calibration operation, it is not possible to provide an accurate output from
the oscillator circuit 1 using the RC oscillator 2 (since it must be run for a set
number of cycles at each frequency). Therefore, the control logic 9 switches the
output switch 10 to provide a 32 KiHz output signal from the oscillator 1 that is

15  derived from the external crystal 11. The crystal-derived output may also be used
when the control logic 9 determines that a calibration operation is required, but is

waiting to perform it.

The implementation is described in more detail below.

20
Figure 2 shows how the oscillator circuit 1 is divided into a digital part 21 and an
analogue part 22. Some of the important signals between the parts 21, 22 are

shown.

25 The analogue part 22 contains an RC oscillator circuit which is calibrated by the

digital part 21. Coarse and fine calibration operations can be performed.



| f rcoscCal I nterval = Ox00: Calibrate when high. If rcoscCallnterval <>
Ox00: Auto calibration as defined by rcoscCallnterval when high. No

cal i br at iwo 2e42e198399w. rcoscCal I nterval [ 6: 0] Ti ne bet weenPCaliGH20BYG50110 Of
oscillator in nultiples of 0.25 seconds (range 0.25 to 31.75 sec). If set
to Ox00 calibration wll start at positiﬁ edge of rcoscCal Execute and
positive edge of ca/Sync. The digital part 21 can output the follow ng
signal s: SI GNAL NAMEDESCRI PTI ON ck32Ki 32 Ki Hz (32,768 Hz) clock output.

cal Regl 6MRequgst 1. / - osci || Lo [N
cal i bration. ulﬁ% dé@%é&%%a? ?ﬁ?%&?%%ﬁ%ﬁ%?ﬁé‘%ﬁ%%ﬁOﬁ‘r?ff’?"‘lszgf/ ync goes
| ow. WO 2012re9@88bdCTit, G820 28/208i0ktontrollé6(not Smvrgnan diyaexipardl 18 MUt put s a

i | i ; [ : ; . ; 2Ki i
cl ook si gnal Hia RUABnLE' o™ ER b TR AR PRLCY 1

via the foll onads:si gnal i nputs:

5
SIGNAL NAME DESCRIPTION
arst Reset pin. Active high.
pwrupRcosc Enable digital circuit if high.
osc16M Clock signal from 16 MHz crystal oscillator
calSync Calibration synchronization. Goes high at least 15 ms

before 16 MHz crystal oscillator is started up e.g. for
use by a microcontroller. Goes low after control of the

16MHz crystal oscillator has passed to a wake-up timer.

rcoscCalExecute Initiates a calibration cycle.
If rcoscCalinterval = 0x00: Calibrate when high.
If rcoscCalinterval <> 0x00: Auto calibration as defined

by rcoscCallnterval when high. No calibration when low.

rcoscCalinterval[6:0]  Time between calibration of oscillator in multiples of
0.25 seconds (range 0.25 to 31.75 sec). If set to 0x00
calibration will start at positive edge of rcoscCalExecute

and positive edge of calSync.

The digital part 21 can output the following signals:

SIGNAL NAME DESCRIPTION
CK32Ki 32 KiHz (32,768 Hz) clock output.
calReq16M Request to turn on 16 MHz crystal oscillator for use in

calibration. If calSync is high, keep calReq16M high

until calSync goes low.




S| GNAL NAMVEDESCRI PTI ON  rcosc Cal When high the period of the 32 Ki Hz
oscillator output will increase by 1/32. Changes val ue on positive edge of
ck32Ki . woaschRwsip@ut [ 5: 0] Process tuning of current soulPcCE/dBroEMEDOQUE part
of oscillator (coarse calibration). rcoscAnaSyncReset signal for anal ogue
part. Used to start oscillator in phase en the RC oscillator takes over
fromthe crystal-oscillator-derived 32 KiHz. 5 Figure 3 gives an overvi ew
of the architecture of the digital part 21. At a high level, the digital
part 21 conprHsSes. L ' ' . ' ; ontrol circuit 32
for the analdg%% 2%§3?h?%3%ﬁ3m35§2ﬁ§%$QP§%ﬁséﬂ§%£%Q@§: a conbi ned cl ock
10de- bouncer &MWANALWAME by-4 cDESORIPBWON and a down-converting nodule 35 to
generate a 32Ki . - e '
responsi bl e f & %&r for ni ng coaf & cAPTHYH ons of the oscill ator
performng fine calibrations of the oscillator; generating an accurate 32

Tl S (AR A I S e

inputs:

SIGNAL NAME DESCRIPTION

rcoscCal When high the period of the 32 KiHz oscillator output
will increase by 1/32. Changes value on positive edge
of ck32Ki.

rcoscProgOutf5:0] Process tuning of current source in analogue part of
oscillator (coarse calibration).

rcoscAnaSync Reset signal for analogue part. Used to start oscillator in

phase when the RC oscillator takes over from the

crystal-oscillator-derived 32 KiHz.

Figure 3 gives an overview of the architecture of the digital part 21.

At a high level, the digital part 21 comprises: a calibration interval timer 31; a control
circuit 32 for the analogue RC-oscillator; a calibration engine 33; a combined clock
10  de-bouncer and divide-by-4 circuit 34; and a down-converting module 35 to

generate a 32KiHz clock from a 16 MHz source.

The digital part 21 is responsible for: performing coarse calibrations of the oscillator;
performing fine calibrations of the oscillator; generating an accurate 32 KiHz clock
15  from the oscillator; and generating an accurate 32 KiHz clock from the external 16

MHz crystal oscillator 11.

The calibration interval timer 31 is the main controller of the digital part 21. It is
always operating as long as pwrupRcosc is high. It serves several purposes:

20 - on power-up it ensures the other modules in the system (including the
analogue part 22 and the off-chip 16 MHz crystal oscillator 11) are started in the

correct sequence;



The calibration interval timer 31 is the main controller of the digital
part 21. It is always operating as |long as pwupRcosc is high. It serves
several puNORORE®S3920- on power-up it ensures the other mrodWBee1z03otine
system (i ncluding the anal ogue part 22 and the off-chip 16 MHz crystal

oscillator 11) are started in the correci sequence; -17- it perforns
seanl ess switching between the RC-oscill for and the 16 Mz
crystal -oscillator-derived output; it decides when a calibration is due,

e N o S
saf e shut dovwcryﬁtaltdseillé)bhéeri\iwdlwlmﬁ; in the systemin the right sequence. The

O ot oul L 32 iSRS QBRI 0 B7ahRRRALLAY PIRI I e A Ogue
RC-oscil l ator during normal operation (1.€7in e 'rnterval” Detween two
cal i br ati ons)MHZ Ory$ta¢ osailatardl1, thieraalibrati@Rengnd 83,leyc.sgmchr onous desi gn,

al ways operating on - il F r iphration, the
di gi tal p§rt 21 use%ﬁe?ﬁ)eﬁgpggﬁcgog%awI{rl)Egﬁésrsgg&%u?%&i@g%ﬁgbﬁgt he

anal ogue par tm@uleshhttier systein tbe rigbieaquapca. hi s value is set to a default
val ue. The calibration engine 33 counts pulses froma 4 MHz cl ock derived

fromthe systemcl ock during 256 pul ses of the RC oscillator running at its
hi gher fr equeliheyconThlecinceis G2 fordifie amdlegussesizZmsntontrel avee thetanalagueddse or
decrease the j [ i F[QTFQUE e 7. This
is repeated uo%? ll%tjokﬁ% #@au(ggneé%ﬂog\fé’{;ﬁ%moeggtlre rli or Fg%?ﬂfbﬁﬁtgﬂ%)g 2. 5%
above t hd0i nt ended frequency. In each coarse calibration cycle, the val ue

b e . h
cal'ibrati on oS Rp W2t Qb el 38R BBifbo S8ME RE"C ¢ s

(to all ow t heosaflatioogloek.part 22 to settle) and the output 25 neasured again.
Once the coarse calibration is correct, the RC oscillator will be running
within 100.0 to 102.5% of 32 KiHz if rcoscCal is low, and within 97.5 to
100.0 % i f rduseCakrsesaliprgtion, FiendigitaipabrZdtuses thesfcbit signal robsaFneg@dpabi | ity

in the aq%l O%ﬂtrglatﬁé ag%oélﬁje Eﬂ Ef.t Mﬁ?rl réset or power-up this value is set to a default
value. The calibration engine 33 counts pulses from a 4 MHz clock derived from
the system clock during 256 pulses of the RC oscillator running at its higher
frequency. The result of this measurement is used to increase or decrease the
oscillator current via the programmable current source 7. This is repeated until the

20  frequency of the oscillator is within 0 to 2.5% above the intended frequency.

In each coarse calibration cycle, the value can be stepped one value up or down.
After a change up or down, the calibration operation is restarted after a delay of
eight 32 KiHz cycles (to allow the analogue part 22 to settle) and the output

25 measured again. Once the coarse calibration is correct, the RC oscillator will be
running within 100.0 to 102.5% of 32 KiHz if rcoscCal is low, and within 97.5 to
100.0 % if rcoscCal is high.

Fine calibration makes use of the capability in the analogue part 22 to selectively
30 increase the oscillator period by 1/32. The fine calibration algorithm measures the
oscillator's nominal period (T1) and the longer period (T2), and calculates from
these how many periods N the oscillators should run at T2 during a 1024 period
sequence so that the average output frequency of the oscillator is 32 KiHz (32.768
kHz).
35



30i ncrease the oscillator period by 1/32. The fine calibration algorithm
nmeasures the oscillator's nomnal period (Ti) and the | onger period (T2),
and cal cuweater/ds8dm t hese how many periods N the oscil | aCcomGB22eteonsbdor un at
T2 during a 1024 period sequence so that the average output frequency of
the oscillator is 32 KiHz (32.768 kHz). 18 - In a fine calibration, the
RC oscillator output frequency is measuré%l as in the coarse calibration,

but at both the higher frequency f1 and the | ower frequency f2, in order to

b . X2
o0t al 1,3 COuTh e Sl RSB Rl ARl AR SRR R0 B G X
duri ng a 5perdatiratién, bubatROtio el Higretr deqesrely ¢t and the lowefeediensy Raincutiert ed as

N( X1, X2 256 *
4( 000, bob /3%8$§§5”5§&%‘§9ﬂe°f§(1)'%'#é8&' at 7 hig h%pﬁréﬁ%%)(/%l”hg’a&o“ﬁ‘l@% Val ue
nust not excedidz pag&dwher thetRAoesllatotis sunnindg atdlygylodeafequensy rauringand t he

coarse cal i b tno&’?f%hc esd'ﬂgﬂo}‘&% ecp X1 15shoul d not be less than 2.5%
belowthlsv STACE thi s 1°s estep size of the coarse calibration

adj ustment). However, since this is an anal ogue value, it is wise to allow

for double t e. Thus, for a valid fine calibration, X1
is perm ttedl"]'th('?)e \{aﬂfégﬁ@ ﬁ@ﬁéﬁgé\bg [ 29709, 31250]. 20The maxi mum functi onal

X2 value is given by an estimte of how nmuch the anal ogue 33/32 rati o may

devi ate from i dealy, o ev$| tRi,s is doubled (i.e. 34/32),
whi ch gives a naxiW N )éerm{j% ABIBB SRR L350y 52' = 53208, Thus

X2 is perifitted to lie in the range [31250 33203] . 25To ensure that there
is no chance V, hi e used for X1 and X2. The
. (%tl%tﬁ&féﬁ\% ]ﬁq‘g L0004 pizrahe used | .

cal cul ati on conp tWwo subtrac ne division (since the
mul tiplication by 1024 is sinply a 10-bit left-shift). The division is the

costly part af-r])q the coarse calibration to be valid, the X1 value must not exceed 31250 (if it
does, this is flagged as an error, and the coarse calibration must be adjusted). X1
15  should not be less than 2.5% below this value (since this is the step size of the
coarse calibration adjustment). However, since this is an analogue value, it is wise
to allow for double this range in practice. Thus, for a valid fine calibration, X1 is
permitted to lie in the range [29709, 31250].

20  The maximum functional X2 value is given by an estimate of how much the
analogue 33/32 ratio may deviate from ideal. To be on the safe side this is doubled
(i.e. 34/32), which gives a maximum permitted value for X2 of 31250*34/32 =
33203. Thus X2 is permitted to lie in the range [31250, 33203].

25 To ensure that there is no chance of overflow, 16-bit counters are used for X1 and
X2.

The calculation comprises two subtractions and one division (since the
multiplication by 1024 is simply a 10-bit left-shift). The division is the costly part and
30 is done serially. Care is taken to avoid truncation in the calculation, which might
otherwise lead to additional frequency offset of the clock. A dedicated part of the
calibration engine 33 carries out the calculation. The output value N is passed to

the control circuit 32 for the RC oscillator.



30 is done serially. Care is taken to avoid truncation in the cal cul ation,
whi ch m ght otherwi se |lead to additional frequency offset of the clock. A
dedi cat edwpant2/839vhe cal i brati on engine 33 carries out PChma&R2ai2003bEDI ON.
The output value Nis passed to the control circuit 32 for the RC
oscillator. - 19 - The RC oscillator is gontrolled so that the average
frequency over a 1024 period span w || b&% Wi thin +/ - 100 ppm of 32 Ki Hz.
The RC oscillator will run at frequency f1 (1/T1) for 1024-m nus-N peri ods

and at fr equelrhcéyR(ft: %S((, %&Zg cBr?t oIIed 88 Haqqf% a@%@é@gﬁ& 8\%[r a f(ﬁﬁfpcé‘%)%' s high,

the frequency of reduce oXi ma 3. To
mnimze ti msnngn\majrbmwtlmns“/ 1t(]®eppoyoﬂ ?é?sKlaItz THe Bfdstillatar willirnh et frequeady by t he

cal i brat i on o31/8% B 108 Rl oA Bl ARakuSREE L85 00 RNTRE-CY ! oo

Nin a 1024 c erval rcos dbt arn uni form
spreadi ng of the ghtpUDfcoeeferd Fectyighf. tiodbemn=p pf tha dRG-oscilfat@qa edoyed by oscCal =1)

cycles, a f|r |&ﬂa delta circuit is used. Figure 4 shows the
si gna- del t5a :pcwrﬁ%lr}{ / matic form It consists of a 10-bit adder

| eading to an 11-bit register. The input value N enters the adder, where it

I s 15added tol'cbrﬂﬁﬂﬁgglﬁmﬁﬂg rltaﬁgn | Caﬁftﬁéla?ﬂtfrwﬂ aTQ n?e%rljegvg(%h h%edback val ue

conprises all out u % regi ster.
Mat hemat i cal |oalibratien engineiB3. AeiIOduﬂ inpWsignatspecifing édr howl mham eslestN inkee | nput

val ue, modul OIO%Q%gfleT@ﬁwgpégsﬁaggﬁgdid:gghllgn' To 86taﬁ1hﬁnff>ﬁ‘9%;?rte‘35|f1§ ﬁHleUt

det erm nes rcosc I nput
val ue is 1|0eddce@denmrwmal—abarﬁlewrfwoemyl (msoCathbcnyIelsea ﬁ@lt-pmeaslgm is
di rectly depe capacitor ratio (02 / d), and the number of
pul ses ({éﬁg%gﬁﬂﬁﬁjg ?on interval (i.e. 1024 in this exanmple). The
smal | est step achievable is that one 32 KiHz period is | engthened by 1/32

period over t t t tlonln
25t v equency drous onRfisaft ynadels ol Kihamalsdin "BrbiuBor £50pI (°0
The cal i brat |amideeiegdlngt<33n il $-biiregistet. yTreonputolaluedV Entera thh@dder, wbewstit isn
i nterval t r%]'%
startCali % géé %gg?%g%}ﬁfhh%pre Qek gaﬁ%ht)ofhsé aoé gefétd}sg% ((?)dn 3
oscillator peaihtm(tl)helmesi sugmlflcanitblmf@utmlefromlth@r@mtem Ma'fhenetmaby di@atirduitsi gnal
is held high I ) al can thus
be used to in EUHE 'mr% f??e!(s it H}& V\NLU% ”}%ﬁ@'%@??b? ?Aoo(r%’[ll s finished
and valid butSIgnlfmnt tmt @fHee mertsrmttptﬂ\mmnmmsctcmés/ Wbigh védlhde peveyr m a

time a multiple of the input value is reduced mod 1024.

20

The resolution of the fine calibration is directly dependent on the capacitor ratio (C2

/ C1), and the number of pulses Nrin the calibration interval (i.e. 1024 in this

example). The smallest step achievable is that one 32 KiHz period is lengthened

by 1/32 period over the entire calibration interval. This implies a resolution in

25 frequency of
(1/Np)*(C2-C1)/C1=(1/1024)* (1/ 32) = +/-15 ppm.

The calibration engine 33 is directly controlled from the calibration interval timer 31.
30  To start up calibration it receives two signals: startCalib and enableCalib. The
startCalib is a short pulse (one RC oscillator period) used to initiate the calibration.
The enableCalib signal is held high during the entire calibration. The enableCalib
signal can thus be used to interrupt calibration (normally when the calibration is
finished and valid but also in the case that pwrupRcosc goes low) and perform a

35 safe shutdown.



35safe shutdown. - 20 - The calibration engine 33 is a fully synchronous
desi gn, except for the osc32Ki signal fromthe anal og RC-oscill ator and

st art Cal iwoant/®s#bl eCal i b signals fromthe calibrati onPcmGB2omlosbitner 31
whi ch are synchroni sed before use. To inprove 5accuracy in calibration, the
synchroni sation circuit is also used to ?gtect a positive edge on rcoscln
before RC-oscillator pulse counting is sfarted. The conbi ned cl ock

de- bouncer and divide-by-4 circuit 34 ensures that the crystal- oscillator
cl ock has reached stabl e anplitude and frequency before it is used in the
10ot her nodules in the design. To ensure this, the de-bouncer counts 16 Mz
pul ses for 50hendabibratieTengise B2 fsox illy Bgnobranoks dssipetexceptdodghe oF¢E2Ki

di vi de- by-4 ' Ny f in the
calibration %ﬁ%ﬁaﬁﬁégéﬁ'@ﬁélé&gg]o%@a?)%ﬁﬁe%éaﬁt?ggb é?/ cl%bgé@%}gtsi'%ls( ooﬁvy every
fourth pul se the calirationrinteg/ha) timemo3 1, dichteie syndhpertiseddeedorn ose hevien 0% dut y
the 16 M 1 st sy SR RIbA e hrinb? AR bR PERFIAIFecta fistie ' S0
Ki Hz, it usesdgesingnesclebefarenRiosdllathopulss ¢amting islsfartidves a cl ock with
average frequency of 32 KiHz, but with sone cycle-to-cycle jitter. 20 The
32 KiHz signal generated fromthe external 16 MHz crystal 11 is used
instead of t NheheROMidTEd diadtkate-lunpert anshdvide-bg-4RCcois 84 Bheatres thatthdsrystal-
ool oLl o Mol SRR S ABRE N 0 ST61 e % AR BT
conpri se 18 pradigeramobiidsan ¢he dasign. dnensaikettbigethg @adoatcar cblntsd 6dhidr gesgsunp 52,
a conpar at or L git . 4. - The digit ol
modul & 54 corp e brefh s Rro6 el Byt ISy BL B et e S oy
The char ge puirpuib24 gerwatee s AlHaohckdtraisedd thearatieraton ergite 88.oMhisleen ar r ent

fo the compardpariesd B ot R Rty R iR Bl AREnb 3 BL2n e
used to adj usiutptidoesinotdrave SAY%sdwpsyad. at nost 2. 5% of the nom nal
frequenC)ﬁ,5 for the purposes of coarse calibration.

The down-converting module 35 is used to generate 32 KiHz from the 16 MHz input

clock. Because 16 MHz is not an integer multiple of 32 KiHz, it uses a sigma-delta

method that effectively gives a clock with average frequency of 32 KiHz, but with

some cycle-to-cycle jitter.

20
The 32 KiHz signal generated from the external 16 MHz crystal 11 is used instead
of the RC oscillator output when the RC oscillator needs recalibrating and during a

calibration operation.

25  Figure 5 shows major components of the analogue part 22 of the oscillator circuit 1.
These comprise a programmable current and voltage generator 51, a charge pump

52, a comparator 53, and a digital control module 54.

The digital control module 54 contains an SR latch, etc. and outputs the final clock
30 signal. The charge pump 52 receives an accurate reference current from the
current and voltage generator 51, while an accurate reference voltage is provided to
the comparator 53. A digital input to the current generator 51 can be used to adjust
the current in steps of at most 2.5% of the nominal frequency, for the purposes of
coarse calibration.
35



-21 - Figure 6 shows the charge punp 52 circuit in detail. It is fornmed in
two hal ves, each operating in a respective half period of the clock. This
i S controvbedi2ngsidhe CHRGL 1 V2 and CHR& 1 V2 inputs. Pha&/GBR12105WA0I nput
sel ects between the | ower and hi gher frequencies; i.e. between 32 * Cunit
(CAL=0) and 33 * Cunit 5(CAL=1), by switg ing additional capacitors X2_P
and X1 P into or out of the circuit. Two“D-type flip-flops ensures that
switching of capacitors by neans of the CAL_1 V2 input is perforned

synchr onous| y-.w Cj rsi . > V2 i nput
whi ch wil | sth%ﬂr%’%esthgg’éﬁ'ﬁ et B o2 &g 1G5, s'ﬁ%?géﬁ‘,%dg”n@%rw‘gs' $tt the
osci |l | at or i remetiope®ltipg i a respective dialf phaskofitherlock. foiess ¢amvollddbyFihgur e 7
shows, by way, I : t i - i i;hration
process for t%@kgztfY?gaﬁogtr'}ﬂcﬁibr%z??ﬁ?gtsaﬂ%b%ﬁo\}?'ﬁ@ﬁ53@1‘: {3?) %évggéé]ftp ér a
reset, or whdower atefhighed fiequénsibsof.e.thetwedna3? eCap AL =) @od 38R diast
calibratian, W 7 CF | N feald ] up

(cal Sync %i gh()%rqu\IA,?fnggﬁﬁ&%tle&lgg?%%%tﬁggézt—(lg%ttgg X1IE> "l(])tétozitog{eéfﬁﬁeei r correct
ranges, a coairseit.chvo Brtgpé Bip-flops pasidres tred switehind oftcapgciarsebywmehnsoftthei r
ranges. A fi |\ } I | t : 1 L heProg
t hat control gbe '?Lﬁg\}rzg{]% ! O&mo?rahgg?noo‘?mfﬁﬁg% 'ﬁg‘ﬂéﬁ%gg‘%‘?@%ﬁ@ﬁoﬁ@rg% glé&

Duri ng the ca SYNGL I dAiInppewhith asikstop the asatlption Whem® YNE_de2islHigt andi s

derived fr OmrF%\gg%Qee&cﬁlra[b?limﬁ%ﬁ%&eyewﬂ‘z%#réc@hg%s.e he%rﬁgg(g%s I?ﬂ_eaccur ate

RC- based osci or circurt escri circuit has
been desdbi bed with reference to a 32 KiHz output frequency, it will be
under stood t i i Vel i - A2 = ai s
L i ogr at BT ERg: B dap UL Sty LEEERELr b RERUR e cefifraiaf”

confi gured t @roeessidrttod escilldonuienit & Calitytid ie pedonyedsaftbr a regetoordvifenegjuency;
and 5sw tchi . . f I i . } of a
farget frequeiiPLiFi bR R oL SERR G, 8P clbiliof SFRARFMLIE M 2 on
f requenci es arystaltoscillatbs1 tistséartedngd(cbipythbighh piX120d ¥R are deteusived hebaver age
out put freque J tor i t f Jency.
102" An 1 ribeoradg bek BBrdRdinddd; oSs BRI SR, BN Hoy SEMRRTY. 0,
one of the fithait remgds.sadioadalibratipnes tieaperformesdto ddtermintoalbéleoe dnéidwgithaine of

the two fr eq%%ﬂfrbl@?he ratio of high- to low-frequency oscillations.

During the calibration operations, the output from the oscillator is derived from the

20  external crystal oscillator 11.

Thus, an accurate RC-based oscillator circuit has been described. Although the
circuit has been described with reference to a 32 KiHz output frequency, it will be

understood that any desired output frequency is possible.



3. An integrated oscillator circuit as clained in claim2 wherein the

hi gher of 15the first and second frequencies is |ess than 10 percent higher
t han t he wower2/839he two frequencies. 4. An integrate@CogaBE2012A50r10Ci rcuit
as claimed in any preceding claimwherein one of the first and second
frequencies is increnentally adjustable,zgnd wherein the 20difference
between the first and second frequenci es“fs wider than a snallest increnent
by which said frequency can be adj ust ed. 5. An integrated oscillator
circuit as clainmed in any preceding claimwherein the switching nmeans is
configured to receive an input conprisgﬂghﬁg encodi ng a val ue 25i ndi cating
a switching ratio between the first and second frequencies. 6. An
integrated oscillator circuit as claimed in any preceding claimconprising
a cal i brati onl.contAnintegrated n$éilptoragitcuibcgmonisirde t he i nput representative of
the target freque t it chi rth figured to
calibrate the oscﬁ?{%stcﬁra{ogfg O%@“n 02? \%Isgﬁ? ﬁédogéc}g're géﬂgtf'ﬁsﬁgr\?ﬁgencg%lﬁggdat ed

i nput to the sseonchequepnogamd. WO 2012/ 098399PCT/ GB2012/ 050110 - 23 - for
each of the first and . fr J an [ i t he

SW t chi ng%rreans frsg\mmg?'ﬁgg@e%ggtﬁ:ﬂﬁgﬂ?%{oerg%e'\?&n?%éﬁgerga}e\éggtlgmea oarttarc#e?cuit as
cl ai med i n arfieqpeeceatidig seditel theaaseilaios betgedmtants st ard seabndfraquangict laé

e ol aimed | HOERA ORI BR T fo ga oo g Y SRAT SR ek BV T om e

crystal osci lthabscillatdr tb @pproginese iHel tatget frequeney.ng cal i brat ed, and to out put
a clock signal derived fromthe oscillator configured to be sw tched

10between a first frequency and a second frequency when the circuit is not
bei ng callObr &.ed. Arlidtegfated ns@itptatarduibss clbingtdan caim duitiereis adlighemedeioh any

preceding cl g, GPRRS LLA 1EhALARSSE R WA RABR MoRRFof@BARL LAECe can be

varied between'afirs
frequencies.

3. An integrated oscillator circuit as claimed in claim 2 wherein the higher of
15  the first and second frequencies is less than 10 percent higher than the lower of the

two frequencies.

4. An integrated oscillator circuit as claimed in any preceding claim wherein
one of the first and second frequencies is incrementally adjustable, and wherein the
20  difference between the first and second frequencies is wider than a smallest

increment by which said frequency can be adjusted.

5. An integrated oscillator circuit as claimed in any preceding claim wherein the
switching means is configured to receive an input comprising or encoding a value

25 indicating a switching ratio between the first and second frequencies.

6. An integrated oscillator circuit as claimed in any preceding claim comprising
a calibration controller configured to provide the input representative of the target
frequency to the switching means and further configured to calibrate the oscillator at

30 intervals in order to provide an updated input to the switching means.

7. An integrated oscillator circuit as claimed in claim 6 wherein the calibration

controller is configured to count oscillator output cycles over a reference time period



15second val ue; and a current source connected to the charge-storing neans,
to forman oscillator configured to oscillate at the first frequency when
sai d capawptaro®sis9s equal to the first value, and at thecsaBn/dsoaqUENCY
when the capacitance is equal to the second val ue, wherein the sw tching
nmeans is configured to switch the charge: étori ng neans between the first
and second capacitance val ues at i nt er vafs " 20det er m ned by the input. 11.
An integrated oscillator circuit as clainmed in claim10 wherein the

char ge-stori o | L.Qr |

connect ed 1 nitd S0 G AEMRLASeeByd b lengRE G Gashii®hn BuPBIE ARG

sel ectivel y ooearsdtaabthese gbents.he 25circuit. 12. An i nt egrated oscillator
circuit as clainmed in claim210 wherein the charge-storing neans conpri ses
first and second capacitors having respective first and second

capaci t ances,8.and An iptagratbd ascillatgreircuibag daimesst in @ang paaceding ehairofcompasing r st
30capaC|t r I tor circuit at a tine.
13. An i n'(tgeg?H%anéqgrs(zaﬁﬁ%gﬂ%ﬁ%g?s%w%ﬁ ggik&at']%?er%%% él&%y preceding claim
wherein the switching neans is configured to distribute first-frequency
cycl es anbng geco - - p ttern
or dispersi OnQSCha;%c{rméeg%s{ﬁﬁ]§¥C|I?a¥8#20§%u@§§8én inr tC%rrﬁtSéé&g?L%d ?gg)uglgrcwt
as cl ai med i releokysignaedetvied grood abwystahes@lamrw’mi%m ossiiiatny iseeimg caibrgded.ses a
1 grm- de' ta b 810k o BEROARE, dfvel BL B b A GIEAR N Skl Rhel e T TSt
frequency as uni y as possible anong frequency c es a e second
frequencyl0 0\}®rtw<aarfa fiist fEequemey ped Bedcorts frebien@ynwhert thgreat@tisostbéihat or
circuit as cI | n any preceding claimconprising a programmabl e current
sour ce, wherel n t e oscillator is arranged so that the value of one or both
of the first and second frequencies depends on the level of a variable
current withig the, o C

i nt egr at ed- ci ;bcw tAnozi%gHtg@ BLaifi rchuut a%agmiegjc'lniépgﬂ&gﬁ'@con [ gu&) %99

swi tched bet Memeastbnlngsmeémse\qhmpanthnae sermbadarﬁeobbpjwaerya fitshealrehda
conpri si f r e and
T5swi t chi'y (ReoNL iR ha A Bienl SRHGECH-BLIEHS, e ol iy Jef‘*ﬁé"#c.*‘oﬁéﬂat

i nterval s detarosciligtbr bgnfkglueeottarogetlatéraetme‘msiyreswetas/ w@mwaaheermes age

output fr equee[a%gl t8fthé ﬁlr%t \93?[94,lakata?fhets%cgrpd){rgﬁﬂe% ﬁ/h%ﬁﬁ]et(?arpg%anfcé ?sq&ﬁg?y'

to the second value, wherein the switching means is configured to switch the
charge-storing means between the first and second capacitance values at intervals

20  determined by the input.

11. An integrated oscillator circuit as claimed in claim 10 wherein the charge-
storing means comprises a first capacitor that is permanently connected into the
oscillator circuit, and a second capacitor that is selectively connectable into the

25 circuit.

12. An integrated oscillator circuit as claimed in claim 10 wherein the charge-
storing means comprises first and second capacitors having respective first and
second capacitances, and a switch arranged to connect one or other of the first

30  capacitor and the second capacitor into the oscillator circuit at a time.

13. An integrated oscillator circuit as claimed in any preceding claim wherein the

switching means is configured to distribute first-frequency cycles among second-

frequency cycles according to a predetermined pattern or dispersion characteristic.
35



17. A method as clained in claim 16 wherein a higher one of the first and
20second frequencies is |l ess than double a | ower one of the two
frequenciwe.20121iB8839A net hod as clainmed in claim17 whereiPaTidB20tvoghan of t he
first and second frequencies is | ess than 10 percent higher than the | ower
of the two frequencies. 2519. A net hod asZ%I aimed in any of clains 16 to 18
wherein the target frequency has a val ue“between the first and second
frequenci es. 20. A nmethod as clained in any of clains 16 to 19 wherein

the input conpris V. i pndi 1 Lt ehir [: et ween
the first antrj% seco@ndﬂge@?ér%&)ggﬂua%r C%JCH' ?Lé. agwrfegci'h%gygrse%\gb'ég%gg ivﬁl%ééﬁrgtr%f
clainms 16 to @@tchlugmmnscompm;ea agigmatdelia atddoptarharayged|td dtsbr'rbum interval s

Lo generate Rcefld) Glickapitie dSRIERERL AL Wfiohy LBl anE S dibqanaRgy, - 2°

- 22. A et ho as c corrpr|S| g count’i ng
oscil |l at or outyples atV\eIsesommqlancsefoaeeal&retetum@pﬁmd od for each of the first
and secong frequencies, and deriving an input representative of the target
frequency fromthese counts. 5 23. A nethod as clained in any of clains 16
to 22 conpri sitng o%linmgaatiadmgsmllaéormﬁcmt batleimealgaiany pregediof efagncemplisiog.  24.

A met .hOd as CEL@"Q%%%%‘?E%{% 3§ %}r(ﬁh%rgﬁnttﬁ)e 8§C|I9a?m£ hﬁérgb%dss\g' th&t*lhé‘galb@e

10osci |l | at or requency cycl
second- f r equarioye oy bbdtbf tttedhsstcﬁnldgﬁetmchfrm@derewavm quethe aval ofra \dirigpler si on

characteristi - claimed in any of clains 16 to 24
conpri sing cocgjpseg Wm%r? hleﬁbr g@%gg'{‘ﬁ@' oscillator by adjusting the val ues of

the firstlOor second frequenC| es so 15that they span the target frequency.

26. A net hod & Clﬁlﬂ%ﬁl%d'd?o {a @%’géln%@é%b%xé&{ g%cﬂ%kolrls\klll gm%e E)g'cﬁ”‘lla\{ | ues

conpri ses adjustlngacurre almsdlncam25
or 26 conpri 9% nonfgerddd Mersyitslaedbetwaers e fics friebuartcy @nd wteegonhtsequency, the

i nt egr at ed- CirJﬁ&HBcﬁ c8rﬁ§§i4i$gat or is powered up.
receiving an input representative of a target frequency; and
15 switching the oscillator between the first and second frequencies at intervals
determined by the target frequency so as to cause the average output frequency of

the oscillator to approximate the target frequency.

17. A method as claimed in claim 16 wherein a higher one of the first and

20  second frequencies is less than double a lower one of the two frequencies.

18. A method as claimed in claim 17 wherein the higher of the first and second

frequencies is less than 10 percent higher than the lower of the two frequencies.

25 19. A method as claimed in any of claims 16 to 18 wherein the target frequency

has a value between the first and second frequencies.

20. A method as claimed in any of claims 16 to 19 wherein the input comprises
or encodes a value indicating a switching ratio between the first and second

30 frequencies.

21. A method as claimed in any of claims 16 to 20 further comprising calibrating
the oscillator at intervals to generate an updated input representative of the target
frequency.
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28. An integrated circuit conprising an integrated oscillator circuit
according to any of clains 1 to 15 and further conprising a m croprocessor.
25 29. AmoOi2nt2gs@ved circuit as claimed in claim28 comrpriGB2n/@ofiart her

cl ock source, wherein the circuit is configured to provide an output which
can be swi tched between an output of the,oscillator circuit and an out put
of the further clock source. 3030. An inf%gfat ed circuit as clained in claim
28 or 29 configured to calibrate the oscillator in response to the

m cr opr ocess waky e o3k I . LI CYi | Sl I rated
osci |l l at or ciojrzc':ui 5& H%thcr yasstciﬁ'égd 'mgr%g(gf%’:iaﬁrﬂ%tq ggcgﬁgk%@&eﬁ%ﬁ@%@%gﬁgﬁwﬁ&g
conponent anduiput gy cles atdar ameteoererient perickd doredach 3 thedirgiandrsenambgenent
conmponent is j e r . i - - n one
or nore cri tgfe%ggg(?%g’%g td%(/'\)?{}eilgrJ g?ﬁn%t% hfeép}c[e;ﬁteﬂ?rt'%%ﬁ@%ﬁ%trfg%ug?'c@o%én ?gur ed
to cali brate aobetsi nt egrated oscillator against the crystal oscillator when
t he crystgl oscillator is turned on. 532. An integrated circuit as clai ned
in claim3l, conprising an integrated oscillator circuit according to any
of clains 1 t23.15.Am@ghodAs dlainediradmdofeiaingild t@82 comprisny calibcdtiapihel or 32,
further conprisi 1 GILO S arranged to receive a clock signal from
the crystal ods%i”?ﬁ%zri?%%&fd%%@?nc%% circuit is arranged to turn on the

m croprocessor at or around the same tine as the crystal oscillator is
turned on. 3. A |l ra%tc‘?é?mﬁbﬁrféﬂr%of%?dm%'@'té@?Bgmgﬁéiﬁ%\ﬁi‘ic%ﬂm arg! | I ator
circuit, a crystal oscillator, a tinmer, and a calibration conponent
arranged 100 amkilbloas@as hedistnbelgfisgtdeqlSuyaybleatownggacorstiraduency gstesl
oscillator at_]| val_s j i . i L.f; 1 s configured so
That the 11 macePlia Babrad PRy baifert BLEMGLER chyaBhtic 1 Sor at
oscillator except when the integrated oscillator is being calibrated,
during which Jd ne i ner.r IV . i m t he
crystal osci I%éatoré p%a{gg.r%ndél"ﬁggénr%@e Cﬁe!'rﬁgﬁp'?é glg%émgﬁ%%&?aﬁg% aim 34

confi gured scatibrating the dsciftetor by adjusting the values of the first or second frequencies so

15 that they span the target frequency.

26. A method as claimed in claim 25 wherein said adjusting of the values

comprises adjusting a current source.

20 27. A method as claimed in claim 25 or 26 comprising performing said coarse

calibration when the integrated-circuit oscillator is powered up.

28. An integrated circuit comprising an integrated oscillator circuit according to
any of claims 1 to 15 and further comprising a microprocessor.

25
29. An integrated circuit as claimed in claim 28 comprising a further clock
source, wherein the circuit is configured to provide an output which can be switched

between an output of the oscillator circuit and an output of the further clock source.

30  30. An integrated circuit as claimed in claim 28 or 29 configured to calibrate the

oscillator in response to the microprocessor waking up.

31. An integrated circuit comprising an integrated oscillator circuit, a crystal
oscillator, a power-management component and a calibration component, wherein

35 the power-management component is configured to turn the crystal oscillator on



recei ves clock signals of substantially the sanme frequency when being

cal i brated as when not being calibrated. 36. An integrated circuit as

cl ai med iwoOan2/83%l ai ns 28 to 35, conprising 25circuitrPgTiGBmiangoabl or
part of a radio transmtter or receiver configured to transmt or receive
radi o packets according to a schedul e inBéenented using the integrated
oscillator as a clock source. TevT

when one or more criteria are met, wherein the calibration controller is configured to
calibrate the integrated oscillator against the crystal oscillator when the crystal

osdcillator is turned on.

5 32 An integrated circuit as claimed in claim 31, comprising an integrated

oscillator circuit according to any of claims 1 to 15.

33. An integrated circuit as claimed in claim 31 or 32, further comprising a
microprocessor arranged to receive a clock signal from the crystal oscillator,
10  wherein the circuit is arranged to turn on the microprocessor at or around the same

time as the crystal oscillator is turned on.

34. An integrated circuit comprising an integrated oscillator circuit, a crystal
oscillator, a timer, and a calibration component arranged to calibrate the integrated
15  oscillator against the crystal oscillator at intervals, wherein the integrated circuit is
configured so that the timer receives a clock signal derived from the integrated
oscillator except when the integrated oscillator is being calibrated, during which

time the timer receives a clock signal derived from the crystal oscillator.

20 35. An integrated circuit as claimed in claim 34 configured so that the timer
receives clock signals of substantially the same frequency when being calibrated as

when not being calibrated.

36. An integrated circuit as claimed in any of claims 28 to 35, comprising
25  circuitry forming all or part of a radio transmitter or receiver configured to transmit or
receive radio packets according to a schedule implemented using the integrated

oscillator as a clock source.



