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digital frequency converter having a determ nistic phase error. BACKGROUND
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112 whose output frequency is controlled by UERR t hrough a voltage created
by charge punp 108 25 and | 8AQ@SGROUND OF THEOINVIREGN cal | y, charge punp
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a source divider 104 that divides SCLK by an integer value S to create reference

frequency fyge. A negative feedback PLL control loop 105 is formed by a phase
detector 106, a charge pump 108, a low pass filter 110, a voltage controlled oscillator
(VCO) 112, and a feedback divider 114. Phase detector 106 performs a phase

20  difference operation on fig: and feedback frequency f;,. That is, phase detector 106
generates a phase error signal U, that is zero when frg, and £, are equal, and
varies inversely with their difference. The feed-forward part 107 of the PLL control
loop generates an output, or destination, frequency DCLK from VCO 112 whose
output frequency is controlled by Ugg, through a voltage created by charge pump 108

25  and low pass filter 110. Specifically, charge pump 108 converts Ugyy to a voltage
signal that is smoothed by low pass loop filter 110, thereby providing a control
voltage to VCO 112. The feedback path 113 of the PLL control loop feeds frequency
output DCLK into feedback divider 114, which creates the £, signal by dividing
DCLK by integer value F. The output frequency of DCLK is a multiple or fraction

30  source frequency SCLK as determined by the ratio F/S.

PLL phase jitter, loop stability and response time are principally determined

by analog charge pump 108 and low pass loop filter 110 components. Capacitive

elements in these analog PLL components introduce significant loop time constants



and phase jitter that result in |oop behavior that is difficult to
understand and predict, especially when the source frequency SCLK rapidly
changes. woasnegsdn for this uncertainty, for exanple, i ®crhso3/empacitors
are subject to thermal variation of their electrical characteristics. For
at | east these reasons, conventional analog PLLs are 5 very difficult to
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Instead of fixed-frequency crystal oscillators, some known methods
implement a digital oscillator to generate DCLK. One conventional digitally
controlled oscillator is called a discrete-time oscillator (DTQ), and is shown by way
25  of example in FIG.2 as DTO 200. The DTO 200 includes an n-bit adder 202 that adds
the n-bit increment value N (a scaling factor) to the previous output value of register
204, whereby the output value of register 204 is updated with the newly incremented
value upon the next rising edge of a reference clock signal RCLK, thereby generating,
over some number of RCLK cycles the n-bit staircase output represented by signal
30  206. The reference clock signal RCLK controls the duration of each step in the
staircase output signal 206 by synchronizing when register 204 is updated with the
next DTO output value determined by adder 202. After each period of the DTO
output signal 206, a carry bit 208 is generated. Carry bit 208 represents the integer



2 WD 03/081775 PCT/ US03/ 08067 part of the DTO output frequency, and the
staircase DTO out put signal 206 contains information about the fractional
part of eaohsperirdd. A counter unit (not shown) may accumalraise3/osee’ carri es
208 generated over successive periods, thereby accunulating the integer
part of the DTO s output for use by other system corrponents. The DTO 5
oscillation period is determ ned by the MODULO (i.e., the counting range 2)
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i nput frequen (f nvert, and cal cul ates the appropriate value of N for
the DTO to ge%*1 4iog ﬁhe desired DCLK out put frequency. However, one

probl em that such DTO frequency converters hagge is that the rising-edge and
fal ling-edge of the DCLK output si gnafuﬁaymifgmzd ally niss-4dl gned
relative to 20 ideal position because changein e DTO output is nade at
the rising edgaenafSFtihm n-bitfsealinp detari(@g KY) tRllikearBsitci@ihis the otifpet j i tter of

t he DCLK h ?r es%gaéi up to one RCLK period, and the value of jitter
may be sig i han that of the analog PLL. This is

particul arly lrrporrya}malwhmsRe:lmmendmem ﬁ&ﬁ@&ﬁﬁﬂﬂahh&sﬁ%dmothe DTO
out put frequency could not be tolerated. 25 way to reduce phase

jitter in theOEPe ErRgEensy iy dagueally conirofied %@e &alu?i?fdﬂ 1 EYDI?%lYaW%Qonver ter

(DAQ) as il ustrahire D% 8 Orem Adér BtOGK sdh AGRRBRAEs the BT I'n the
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whi ch i nputs shwevn) that analyzes the input frequency to convert, and calculates the appropriate
value of N for the DTO to generate the desired DCLK output frequency. However,
one problem that such DTO frequency converters have is that the rising-edge and
falling-edge of the DCLK output signal may be substantially miss-aligned relative to
20  ideal position because change in the DTO output is made at the rising edge of the
reference clock, RCLK. As a result, the jitter of the DCLK signal edges may be up to
one RCLK period, and the value of jitter may be significantly worse than that of the
analog PLL. This is particularly important when even one instance of phase jitter in
the DTO output frequency could not be tolerated.
25 One known way to reduce phase jitter in the DTO output frequency is to use a
digital-to-analog converter (DAC) as illustrated by the exemplary block diagram 300
in FIG. 3. In the diagram, an n-bit value N sets the frequency of the n-bit DTO signal
{10, Which is fed into output module 307 for signal conditioning. Output module 307
A generates an arbitrary waveform with the same period as f;;, by taking the output of
30  DTO 304 as a memory address for lookup table (LUT) 308 which inputs the
appropriate values from each corresponding LUT address location into digital-to-
analog converter (DAC) 310, which thereby generates the desired waveform that is
smoothed by low-pass filter 312. The LUT and filter are usually included to reduce



appropriate values fromeach corresponding LUT address |ocation into
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har noni ¢ frequencies and permtting principally the main clock frequency to
pass thr oughharirogiceidgduaics distaealdtin g Dmbuﬂﬂ%siﬁ{aimﬂa&ﬂiﬁggt?qe P%?@s? Jitter.
Schmtt trigger 314 . converts the anal og representation o Ointo a
digital fr equgﬂ'ﬁ’;‘?mgé'_eﬂu?ﬁ%i‘ﬁ apdpergfting pricipaliy the 3uadn ¢loek fieguencytte passt
frequency conugdighOliere bhalss of ¥ "W :
additional ly, alufg(l)lvvs a ?egugﬁugi%g%‘ﬁ k?ﬁgﬁ %tb‘%ﬁ%g’ﬁgsé" Jfrﬁg"_ astGhl\}ltétE ﬁ?g‘frﬁsgq DCLK
range, whi ch PEVETIBE araieg Tpresantation ebhgrintofa digial fagsndy $EIK A1R fed npor t ant
areas whereg f r ed.i ncl.ud onputer . CRT and
D moni tors. pHoar o PO R PSR B o PLA B E e ¢ o 10
nul tiplicity SELE{itteepahrdditignals) allove e kedictbudied BS rhdpatelative tgarer at ed, or

converted fr el atively.f.ew preci | ock .ref erences. Functions

per f or ned tha]?ﬁ(ri?"lr\"} “t K lcﬁéséwpogﬂ&?ﬁgﬁiffeﬁligpf)@{og’ﬁ?asﬁﬁ&?ﬂ?I?T equenci es i ncl ude
i mage Sgri nks and Impbeapatcat vere ﬁa{lliénéﬁ@)nlv%efrdc £E 8fkén 1%@@2{'&%1}%9(;&% genci es
required to suppor anges in_image pixel dinensions. ough’ known
frequency con@gfta@‘ﬁ %8 %@ﬂ@é%wla@lggalm%a&%w@ applicgtiqyiss there isls syst ens
require ar evanitibheryeFdRle UEREr c1otk RGESIRE 1l &b balerflPoKedal

enci es,
there is a need for an inproved di %I t al freq_uenc% convérter g%g gn that is
ef ficient to TPMAIMEEDUPY Passiseclosk referances Fundiohsiperfarmedvhat dtivieghatesilr abl e t o
have an al | - dio@hh& dirdf-80MERCH. - - not have.an anal og PLL.
20 SUMVARY OF _TH%E%lL NVENTI ON fhedid ?’%@‘%ﬁ{dﬁéﬁ?%ﬁgé@?sn%géﬂ&%}?%lﬁ%%% W Becrs and
i n accor dancediffprefi scanminguirquoseias requirbdtopnpmenthangey ininiage pixal dibigshsand

apparatus .for digijtal conversion,usin nly digital conponents
e o ovi ded. 25 A upkFRMEIRGERT G SuPa i s ere wct Pelyde gl
conver si off i reystematdquite g ¢vat-inctoasingieuaber 6OMYEESdigal dREk G8qlchdts, HRkes an

i nput signal .to b% onverted %co versi on signal). and outputs a signal
havi ng a sel é¢f8% efg]fzfnelaﬂj’é%v@ﬁ} 1 fteﬁ‘ﬂél%yc%‘@ etlepigt thab isteliggient fie  gener al

met hod i ncl udesudetues sdted dnpaRiGer QYvoat Bd R6irabBalh AIBE &1 Si-qigied 9enerating a
plurality of time-shifted signals. The frequency 30 conversfon process

continues by TEEEPIEY coRy cftpighaisiopot haveanansieg BRLF t ed signals to set

20 SUMMARY OF THE INVENTION

To achieve the foregoing and other objects and in accordance with the purpose of
the present invention, a method and apparatus for digital frequency conversion using

only digital components is provided.

25 A general method is provided to achieve frequency conversion in an all-digital
frequency conversion device that takes an input signal to be converted (conversion
signal) and outputs a signal having a selectable frequency and phase. One
embodiment of the general method includes determining frequency setting
parameters, and generating a plurality of time-shifted signals. The frequency

30 conversion process continues by selecting the appropriate time-shifted signals to set
and reset an output signal at certain phase positions in the input conversion signal.
For example, the output signal could be set at the start of the input conversion signal’s

period, and reset at the middle. The frequency conversion process generates the



and reset an output signal at certain phase positions in the input
conversion signal. For exanple, the output signal could be set at the
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output signal having a selectable frequency. The time shifting unit can be
implemented by a delay-line in some embodiments. The output module could be
20  implemented by a set-reset latch.
A computing system and software product that implements the present
invention is also provided.
Other features, advantages, and object of the present invention will become
more apparent and be more readily understood from the following detailed

25  description, which should be read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference

30 numerals refer to similar elements and in which:

FIG. 1 illustrates an exemplary block diagram of a known analog phase locked
loop (PLL) frequency converter;



30 nunerals refer to simlar elements and in which: FIG 1 illustrates an
exenpl ary bl ock di agram of a known anal og phase | ocked |oop (PLL)
frequencywomamgrver; 5 WO 03/ 081775 PCT/ US03/ 08067 FI G 2cCrassas/oioagr am
that illustrates an exenplary digital circuit inplenmentation of a
conventional discrete-tinme oscillator (DTO; FIG 3 illustrates an

exenpl ary bl ock di agram of a known DTO based frequency converter; 5 FIG 4
is a waveform di ag i ; LAt 4 bodl 6 i error
that occurs in DTOFE?F@ZBE% g ﬁgl%?&GﬂthgHH?ﬁ%ﬁg?? g’%@@&%&%&@ﬁ@@%@%@ an
exenpl ary set ob# cenvertionhi diseeic-timmwedibatos(DTBt are used to produce the

out put clock signal, Qut-clock, according to an enbodi nent of the present
 nvention; 10 Fl G pfef o ifihdkics 8 ERnfbibl B0k B 80kAPaGhofty 18 btk f  equency
conversion system that produces a substantially synchronous output clock
si gnal , accor dieggpngcanvertaibodi ment of the present invention; FIG 6B
illustrates a detail ed enbodi nent of the present invention whereby the

di gital frequency i - L onous
output 15 ol ook sf KRt » B B RRARGER S YA ATL LA RRIEI IO, | e
that can prodeeer thiteccirsim DERiofitped; r ef er ence cl ock (RCLK) signals shown in
FIG 5, according to an enbodi nent of the present invention; FIG 8A
1ustrates a f ovplepistinghfs 6A%B BELAAGLE ATV A aHR ARG 12 Ly 20
synchronous frequency converter according to an enpodi men of 't he pr esent

i nvention; Fl @av@®mnis|thaiste weed® moducotirhatpnt dbckasighat, &t etbchpichading®o achi eve
a substanti al Heméyﬂr%hﬂt% Qus frégﬁjen .converter according to an enbodi nent
of the presen Paventton, “ARE S EPE 9 is a di agrammati c representation
of a general - purpose conputer system suitable for inplenenting the present
i nventionl06 WO O3FIOBbA7BudEks WBR8k ABGGIh of a digital frequency conversion system

that produces a substantially synchronous output clock signal, according to an

embodiment of the present invention;

FIG. 6B illustrates a detailed embodiment of the present invention whereby
the digital frequency converter system produces a substantially synchronous output

15 clock signal;

FIG. 7 illustrates a block diagram of a delay-line that can produce the time-
shifted reference clock (RCLK) signals shown in FIG. 5, according to an embodiment

of the present invention;

FIG. 8A illustrates a flowchart of a general method to achieve a substantially
20  synchronous frequency converter according to an embodiment of the present

invention;

FIG. 8B illustrates a flowchart of a detailed method to achieve a substantially
synchronous frequency converter according to an embodiment of the present

invention; and

25 FIG. 9 is a diagrammatic representation of a general-purpose computer system

suitable for implementing the present invention.



DETAI LED DESCRI PTI ON OF THE EMBODI MENTS The present invention will now be
described in detail with reference to an enbodi nent thereof as illustrated
in the acwormpasyi7fig drawi ngs. In the follow ng 5 descri ptiPecm/Uusspeasost i c
details are set forth in order to provide a better understanding of the
present invention. It will be apparent, however, to one skilled in the art,
that the present invention nmay be practiced wi thout sonme or all of these
specific details. In QHE(TERSHENGRPTIONR OF IO WIISOBAIERDY/ OF System
conponents have not been described 1n detarl in order to not unnecessarily
obscure the present invention. 10 In view of the foregoing, and to achieve
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the' rommi ni ng parbnb FEIRLY Ehshiiodna depaut itbL Bk aoro s ™
{nﬁdu::o adder . frg@f:n@h@np?tdr hms‘nd\dmﬁhtgﬁbfvr wha el elatidely sfficipt mgxﬁiﬂetoaﬂmgs mbi nt )

e Figure, an rti.o a es not wap around is given by e
di ff erence I\I—ﬁ‘?dt‘?%én‘%ha‘idﬁe l?h‘ér%an&ﬁﬁ?i’ﬁ’fag? gister is the phase of the
out put si gnal thatBéfode’éE@ibﬁig&hé’alﬁ&rgftﬁiﬁqﬁ@ﬁy tovehE of hfR8H: ifesieongh RCLK.  An
out put clock signal. is generated having an out put phase shown in the

figure as a pé‘?tﬁlbdl‘i ig helpfh tosfirgtiadenstand why BetdlQ Fh?fﬂnd BHaseis 9t spitehde at t he 30
rising edge Ofor%ﬁﬁhﬁﬁbﬁéjﬁcqﬂgﬁ%on&%i] bﬂ?@ﬂgiﬂic&ﬁ%&r&aﬁ ﬁth\é?tl:aﬂ%e Qfagone at
the next rising "~ output clock edge P e output clock
occurs at an tubgitherpisapbas shift (Pimaxshlf@ betmteemthe hneme@dgﬂ of@eferenee dlakched t he
carry througthqu of the
second half o Qhﬂ% g%%fsof liceeﬁrggﬂl'rlﬁt ﬂé%[%%tra £ gdh%ﬁ Iieﬁw 89&315 Bo 8

20 shownin the waveform dlagram in FIG. 4. In the Figure, the DTO output register

increments by N at each RCLK until it reaches its maximum count represented by the
value Q = 2", where # is the number of bits in the DTO. When the maximum count,
Q, is reached a carry is generated that signals the start of next period, and the
remaining part of N that exceeds Q is wrapped around by the DTO’s modulo adder.

25  The part of N that wraps around is represented as m in the Figure, and the portion of
N that does not wrap around is given by the difference N-m. The value in the DTO
output register is the phase of the output signal that synchronously corresponds to the
front edge of RCLK. An output clock signal is generated having an output phase
shown in the figure as a periodic ramp signal that starts from a phase of zero at the

30  rising edge of the output clock, and linearly ramps to a value of one at the next rising
output clock edge. The falling edge of the output clock occurs at an output phase 0.5.
That is, when the count Q/2 is reached the carry through count Q/2 is generated,
which signals the start of the second half of the period, and remaining part of N that



WO 03/081775 PCT/ US03/ 08067 exceeds Q2 (m contains information about the
position of falling edge relative to front edge of RCLK. It should to be
not ed, t & og@sy7val ues of the DTO output nay be determ mea/se3/sbues t hat
if they are reached can generate raising or falling edge of output clock.
For exanple, the rising edge of output clock may be generated if the 5
count @2 or Qis reached, and falling edge may be generated if the count

et ween ROLK Snat R OaLson i Ymdidf ik St ¥oB BRGR MBI 0T

t hat correspofids etige ctﬂﬁCIdésItrshd:lmﬂto hmnatmdahaiunmhye/hmesmf thé Dﬂ"@&u@:‘ﬁ@h&yout put

The phase difference, .or Pha en front edge af.. d the
i o ra i i B 8 plla i Sothiy e el S b e i BB A 1
Equation (2) &&blﬂ\MocE’hHGIEExslhprel therifibg edg®of Batbit otk midyeeqeddriibdifitise t he

peri od of ou dule i ncl udi DAC,  a I W pass
filter, awuahééﬁ EG%C eduegtfo ﬁeg tergenirﬁfgg 5 the st Qi QU 11
fromt he out pidtrea%h&p Klow e, R iaelhaXdRPhase ¥ ifGiceBetzel REAKOME Yhel 5
converter.. However, the present i nvention avoi ds anal og conponents by

provi ding t heutewtglackireppyenisl by thervalue Phase_shifs dhaicomesgprds do thedpsealied r om ROLK
that are used, ) I t ock si gnal
havi ng a deter%ntﬂnair(;s]{n?%g%ﬁc’?ﬂ%g?ﬁ geﬁ%gd %‘a?g&gpg%?&“én&g%%ge ddi ment of

t he present i pareesnfogmt etigemﬁlRtGIrKl anditheyrisifg/ fatlingedgeha fitheohitpu igndiverbe | ock
signals ( K I -t ne ated pul ses that 20 produce an

out put cl ﬁ gak%ﬁé& dcﬁgg‘%‘ﬁlgm@% n@ﬁ) %‘gse error that is equal to the tine
shift between the said refer ce focl(NShg)baTRgEK The wavefQrm di agram shown
in FIG 5 illustrates an exe%r’ %‘ §8C of irme shifted vefornms that are
used to produce the output clock signal, OJt cl ock, according to an

enbodi ment of the prasEgpix isthegstivdol RM(ei“eprpalh'rgaltsleput@iodtllerinclmﬁn§hi fted
RCLK wavef or i | t. int vef orm di agram of
FIG 5, whereby. eaicgr(t’V éﬂscszggs_ll;%r\geanr%?fo gggeg cﬁegg regsnroﬁggﬁe PAFTEr the ori gi nal
reference cl OBkas&shif{(ffor thetautpat dlbild, theetba laeiaeimtg‘ a $ymehrpn@mifegsencef er ence

cl ock by g predeterm ned v Iue JEP.. I n H odi nent the ‘8& ted pul ses,
e.g., pul £(152VBrs g@%’)‘*‘ver BEFCET B igR &V YL R SO B PIRPYIRENE | gnal are
formed by sel geidighgl RuRPBAEQRES @baaleegnms defivedifrgm ROLKIRM aRGlsld fol si ng edges
to create the rising and fallin edges of the gated pul ses, .For_the

exanpl e shomptoﬂuqeﬁéuﬁt@tya%y sseﬁleorqterorr@uteﬂ% Seﬁnal ltﬂyrleea(deteneerﬁhé%l}yonds to
the rising edgguBfied¥HaldrrdNh dt@nfbdlitdcRoretigfe@ht RWiSH, Wmultiplicity of

time shifted reference clock signals (RCLK) are created to generate gated pulses that

20  produce an output clock signal having a maximum phase error that is equal to the
time shift between the said reference clock signals.

The waveform diagram shown in FIG. 5 illustrates an exemplary set of time
shifted waveforms that are used to produce the output clock signal, Out_clock,
according to an embodiment of the present invention. An exemplary set of time-

25  shifted RCLK waveforms RCLK(2)- RCLK(D) is illustrated in the waveform
diagram of FIG. 5, whereby each successive reference clock signal after the original
reference clock RCLK(1) is time shifted ahead of the previous reference clock by a
predetermined value, STEP. In one embodiment, the gated pulses, e.g., pulse(1)-
pulse(8), used to produce the final output clock signal are formed by selecting

30  appropriate pairs of time shifted RCLK rising edges to create the rising and falling
edges of the gated pulses. For the example shown in the Figure, the rising edge of
pulse(1) corresponds to the rising edge of RCLK(1) and the falling edge of pulse(1)
corresponds to the rising edge of time shifted RCLK(4). In other embodiments, the



corresponds to the rising edge of tine shifted RCLK(4). In other

enbodi nents, the 8 WD 03/081775 PCT/ US03/ 08067 gated pul ses are instead
gener at edwby38i7mgy) t he ti ne-shifted RCLK signals as pul sePCIriSgsesos? i n
known pul se generating circuits, whereby the rising pul se edges
substantially align with the corresponding the rising edges of the
time-shifted RCLK signals used as pulse triggers. The total nunber of

pul ses bet wee I S Eﬁlgm . ]S |~ 780 r of
possi bl e posi g?t(g)n léé(%?}e?ﬁset e%ggerofa&){%e gﬁfde%gﬁ%g%C%% zss#lré’gggperi od of
t he Qut cl ockirigggnan knesvidelserganaghgmycuitsi wherdst thy esing pulssedgear e sel ected to
trigger the risi .and_fallj edges of t. cl ogk. ferri into the
exanpl e shovmsﬁlsnrsl a&ﬁlagﬁraélg%,“v“wgeCPngpﬁa‘%E%@é rgwgteﬁ%esggﬁﬁﬁgneéﬁjg%qgw cl ock)
is created bysiptdlseded hs pulsh thibgerd. el toigl :@agRr bSpuldes BétReerDiwoRisingakiddy) during
' subsequint o KELRUD? petbio hgrundivs oot bl P8t SE IWEibe 8V ECRIPE he' Qut
cl ock signal . cibbSTheaRsira gelibd 8 the OUL Btk §koft ks Retiadd gﬁ%ﬁ% depp&s ated by
selecting the appropriate tinme- shiffed pulses. It should be noted that the

pul ses that aP@sEarewiesyd fotrigaer thy risiagsand fellas edage pifout epen Refrriagpond to
RCLK peri ods %ﬁbﬁ{‘to%@é}{ 1l R6PH S FiE Q3L thQﬁ?ihg%Efi’%érﬁft @utpulémag generated by
s om t )

the DTO. In the present enbodi nent, one pu e set D pul ses is
selected to geut ceckpistoeated bytpulse@) andibe RBing edee iscrateddy palse@d) durtngr ough

t he count i [ . and, okhe. pul fram.the, set of ul ses is

sel ected t1 ((S)? rgjse 21{: ﬂ%? el}ogt g% at 11{8%35%?{1 %g?chge%dgﬁp@ggwuﬁﬁ%ﬁ&h t he
count Q 2 i s RCoRymedds (hbteshdwun)adah ba seléctelas hespitths Oui_slo2siph#f Ehabhy desi gned
to be long enough to e he.tim e.g., Sef-u nd hold) .requirenments
of set-reset frggrﬁfy %‘ﬁ?r{gﬁtocéﬁ?réqﬁlcﬁgggg%raﬁ‘élﬂ’é(rsﬁte%m{)gﬁge %HPFW2661I’6€‘Ck si gnal .
The val ue of Eif&iPFuEeenttShéulEbshbiadt th@MhOfuldeh habisk Kelpéd B Qet of RRetrBE L Cul ar
pul se nunber that is to be selected to appropri atel%éset/reset t he out put

| at ch repr esefitBut lppnearespand fo RGEK negods whin acayy Suaudheont @ e%5ouni3not her

way as shewn Ryekqmad bPhePo. 25 bel ow pul se_num = (N N)xD (3) where
pul se_ numis the del ayed pul se nunber (e.g., pulse(2)) that has the tine

shift 30 rel ati venils pragsnt ¢nshodimantpac phlsRBK thewst 0fdd pulsssppselisteddo Phase
shift in Equat] , } e e f.ront
edges of RCLK%‘Jt %ﬁ%‘ﬁt&%{l—l%c}?@g?%lthtp Ig?cpe‘k}ﬁn%}lnecag% t%ﬁlé%tﬁf ?&f?gﬁﬁ??%\ﬁ&f ﬂ’) bel ow

and one pulse from the set of D pulses is selected to reset output latch at the RCLK

period when carry through the count Q/2 is produced. The duration of each pulse is
20  preferably designed to be long enough to meet the timing (e.g., set-up and hold)

requirements of set-reset (S-R) output latch used to generate the output clock signal.

The value of D represents the duration of the RCLK period. The particular pulse

number that is to be selected to appropriately set/reset the output latch represents

Phase_shift, and Equation (2) can be written in another way as shown by Equation (3)
25  below:

(N-m)xD

ulse num =
P - N

€)

where pulse_num is the delayed pulse number (e.g., pulse(2)) that has the time shift
30 relative to the rising edge of RCLK that corresponds to Phase shift in Equation (2),
and D is the number of pulses between two front edges of RCLK. The ‘N-m’ term is

determine as shown in Equation (4) below:



9 WD 03/081775 PCT/ US03/ 08067 N-m=2"-dto_val (4) where dto_val is the
value in the DTO at the RCLK period before the clock period where a carry
i s gener awed3wbraugh the count Q This value of Nmis us@dTfusn3/bdee7 5

cal culation of the appropriate pulse_numthat is selected to produce the
rising edge of the output clock. To calculate the value of pulse_numto be
sel ected to produce the falling edge of the output clock the "Nm term
is determ ne as shown in Equatl T% (?elo N - é ' - dto val (4) 10
where dto_val is the value in t Oth¥ ROLK perl d before the cl ock
period where a carry is generat ed through the count Q2. Generally, a
sufficiently | arge nunbe of tinme-shifted, or del ayed, RCLK, and pul se

signals are cwéaneé@ﬂddﬁthewaheﬂwemq ﬁéh%@%%eemﬁbeéwreﬁh?élwhlp@mw icity can
be selected {feR8lk ﬂséeﬁéﬁ%edhﬂ@ug%%&é&n %t his Ul BﬁNHJ?EsLB&HSrHE“ od with
a carry 15 generate rough t he count r set and a carry generated
t hrough t hé codmlatioquztﬁemppmesewulngnmeh@mmteﬂathduqehmm}g eglenef ating
the desired o t Ry Kk g acchl ett he out put
cl ock edge re atr E})ug%%gklts (?‘?egteth(e)gri’rﬂ%l?%f ulilse & Cteﬁlfypr? ed by the
duration of t flicheddgy oftht am@tteﬂockSﬂiER\I nl’ I’terﬁﬁm‘stdbtﬁmhlaé as dhoen 1n/Ed1uanm(5) STEP
det er m nes trr;]g 1maX| mum jitter of the edges of the output clock. 20 The

bl ock di agran’®A"FIG 6a illustrates a general enbodi ment of the present
invention, whereby an all-digital,fredquepsy,gonverter @gstem 600 produces a
substanti aI l y synchronous out put clock signal, Qut-cloc by selecting the
appropri atle WhBﬂe-dﬁhlvﬁltledlep'ulusﬁSth'e@T@zttMLE$€1T10M0relthmﬂocklpeﬂﬂod hat Phase
shift error subst anti al | ern ni st Digital system 600 exenplifies
a system conf &E‘iﬁétcimdﬁ“’ﬁnfr é@gﬁ? ee“s"“P 2signal s described in FIG 5.
Speci fically, the GoguMily ghaticbss 16leeelimb&] DNGH timdBiffed, bﬁdeﬁa%%d'ﬂﬂlﬂ(a tinme
shifting unit 604 to_generate D tine-shifted RCLK signals K() -, RCLK(D),
wher e t he nunBitpwse signgs-acggreatedsuRihrt Wiogd heguisgs oy of ByerHdrlicHy cdhke i nput
par anmeter D. t RELKE eNcEC i nply passed
through tinme gghii&?ﬁtggaumt t%eb‘lﬁzpétrﬁgﬁ%ﬁl the%%(?‘pg?a%%ys, 30 STEP,
each subsé§uesencRGidhrugh tie com @ @rb@ambwalyeaaraf ganeratcdghnonghtheoeymt i me-

That n ol ot Bapear ke byl Ay ARy PREANRL e Bld bl FROL T 20,25,

t o gener at e t Hence, the accuracy of setting the output clock edge relative to its ideal position is

-

substantially limited by the duration of the delay parameter, STEP. In particular, the
value of STEP determines the maximum jitter of the edges of the output clock.

20 The block diagram in FIG. 6a illustrates a general embodiment of the present
invention, whereby an all-digital frequency converter system 600 produces a
substantially synchronous output clock signal, Out_clock, by selecting the appropriate
time-shifted pulses to set and reset Out_clock such that Phase_shift error is
substantially deterministic. Digital system 600 exemplifies a system configuration

25  that produces the signals described in FIG. 5. Specifically, the input reference clock
signal, RCLK, is fed into a time shifting unit 604 to generate D time-shifted RCLK
signals RCLK(1)- RCLK(D), where the number of time-shifted RCLK signals is
determined by the input parameter D. Note that RCLK(0) is the reference RCLK, and
is simply passed through time shifting unit 604. Furthermore, the amount of time,

30 STEP, each subsequent RCLK signal should be delayed after the previous time-
shifted RCLK signal is set by the input parameter STEP. It should be noted that in
other embodiments only the time-shifted RCLK signals that are used to generate the

desired Out_clock waveforms are generated in time shifting unit 604, whereby the

10



desired Qut clock waveforns are generated in tine shifting unit 604,
whereby the 10 WO 03/081775 PCT/ US03/ 08067 nunber of tine-shifted RCLK
signal s awo opBwes generated coul d potentially be | ess traa/uSos/a806such an
enbodi nent. A pul se generator unit 608 creates the pulses pulse()-pul se(D
that are selectively gated by a pulse selector unit 612 to appropriately
drive the Set and Reset lines of an output npdule 616. A phase 5 analyzer
uni t 618 recepyas, @f‘tlrﬁe-glﬁlﬁepﬁ@LﬁLﬁg%ﬂs aﬁ& Elﬂ?és gehdehEd c&u'ft%otérﬁlaﬁ’ﬁﬁé p&ed to
mark certain phase positions, e.qg. begi'nni ng and l'e, of the DTO
out put peri odthan PHprssvich i errbedimenti énwsargsmmtoledmt@gwma@et@eﬂlubei or unit 612,

and is used b 4 r erm ne which
pul ses pul se( “IQK‘%)SP%%SB@ tﬁ a?ecf efén{& s}$3 %aﬁed %fgglgétglte&t ﬁ% unit 612 as
out put cl ock ﬁ@topﬁlﬁtel}odmvﬁebaaSetﬁﬂcBnglmbsfamou];ﬁltmmﬂp]mtélﬁmﬂlpheseMG Qut put

nodul e 616 e enbodied in rrul t.al achl ev t he

functi onall ty%&F ﬁrég’étr@}gﬁﬁe’é’eﬁ‘img% ]éﬁ} cc\f,'\@%ﬁ t%TOah'ta% t%fnérr]fal 614 is
detect ed and @rtaR\Whédepositios egt, aie&)egﬂi]hﬁg ad M@k, osthe mlo &itputiperistet ect ed.

The bl ock diagramin FIG 6b il tes a detai |l ed enbodinment of the

present i nvehtif BormzHen @BV“?‘W&“%F%H sgselprirdinaifdy. gAY et 8Y PSSt em produces
a substanti al {yeclp usiy @Pﬂ“t%%ﬂﬁﬂéﬁn&bl&@%nﬁh@@ﬁcﬁ'pﬁﬁ@é puls@%‘fﬁis@ﬁ@g shdiyd sel ecting

the appropriate time-shif pul Ses to set and reset ck such that
the jitter ofp&smhr@lgb@klsﬁsel@,qmsmﬁﬂlaﬂquutﬁbék@@t&l‘lvh%e%@]é stmekite ed

| pl ement g | meuﬁ'ﬁ% @Qyﬁt%c?cfuﬁ%lk%bf b@em%g%lgé ré&lé g%‘%%gs fh'&?alphase

anal yzer unit conprises ftunctional sel ect or
unit 612 conpzrqhiees thie dmctionatigy ofdssertise B58h 066 dlocle8ate aBd4 setgighabGBtisand DTO

20 output sig DIO. i S ted DIO 651 ni ng functional

bl ocks have ag%ac% aflgaeon‘%oggfﬁ)@g tﬁé‘g rareset51§nal 631-9 ({%'n%dcorresponds to

bl ock 670, wunit GO&etmboﬁ?ﬁ’agranaﬁiFIGuﬁlf)ﬂ]ﬁlstmw&Btaﬂﬂmﬁerhbo&mémhf héPresditie
current phase, of the ou roduced by discrete-tinme oscillator
(DTO 652, whitgent tohorris e da aratss sy Sonertsl Vst PLodtses gSEPSRHEN 5 cl ocked
by a Consiﬁntsthlﬁ%lﬁ@‘éMtB_{F%él&ﬂ&&ﬁﬁl @u@‘éiﬁcﬁ@y'ﬁele&ﬁ% tﬁ@@lg&%r@téttmétsm&eda

staircase n-bit signal The fTrequency out put signal is

proportional BusestrOmdgest Ogt glosk SLNh\P%t ﬂ{ehléﬁef Q;fe%‘t_b@ck F%%lb%ﬁmaﬂ}’scal e
factor of the, [ JLP Tﬂé‘ﬁo@ BlARd i é}{léﬂéfﬁalﬁﬁ}{ shQNYEIE. Bb réﬁ?s eg%m% a%' es a
at pro e sl escri

detail ed system con uration uces t ed in
FI G 5. Speci ffodaivsyhe nlhee dmayaer unitéfl & cemprases functions] @n@kls 66R@MdG62; pulfeed into a
time shifting dé@l&rﬁ?ﬁd@ Er‘ﬂ%dt%ﬁ&ohﬁ%lsgé §§80681 6k B2 Sla6h6dnBBTE S 9nal s,
where the nunber o nal's

20  output signal, fiy is generated by DTO 651. The remaining functional blocks have a

one to one correspondence; i.e., unit 604 corresponds to block 670, unit 608 to 672,
and output module 616 to latch 678. The current phase of the output signal is
produced by discrete-time oscillator (DTO) 652, which includes an adder 654, and a
register 656 that is clocked by a constant frequency reference clock RCLK. The DTO
25  output is a staircase n-bit signal DTO_val. The frequency of the DTO output signal is
proportional to a DTO input signal N_val that can be treated as scale factor of the
DTO. The digital frequency converter 650 exemplifies a detailed system
configuration that produces the signals described in FIG.5. Specifically, the input
reference clock signal, RCLK, is fed into a time shifting unit 670 to generate the set
30  oftime-shifted RCLK signals, where the number of the delayed signals between two
rising edges of RCLK is set by the value D_val, and each successive RCLK signal is
delayed from the previous by the value STEP. Pulse generator 672 receives the
output signals of time-shifted RCLK generator 670, and creates the set of time-shifted

11



rising edges of RCLK is set by the value D val, and each successive RCLK
signal is delayed fromthe previous by the value STEP. Pul se generator 672
recei ves whasosurrput signals of tinme-shifted RCLK gener at @CTAR03/0sanT
creates the set of time-shifted 11 WO 03/081775 PCT/ US03/ 08067 pul ses. The
n-bit output signal K of divider 658 is the result of dividing D val by the
scale factor N val, or N. The output of DTO 652 (DTO val) feeds the inputs

of two unit Sy 1gsCahE ¥, r L, 562.
Carry set anafn)l/zégr Q%GOL%%E@F%%;K%&E\Q (ﬁ&%g geﬂrq?%%lﬂwﬁﬁ%mgr yll%iﬁ)%}ﬁegh t he
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that is equal HI? chgt ngéé Weeﬁl'{’f{)¥set gﬁ!}g o) a%l aaflaly erg%
peri od bef or edétérmilps nhedﬂcmﬁ@amdmm@myyhnosglg‘éa eraatnadn c@intiQ, and iy crestecar ry
reset anal ze 66 eternmn d. h carry t hr ough the
count Q 2, g "gflgﬁ?lﬁzsmﬁﬁ)é ?‘5@? H’&ﬁ@ the?]ﬁ)l@]% If-‘éé@& &4 @BBE whi ch
mar ks t he RCL&dpﬁblthI 38 ihavidlingha i€eduaMo tiddffreidctbeNch €521 thd ODOI vdlS a
value that is equal to t%(ﬁ)dlfference between Q2 and the DTO val at the

RCLK period b 2CHRrepet bderefiirarsrios ah E%Wﬁarr}{’égﬁ’éeﬁ%t?‘ét%‘au ANHPEY i er 664
cal cul at es th%séi%hﬁ%z%%@yh&ﬁnﬁﬂég%mcﬁgb@@od%%@%tcmyEﬂf'@&ghhﬁéco"t&t de, used to

set output latch 678 in accordance with Equation (3). Simlarl

nul tiplier 66endclmré%t%wv@smmémareqlwé@be&w@embwéwh gk sshe RGth@ge«i t hat
has to be;d 4 Gy CRln BYDRUL Fét@%gﬂ it yaEE 5@&@@%@\ wtwdl'%faféﬁ don (3). A

pul se sel ecto lects one—o pul ses from se genera or 672 that
corresponds t betW@ﬁm-Q/Z roditsdTO ambat tleeRCLR psrigiied@e the peasdwhert the cargt put

signal Set if. ignal strgl Ise sel ector 676
sel ects one 01‘8 & ﬁeéatﬁillg@glp l?roér%A'ﬁuHC gteaglﬁgaléy%rpugs;?ugﬁgifﬂ WS PEEEhds to
Pul se_num r estt lasth besesd td’ﬂeﬁo@pﬂtﬂiz&c]:t 67346 aeotdahdrewitEQistios (PYn8imikRelset i f
20 input si gnal | at ch 678 creates the

trob d. t
frequency glgf%rr&ééf‘][rﬁg]iatee%lhgﬁﬁ ay “?Sélnﬁgéerpﬁlﬂs%ﬁtﬂl—ﬁseéi thef bgetodst ed t hat

the digita Chsl’eﬁ'tb feket obipat 1aRh e @TatRithE bt 3). LA BBsS Rildct@7RCLK si gnal s
intime shifting unit 604 could be inplenented in many different ways. In

one enbodi nentelectsae pfitheippisescirany pyise gongiatos (73 thatcoriesnends §Falss_un 3¢
produced by aalftileﬂs@sythis pifse ?@%séﬁﬂ%u s@ngl Sef if 1@@3 rs%aﬁ S%p% eQf ad iy, MOr €

known delay elenents 704 are serla connect tappe at eac
junction nodeAtPGﬂSpS‘d@imreﬁ%sde@%@tsﬁfqilthqmﬂsemﬁommuiSEgdlem}mémf or ms

RCLK() - RCLK( DAOI‘%:E& ds tc Q?L{ﬂle%el%ﬁ %@t and ues‘eﬁqfles}%ﬁ 38 toaLss %jthe 01r1]cp111t scljg%glaﬁes 1§mant S

704 have the sa
20  input signal Reset_strobe is asserted Output latch 678 creates the frequency

converter output signal Out_clock.

It should also be noted that the digital circuitry that produces the required
time-shifted RCLK signals in time shifting unit 604 could be implemented in many
different ways. In one embodiment, the multiplicity of time-shifted RCLK signals is

25  produced by a delay-line 700 shown in FIG. 7, where a chain of D or more known
delay elements 704 are serially connected and tapped at each junction node to produce
successfully time-shifted RCLK waveforms RCLK(1)-RCLK(D) shown in FIG.5. In
the present embodiment, delay elements 704 have the same fixed time delay equal to
the STEP above. In some embodiments, however, delay elements 704 have a

30  selectable time delay.

Referring again to FIG. 6a, those of ordinary skill in the art of digital design
will appreciate that the pulse signal generation in pulse generator unit 608 and the

pulse selection mechanism in pulse selector unit 608 can be implemented in several
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t he STEP above. In sone enbodi nents, however, delay elenents 704 have a 30
sel ectable tine delay. Referring again to FIG 6a, those of ordinary skill
in the arwoaB/ogli7git al design w Il appreciate that the pulPEa/s0g08ab7
generation in pulse generator unit 608 and the pulse selection mechani sm
in pulse selector unit 608 can be inplenented in several 12 WD 03/081775
PCT/ US03/ 08067 known ways that suit the particular application while

operating witRjft ?x%rﬁﬁ&%ﬁit e paltliBiaf _pﬁbﬁioﬁ 6o @rgtir%exﬂﬁﬁiﬁlthe@@%é};% to

produce a substant |y synchronous digita requency convert FIG 8a
il lustrates atlfdhsvimdestriteid ganerelmastiadd trptdduck 8B00stewiallyshncbvaons dgitadt anti al |y
synchronous_f Leguens Y. Conyeri @ R E0rdl ol 8, A STB0dL TR M Rofig L e Present
i nvention. Thé g’#es ht Fretquen'cy conver si on process Qbegl ns a §(E)2 by

det er mi ni ng t hehieyzprsopstarmiaty fyrehpoanc\fregadricy nehveacraedrding to at endidljimeatich as

the frequenc etting.N val t he nunmber of pul ses between t front
edges of RoLKOF Bopiseit inyraton, ' prir: SBMEEY Gnvision PResra s p S ve

enbodi ments, @akanBinglihe Aptopeiste MYuent sdt@dtharddectddlac80RERM adtheany step in
t he frequency conversion nethod 800 10 befqre the partjcul ar paraneter is

required. The fieareoeypstangy_ ot and thenwpber pbpplses petvepevo Eretess oGREEE i s
produced at 868 yandn§ PRsE AESRARAIRY Mt dveRld fnldenflodlhdies phtbhbed pul ses

at 812. It should be noted that in other enbodi ments the tine-shifted
reference cl selkeshgnansteadey colsulgied ef aystepiie ihediequmcy eonvarstoaarindthodgdoh st ep

804. The t,ne i . I i . i . - rected
out put si gﬂr%al Bgt;%gé %éﬁ%’g?lg%\sp‘%é f?errﬁ%&g%gbr ?@glt’ipgg‘%ﬂ‘gﬁ%‘%%é?%ﬁé@é and
pul se_num r eselock silgrds ispavdunat @868 addtht barespondignhul gplivdgtiofeme,shifteé set and

reset pulses arg ti synchroni W th the start nd m.ddl e of the DTO
ref erence si gﬁ&ﬁespaég?%dft g%%‘g‘i’/eer}o?eryotﬁﬁé? Otilﬁ’be O tﬂ%ﬁmeéﬂ%‘Sgé&%%"Sr
trigger point gldcR sighalt mhinBe s@lcafddadiBetr dnchurfeadPivith isgpaD4S.. TKhé-nUi Ng Wi th
the present enpaqdi nent, the tine-shifted pul ses that corr_esEond to the
desired ri si nghi¥ed BWeFsearPIPRRlingigdac disiredrhagseqsizeted PBwRt dggnate sdpdedised at

820 to gener abegfdRcérliDlbAthRPelse fndh dethd e Shulf rebd 8cl0d hRidmetek0 4 il gnal .
The process repeats at 804 to generate the ™output clock signal for the

next output cpisskatgmbpdmeniviesehaad respitpulsipe dinisd to aipphreeiza el thawart t he
described stepgq g &ne4& gbééﬁfef’eﬂge dﬁg@g%éerf&d.s BOGeer, &hér%ﬂ{ﬁghﬁ{éﬁ%% he order

of the various steps nmay anged, steps elimnated or combi ned, 25

and ot her s addbehse Bthg: tri@peripoinisto eatitghe geldciedwethvad reseif signalie Cantimdngreithod 850

to achieve a the present embodiment, the time-shifted pulses that correspond to the desired rising

20  and falling edges of the output clock signal are used at 820 to generate the rising and
falling edges of the output clock signal. The process repeats at 804 to generate the
output clock signal for the next output clock period. Moreover, it should be
alﬁpreciated that the described steps are exemplary, and that in several circumstances
the order of the various steps may be changed, some steps eliminated or combined,

25  and others added.

FIG. 8b illustrates a flowchart of a detailed method 850 to achieve a
substantially synchronous frequency converter according to an embodiment of the
present invention. The present frequency conversion process begins at 852 by
determining the appreciate frequency setting N_val and the number of pulses between

30 two front edges of RCLK D _val. The multiplicity of time shifted reference clocks is
produced at 854 and corresponding multiplicity of time-shifted pulses at 856. The
coefficient K=D val/N valis produced at 858. The process starts after the rising

edge of RCLK at 860 by incrementing the DTO by the value of scale factor N_val at
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substantially synchronous frequency converter according to an enbodi nent of
the present invention. The present frequency conversion process begins at
852 by dwDaBBYIT7THg t he appreci ate frequency setting N valPcansos/bseenunber
of pul ses between 30 two front edges of RCLK D val. The multiplicity of
time shifted reference clocks is produced at 854 and correspondi ng
multiplicity of tine-shifted pulses at 856. The coefficient K=D_val/N_ val

i s produced at8685$her3'a*fe>r,ph@e asIWs irﬂéﬁ@dﬁfth&ip&&ﬂlaﬂy soeArreR OBk, TLK at
860 by mcrem;n I\%%ﬁ% Ia g}/ R val ue of scale factor N val at 13 WO
03/ 081775 PCT/HEGZFGREEdonHers 866701 7He$78 tbﬁéﬁféh%wéput\wch Ehepseenddnt  and
potential |y copadn flﬁnide@é’té}j?,@ﬁgséﬁfrm szfd thittreddt &R@Hldté}ﬁ' (Bt 5D BRY) 866, 870,
874, 878 that set the_ output |at ch. The second i ncl'udés "st eps 868,
872, 876, 880 OPWQESI%%WHM%WW qaatvéhfoughtth%exmunec@mm bt oy isi gnal i s
anal yzed fer gaiived IeAURN 36 AR LS CANBL orPoeddarl £i35RY siglyp> P 2duced,
na

then the dN set value and Sét strobe are gener Set
strobe narks SHestrbernasstheBCh&vienigd hamaganyamﬂ thére-bit-dbi_bet GHus Bteqval ue is

et ore pori 00" Phakarry e edEd bR A o B K peoepremoa "

Pul se_num set thessalpmua‘gmma‘ddaﬂ“hﬁﬂaaqulatmﬁmﬁbéﬂmeaé themOSet ReBBmdana: §%4,
det er m nes V‘h\v[%h (?heevaY %Gse Wi | It subse uentl 10 set the out put I"at ch.
The del ayed pUl'Se Corr BsPHoRET-AHm 8ot SEieeRne ek feldyed pulse wilbwbagquerslys and i s

used at 882 teetﬂ&toultmn&lawht Mt dblay@dpulst B6rrds BPafur eset
868, %7?118876 gmaﬁgt shourﬁlg{%eetqi%?eé’ﬁaa in

t he out put h at ste
some enbodi ne Egandéf uggd E@%ﬁ@ﬁtﬁhﬁo@t@mtqk@é@e spEelprobesiuzd is ysediteo rasétiey
enbodi nent s sb@ps 1&éKtarighs @5@ 87@1%‘976%06%%}1&51&'96 n&YP ﬁlgi}/% Sblalle%lﬁla? mﬁrg[gever al

appreci ated that the describ ed ste({)s are exe
ci r cunst ancesSEMESIRiaE boxcluded. A lmllxtnep@elrmlyoddenemﬁmejgedz} aIRI8T6 St eps

elimnated or a illustr S a conputer
system 900 err111)1lgg3[;ée)%i)&):ﬁg1Ed rr]gﬂ r%’%feﬁ? %&9@& E{ngecpteg%ha'&gle% ‘Wi’leﬁ? F(I?f(ﬁ\%n?n t he

art, ROM &tt se¥egitaransd at masbwramdcumamemﬂw ordsr ofhd vahone&tisanaitey to the
CPUs 902, whi aII ta and 20 instructions
in a bi-di rec‘%}?18%%@\/&;11&:SLe eh Qﬁﬁ %96%@1}@@%@9&11,%“ ude any nunber of
processors. Both ora e devic (804 6 may include any suitable
conput er - r eadabl ewr%gg?a}/usiat eco a‘t'f %s?eél?i “H’a@fﬂﬁ? spemGiiten is typically
a mass nenoripvehtioncAs id melblhtbo.rndﬂtmlaﬁdROM bt tﬁ@ﬁahgé}ada{a\/anh(?ns@g nd02 and

rovi des addltlon ta st e capac . The mass nenor evice 908 is a
E onput er uni-direc onfﬂ?y to the &gt?sg 902, WBJI RAX/I is used typically to transfer data and

20  instructions in a bi-directional manner. CPUs 902 may generally include any number
of processors. Both primary storage devices 904, 906 may include any suitable
computer-readable media. A secondary storage medium 908, which is typically a
mass memory device, is also coupled bi-directionally to CPUs 902 and provides
additional data storage capacity. The mass memory device 908 is a computer-

25 readable medium that may be used to store programs including computer code, data,
and the like. Typically, mass memory device 908 is a storage medium such as a hard
disk or a tape which generally slower than primary storage devices 904, 906. Mass
memory storage device 908 may take the form of a magnetic or paper tape reader or
some other well-known device. It will be appreciated that the information retained

30 within the mass memory device 908, may, in appropriate cases, be incorporated in
standard fashion as part of RAM 906 as virtual memory. A specific primary storage
device 904 such as a CD-ROM may also pass data uni-directionally to the CPUs 902.
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25 readabl e nedium that may be used to store prograns including conputer
code, data, and the like. Typically, mass nenory device 908 is a storage
medi um suwb casse7hard di sk or a tape which generally sl ower/uSax08opT i mary
storage devices 904, 906. Mass nenory storage device 908 nmay take the form
of a magnetic or paper tape reader or sone other well-known device. It
w Il be appreciated that the information retained 30 within the mass nenory
device 908, nay, i(QPEPPOPRELRLCOGARAS ond@ rh&ls HpRPERMEUIiBes AbANMALG fashi on
as part of RAM 906 as virtual nenory. A specific primary storage device
904 such as aitcHdRdAMt Agyoblimiediasdevipat sichas videq menifash flabk/balls, mise CPUs 902.
14 WO 03/ 0817 I 7 : - nor e

i nput / out put gg@%ﬁ@%@#ﬁ%’? t?r%:?% }eﬁ%ﬁ%ﬁ%@[a‘%? a%%hgﬁ%é&% ﬁ?ﬁeﬁéﬁgﬁg&devi ces
such as vi deoonpapet Bpsieadars tdbldbs bilybisesnvaes, or haedppitingdscognizens aplotees,
touch-senskti di r.card readers. nagnhetic r.paper tape
r eaders, tgbl é@%g%é%%?e%e&{c\%g?%gag rOf gcéurnégf\’/v(r)tl?l riCr?fgnp}ltéetrzsogglﬁlilaglg’rg?ﬁso$&ot her 5
wel | - known i npptiondBy imae de saupledas a cahputator ssteconinmaicataiymetvenis e ghianal | y, CPUs

902 optional y be coupl.ed t C uter or telecopmunications network,
eg.. "on T nt LB AR Pl B v Rk SoREENE: & Hethork
connection as g&ieeily at gENEWah bichaineBotk cofinbtiohlig i Rnieeipyaidiha apnemyd on, it
is contenplated that the CPUs 902 m ght recelve information fromthe

network, or nPYhiIENhrgsEYe inirBHen frem thegetwk i nHeht it informkiioniodis e of
per f or m nggt hgeRBAVSHES Gt BEF R RRdhSIHBDS destlifdd m tﬂédﬁgtgagt S whi ch i s

often represented as a sequence of instructions to be ex usi ng CPUs
902, may be r &dematan,fwhieh iapferogpiserntedds & sequbecerpdingndtions torbeexenwpide, i n
the formof a_g [ | ' ' rrier ve. The.
above-descri bgﬁggggy?%%%% ﬁlrrr%?%recll %P@%\%h ﬁﬁitp tgedﬁcé%%ﬂeg&r%\g%i%ggggb? ski |l

i n the conput te forar divacompaited dati Siged fethadied Brd carrieAabhe Ubike abaveydeacrited/

enbodi nents of, t.he esent. inventian haye been. . .described in, significant

detail, it shifigs god atp palhe %aﬁ’glt‘arf%ﬁ“’ Qlskifin \FBH’PP*Sﬁf‘%‘Wg%J embodi ed
i n many other sgpeesd fdtsc fornms without departing fromthe spirit or scope of
the invention. For exanple, although the illustrated enbodi nents were shown

to 20 have one out gukough 06l afewieaBo@RentdbOINe Bttt i@hiidthakk béencer t ai n
predet erm ned, pqQsitions, of the DTO out put signa i.e., Qand Q2

. D (. :

cor r espondi ngdesErten Sggidian detaih it thatlddegegersied bpdhe prefral Wiedics 1¥8d t hat
in other embogi smidediiesfy 889LspeliAR &rfnk AthoRASHAHiQNBodTRYe BiitoPa3ged and
t he nunber of positions may be increased. Therefore,

of the invention. For example, although the illustrated embodiments were shown to

20 have one output clock period per DTO output period with certain predetermined

positions of the DTO output signal (i.e., Q and Q/2) corresponding to the edges of

output clock, it should be understood that in other embodiments these edge transition

positions may be changed and the number of positions may be increased. Therefore,

the present examples are to be considered as illustrative and not restrictive, and the

25  invention is not be limited to the details given herein, but may be modified within the

scope of the appended claims.
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the present exanples are to be considered as illustrative and not
restrictive, and the 25 invention is not be limted to the details given
herei n, bwbDosmgi7be nodified within the scope of the appemdedsod/edons. 15 WO
03/081775 PCT/US03/08067 | claim 1. An apparatus for digital frequency
conversion, the apparatus conprising: a digital tinme shifting unit
configured tlelgmt put a plurality of tinme shifted 5 reference signals; a
digital pulse generator unit coupled to the digital tinme shifting unit,
wherein the digital pulse generator unit is configured to receive the

plurality ofy ti i : ' : cality of
time shifte pﬁﬁgdggajaglfsgl gllégl%%ﬁgggygh%ézlg?’ tﬁ%&%ﬁ{o@ f%&)ﬂg’ he digital
pul se generat or uwndigitallitnedhéftiag mnitenfiguyed ol ouppna eplambtyyfaimashified s

confi gur%d to receive.a source signal having a first frequency and to

out put a’phase’ WF’&‘?er?ég‘}agsm to the digital pulse generator unit; a digital
pul se sel ector unjj; : ; i :

Genor ator uni 1, whaFeh i EeehRabl SRR AITh SRl iing s IREVBURE

out put a set s &gitphablsageheaatpewst is sog@irebseceivpthe plivelifylofitiald ty of tine

shifted pul ses .apd.the phase.informnation; d a.digital aoutput nodul e
coupled to theS}Hﬁa‘? ’Eeg?f%fﬂ %@akeﬁgg?‘ﬁumqﬁaﬁ&]%ﬁ&ﬁg}lhg p'glﬁ Sout nodul e is
arranged to generaligitd pihsd atnaiyzatﬁrmou@eg@@thepﬁgﬁ%gg@e %@ﬁ&ﬁt@r udif, equency

based upon the set signal and’'the reset signal. The appar at us of
cl ai m 1 l@her ei wheteén thaldigitat phase pralyzen unit i gonfignred dorpacetye s sonrce sigoal at i on

Val Ue- cor r eepoltifi® fEr e SSRGS L AU REF S REen So G E R EIB e ¢ ol 1 o
unit for provi gédigatér utiil;s€ sel ection val ue based upon the second 25 value

and the phase rnformation; and a pul se sel ector nodul e arranged to provide
t he correspondi ng digited pytsefseleetor wuit emwladdotthrephose ardlyges inigrand fee pueet

si gnal based upgn_the | se_sel.ecti. va 3. r aim1l
wherein the ti enegzﬁ?%lfrﬁnév ahi h]ie%lh 1%33%18%36 %ﬁt(gy@ﬂﬁﬁgﬁ Qgg‘}g% ldﬁtpﬁIa %t
15 signal and a reset signal based upon the plurality of time shifted pulses and the

phase information; and
a digital output module coupled to the digital pulse selector unit, wherein the
6utput module is arranged to generate a digital output signal having a second
frequency based upon the set signal and the reset signal.
20
2. The apparatus of claim 1 wherein the pulse selector unit further comprises:
a calculation unit arranged to calculate a second value based upon a frequency
setting value corresponding to the source signal and a first value ;
a multiplier unit for providing a pulse selection value based upon the second
25  value and the phase information; and
a pulse selector module arranged to provide the corresponding time shifted

pulses to the set signal or the reset signal based upon the pulse selection value.
3. The apparatus of claim 1 wherein the time shifting unit includes a delay-line.

30

4. The apparatus of claim 1 wherein the output module includes a set-reset latch.
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4. The apparatus of claim11 wherein the output nodul e i ncludes a set-reset
latch. 16 WO 03/081775 PCT/ US03/ 08067 5. In a frequency conversion

devi ce, awowsled7df frequency conversion, the nethod conpCirdaisngjotobe st eps
of: (a) determning a plurality of frequency setting paraneters; (b)
generating a plurality of time-shifted signals; 5 (c) selecting an

appropri at e i Irea fbipfeney caivgrsadn devices nethodutffreueicyrahvdrsiordheomethodf i r st
reference signal; (d) selecting an appropriate tinme-shifted signal to reset
the output si gPIPPBERSHCSHEPSORe first reference signal; and (e) generating

the output si g@ge{émglgﬁg?keﬁ?@&???grgeu&@Sgtghgﬁgalﬁgle{ewe-shi fted set 10

signal and the ecte reset sig . 6. 'The nethod as recited
in clai m5 whe(®igentitng b phablityeftnetshdtedisign@als) furt her conprises the step

of : (f) generating a.plurality.of .tine-shifted signal erived froma
second reéferen S%?St”gg ghagpropsia %@efgg{f%gél%@fi‘ipé@?%ﬁﬁ?ﬁ Ségnﬁfﬁqsgd PBAt her
conprising the stfﬁgtlgférerfcg)sigf%l@erati ng a plurality of tine-shifted pul ses
derived fromthe plurality of tinme- shifted signals, wherein selecting the
appropri ate ti (d-sslectingan appgepriate imechified sigmablotreset therauinies signakbased 9n of
tinme-shifted pul Sﬁs Sg The neth '(rj?é‘ﬁs recited in claim5 wherein selecting
the appropriate tPeErERFEPIcage sigh s in (c) further conprises: (h)

det er mi ni ng t he)SteAbiatiaf ti dHet BRhhIOHaQoreQRonllh tthe kalbatenaR-shifaake and 25
(i) selecting the appropriate tinme-shifted signal to set the output only

when at 10he st arsignaf anhheselested timg-shifted raset Bigtlalas recited in claim 5
wherein selecting the appropriate tine-shifted signals in (d) further
conprises: 30 (j) determining the mddle of a period of the first reference

signal ; and ¢ k)rhs aleBitdd d3gedifed implaine Brwittkén theBers périeealioni ig i) futtberr eset t he
output only when at the mddle of the period. 17 WO 03/081775
PCT/ US03/ 08067 comprises the step of:

(f) generating a plurality of time-shifted signals derived from a second reference

15 signal.

7. The method as recited in claim 6 further comprising the step of:
(g) generating a plurality of time-shifted pulses derived from the plurality of time-
shifted signals, wherein selecting the appropriate time-shifted signal in (d)
20 selects from the plurality of time-shifted pulses.

8. The method as recited in claim 5 wherein selecting the appropriate time-shifted
signals in (c) further comprises:
(h) determining the start of a new period of the first reference signal; and
25 (i) selecting the appropriate time-shifted signal to set the output only when at the
start of the period.

9. The method as recited in claim 5 wherein selecting the appropriate time-shifted
signals in (d) further comprises:
30 (j) determining the middle of a period of the first reference signal; and
(k) selecting the appropriate time-shifted signal to reset the output only when at
the middle of the period.
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10. The nmethod as recited in claim5 wherein determning the plurality of
frequency setting paraneters in (a) further conprises the step of:

det er m niwg 02081775t set of parameters required to generat @Crhusopososal ity of
time- shifted signals, wherein the first set of paraneters includes the
anount of tinme 5 shift and the nunber of delayed signals. 11. The nethod as
recited i n dDaTim hétholas edcitediat daim Himhgreithdetgininiak ithe/plofalify effiemeycy set ti ng
parameters in (a) further co ises the .ste alculating a first

r of :
constant used mcgﬁ@r%m??@rﬁéﬁ t egicawgpse§éﬁ%g91? ﬂg in both (¢) 10 and (d),
wherein the firsyeaRshdY fitss sd?d?poralRiROtquied %Q%H&B@’thé Blutd17@ oF B
corresponding to the first reference signal and the nunber of del ayed
signals. 12. Ashifyst sgndlewhdiag thel firstrsetiofapreametonsesledes the atheunt p& time
conprisipg: a prpcessor arran tq determine a plurality of frequency
setting gar arreﬁ’é&?{‘gﬁlfémglbﬁmg%g%y&as gnged to generate a plurality of
time-shifted signals; a processor arranged to select the appropriate

time-shifted signal to set an output signal based on a first reference
signal ; a prldcEsswethadnarmséad iocleigl E¢ wheten dgipropng sheplufatity effisquerrysi gnal

to reset the output signal. on the fi ref.erence signal; and 20 an

i nput / out put d%e#}fﬂz%paé?rp%ﬁlﬁéﬁl@ﬁ%ﬁ%@f’gpgs?sﬁéé%‘8?§fjt signal that corresponds

to the set and r%&@hlaﬁh?@@i‘rﬁ-coﬁéiant'ﬁbﬁi 5y teemeashifietsifged stlactitigdh Both2(cpvher ei n

t he generation of the p uralité of time- shifted signals further conprises:
¢

25 a pr dBessor angr(dhrvgesiein theylbisbeansiantis preadLam hojh afredpensy sefting 84U gnal s
derived froma_seco f i . i.ted in claim
13 furt her conprTepaang i SR erfleliiensd fng R GuRbEL FORC S, | O
time-shifted pul ses derived 30 fromthe plurality of tinme-shifted signals,
wherein the signal s selected to set and  reset the output signal are

sel ect ed frdm frasismuipafisityl Brquendreconneriondths sy Ler compripen3/ 081775

PCT/ US03/ 08067 Jagjro%sg&m}lggd tBrdg%ﬁﬂF}e%&ﬁ&[‘Aﬁ%r Jf%eﬁ% ts@{tin%r G RTY,
conversion, the conputer program product conprising: conputer code that
determi ngs a pl uragrbtessafardangsiue peyeratetat plmglifyeofdaimed-shrified sigoalput er code t hat

enerates a plurality of tinme-shifted signals; .. . .
J P a proc):/essor arranged to select the appropriate time-shifted signal to set an

output signal based on a first reference signal;
a processor arranged to select the appropriate time-shifted signal to reset the
output signal based on the first reference signal; and
20 an input/output device arranged to generate the output signal that corresponds

to the set and reset signals.

13. The system as recited in claim 12 wherein the generation of the plurality of time-
shifted signals further comprises:
25 a processor arranged to generate a plurality of time-shifted signals derived

from a second reference signal.

14. The system as recited in claim 13 further comprising:
a processor arranged to generate a plurality of time-shifted pulses derived
30 from the plurality of time-shifted signals, wherein the signals selected to set and
reset the output signal are selected from the plurality of time-shifted pulses.
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5 conputer code that selects the appropriate tine-shifted signal to set an
out put signal based on a first reference signal; conputer code that

sel ects twe oapprapri ate time-shifted signal to reset the Pomtysos/o®sYnal
based on the first reference signal; conputer code that generates the

out put signal that corresponds to the selected 10 set and reset signals;
and a conpull&rA cemgaiet progemth pradubtafor digiialefequinecyconpersion, thodempiér The
conput er program product as recited in claim15 wherein the generation of
the plurality RSPERMRIOGCOBATIENGnal s furt her conprises: 15 conputer code
that generates acghyfittddé Bl delcindlh phishithlod NehRendfiRelphaiiichs; Second
ref erence signal. . e conputer program product as reci Ped in claiml16
furt he[1 ]E:orrpri si ngmputenoqisttkat genetetes h aturglépef dmesshiftedl sigmals; t y  of
time-shifted pul ses derived from 20 the plurality..of tinme-shifte i gnal s,
wherei n fhe si gn§PEPYier erdedbptisgle tét%heaari’é?rcﬂg’? tlr{lﬁﬁ%gﬁ{l ﬁ@@f’j%aa\n ot

sel ect ed fromdﬁ%ﬁlgéééaq,hiatmsplfefetréﬂggsgggﬁted pul ses. 18. A conputer program
product accordihg to claim1l5 wherein the conputer- readable nmediumis one
sel ected from t heogpuepcalsribatstlenly thef apprajuiate tuneshbifted Sigaplfodesstithen a
carrier wave, wﬁw@%egﬁﬂle%rgtkfefe?erfclegf)gﬁgl;d' sk, a tape drive, and

sem conduct or

computer code that generates the output signal that corresponds to the selected
10 set and reset signals; and

a computer-readable medium that stores the computer code.

16. The computer program product as recited in claim 15 wherein the generation of
the plurality of time-shifted signals further comprises:
15 computer code that generates a plurality of time-shifted signals derived from a

second reference signal.

17. The computer program product as recited in claim 16 further comprising:
computer code that generates a plurality of time-shifted pulses derived from
20 the plurality of time-shifted signals, wherein the signals selected to set and reset

the output signal are selected from the plurality of time-shified pulses.

18. A computer program product according to claim 15 wherein the computer-
readable medium is one selected from the group consisting of a data signal
25 embodied in a carrier wave, a CD-ROM, a hard disk, a floppy disk, a tape drive,

and semiconductor memory.
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