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CONVERSI ON FI ELD OF THE I NVENTION 5 The present invention relates generally
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112 whose %ﬁ? put F?%agﬁgﬁcgy is controlled by UERR through a voltage created
by charge punp 108 25 and | ow pass filter 110. Specifically, charge punp
108 converts UERR to a VeAd@&RomiyBeiT i§goot hed by | ow pass | oop
filter 110, thereby providing a contr to VCO 112. The feedback
path 113%0f the PLL control loop feeds frequency out put DCL& |bnt_o Ieedback
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03/ 081775 RfHitiokd AaAAFAGL 100 that takes a digital source frequency SCLK. as an input to

a source divider 104 that divides SCLK by an integer value S to create reference

frequency frgr. 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 fiey and feedback frequency fyace. That is, phase detector 106
generates a phase error signal Upgg,, that is zero when frer 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 Umu; through a voltage created by charge pump 108

25  and low pass filter 110. Specifically, charge pump 108 converts Ugyg 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
DCLXK 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 componenits infroduce significant loop time constants



and phase jitter that result in |oop behavior that is 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 (DTO), 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 each period. A counter unit (not shown) may accunulate the carries
208 generated over successive periods, thereby accunulating the integer

part of \%“33/&3]-7955 out put for use by other system corrp%}ﬁﬁgoimpg?e DTO 5

oscillation period is determ ned by the MODULO (i.e., i ng range 2)
of the DTO adder, the value of N, and the RCLK frequency F according to
the follow ng Equation (1): SF FDc _ MODULO X RCrK 1 where SF is
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relative to 20 ideal position becagse Chaige iant he DTO out pteb i s made at
the rising edge of the reference cAGckmoRTI®” "*Asa result, ‘tthe jitter of

mmy be s gn PEESRITY b Eane e D B Tors ety et Thi g s L
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whi ch inputs the )
shown) 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-cdge of the DCLK output signal may be substantiaily 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 (DACY} as illusirated 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
fyro, Which is fed into output module 307 for signal conditioning. Output module 307

 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
digital-to- anal og converter (DAC) 310, which thereby generates the desired
waveformthat is snoothed by |owpass filter 312. The LUT and filter are
usual ly included to reduce 3 WD 03/081775 PCT/ US03/ 08067 harnonic

frequen j tion in the DTO out put signal by bl ocki t he hi ghest
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is provided. 25 ener al thod is provided to achi'eve Trequenc
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having a sellsggéeagclﬂean%e Uﬁ c:g?/t dléeﬁhase. One enbodi ment of the general
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frequency converter that does not have an analog PLL.

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



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

m ddl e. ‘f@ﬁ @r%guency conversi on process generates the 4 WO 03/081775

pcT/ uso3YBEHEY But put signal that corresponds to the EEPEPAY i me- shifted
set signal and the selected tinme-shifted reset signal, thereby producing a
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the mul tipl %gﬁfryﬁ%ﬁed%t%uﬁsfﬁﬁ%aéeoapﬁﬁ%ag@ usﬁgmag‘géeéftéll‘ﬁ%fpuhni t selects the
appropri at esignake shifted pul ses to set and reset the output signal. The

pul se sel ector uni t, r.ecej ves ase information. corres ding to the

i nput conver si on]églneg%%omtnﬁg& Bnaapp%%fﬁ&#\‘eqaﬁggéoqﬁréﬂogfgovaﬁgﬁabrOvi des to the
pul se selbec trplemmmistthe kst oetiat. pTHeSpparaet incledeg A filne siflinguniek@taksd gnal to an
out put nodu : . or.respondi.ng .di gi.t al. .. aut put signal having a
sel ect abl e r%é%éjg%gy%%afaﬂ%%m@hﬁ tgff' Pﬁfﬁlpgcﬁtytog%’Eﬁsrﬂ%e%irﬁgfﬂécﬁe nted by a

del ay- | i ne #signabsofe bmb chdftevigeference Tigealoart fed tntore puléeczenmatbrdmbéhat 20 i npl enent ed
by a set-re I ikits QPRI e rpduct that

i npl enent s ?ﬁ%ﬁsﬁgéergﬁeiﬁ?ﬁn?ﬁvent%hgﬁdP‘g&gl ggggg%%al%{?%ﬁg{%eﬁseﬁwf eat ures,

advant ages, appreprigip fioie shiféd iufses tp se gwtreset ihe enipiteignali The fadse svtestornor e appar ent
and be r e e Fégéjiﬁf he. f.ol - ] I 5 description,
whi ch sggul 3]51 be r\’g%"p I n gﬁlﬁgﬁgtﬁe%h%ﬂéﬁtﬁ lgﬁﬁ%%gﬁ%gﬁgﬁf‘g&%‘%am ngs BRI EF
DESCRI PTI ONdigital pi4se SRIXpI NESProvidesie the pwise selegtermnitonhiclsoijtputapset at ed by way of
exanpl e,  anggPinddeByen Ao an output module to generate a corresponding digital

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
mvention is also provided.
Other features, advantages, and object of the present invention will becaome
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;



limtation, in the figures of the acconpanying drawi ngs and in which |ike
reference 30 nunerals refer to simlar elenents and in which: FIG 1
illustrates an exenplary bl ock diagram of a known anal og phase | ocked | oop
(PLL) frequency converter; 5 WD 03/081775 PCt/US03/08067 FIG 2 is a

di agram j,lJ.ustrates an exenplary digital circuit _inplenentation of a
conventi%{ﬁg%fﬂ%wgcret e-tinme oscillator (DTO; FIG 3 i PEUIPPAPYS an

exenpl ary bl ock di agram of a known DTO based frequency converter; 5 FIG 4
is a waveformdiagramillustrating the observed periodic phase shift error
that occurs in D utputs; FIG 5 illustrates a waveform di agram of an
exenpl ary set of -i;%‘??dsgﬁﬁaﬁﬁ%&‘at\}%%ﬁ%%e@ﬂ% diggtal Céfg'éﬂlnﬁ’lﬁn}ﬁﬁtégﬂﬁce t he

out put cl ockofaicgmehtionaliscteaiite oscil@GT(HTOY to an enbodi nent of the present
invention; 10 FIG 6A illustrates a block diagramof a digital frequency

conversi on syst emjqt stantially s r.onqus out put cl ock
signal, accordi nglq.gh@%su&é%%gﬁ%%{&g?( ({l?%mlb‘?%gé%‘ﬂ‘f'xﬁrr@é’ﬁﬁgon; FIG 6B

i | lustrates Bequerecasdngetegnbodi nent of the present invention whereby the
digital frequency converter system produces a substantially synchronous

out put 15 cl ockrrl. ARdd wadshofen diferaiiMSEIARL 85 oBseRed 5.‘(0 j Qf a delay-1line
that can produce the tjne- Ushi%‘%ﬂgllg refer%ncg SPJSCE %@%S@gﬂllgnal s shown in
FIG 5, accdi e orausin EQmiuifent of the present invention; FIG 8A

illustrates a flowhart of a general nmethod to achieve a substantially 20

synchronous f r eqEi€h§yllspasertReoncdaiadl o0mleRenilr Epotin®ntaaf the present
WC detail ed nethod to achi eve

i nvention; FE illustrates a flowhart . of i

a subst anti e{’llal%foggssﬁlﬁ%ﬁrrg 8%386"51’1“?‘?“8&@&ﬁ‘é‘l}“‘&@%ﬁ%%ﬂé&@@%a?%ﬁh%o an enbodi ment
of the presentmbiduyentftbepreamdn@htion)] G 9 is a diagrammatic representation
of a general - purpose conputer system suitable for inplenenting the present

inventiom 6 FIG. 6A illustrates a block diagram of a digital frequency conversion system

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

embodiment of the present invention;

FIG. 6B illusirates a detailed embodiment of the present invention whereby
the digital frequency converter system produces a substantially synchronous output
15  clock signal;

FIG. 7 illustrates 2 block diagram of a delay-line that can produce the time-
shifted reference qlock (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

mvention;

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.



WO 03/ 081775 PCT/ US03/ 08067 DETAI LED DESCRI PTI ON OF THE EMBODI MENTS The
present invention will now be described in detail with reference to an
enbodi ment thereof as illustrated in the acconpanying drawi ngs. In the
following 5 description, specific details are set forth in order to provide

a betterwﬁgggsas}sandr ng of the present invention. %%&ﬁ@?oﬁpar ent,

however , e'skilled in the art, that the present may be
practiced without sone or all of t hese specific details. In other
i nstances, well-known steps and/or system corrponents have not been

described in detail obscure the present
invention. 10 In vi e#@—kg QRIMEENES ot her obj ects of the
invention, a nethod and appar at us for an aI | -digital frequency converter
i s provided that.achi eves ron frequen ersion having a
deterministic jrgf|1 esegdlévc?f“? {] ﬁh%scr’fbf’ i Je ﬁ%?’“ﬁﬁx‘?@ﬁ@rﬂnhas no anal og
dP!_L" tvx/lner ebyembie&aient\mﬂtr)gofﬁlﬂummm tinsPaRetpad g dagmng%ntl)hﬂ:e&tlomghodg . f_o: I
igital circuits.can vera ef or e ribi a igita
frequencyg co&rér"scnp i Spg?lgf)ﬁljg@éléﬁlte %g‘?}gﬂwrgﬂt?ﬁmv%%? gHier i tr‘“sd?'r?ét foful "to first
under st and he/présant lyBiomh Gwill bma;iﬁtuéizt Lidwieger, 10 bneskillbdual tiee arff ikt B/ NChr onous
frequency c d nt obser on th e made is that
there is a ée/tsgr{et%v%ﬂifofl %ggﬁ rgcr%m PR #ﬁgserspgo?éfdic t@ﬁ"g&" ref erence
clock and toter inistsncnagwemgmwmfstepqum S}(sieunhmbdimitts mmbrs;ea:tdemmhu new peri od
Che Do o JEaddha Bt LBt liRARHPLALM B AUAM R B 4 ", Lhe FLour e,
Kuntil i

the DTO output register 1increne eac | it reaches its
maxi num ¥ount re Olbgomgneldtvadhwee@her oBjesthefitee iheentien, the nunber of
bits in the Q ax\ﬂ‘@a& PRX] arryrs

gener at ed that sign P tnffg stgrgtiléﬂgfﬁ%gér{cycog’ve&c;lsl)%%dg&ﬁ%%rc% Rar ni ng part of

N t hat excedémshongus figguspayagnversipnhavifga tﬂd@ﬂ@ﬁ@ﬁﬁmﬁhﬁb@cmwr 25 The part
of N that WiRRRad) @iitter s hERERS PO SfheRtBy Mailbtd fifcibili Biihhadd the portion

of N that doés not wap around Is glven erence m The val ue
in the DTO 2@liepmethodyfordigiial siguityran bhigsemaged: t he out put si gnal t hat

synchrongus| y C%éfeeae&qtﬁngttaehm tatfr&[ttenc?@%e@r %ﬁnnﬂéﬁ@ﬁwut clock

signal is generated having rﬂ? ase. shown in the figure as a
peri odi ¢ raﬁﬂmértgﬁ%ﬂlpftlﬁ%ﬁrsetnérrﬁtsndrw DB shiowndg Figke? i ngt suitshle 30 ri si ng edge
of the out pgr sﬁic%ﬁous%&ﬂleﬁdyrém}sibnr@z{&%niﬂéaﬁo%%ﬂv%nﬁat eR®edladl he next

rising out ock edge, The fallin e of the output clock occurs at
an out put p%&éaé&ﬁeésap %\ﬁ]é‘ﬁ)lt‘tg‘% glgﬁ@mgjggepgreﬁgamkt he carry

t hr ough couaﬁdt@ﬁsmg&dgmen@tmbpkmatucehs&legdnaﬂeﬁptrhﬂ&ttemeﬂs the second hal f
of the RE" ! S &ite Wav I m n ar %I(? [I\Jl'rttl'rp lqitgurc, the DTO output register

increments by N at each RCLK umtil it reaches its maximumn count represented by the -~ -

value Q = 27, where # 1 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 arcund is given by the difference N-m. The value in the DTO
output register is the phase of the output signal that synchronously cotresponds to the
front edge of RCLE. 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




7 WD 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 noted, that many val ues of the DTO output may be determ ned as val ues
that if they are reached can generate raising or falling edge of output

clock. F | e, the rising edge of output clock enerated if the
5 count %bfglésﬁ is reached, and falling edge may be@é?@?@%@%ﬂjif t he count
Q4 or 34 is reached. However, there is cumul ative phase difference

bet ween RCLK and the output clock, represented by the val ue Phase-shift,

t hat corresponds to the described wap-around effect of the DIO s output.
The phase diFFEAENE & ptaipidamationpbout thg gesiioaf falliggedgsageivefo RCLK and t he

rising/fallimg:edesrrfLE. stk R mdtea Bl nfadfviRs 0nEBT6 Wliphgthyas shown in
Equation (2), hel ow Phaﬁe-shlft T ( m X TjxcLK (2) where ¥ ..., 1S the

. N - K /
peri od of REEKSEIA s ylyes thatif hey Feteachsd eAngonsmts Biting g* &lingadee of | ow pass
filter, and capubdékoBorRkimil& tﬂé&i@ﬁlﬁkagebemﬁczba@n@*lﬁsg&xeﬂdﬁth?hase shi ft
I ev

from t he ,out put ock, thereb c ing.a synchronous frequency 15

convert er. %%@?r%fﬁéea%ﬂ@sa@#aﬂlnﬁ\‘i tni‘aéftlfeﬁ?}ﬁ’i'at?glf °B’§Q5‘3)PF§@2%nts by

ﬂ] o;/i di ng tidéue?wlagima{jevaj thﬁruistcgmilﬁaig_pﬂzlﬁeﬂifﬁﬁﬁféﬁaﬂwe&imEinditﬁé’i ?/edkf rom R|CLK
at are‘used to roduce a substantiall) nchronous out put cl ock signa

having a det8PHidRC rFQf%f‘F‘i‘tffﬂ’y ht USTDP Gl Sbﬁ‘a@%‘ caresgends fathedractibad odi nent  of

t he present wrgveaindeffect af RDTORbuptt Thofhasd diff@erzhlick Piede wIgRer ence cl ock

signals ( ar r eat er at at ed ses that K 20 produce an

out put cl oc %e%ﬂéqn?ﬁ?%ﬁ%cgg?@%erﬁﬁﬁgﬁﬂg%%ﬁ&ch’e?'%ﬁ'fm?’?l@&agl to the tinme

shi ft betweenicilitel &ahavirie Eqragorc@) bdleek si gnal s. The wavef or m di agr am shown

in FIG 5 illustrates an exenplary,set .of time shifted waveforns that are

.(g-—ﬂ)xT@m

used to produce the out putPhakodif s cl ock®) according to an
enbodi nent of the present invention. ArV exenpl ary set of time 25 shifted

RCLK wavef or ms Rk B isR6d #64ibl of RCIK. | Typtchidy, @clodtpht tlo@uvvaviading ,n  di agr am of
et eronce oIGK RACRET§14-60 FI1BHIHFFi BSSHEHEoLY Bt HBSHERY aus. ref or ence.
clock by a Phisedhifieor hechipidbivek, therthPichietin@Memerbods flfitncyt he gated pul ses,
0,91 PSR ULREGE o Lo RROMEE (LD L ReL ol Rl ook signal, are
to create t e digitslcirguitktticht fisad dpedig sigedgdsival fdhRCHAtadarpeg @s. For t he
exanpl e s ho‘]’)%dtitc@ ats&estarlftii l}}rsyen’chrglrl]o%s Blllf.'fsnllt @gcfg&%l lgving a deterministically
controlled phase error. In one embodiment of the present invention, a multiplicity 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 waveforins 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 RCLE(2)- RCLE(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, ¢.g., pulse(1)-
pulse(8), used to produce the final output clock signal are formed by selecting
30  appropriate pairs of time sh;'ﬁed RCLK rising edges to creaie 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



pul se(l) corresponds to the rising edge of RCLK(1l) and the falling edge of
pul se(l) corresponds to the rising edge of tine shifted RCLK(4). In other
enbodi ments, the 8 WD 03/081775 PCT/ US03/ 08067 gat ed pul ses are i nstead
generated by using the tine-shifted RCLK signals as pulse triggers in

known p rating circuits, whereby the rising SI}H
substanﬁ% 3(@%2 ign with the corresponding the risin e@?g@%?’st he

time-shifted RCLK signals used as pulse triggers. The total nunber of
pul ses between two rising edges 5 of RCLK(D) is equal to the nunber of
possi bl e positions for the ed%g of the output .clock, The desired period of

the Qut cl oGRIEEPYTTR e steafgear e Brsps thatimershifist (LK sigpils aulsar ¢ sel ected to
trigger the uidgstk Rgnowd piled dehigting GB@Es, Whelebyf theHahdpuiBRiKETi Ng  again to the
exanpl e sho in Figure 5 the risjng edge of the qutput clock (Qut clock)
i s created E@D“ﬁ%ﬁ%‘& viindhe seEepadnetly istgedges ot ipeauiisd B e( 10) duri ng
10 the next sigGilduspedsipale trifdors. Tihe kdid QAR of filscObath 4 Rels pEYsi 0d, a pul se

i n subsequen . peri od nqQt sho can be selected to reset the Qut

cl ock si gnaf’£ 9‘5&’§‘ fqual g’rtﬁ? é"‘l“gﬂ”ﬁﬂf(%’ism%iﬁp"ﬂ‘% orfhe §dgeofdie PulpEt gener at ed by

sel ecting t bieckamhe agirtdetiod bfthe Owthildck eignfd i deRBmindd byShedhladiafp noted that the

pul ses that _are selected to set.or r t the put. latch correspond to

RCLK peri odgﬁﬁéﬁ S%{ecgeélr%?y‘gtgﬂ J&Wg(%‘ﬁ%ﬁmbe%f’s %fgﬁli{cyod"zﬂfw s generated by

t he DTO | nagaheo fireesanle shodon i Rigmd 3, leriing edgeef fhe ompiithicset of D pul ses is

selected to,,se n_output |atch K per.i od en_a carry through

t he count Q((?ug—c}porc@d%%a, ya?ﬁﬁe(a]aéﬁgﬁltf{lgngf%erﬁs ?ﬁﬁte‘gﬁﬁ%@?&@ Zes is

sel ect ed0t othe es RCOHtpotidd, T2t Thinatast the olRflt iloclppdriod,dh pfse i sasedquentt hr ough t he

count Q2 i . . The durat i f e | se.is 20 preferably designed
ﬁCEf(ggﬁ{}%g ﬂjr?’é S;E{J\g'{l can ﬁ? ef2lled t{a resgtcuﬂe (gée{t“cﬁ%dp( sgﬁé E@FUQ)H

to be long enou e mng (€.4g., requi renents
of set - r eseubir8yR)tpoiiqek periodcahbe geemhtdddbygelna@ing the apirepratetjmet ¢l ock si gnal .

The val ue Oghifgd ﬁ?és? i%ﬁ'&lﬁ%ﬁem%teﬁ Wa?{hé ﬁﬁse?thg% a@@seﬁge OIDS)%/{ oir 96(3%1‘. ﬂil(;h e particular

pul se nunber that 1s to be selected to appropriate setireset the output
| at ch r epr esspt latch phggespond i RELK aerigdPulirataicony thdpgloenunt@ongointtQéh i n anot her

way as ghowg gg%m@aq;?rtﬂe(ﬁfd@ 25 below. pulse_ num= (Nr m x DN (3)
where pulse numis the del ayed pul se nunber (e.g., pulse(2)) that has the
time shift In the present embodiment, one pulse from the set of D pulses is selected to
. set an ouiput latch at the RCLK period when a carry through the count Q is produced,
and one pulse from the set of D pulses is selected to reset cutput 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=
PHse_ N

(3)

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:




30 relative to the rising edge of RCLK that corresponds to Phase_shift in
Equation (2), and D is the nunber of pul ses between two front edges of
RCLK. The "Nm termis determne as shown in Equation (4) below. 9 WO
03/081775 PCT/US03/08067 N m=2' -- dto_val (4) where dto_val is the

val ue i Ry at the RCLK period before the clock ere a carry
IS genera@e% 9E)?t;rough the count Q This value of Nmi g@fdjggogm?%? the 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
selected to produce the falling edge of the output clock, the "N-m term
is determine as shown in Equilron?(B¥o-_1él ow. N-m@2"-1 _dto_val (4) 10
where dto val is the value in the DTO at the RCLK period before the clock
period where a carry is generated through the count Q2. Generally, a

suf fi ci ent | ywhergrdie valugitbe valuen theDTHQ avthe RGLEK: nefod aforelthe lpekcheriRCL K,  and pul se

signals are \ﬁfefe%tc%ﬁ%gdﬁkr&%oﬁ eq;ouﬂtgf %tviﬁlggﬂqtm @BSCE%&%EI tiplicity can

be selected to set” and reset t outp uring t K period with
a carry 5 g?elﬁ@ﬁm@éfh@hﬁmwwetph]ée_em that is¢lesteddeproduse thprisihg edgeaf ry gener at ed

through the tﬁe%ﬁﬂiltclngTBgﬁcﬁﬁ§ﬁE9MMf§B§e%%skl@&&ﬂo %&f‘ctﬁl%y generating

t he desired output clock q e, the accurac setting the output
cl ock edge rlinggdgeotipe quimt ¢legkathe RoEY t%#ﬁ«teenmswﬁetmm@mayom (san ted by the
duration of wiye- del ay paraneter, STEP. In particular, the value of STEP
determ nes the maximumjitter of the edges of the out put clock. 20 The

bl ock diagramin FIG 6a il |Mstrsd esd@_gdneral ent(éhl ment of the present

nwent i oy NASKSRY A0 B ladl Bt Boff RINEREL SOWEL! B (34Siem 500 produces a

subst antial I'y "sync AT Shous ST O selecting the
appropri atewhenemmhsgemmtqdmlhm@hthe@omet)/hnd reset Qut cl ock such that Phase

2 syst em cont | guT SRR uftedp ARRERERL B el USR5
Speci fi cal | ynd puire signygiuiare meétehecltsz}tw@cﬂthe wilsgnait of tBCInitiplicity tancbei nto a tine
SR?::_]IC(E :D)ng \?\R'g%lgﬁetqﬁ%gegﬁﬁ%g%{tﬁ% &t@t iakcﬁ%ﬁ%y%é%w nat:hs I ggt_ g #) ned by
the i npuf pé&merated droygh thamountChigy seREL R({D ) cprsy mﬂeatﬁféﬂm“elnﬂ}ecﬂ@t_K and is

ts: xl Y Passegh folWequigty thd b hich i@y Setatif the dEdifel BRPpHRIoBe sibflf anmount  of

Hence, the accuracy of setting the output clock edpe 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
- intrentioh, wltet'eby an all-digital ﬁ'equetlcy converter system 600 producee a
substantially synchronous output clock signal, Qut_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



30 STEP, each subsequent RCLK signal should be del ayed after the previous
time- shifted RCLK signal is set by the input paraneter STEP. It shoul d be
noted that in other enbodinments only the tine-shifted RCLK signals that
are used to generate the desired Qut clock waveforns are generated in tine

shiftin 4, whereby the 10 WO 03/081775 PCT/ US nunber of
time- Shl tmcf& h%gK signal s and pul ses generated coul d g%f@%?géﬁy be | ess

than D for such an enbodi ment. A pul se generator unit 608 creates the
pul ses pul se(0)-pulse(D) that are selectively gat ed by a pul se sel ector

unit 612 to he St and Rese i ng f an out put

nodul e 616. nﬂngﬁﬁg'gm%%éﬁegwgr e?*ee(?%rf‘t\? OFF Yﬂi]ﬁ’% B¥E out put

si gnal , fDT(ﬁ;anD”lﬁﬁsublsarﬁdﬁfbeﬂﬁﬁt E%.(pulmg&erafh@ﬁﬁlﬂﬁﬂa chbRs@e pasktions, e.g., the
begi nni ng an t he, DTO. ou ri o nformation is
transnitted? %Sé@ ULSECDQ a%*’é?%?e“'a‘f??ytg %ﬁgyagﬁ ]gdﬁfsl?gég%/ %bul se selector unit
612 to appr@ﬂfrbrﬂhelywndemeSmaﬁ@lem&cpi‘lahs&ﬁutlﬂwkiﬁie(im -/ppHase ( D) shoul d pass
LoD B SR B bR iRl Sef PRa bR ot oo w5 Ry o o0

mul tiple ways‘:ahfmase@bdmona,cem ehbe)eglhmang ad atiddde af nhb;bTOfou@s@emd ng a high Qut

| ock f det. Qu | ock
citer o reotn: it dindh eSLlig: oblfel B S fify it O 7 G0 517

i I'1'ust rat es sdecthe tuzit $18do wbmdatdedetemlﬁnetwmmbeﬂmtse(o] ]pl.\lﬂﬂ?t)lsbumld wher eby t he
Ll I e R ef RSEESL: S 81 PPREATIEE S SUASLAR Bhluk J 5, SYnChr onous

out put cl oc ect1 ng the appropr e time-shifted
pul ses t18 set!tplamdvleéleﬁt Oﬁlm‘lfr@ddeblélémehbetdfmdrsmmn}ulﬁrﬂwamthawlt clock is

substant | al Lbiert REHGESnyITDr ARG ABIAE Lok EIRPL Bk pay St F1 . 0D

relates to Fl hase anal yzer uni conpri ses
functi onal W@@ﬁéﬂ%@bwmcb’s@fﬂpaﬁ%éfﬁsﬁélgé@ﬂﬁlsdﬁiﬂcﬁe%lz conpri ses

funct i onal bl ocks. 668 4804 346, o sbeuBNFif exdBidlQr 0 pPALRLL S1 N

fDTo is generated by DT he remai ni ng functional blocks have a one
to one cor r BEpAR thesby the digital &Pﬂuema@anvea?rr%fﬁbm@cw Phswkialy70, unit 608 to

672, ang O%Qﬁenoﬁpdkﬁueclgé&@ﬂ Oat abtirBieledihs tHe ateﬁtﬁaessfﬁlfeﬁ t he out put

S|gnal is produced b di screte-time oscillator 652 whi ch i ncl udes
an adder 651?!*133%1W&e%?ndFeéﬁpé‘f—élf’d@%@”ﬁlﬁélﬁeﬂt@f ?fl"&bklé éfmé’épﬂét ant frequency
reference CJemfakd HﬁﬂelﬁmreTM1EaT@1p%ﬁmﬁtuﬁ&Lshow§FI@ @i@lafegmerﬁa%t si gnal

O ot o0 i B Sl BB L0 L0 3, 07O
di gi tal fregleelrynitcddvetigress fidvoKeoqks 659, 664, 860 614akdderds; s DEM
20  output signal, fr, is generated by DTO 651. The remaining functional biocks 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  oufputis a staircase n-bit signal DTO_val. The frequency of the DTO ouiput 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  of time-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



configuration that produces the signals described in FIG 5. Specifically,
the input reference clock signal, RCLK, is fed into a tinme shifting unit
670 to generate the set 30 of tinme-shifted RCLK signals, where the nunber
of the del ayed signals between two rising edges of RCLK is set by the
value D each successive RCLK signal is dela he previ ous
by the v‘g ng%gP Pul se generator 672 receives the %gf/BE{S%g‘}ﬁ nal s of
time-shifted RCLK generator 670, and creates the set of tinme-shifted 11 WO
03/ 081775 PCT/ US03/ 08067 pul ses. The n -bit output signal K of divider 658
is the result. of in y.. the sc | e factor N val or N. The

out put of DRYS B%é[% ‘LF%C’{}@P‘)STBPQ&‘% df"l’fgr ?%E regylt iiyidipgbeval byghe or v set
anal yzer 66(hcaimﬁctarlﬁara:r yrme'smou@nedfmmﬁsa@ﬁ'roeanrfae@@& m@ﬁt@bﬁ’ﬁif@r 660

determ nes th h car e maX| count Q and it
creates 5 twWo ¢ uf%rﬂ’t—g)egf“baﬁ'g?rgﬁé ?}dra —§é‘%} ”'Ei%t%gl §ert %% RCLK peri od
havi ng a cardetgrmingnict RGIH{penmlwﬁbtaxmhraugmahamaxhﬂ&ﬂ cduit @Qait clearet he
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creates two |.s. t _strobe rks the RCLK period
10 having a gtg% rﬁl;?K%%{bﬁb-eﬁ)ﬁtﬁgﬁ%?%gg%ﬁgl éimo'\fs gerdl v%%ﬁhaa?m?s equal to
the differ emtsetanﬂmemé@rﬂe@N@R@Iéi@ﬁ@ihaﬁngatcmmmrdﬁ@mcpmmt@ﬂ before the
beri od when shitataliio oliduRARE B0 RMIBLAES B84 (EAGH Bligs the del ayed

pul se number se_num 8510 e use 0 se o%etnput | atch 678
in accor]@anéléwwQmméﬂ1bt§ﬁ’1\l_3)wtm$MhSIaanﬂluythat imedutal tpltheeiuffeﬁﬁaﬁe cal cul ates the
del ayed pul $gwBUwebnd RHH$E . em&cpew@g ﬁt}@% %erl&%h%f? to reset

output latch in accordance W th Equation se se ec r 674 selects
one of the paesEgcd Mwkipligr @@cg'@ﬁéﬁsdbﬂﬂ@mlﬂﬂqavmbwmmwﬂ o Pul se_num

set and usestfBicveRiddss éteu $&hl678 BRIl witid { shihidapput si gnal
Set strobe is asserete ® tﬁtﬁse sel ectcor 676Wl I?ﬂ%{mg neSh%)l P’he pul ses

from pul se FeHieheose 9%"71?‘“15@&@3]&3(5’1&1?%%%@ Polsppim gesgly thet hes ttbeand uses thi s

pul se tasassefto k&bﬁonﬂﬁﬁk Ritth ﬁé&&&dncﬁ%ﬁl?ﬁ vafion (3 Aﬂﬁéétseléét&%% Reset -strobe is
asserted. 78 creates the ?re uency converter output signal

I
Qut cl ock. ‘%ee’?r?ﬁﬁ? SPUESES I PYseEgneraer67¢ H’ét QTF‘-’@‘%PP%S tePyleegput yett hat produces
the requireghd dsésiis pllsdth %derﬂﬁ}_&m&itﬁ@@dl Setlifinfut BBna® Bétf ddois WRRirted 604 coul d be
i npl enent ed |n ma%/ ﬂiﬁf f rent graone enbodi nent. the mul tiplicity of
time-shifted ROLEERS e‘ﬂ%“fﬁ%%/?}ﬂﬂf@ mpylse eetater 673 thd 700 shown in FI G
7, where a cdi@ipondxto Buley mi reetafio Wds this pulse to asscrt the output signal Reset if
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 I) 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 i 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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delay elements 704 are serially connected and tapped at each junction node
to produce successfully tinme-shifted RCLK waveforns RCLK()-RCLK(D) shown
in FIG5. In the present enbodi nent, delay el enents 704 have the sane
fixed tine delay equal to the STEP above. In sone enbodi nents, however,

del ay el 04 have a 30 selectable tinme delay. Referring again to FIG
6a, thos‘gggé%sg-rﬂ inary skill in the art of digital desRFénUgwﬂgqmappreci ate

that the pul se signal generation in pulse generator unit 608 and the pul se
sel ection nmechanismin pulse selector unit 608 can be inplenented in
several 12 03/08177 ways that suit the particular

5 .Pﬁr/ US03/ 08067, kngi
appl i cati on YUIPREGEY S} HOPFRTT APp{ipALoR FaiFPPERIng WL P &50pe fescr i bed
gener al net hibelhdréin BesOrilis@ GendrabBEE A0 biodhde ¥ sEMRARIMNIQ BRI4Brofdh@iaieall frequency
converter. FIG 8a illust ﬁtg?;s aflo haht ‘gfi? ala%%neral met hod 800 to
achieve a s @P%”ﬁ-’(i"’é’i"?rﬁ?“sé} o Frilraes & ohuhy sl @ethed 8%eor di ng to an
enmbodi rTEBt 5acﬁifevdd’sﬁbs}ﬁingﬁ@mgnd]ﬁbﬁmtﬁe%ncyg&aﬁveﬁémmﬁné foQﬁ?ﬁB&ﬂm&@ nversi on
process gi at 802 by. term ni.ng the. appropriate fre ncy setting
par amet ers, {gﬁheé’ﬁe ?nqwgﬁmﬁ'sﬁeﬁéesmﬁ#8%\7%‘?%’59“‘?‘(%@1“?%53%&%’?5 aé%gz Yhe number of
pul ses bet waktrhiniag iteapjrogibgateqodcREIISs parinatat, at F0agsuplubssie Num sel ect
val ues. Howeyer, i

in.so nbodi nent s r ter val ue i,nst ead, be
cal cul at ed at-daA SHE E(Fn—ﬁﬁtaﬁ(gtg? F@%ﬁﬁ%@’%@"@?&ﬁ‘”&ﬁﬁ&%ﬁ&%&& 0 before the
parti cul ar parvanehepuliesnuresiectrveties. Hoevera it sqpid etdbbilimedfits,tparmetehi f t ed
reference «c¢lpck sjignals, is ced .at. 808. and the carresponding
il 41 oo ¢y e PRk BRBE b} i RRRAHERY o) inih A SRR BERRNNNGS e 1
ot her entbdibefnd the pantaniar papansdisr fist reqhired f e andtiplicil cdeesshiffadicteramy be
generated b . i . 804 .. The ti.ne- L fted pul ses
correspondi %ﬁgo%glg'?ariselgg’gg#%%ﬁggiélggﬁec%y%‘g@em n%)utlj p}ﬁﬁy %’%hénr?aslh’%;e?e sel ected 15
at 816 accornglsescpt B2, dirsboydbeuptadubat wathenembodiments tha fime-sifstl rfatrect

par amet er s. . nq)a[yq)% i r ._pul ses are tined
to synchr onicggk\%\lnglﬁst e ggﬁgaf‘é&tﬁgﬁﬁnp@gf%&%%%g@%@é ﬁgfé?gnce si gnal
period. Howesbided prbenenrreenending tedlindssifed phase prawseted otprs signal pggeleciqdoi nts to enit
the sel egf ed; SRl cQRHnd 8 R bukt A0ALS and Rl fHHH LG é’é‘lécgbarﬂéﬁeﬁsprh‘?ﬁl@m

enbodi ment, the tine-shifted pulses that correspond to the desired rising

20 and fal | iPFrgené ergleodingsmt, theesetand rset Pscs ate tigied oaiynchyquizg 36l thetstag20 t o generate
the rising apdmididlokind DTOISRINR sighl Perdl Bldlvetrck Qfler ShighaRlents Kl Process

repeats at 804 to generate the _output clock signal for the nhext output
cl ock peri oﬁho%?%%\?éﬁg?rH°%‘“%tﬁ6'ﬂ%tﬂlel§@?°te§ﬁﬁraé%’fe§ﬁté‘ﬁn“tlsr'leﬁcmﬁlﬁ’én&i@gbri bed steps
are exenpl anpe praif ehbdimdnf) tEaMeLAlfeg bl (Rf RREHSN 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
aﬁpreciated 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 val is produced at 858. The process starts after the rising
edge of RCLK at 860 by incrementing the DTQ by the value of scale factor N_val at
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the order of the various steps may be changed, sone steps elimnated or
conbi ned, 25 and others added. FIG 8b illustrates a flowhart of a
detailed method 850 to achieve a substantially synchronous frequency
converter according to an enbodi nent of the present invention. The present
frequen sion process begins at 852 by . determnping the appreciate
frequeng%ogg ¥ﬁ%g N~ _val and the nunber of pul ses beté@%ﬁ%§%mf front
edges of RCLK D - val. The nmultiplicity of tine shifted reference clocks is
produced at 854 and corresponding multiplicity of tinme-shifted pulses at
856. The coghf reeier Kzl oW : i rroduced at 858,. The process starts
~after the rising re_dglé of ﬁ%%%%ﬁ%%ﬁé?%@pgﬁﬁP@HgWPmeq@ﬂﬁ%ﬂ%ﬁ%y t he val ue
of scal e factmibragckiarludgs steps 866 878/508 B79 BuRemhe SO BRA6 TheBdnd Ther eaf ter

there are twWaach@gRAOARAL ' ncurre nches. The first

branch i ncl udeg st eps 8%6%6%%1%%%?%%%{%% u(%gaé %8&2@@% | at ch. The

second  br arft#PU gl g exphgedisscagp Guougl the nBXBBROnt QA 2 t2myed  out put | at ch.

Al 866, the RiiedobipE 16163k bt 30 3LoR2 M SLALGAT b, S guoh Lhe maxi mum
en se

count Q If B.carry is 5Rproduc_ed, . valrtid®and Set strobe are
gener at ed at>°BRPbe Begs fie RC5& nesied heping aparkys andies (ROLEN petrvilneliskansl ng a carry,

and t he n- bité the MiERhctRivksr O SnE8LBYO ohiButl i [ e.between Q and the
DTO out put at the, RCLK peri%d before0 tie]]rltiaggleﬂFﬁTfe(%glg&r:bfﬁ’lr%peaggerat ed. The

cal cul at i on “fFABeY seteraisg Lhe salspladenumbernd Prlss e ssttis BFRmedwh&te t he val ue
of Pul se numhs:eﬂledzaﬁlebmmbefnu}ihke@&@ﬁh@ﬁﬂc@&ﬂl@@%ﬂﬂﬂe'uﬁ%@&gﬁyﬁ”t ly 10 set
Ing to PuUl's

the output latch. The de| ayed pul se correspon _nn&m set is
sel ect egﬁat Sé@‘?@“@ﬁtgatf% evh’é’élﬁlaléﬁl pYszeoprgspending th Bulss  tyn tsetliggetshied #ihe sane

procedur e i 878médk isel & 882h séiliR ouUtIRGY, TRLER: RboetlER:s88 3 f2 876, 880.
dinments 'step 858 m ght € excl uded.

It should be._n at nbaq

Addi ti onal | ;8/‘,@‘:‘??1&?‘%’[3%%F955ﬁ€82??g§%§§°- dt pUd by moteg that grmme gmbodiracnésx c| uded.

Mor eover, i sters358miightbecaped cidditethity1abmbNenmd@sehis b re 15
exenmplary, a tet}‘% i,nyseveral .cir Igmstances t he or era% fgﬁg vari ous steps
may be chan(%agbof, so‘%reeg'sDéeﬁgerelhwlﬂg‘?@’é?re&’tateegﬁ’b‘?‘ﬁ%, ibshefenseter s added. FI G
9 il ust? at esmplayomdubagin ssyest einuBiiBncentb opacr e vhitik §8RMaybbe i nvention.
data and instructions

ﬁf\i I ?ﬁ \rNgi:lt i %ﬁ% ’fb‘tﬂ%&t&ﬁéﬂ‘éﬂﬁ%ﬁ%ﬂﬁ% ]&%‘1’ %“gd %nqsdgee used typically to transfer
:jﬁf; Flu 32 d aﬁg |n ErST%?IeGrJ @tfl-hﬁﬂﬁeg arboﬁlppcizr's%tén? 540 e%rf)?gye%%glléfnenﬁhgs 902 may generally

nvention. As is well known in the art, ROM acts to transfer data and ingtructions

uni-directionally to the CPUs 902, while RAM 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 medinm 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.

14



of processors. Both primary storage devices 904, 906 may include any
suitable conputer-readable nedia. A secondary storage nedium 908, which is
typically a mass nmenory device, is also coupled bi-directionally to CPUs
902 and provides additional data storage capacity. The mass nenory device

908 is r 25 readabl e nedium that may be used &, Prograns

i ncl udi %Sggﬁgb?er code, data, and the like. Typical F{}%U%Efs&é GFnam)ry devi ce
908 is a storage nmedium such as a bard disk or a tape which generally

sl ower than primary storage devices 904, 906 Mass nmenory storage device

908 may take the N or r ead r._sone other
wel | -known devi c?%%%?%soo@%gﬁdtppgﬁoé 1{1}}3 f’g"gﬁ BYl?ﬁsgiﬂrfg? Y58 ret ai ned 30
wi thin the rmdedenbﬁmeymﬂenﬁtedeo 86/8ces svply as mdasoammmﬂmﬁlﬁns;ms be

00" PO o e R P L2045 B B SRS Bn ptE
uni - di r ect i omahgeytaporetduves, @HkS, s§ORes, @dce\bﬂ:e&ﬂ%vﬂﬂig}&ﬁ»gﬂﬁfd bﬁﬁﬁe‘r08067 CPUs 902
are also ¢o . e i t d Vi CES i ncl ude,
but are nj(c)t ‘Jiuﬁnglf’%gmg’gt?de 8?/5%%15%50%%4550%&?8 rﬁr)sm%%au jcgp% E@i baI l's, mce,
keyboar ds, mptemeBhoaebs coulﬂa&tha$en1mt¢rDﬂ’eleehnsmlnw}*sqnsmemm&d&lgBafu card reader S,
magnetic or %?qu I or handwiting
recogni zers, tgz?lgtq{eﬁi;o %aﬁ ﬁgﬁ%%&lrﬁbdﬁ andt%& CH%]%E%OCF?Q%{]% of course, other
conput ers. I%emﬂwt 91CPWEItlonch a lwp’tquofrmhécyon?ays doatemplatell tet thoCBUc onput er or

L} ecommunl B byt et Bhlinartn Som iR ool B2RGH MBI By Byt A0St

network, using a network connection as s

net wor k Hbnmeeiorkon mqwm@f@mmabwetdq@ﬁquh@ﬁ@@ws Q‘Dﬁh m ght receive

i nformation Hﬁfg%g,}peﬁfkﬁw@{ the 10 networKk
in the course of pérform negreﬁ%egfég\g/% gg&%%{%lﬂéﬂﬁ&ﬁ@%bﬁ}(g&%d Such

i nf or mat i on sk CRHs &, @#I@Tc“ﬂfﬁ‘i 3@@#\1@@%566&0&@@9@196@%%%& fuctions to be
execut ed usﬁerfanﬁau%o&%raaﬁxlghﬁeﬁs‘&cﬁaa\f@sicaiﬁ@%@@%e%owﬁés%eho the

net wor k, for exanp In the formof a conputer data signal enbodied in a
carrier wavé‘e‘“qeﬁé“%lBﬁVé’Jsd’éQ@? faplipr todbasp efeskillip the spmpter hprdwege pad e fani | i ar
to thoseisof ssieddrd artsn t he conputer hardware and 15 software arts. Al though
only a few enbodi mnents of the present invention have been described in
signi ficant det aA]thouigﬁorﬂ)hﬂﬂ{ivdnibﬁhm&dﬁfsﬁeq;@ﬁeﬂthﬁ&nﬁohﬁa@fbe&ent i nvention may

or scope of TRECTRyARERB e g A RO EE A A e ere merGapi e

enbodi nent s bwa:nhbdsddmvmaltymmer specific forms without departing from the spirit or scope

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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20 have one output clock period per DTO out put period with certain
predeterm ned positions of the DTO output signal (i.e., Qand Q 2)
corresponding to the edges of output clock, it should be understood that
in other enbodi nents these edge transition positions my be changed and
the nu sitions may be increased. Therefore, [ nt exanpl es
are tonggbggﬁg?gered as illustrative and not restrictrégﬁ&gwgﬁ?he 25
invention is not be limted to the details given herein, but may be

nodi fi ed mgg ijp the scope of the appended clains. 15 WO 03/081775

PCT/ US03/ 0 /7 1 claim 1. An apparatus for digital frequency conversion,
the apparatus conprising;, a digital time shifting unit configured to
output a plurgl ity of -tin ifted 5 reference signals..a digital pulse
qener at or i et AR ED camvetdore A RO b B ner el n L he

di gital pul se gedegitattiafe shifiidg it confifurgito ediptio pleaBiy\é titdeehifitdir al ity of tinme
shiftedsrefere ce sL&Q?[s, and output a plurality of tinme shifted pul ses; a
di gi t al >phasé®8Itafs%&™5unit coupled to the digital pulse generator unit, 10
wherein the di gigighalpiRe SendR YA€ Eouplidtio the dioaal fre/SI8Rin Gnif, S@BIHE & Source
si gnal haV|gg , Tirst frequency. and to output a phase information to the
di gital pul sdlic §aitad palsegengiator unipis gprfisuzgd torrceige hePREAIRY o{fPe coupl ed to the
phase anal yzehiadil : ¢ i: .ein the digital

pul se se|ect%@ﬁﬁﬁ?%affﬁg??gﬁS@%&?@“S@?ﬁﬁ?§gp@3?Hh%%“@@%%a| and a reset

si gnal based upotigitd ehask anadyzer yoiiouplpdrie thhdipital gulse peemtagpditt he phase

i nfor ion; a-?ﬂ ol I ﬁﬁ”ﬂl igital pul se
selec?gé unifﬁg erg#%h?ﬁ%mggﬁgg%¥ﬂﬁg§3§% S é?ggﬁggggﬁggﬁgﬁgfate a digital
out put si gnahaviaga figt fre@engrad td owiop e pbase ifsadhtion ortht tgitaeulssi gnal and t he
reset signal. 20.2 ghe apparatus of claiml| wherein the pul se sel ector

uni t furthergggﬁngg%s: a calculation unit arranged to calculate a second

val ue based upandigitdl pelegieheisr msietduplad to/tht please adalyespaitil anighs puliehe sour ce

signal and a first valuge ;. l.tiplier unit . .for proyjding a pulse
sel ection valgﬁ"ée”g% ’ Hﬁ%ﬂngﬁgﬂgé@cﬁﬁﬁ Self%tmi/%lﬂémﬁﬁlﬁe‘%/{? uH’?i‘&%%Jt)i nf or mat i on;
and 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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a pul se selector nodul e arranged to provide the corresponding tinme shifted
pul ses to the set signal or the reset signal based upon the pul se selection
value. 3. The apparatus of claim1 wherein the tinme shifting unit includes
a delay-line. 30 4. The apparatus of claim1l wherein the output nodule

i ncl ude%g az(ﬁglfgeset | atch. 16 WO 03/081775 PCT/US03/08067 5. In a
frequency & & si on devi ce, a nethod of frequency coh %J?lgtfl?thhe met hod
conprising the steps of. (a) determining a plurality of frequency setting
par amet er s; i Ur al i i e- shi i ;5 (c)

sel ecting g’n hétg%)rre %%gﬁéfotél%}lgﬁlggg}ﬁ%f %gﬁ%&lt gﬁ%%dut oygglk‘jegsﬁ&b%%{t}?d ogi gnal based
on a first rehprismciestepgrdl ; (d) selecting an appropriate tinme-shifted
signal to reset, t{he.outpyt si | based on the first reference signal; and
(e) generati ié 46'"?8”336?%%%“@{?@%’2%‘“@%3@sc?wg%rﬁ@ﬁtﬁ?’to the sel ected
tinme-shift ed (§adenerdfhgsd goalityafidnicRpifisébigadled tine-shifted reset signal. 6.
The nmethod as recited in claimb5 wherei.n the signal generation in (b)
further> conbPisslesting s aRpigprizse "’E‘P)Shlgé‘ﬁ%ﬂ%ﬁ Forfgt & R %@5@%&@ R me-shifted
signal s deri vedidi:offacsgaand reference 15 signal. 7. The method as
recited in claim6 further conprising the step of. (g) .generating a
plurality of (@)isglecting aappropiatie dae-gufied denal fogrset the optphisignat Yasedrony | pe-
shifted signal nheLpidcsebegil,A9 the appropriate tine-shifted. signal in
(d) 20 selects Trom the Sfu#’g"l{l;’ity of time-shifted pul ses. 8. The nethod as
recited in cleigmSatingdheouipw eigedithah gorrdgpondp forthpsalested timershiftchisétt ed  signal s
in (c).further @gpi S. .det V\hing: the start of a now period of the
first }(geferenceSf |g£rnlgl%l;%g§1r?ét%g%§its gae{%éétgllg%% the appropriate time-shifted
signal to set the output only when at the start of the period. 9. The

nethod as yegjited.in claimb5 wherein sel ecti the a opriate time-shifted
signal s i né'( %ﬁl}lﬁﬁh{)ﬂgﬂrmg&fﬁ]& f%‘é%g wbﬁeﬁ)?ﬂ‘e é%"@?gﬁnﬁﬁaﬁ%n ﬁ{daﬁl e of a period
of the firstcomirbeemestepbfnal ; and

(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-shified 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 () 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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(k) selecting the appropriate tinme-shifted signal to reset the output only
when at the mddle of the period. 17 WO 03/081775 PCT/ US03/ 08067 10. The
nmet hod as recited in claim5 wherein determning the plurality of frequency
setting paraneters in (a) further conprises the step of determning a first
set of S required to generate the plurality of tjnme- shifted

si gnal s%é/ﬁ%éﬁ the first set of paraneters incl udespéﬂgéogﬁ%oﬁh of time 5
shift and the nunber of delayed signals. 11. The nmethod as recited in claim
10 wherein Mall he - L f o t meters in
(a) furt he%&gﬁgﬁpﬁﬁhggggﬁeh%ﬁ SH{P lélgﬁlﬁ %%rgﬁcdgfeg?%g@gé’%lﬁg@ Ogggiﬂ%gét used by the
ti me- shi f t ed sgiingdramsadre ox (p)fiyrther chmpitiseg the stepOf:and (d), wherein the first
constant is bas on. baoth a freguen sett] | u orresponding to the
first refer ence‘ﬁgelmé%g aa%?f S?Wép%f%{eé?s r%%magpo%?}e{%atse?%erpg gl.ltyfg{.)mgf system for
di gi tal frequfeysigoiyehatiathe firfsetsof phramerarindlides dg: andurcdciagsor arr anged
to determne g_plurality of .frequen setting paraneters; 15 a processor
arranget to é@ﬁé‘?‘gg’én&m Frof delpy S’&f"%%/'i me-shifted signals; a processor
arranged to select the appropriate tinme-shifted signal to set an output
signal based on a first reference sjignal; a _processor_arranged to sel ect

t he appr optl- Abemethad asmgeited dyclaimyH{hvherein delersyining the phyaliy of S¢qYMAY based on

the first refgfientemihghal(:) Bk SOmpiket ARYHBRE PUt device arranged to
generate the outagut Si gnal(a)t hat rcorﬁﬁebgpondsf) to the set and reset signals.

13. The syst emcalsulping 4 firgt dopstest apesh by 2he/finae-gliified signabsetrsting indathdp) t he
pluraljty of _tine- Efd J i ot rocessor

arr angieozj to aﬁedn ’at][%g%{%c %?grrsg{x%?@/ﬁ % ﬂ#léére&ﬁg%tflf? Fg@egﬁésﬁgﬁg Vglg{r?)i ved froma
second r ef er esepsidipgad the fisst reférence pigngrand thempmberad delayed|sigoats. 13 f urt her
conprising: a processor arranged to generate a plurality of tine-shifted
pul ses derived 30 fromthe plurality of tine-shifted signals, wherein the
si gnal s sel2edtsgsteth dorsigitabfiehuetioyvotverdien, tetspidm soraprésingar e sel ected from the

plural ity of tine; shifted, o, 565id % MR0Y SRSy SHhYSR3H0808

15 a processor arranged 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 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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15. A conmputer program product for digital frequency conversion, the
conputer program product conprising: conputer code that determ nes a
plurality of frequency setting paranmeters; conputer code that generates a
plurality of tinme-shifted signals; 5 conputer code that selects the

appropri ime-shifted signal to set an output sigpal based on a first
referenc‘gbg?/ r%?lg; conputer code that selects the apprBﬁT’Pﬁof}@sotﬁ?ne-shi fted

signal to reset the output signal based on the first reference signal;
conputer c t i ﬁﬁg nds to the
sel ected g%%s%)% qé‘?\eggggé%ﬁg?%ﬂ%r glﬁt%#(f qgéngg?r%ﬂ%ﬁg&?’rtgg% eeqrredi um t hat
stores the cepmguneprodwteompringThe conput er program product as recited in

claim 15 wherein the generation.of he. pl uralit . time-shifted signals
Further conpr | SBunicectds sk ot e bt fedpenedstiodprifiadioy  of |
tinme-shifted signghtsr @Ae iegenthesh pluSBeefting-ifesdangealssi gnal . 17. The
conput er program product as recited in . claim furt rfer conpr.i si ng:

conput e} code (CREPUEESIE thabeelegts the aogroptigfe gmerspifigd sigpal {36t UOURE deri ved

from 20 the pbiM®hdel ¥n Qfird kdiBeiBisfchfd signals, wherein the signals selected
to set and reset the output signal are selected fromthe plurality of

time-shifted pepwpater code that selesis ieappiopige Hmeshided signal éxigsdiieg to cl ai m 15
wherein the ?ﬂgﬁﬁgﬁﬁbaga qﬁé&mﬂ%}gg&%&nﬁne sel ected fromthe group
odi e

consisting o a signal 25 e in acarrier wave, a CO-ROM a hard
di sk, a fl oppy cdinpiier de thebgederrigethe oniput S@al beivducpordsie thyrsglected

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-shifted 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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