WO 03/ 081779 PCT/ US03/ 07707 FREQUENCY CONVERTER AND METHODS OF USE THEROF
FI ELD OF THE | NVENTI ON The present invention relates generally to frequency
converters. More particularly, the invention relates to a digital
frequency converter that precisely adjusts a reference frequency.
BACKI;KI&*P E INVENTION I n many types of electric systens it is
desirable P%ﬁgigerate clock signals wth various freﬁ%ﬂﬂ%@hgma phase

rel ati onshi ps synthesized fromcertain reference signals. A commbn way to
synt hesi ze derivatives of a reference signal is based upon the anal og
phase | ocked | oop (PLL) frequency converter. Accordingly, FIG | shows a

traditional g b re ncy SCLK as an
input to a m@%xﬁqwm%a@g%mgbgq% eger value Sto
create reference frequency fREF. f@ﬁiiVe f eedback PLL control |oop 105
is formed by a phase detector 106, a charge punp 108, a | ow pass | oop
filter 110, a voltage controlled oscillator (VCO 112, and a feedback

di vider 114. Phase detector 106 perforns a phase difference operation on
fa F and feedback frequencyFIEEROF THEANVENTHONse detector 106 generates a
phase error signal UER that is zero when fF and fcACK are equal, and
varies inversely with their difference. The feed-forward path 107 of the
PLL control | o®he geseefriatarsomreladestgpurraliydn fidgshcynanvarers. fMeguency DCLK from
VCO 112 whose .out put. freque i S,C rolled b Ej, through a voltage
created by IEHaBEYEOERRk (e § SRSy rVerier e BB Sl 'y, - ohar ge
punp 108 adjoses ifereddERRBqicfcya vol t age signal that is snmoothed by | ow pass

| oop filter 110, thereby providing a control voltage to VCO 112. The

f eedback path 113 of the PLL control |oop feeds frequency output DCLK into
f eedback divider 114 whipAUKGROUSS OheHEBROENTIO8Nal by dividing DCLK by an
i nteger value F. The output frequency of DCLKis a nultiple or fraction of
source frequency SCLK as determ ned by the ratio S 1 WO 03/081779

PCT/ LTS03/ 07701, ridely tﬁ%@éﬁelwﬁéﬂﬁgyﬁeﬂn@am skl foléndiMd cloeepgRde time are

principal ly determ ne L ) .
_ with various frequency and phase relationships synthesized from certain reference

b willow)

signals. A common way to synthesize derivatives of a reference signal is based upon
the analog phase locked loop (PLL) frequency converter. Accordingly, FIG.1 shows a
traditional analog PLL 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 frer. A negative feedback PLL control loop 105 is formed by a phase
detector 106, a charge pump 108, a low pass loop filter 110, a voltage controlled
oscillator (VCQ) 112, and a feedback divider 114. Phase detector 106 performs a
phase difference operation on frer and feedback frequency faack. That is, phase
detector 106 generates a phase error signal Uggg that is zero when frey and faack are
equal, and varies inversely with their difference. The feed-forward path 107 of the
PLL control loop generates an output, or destination, frequency DCLK from VCO
112 whose output frequency is controlled by Uggg through a voltage created by
charge pump 108 and low pass filter 110. Specifically, charge pump 108 converts
Uggr 10 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 fyack
signal by dividing DCLK by an integer value F. The output frequency of DCLK is a

multiple or fraction of source frequency SCLK as determined by the ratio —g— .



by the anal og charge punp 108 and | ow pass |loop filter 110 conponents.
Capacitive elenents in these anal og PLL conponents introduce significant

| oop tinme constants and phase jitter that result in |oop behavior that is
difficult to understand, and predict, especially when the source frequency

SCLK r apj, ¢l nges. One reason for this uncertaint exanple, is
t hat cap{ggi lgérits?%are subject to thermal variation of tﬁ)gi'[&%&éq?@gtri cal

characteristics. Mreover, practical inplenentations of anal og PLL based

frequency converters are often limted to a small conpare period (i.e., a
smal | values of F and S) because a | arge conpare period requires a |arger
capacitor in filter 110, which is inpossible in many applications. For at

| east these reagqNshasnal, dbpRlebBitR i redpBhsé tilld drd Siilctpalip dftémsidacal |y use for
accurate frequency conversion, especially when the source frequency SCLK

is not a cBhibearmoachpige Pump 1o%ang oy pess logp fiprt WeempanaaisgiGagaditve control | ed
generat or Qér?%létﬁée fl‘gfb'é'cl)fr]]i%rdgﬂﬁén?sﬂgu cisri]%{iff&ﬂflfof)ﬁgh@@&ﬁtaﬁﬂal 09

oscillator, for exanp ne conventional ; I nport'ant conponent of the
gener at or andghasglikterthat reult iy lovebatianter thatds Hiffaguirto pIFGandzand preglithown by way

of _EXAD! el Gnef i35 ETEL 0Ny SIS BT 2R COHERS A1 ¢ alder 202

that adds a I'Nncrenmen ct or 0 the previous output
val ue of regerstigy, f20ekamplegs dlaycapha@torsout pibjecitaltheemalfvariggingif éreir204 i s updat ed

with the newy jncrenmented val ue upon t.he, next risin of . a reference
ol ook o grittateal ReFEREMNE MIRRYF, Rl BPiema s ofihetaroRed K cyclco the
n- bit st aifrjaaey oorvetiérs mepiies bnitedtkolysnaill godpare Péaiolliie., duiaditvahids of each step
in the stai caﬁg I?UthUt si gnal 206 'ié equal .to the RCLK er{ d TRCLK.
After eacHPiferfisy ST EFTITRITGRITIOS TegRETs 2Jwger capackpy ) filet 119pg i s

gener at ed. whi&kis infpdabible 20DakyeiphRERIBhS Hob gt et MERreddads ardiogli1g sREO out put
periods, and the stai rc,asia O out put signal 206 contajns jinformation
about t he Yepadifficait in praclicallygrse £1 @rcumte frespencymeaversiey. sserplarhettperi od i s

det er m nedoiye frBgieMIAAIR Rinot NEONELL vARE Sh manh §pey st syQe, 2k itagyld the RCLK
frequency FRCLK according to the follow ng Equation (1): SI—g ACLK = MODULO
X FRCLK (W“%@ﬂée@ﬁt?@f&%%lsB?Cl‘llf%&}steﬁﬁofﬁa@ﬁedrﬁeﬁhﬁicyW‘ﬂ%rI y determ nes

the out putoedifiRGYERYanttile. OiolVéRtiodal BhERpottant thBpdRehib iSRGy and the
MODULO are fixed, and the 2
is called a discrete-time oscillator (DTO), and is shown by way of example in FIG. 2

as DTO 200. The DTO 200 includes an n-bit adder 202 that adds a n-bit increment
value SF (scale 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 206 The
duration of each step in the staircase output signal 206 is equal to the RCLK period
Trerk. After each period of the DTO output signal 206, a carry bit 208 is generated.
Carry bit 208 represents the integer part of the DTO output periods, and the staircase
DTO output signal 206 contains information about the fractional part of each period.
The DTO oscillation period is determined by the MODULQ of the DTQ adder, the
value of SF, and the RCLK frequency Frex according to the following Equation (1):

SF

Focrx =mxﬂm (1)

where SF is the n-bit scaling factor that linearly determines the output frequency of
the DTO. Typically, the RCLK frequency and the MODULQ are fixed, and the




WD 03/081779 PCT' /US03/ 07707 desired DTO output frequency is dynamcally
controlled by the value of SF. The value of MODULO usually equals 2 where
n i s nunber of DTO adder bits. The staircase DTO output signal has to be
converted to DCLK signal by some output nmodule. Thus, the first function
of the dule is to create rectangular wavefor . The second
function |§%0Iﬁr§educe the jitter of the DTO out put p(gﬁr@%o 0 be equal to
TRCLK. A known exanple of an output nodule is illustrated by way of the

bl ock diagramin FIG 3. In the diagram an n-bit value SF sets the
frequency of the n-bit DTO signal FDTO, which is fed into a form nodul e 307
of an .output nodule 305 for signal conditioning. Form nodul e 307 generates
a][l ar%i g Badeyired/HP@ ofx@ﬁmaqhgd&yﬁmaﬁﬁﬁlpﬁmr@lﬁhdgl@ tm&ygggkaﬁg ':1 he out put )
of DT 4 addr es ooku a IC |nputst e
appropri at® ‘{Faﬂ?@ﬁz@ﬁﬂsu é{(?ﬂ“aisoi’r%%eﬁ%mﬁlﬁﬂ‘tb %P EifSocation into
digital -tormedne@emrofams@@lgﬁm@m%&@onvem ©IDEMEERRM bg S altgi t he desired
waveformthat is snpot ow pass filter 312. The LUT and filter are

usual |y i rfe¢dwdedh 'es@ﬂlre&sﬁéw?;@%%bﬁ wwwd@ﬁwoar@tedeqtmwan n the DTO
frequency mel%lxﬂ%kb@mé hfhe @e&ﬂ@ﬁﬁlctt&nm@b&& E}Eq}ﬂt%f‘&ﬂtﬁéD@G%ﬁ:‘ﬁf mtting

principally the main clock frequency to pass through, al so
reduci ng, muvdw&eeq@ﬂltﬁfrwﬂm@ﬂovphﬂi%ﬂp]elotfﬁ@ﬁutpsmﬁu&tlstlm by314 converts

the anal 0&@%@1@%?&5«%%@6%&%1& Qﬁ@ﬂ'l%%,%ﬁ]hﬂ&%"&ﬁ%( DTO CLK that is

fed into ency ~conver ernative DTO CLK may be
used as tffe‘:qmls}(obiht pibit DT sigual FRiol whigh & fﬁdlirmtnmﬁma[npidubéﬂv ofimy  Anot her

usel ul - commRNeRbalRa I, LLSIUEAGKASENKSRERONIO0r ABSLelenfignal s 15 2

di rect digi syn eS| z8¢" PHYEI G 4a. The
DDS usual Ivgavpﬁrfnovmmhaszfmmuemmﬁp% bptaﬂmgmdanmm oPDTOSMm®d i on  unit 402

adds the n-bit ue SF regi.ster. 404 to the bit value from
The  out pdicrsry ke KR decihg Bl o OTb0d e bffe fé sobResiO IS Bympaat ed. upon
each ri si rgech @egHoadinSOUK adBaIGcatiGCintodigitadto-ddfoef Baestet (DATY-N0f DDS

frequency FDDS to the duI and feeds back FDDS to sunmation unit
402, t her SAYCOSRSTERY-eNe tes%‘ﬁgi’s“ng ‘i’f&h‘ﬂiétrm grroateedibydowipass filtsr st 5 r case

periodic snmnﬂhe BOB aNd filfer arefuﬁﬁﬁlyWe& toiRBuce BiirmidaR fuERd Aistdidgquat i on (2)

bel ow: - ( 2)1n the DTO frequency by blocking the highest harmonic frequencies and permitting
principally the main clock frequency to pass through, thereby also reducing, but not
eliminating, phase jitter. Schmidt trigger 314 converts the analog representation of
Fpro into a binary frequency DTO_CLK that is fed into PLL 316 for frequency
conversion. Altematively, DTO_CLK may be used as the DCLK output without PLL
316 in some applications. Another useful component in the frequency conversion of
discrete signals is a direct digital synthesizer (DDS), shown by way of example in
FIG. 4a. The DDS usually performs a frequency step-down function. Summation
unit 402 adds the n-bit value SF stored in SF register 404 to the n-bit value from the
output of phase accumulator 406. The sum is synchronously updated upon each rising
edge of SCLK. Phase accumulator 406 feeds the n-bit DDS frequency Fpps to the
output module, and feeds back Fpps to summation unit 402, thereby generating, over
some number of SCLK cycles, a staircase periodic signal 408 with a frequency given

by the formula in Equation (2) below:

SF
Fops = F‘F SCLK (2)




WO 03/ 081779 PCTI US03/ 07707 where FsCLK is the frequency val ue of SCLK
Qut put nodul e 410 converts the DDS frequency signal FDDS to a destination
cl ock DCLK. Qutput nodule 410 could, for exanple, convert the staircase
waveforminto a binary clock signal with frequency FDDS. It should be

noted t jjtter in the period of staircase periqd] ignal 408 is
o BEp gl

equal to K period. If the SCLK period varies o [+ range
(i.e., has high jitter), then it may be difficult (or inpossible) to
design the output nodule to reduce the jitter effectively. Another kind of
rel evant DDS frequency converter 450 is illustrated by way of exanple in
FI G 4b. Source divider 452 divides SCLK by an integer value SDIV to

create reflQR@AER, SisUdtkeqiilcy vRES b SCIK. 0Dutghthaiile 464oslickts DI LK by and
i nteger value DDV g:ener ate a Feedback signal. Phase detector 454 conpares
the posi tifegencysisppdopete %W‘%%%?P%%n@?'gmt@@%o&@ﬁﬂaf% peri od where

the conpar&afisk] Qvirbihe klifcasé WRvRFMURBA il AXRSEAYAR BRfsesdygnal s. The
Freqg_set output values of the phase detector are generally proportional to

t he di f f erfms elt Broplddiernoted i the jier in e peppdiof stasrgisgprriorbe signpl 40§ i8quency val ue

gener at or t q;lﬁgﬁ} : f t or 454 and
creates theéﬁ%&?%ﬁ? @&a lfgg%rggf\%cﬁdt at d@%?ﬁ“&‘s&‘gﬁ@gﬁﬁ? "'ﬂ % Iﬁ)@{o 457. DTO
457 consi gitsnothemit day ba 8ficulidorioypssibde) toda3ign ThreoumOmodulp t reflece t hen
conditi onqﬁleﬁ ergﬂ%ﬁ%lyrmdul e 462 to produce the DCLK frequency. | nportant
areas where Trequency converters are often used include conputer CRT and
LCD nonitors. Anothtckindlefkeleesy DDSdrequinpyitonybmar K50 esrillastkait@BY Kagofl | nput

cl ock period TS GfD%_I-Wth . i,.0 % %@Iow. ShTOTA VTOT. 4L x
Tsot K< SRERAE Bk SRR (L SR BrsphincR Ve SR of sk
peri ods i rrdatacfrmtcagdal RBF. D&MhSHoAldivider BbedividsbPCLEbyland@iegen t he source
frame; DhTQTAL_.is the nunber of . erjods in the destination line;
DV TOTAL | SR DI A5G FPriiek YEet hor eier Aa PR PTOGER | 5 ¢ he
durati on of tHeREFSAU FeaibadiOhsnaRes tARH cordpiile peHo@hlhetethd enpdty Riib@y Of the
destination clock period. (3) .

the time between two consequent REF signals. The Freq_set output values of the

phase detector are generally proportional to the difference between compare period

and feedback period. Frequency value generator 456 accumuiates the Freq_set values

from phase detector 454 and creates the output value Freq val that is fed as an input

to DTO 457. DTO 457 consists of adder 458 and register 460. The DTO output is

then conditioned by output module 462 to produce the DCLK frequency.

Important arcas where frequency converters are often used include computer

CRT and LCD monitors. In such devices, the output clock period Tpcrk and input

clock period Tscix follow the Equation (3) below:

Shrorar X SVrorar * Tsee = Dhropyr X DViprar % Tperk 3)

Where

ShroraL is the number of SCLK periods in the source line;
Svrotac 1s the number of lines in the source frame;

Dhirorar is the number of DCLK periods in the destination line;
DvrotaL is the number of lines in the destination frame;

TscLk is the duration of the source clock period; and

Tbewk 1s the duration of the destination clock period.




4 WD 03/081779 PCT/1JS03/ 07707 Frequency converters in devices where frane
rate conversion is used, generally follow Equation (4) below n)< ShMIAL X
SVTOTAL X TSCLK = n x DhTOTAL x DvTO AL X T ocLK (4) Where m n are

i ntegers. The maxi num val ue of SDIV required in frequency converter 450 is

equal t , OTAL X SVTOTAL , and the conpare peri i ource
frames.o‘?lﬂg&@ﬂ and conpare period can be reduced i?@@g’ﬁ@g)?omx Sh70TAL x

Svro7AL and n x DhTOr,L x DvTOTAL have comopn denominator. In sone cases,
however, it is inpossible to have |arge common denominator. If there is a
step change in the SCLK period, TSCLK, then the DCLK period, TDCLK, in
frequency converter 450 gradually wll converge to a new stable state. The
time it takegueh® @arerRisge dévices whefedRARNASE chriveB)on iSineedherally t he conpare
peri od. Thfg Ionger, tgos cog}_)are period, the nore time it wll take
frequency RURYERaSEn FHEEIOY” conver ge, which can be up to several frames.
However, in many CRT/LCD nonitor applications a |ong response tinme is not
accept abl e. Phase detector 454 has to correctly resolve a wi de range of
situations. OWeShguctSVaik b dicion? X PhpnexBrpte’ Ticss when TDCLK(4)s greater than
two tines nore or less than TsCLK. As can be appreciated, phase detector
454 perfornms both |logical and calculation operations, and is, therefor,
general | y wWhit bCHlte ih@pdesi gn. Al though frequency converters generally work
well in many cases, there is a__continual need for inproved digital
frequency convdft Brgimyasyalieot SPLV maniredin figpuency enyerterd3Q isgapa idl need for

frequency gonyertgks thg{.‘n(]i@l?tg&nmgad%ﬁgqﬁggmﬁr@%@qh@ﬁﬁxﬁ | e phase

error detecti oR"hecHaf’ sira or these frequency

converter o a@é&d@hbefﬁumﬁhﬁ@s mhtm%&@pogl igg@tions as well. SUMVARY
OF THE | NVENTI To achi eve the foregoing and ot her objects and in

accor dancen WDk, 1 hBvpLr dasecomhon dmopiragenin sonw eades,dioweeer)feishod and

apparatus for digital frequency conversion wusing only digital conmponents
i s provi dempossible to have large common denominator. If there is a step change in the SCLK

period, TscLk, then the DCLK period, Tpcik, in frequency converter 450 gradually
will converge to a new stable state. The time it takes to converge (i.¢., response time)
depends on the compare period. The longer the compare period, the more time it will
take frequency converter 450 to converge, which can be up to several frames.
However, in many CRT/LCD monitor applications a long response time is not
acceptable.

Phase detector 454 has to correctly resolve a wide range of situations. One
such situation, for example, is when Tpck is greater than two times more or less than
Tscik- As can be appreciated, phase detector 454 performs both logical and
calculation operations, and is, therefor, generally difficult to design.

Although frequency converters generally work well in many cases, there is a
continual need for improved digital frequency converters designs. In particular, there
is a general need for frequency converters that have a fast response time, and simple
phase error detection mechanism. It would be desirable for these frequency
converters to work well in CRT/LCD monitors applications as well.

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.




5 WD 03/081779 PCTIUS03/07707 In one enbodi nent of the invention, a target
phase accunul ator unit generates a target phase signal to a phase detector
unit. The target phase accunulator unit receives inputs froma reference
signal input, and a target phase input value. The digital phase detector
unit is 1 ed to receive the reference signal, a hase
feedback‘gﬁﬂ%ﬁ’?%i gnal, and the target phase input si gﬁgﬂijg@mmghase
detector unit outputs a first frequency setting signal to a frequency

val ue generator unit. The frequency value generator unit is configured to
out put a frequency value signal to a digital oscillator unit that
generates a codm espaiehidingentlofyhe mivendion,Etargst phasel actimmilatbsunitdienaates y f ed back
to the current phase feedback Jnput of .th hase detector unit. In sone
enbod; ment SSEHERENEEEP A AP, LTS HRAP MR CTURETBHER | nt eger - and
fr ?ct i onal regas mpigmfﬁ@mm;emzme kignadinper, mﬁi@ﬁﬁﬂeﬂiﬁﬂh@inﬁtﬁﬂvﬁluﬁ{] @Bd i onal plhase

i nformatiopn , required. |Ln some cases, e target phase accumul at or
unit may i#i@?ag&ésﬁgﬁﬁé@é‘mt&ﬁoﬂ $JA r?cﬁ‘ﬁﬁﬁ‘e\fﬁ‘%{?éc?%@cal’i%uﬁ%d to generate
t he appr ophbatfeedbadkdfput BIZAS Cand itigNaket phike iXRit siBhleThERRESdetdchR ubidr get phase
accunul ator unit_may use a second reference signal that does not have the
sane phas eouipgtstafistt qqg?ncb’é?t%‘?ge?ﬁ%’@l@iad??allemhﬁﬂﬂ‘? geRBynihBicohase  det ect or
uni t. Fur tfﬁﬁﬁen_c% DAL reftor RRRRQoAGHIHALDL BhBH: Mqheﬂ@Waﬂﬁ€51 fdgured in some
applications with a nultiplexer unit that uses the second reference signal
as a cont rdgital escidlater uribthaigeaeratenpneorssponding digitak onjput sigsal that issubsequent

cal cul ati g Ve [ l e, the

mul ti pl ex ceaﬁ}g%tgnfecﬁ)ga%ﬁtst%@g? %”és?‘gﬁ%g? fegﬁ%ﬁ%bﬁog&qe%%tdegg oéglgﬁiqﬁput val ue or
al t er nat i sethy embadimerfts theatuirent ptisseifecdbohck sgnalanghindes botb dategec tidon i nput  val ue
to use in neratin h ar ge h Signal tput . Jn sone enbodi nents
t he phase ﬁggtfog%f%lﬁ Se&r’% |°{I%E|t§a°rl1lér a‘%%gs} %EE clhr%lse ?{;P lrﬂg%é:ﬁ%nf ! p%aé?ltn oﬁ'élaté(fngnal that is
proporti omealy beeeqitired.di f f erence between the current phase feedback input
signal and the target phase input signal. Mreover, in other enbodi nents
the phase detBhcbor cases tthgrper pihgsicainsdaonchitfmagnendsa gatd | ng si gnal that

is proportional to the difference between the current phas eedback i nput
si gnal an 80‘{‘?@0‘! W&te‘fap“ﬁﬁ]g@ & “S?Cﬁtﬁ &Fneﬁ%ﬁ%@prwt%%g&&é{)w r]fnu nit can
control wyerbthed cased, et tadgbiephhseraBiunful e @ @yayS6d 4 sde8nd reference signal

that does not have the same phase as the first reference signal input used by the phase

detector unit. Further, the target phase accumulator unit may be configured in some
applications with a multiplexer unit that uses the second reference signal as a control
signal to select one of two input values for subsequent calculations by the target phase
accumuliator unit. For example, the multiplexer can be used to select either the target
phase input value or alternatively use information derived from a phase correction
input value to use in generating the target phase signal output.

In some embodiments the phase detector unit generates a first frequency
setting signal that is proportional to the difference between the current phase feedback
input signal and the target phase input signal. Moreover, in other embodiments the
phase detector unit generates a second frequency setting signal that is proportional to
the difference between the current phase feedback input signal and the target phase
input signal.

The phase detector unit can control when to output the first frequency setting
signal in some embodiments. In these embodiments, the phase detector unit includes
a multiplexer that uses the first reference signal as a select line to choose when to

output the first frequency setting signal to the frequency value generator.




signal in sonme enbodi ments. In these enbodi nents, the phase detector unit
includes a multiplexer that uses the first reference signal as a sel ect
line to choose when to output the first frequency setting signal to the
frequency val ue generator. 6 WD 03/081779 PCT/US03/ 07707 The reference
signal s ,n.the present invention may be generatedq inp_a _variety of

sui t abl ewﬁglgélﬁgn sone enbodi nents, a source cl ock is?’FEE]S?sﬁ(FBma frequency
di vider, which generates the required reference signals. Furthernore, in
sonme enbodi nents, the digital output signal fromthe digital oscillator is
condi tioned by . an qut put, nodul e .t enerate an output signal suitable for
the particul ar ﬁ’ﬁﬁ?flaré’gﬁeistﬁ‘wsﬁ?g"éﬂ‘ﬁ CRSFRS MV ERHON DAY ESBeREd Hichi eve frequency
conver si Onvd_riﬂgrtcﬂeuitablérvﬁgélmgoﬂﬁﬁﬁb@diﬂéntﬁ,mgﬁl{:é@&ksis el ih@ adRlgRa ne a first
conpare period based on the first reference signal, and calculate a target
phase val ulivideiayhich eenseatestly reqited refetencs signplsquency setting paranmeter. The
cal cul ation i s FiARGHRNinDfe InbbBREAS ShdBLINR SRtph EinaCitirh ﬁ{étdi%‘?tlaﬁse val ue and
the target phase val ue, wherein the current phase value 1ncludes integer
and fract i espitlptopis serditionedbyven euipnt moduls dovgenerats] anrpptpubsigashsuitable faquency
setting p ?ﬁ%ﬁ [ ortional to the said difference. A frequency val ue
that dri vztfs1 e&ﬁd%rél?g]%fﬂ%%éci | lator at the correspondi ng out put frequency is
derived from fnegmbotmeseftimethodr auisve frequaney dogvarsienlintthe updat e t he

digital oscillator to oscil.late.at . the updated freque etting. In sone
erod menieeey b el dEb RS i datrint ROR Frral G BliedRhber © o o

cal cul at edirstueferegce digmal, aridsdalcapatagehiascodhlueltimt G dsed toasataodienient s,

cal cul ati the target phase value occyrs the dugin second conpare
period t hatapgey seiie Bafelohs The et P hesedion 1] GHaetea by ieshibec ases. ¢ he
target phaagentphase vi(:jlﬁe ﬁ?lltwi@he@agwm, Erhereihal&azl uﬁeﬁtrmﬁéahvameval ue. A

conputi ng .sysfem an tware product that inplenents the present

i nvention “i‘éu‘gf wgsﬁ@%a&t&na’dh%@rm%éfaﬁmneé} sogif ERIcHElioning obj ect of the
present i lﬂé@ﬁﬁnb?&tt\lﬂg' paraRRED FEhropbdti ha Pt I a1l diFeh R AN Berc§ it Y under st ood
fromthe followng detailed 'description, which should be read in

conj unct i dirtdityas theisiabessitaton ot thecorresrandipg output frequency is derived from

frequency setting parameter, and is used to update the digital oscillator to oscillate at

the updated frequency setting.

In some embodiments, the frequency value and frequency setting parameter
are calculated during the first compare period. In other embodiments, calculating the
target phase value occurs the during a second compare period that is based on the
second reference signal. In some cases, the target phase value is calculated using a
phase correction value.

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

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

numerals refer to similar elements and in which:




BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is illustrated by
way of exanple, and not by way of Ilimtation, in the figures of the
acconpanyi ng drawings and in which like reference nunerals refer to
simlar elements and in which: 7 WO 03/081779 PCTI US03/ 07707 FIG |
illustr xenpl ary bl ock di agram of a known pha cked | oop (PLL)
frequen%gi%@g%ﬁt er; FIG 2 is a diagramthat ill ust rzfe‘yy&gmg'?(errpl ary
digital circuit inplenentation of a conventional discrete-tinme oscillator
(DTO; FIG 3 illustrates an exenplary bl ock diagram of a known DTO based
frequency converter; FIG 4a is a diagramthat illustrates an exenplary
digital circuit_ .l enent ati on,of nventi.onal direc igital

synt hesi zer ( DD&Y" {ﬂ“&%ﬁﬁ“Fé"“éP‘%f?’Q@Fgﬁﬁa%Iﬁ‘é‘t°ff‘|kPﬁ“§’E Pl%\atsgiocg%iq%??enpl ary
digital cireoytrequen® ®@iwMenti on of another conventional direct digital
synt hesi zer (DDS); FIG 5 illustrates a block diagramof an all-digital

frequency conv ion system.i.nplepentin S.. §ervo, syste ccording to
an enbodi ment girlat:ﬁlé aﬁ‘f%?gh{ﬂ]at lﬂﬁvéﬁg%?ﬁeg’ﬁﬁ@f%gmﬁﬂrﬂﬁﬁ?e %ﬁ?l? ow chart
det ai | i ng étheohamtienal@itdiee-tibe oashateM®Td)gi tal  frequency conversi on
accordi ng an enbodi nent of the present invention; FIG 7 illustrates a

bl ock di agram all-digital fr ency conversi o steminplenenting a
DDS servo syst %ﬁggjg%llﬁnﬂfeﬁég?gnﬂ%}'ﬁgﬁc @ﬁ% i° E?OWB?RE%S esent invention;
FIG 8 illfugueayesmertét ock di agram of an all-digital frequency conversion
system i npl enenting a DDS servo system accordi ng to anot her enbodi nent of

the present i nti.on,. and Fl 9.is a diagrammii.c representation of a
gener al -purpos%ﬁg‘o‘{%ﬁf@?‘grgg}élfaémusgﬂfstagﬁgnﬁ%y ?g]ﬁgfcéf?gﬁti ng the present

i nvent i on.impleidhiafis dMaSehehtidralNditdct dikia] EMEEI-8ENDR);The present invention
w | |I. now be described with reference to an enbodi nent

FIG. 4b is a diagram that illustrates an exemplary digital circuit

implementation of another conventional direct digital synthesizer (DDS);

FIG. 5 illustrates a block diagram of an all-digital frequency conversion
system implementing a DDS servo system according to an embodiment of the present

invention;

FIG. 6 illustrates a flow chart detailing the basic method to achieve digital

frequency conversion according an embodiment of the present invention;

FIG. 7 illustrates a block diagram of an all-digital frequency conversion
system implementing a DDS servo system according to another embodiment of the

present invention;

FIG. 8 illustrates a block diagram of an all-digital frequency conversion
system implementing a DDS servo system according to another embodiment of the

present invention; and

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

suitable for implementing the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

The present invention will now be described with reference to an embodiment

thereof as illustrated in accompanying drawings. In the following description,




thereof as illustrated in acconpanying drawings. In the follow ng
description, 8 WO 03/081779 PCTIUS03/ 07707 specific details are set forth
in order to provide a better understandi ng of present invention. It wll
be apparent, however, to one skilled in the art, that the present

i nventi 0&0'@3 DK pr acticed without some or all of the%ﬁﬁ%ﬁ i fic details.
Gy

In other i Aot ances, well-known steps and/or systemc '@ have not

been described in detail in order to not unnecessarily obscure the present
invention. In view of the foregoing, and to achi eve ot her objects of the
invention, an all- digital frequency converter is provided that has fast

response tinme and relatively sinple design. The general direct digital
synt hesi s BB} dasils\uee sy @i aaenb@fmgietamenamnwhadﬁmtpr@émt he present

invention js illustrated b of the b]oc agr FIG 5. The DDS
servo freqEmbgn-cim P%‘i‘p@ﬁ%gt\;ﬁg‘{ ‘“ﬁ ‘%<‘r'i’é11 tl1‘3§’r°<§"'n’tfrequency
converter fhiakios Ry 8é ﬁcﬂc@@wﬁtﬁcﬂiﬂ%orﬁ@w&l%f‘ﬂ{e@&%egr@éHetEiPthMhé first
frequency to an output destination clock DCLK at a second frequency Sour ce

di vi der 50mstefogs iel-koowistegs 2a¢/of ssiegeiompanants hapy wotbeencdeseribed i r ef erence
Sinal RelseallIfofhc3h 0ol GEOTPRLERSEARA. (TCND) (hat detector 507

uses as the time wndow to conpare t ther 1 nput signals and generate the
det ect or' ouflpurewsif thedbrsgong, hred toanhiend ot pbjecthofitbe Bventionyansdt  have i nput

source clq o‘i taﬁ’h}édu@ﬁé BerteP Grovi dba ?ﬂasfﬁ’tpe‘é éu% 4 labl§, Ref signal by
s oBvertePd Brovidid $pot e f

sone ot her known' a o ap %se accunul at or
503 and a sispledésign. Hmﬁgemral @hmélgitairsgnthesnsr(MIS) vaimusystem Ehadmgae cunul at or

503. s t heal.;l%glns lra‘nre]:;tlt Jf ) Ip?)'%%ﬁt:yg e:ng1 on 1@9 ﬁﬁﬁﬁ&;@ew?ya?fgé%r%loﬁ(gﬂ%gggﬂnunber of DALK

peri ods per ‘conpare p g|ve
accunul at AG5A 3TledoDisdred Raublvy cophastorodystBialskowrhatthdfigure s@ be supported by

servo system The Target .val output of ph nul.ator, 503 is the ideal
DOLK phacdregbensy conygietSear iinyads hf fuapsquPe ook S568 RRWRRAFEL the  act ual
current ghgeacya@ugit ﬂé%ﬂﬁatlaﬂaioHSDCﬂ,Krdt BecB@Chequ@igyar € period to

determ ne the p riate rror and Freq_set control outputs. Phase
current is a fgg‘Hﬁea Kides 59 ﬁg}‘”@é%igsblyﬁﬂl?tmeéﬁél‘e B s dnal phase

i nformat i QifeRhicd MarRésr TR Raqgﬁaméis@woompaetpeﬁ&d)(TCgQaha%te&Bﬁs@ Freq_set
signal that is supstantially proportional to th ference between ideal

the DCLK pfse thedimepyindoyy ipsompare themhes brput signplsand genprate the detector’s

output signals. Other embodiments, however, may not have input source clock
divider 504, and, instead, provides a suitable Ref signal by some other known
approach. The Ref signal is fed into a phase accumulator 503 and a detector 502. A
Phase_target input value to phase accumulator 503 is the constant for particular mode
that determines the number of DCLK periods per compare pertod. For a given
Phase_target input, phase accumulator 503 accumulates the phase of DCLK that has
to be supported by servo system. The Target val output of phase accumulator 503 is
the ideal DCLK phase (i.c., target phase) that detector 502 compares the actual current
phase Phase_current against during each compare period to determine the appropriate
Phase_error and Freq_set control outputs, Phase current is a feedback signal
comprising integer and fractional phase information of the current DCLK output.
Detector 502 outputs a Freq_set signal that is substantially proportional to the
difference between ideal the DCLK phase set by Target_val and observed current
DCLK phase indicated by Phase_current. A frequency value generator 506
accumulates the Freq_set values from detector 502 and creates the output value

Freq val that is the input of DTO 510. DTO 510 has fraction and integer outputs.




DCLK phase indicated by Phase current. A frequency val ue generator 506
accunul ates the Freqg_set values fromdetector 502 and creates the output
value Freq_val that is the input of DTO 510. DTO 510 has fraction and

i nteger outputs. 9 WO 03/081779 PCT/US03/07707 |Integer part accunul ates the
nunber riods that have occurred since the st rvo process.
The fractpgkﬁgutput of DTO 510 is the phase of the cu??éﬁﬁ% ? out put
period, exenplified as the staircase signal 512 that is fed |nto an out put
nodul e 514. The conbination of the integer and fraction outputs of DTO 510
is fed back as the signal Phase-current to indicate the actual phase of

. the current DTO output. Qutput nodul e 514 appropriately conditions the DTO
fracti on oOhitegertpagtiagrudiulates theramiber ¥EIYBO périvds ehackgvk @ccublel Kinfd thestgmmcy can be

condi tioned. as equal gportion th DTOf quenc In the sinplest

case, out pUtHBa %SSS?QC%ETQ‘W‘EO?hg%Q SFP’%‘HE@ 9°‘§EP6‘§P39U ally equal

to the DTQuipuegeacskemplifad B thd stai®hs 3ighS 522 iﬂamé/fé‘dhﬂfotan%tpﬁt an&\ge a process

600 to achieve digital frequency conversion wt avi ng relatively small
€

response t1fe The edmbingtign Pf)méﬁltegéh%’éd?aﬁ%‘ﬁ’couﬁ?m%q{@]ﬁ? etbigfedihaglett i on. The
process 6Qf. gt PRasé lcufQ tdMdicit Eﬂe%t'uél'ﬁﬂgse of tle'c@Hent I GlipRar anet ers

appropriately.” For exanple, the output "bits corresponding to the integer
parts of [ﬂ‘@@mdwﬁé1@%@“&@!&%&&@@&6@@0&3@1@@“%% signgldn knoaddi t i onal |y,

t he regi st P& [ tate that
corresponds y?ohtqhe esi reg(@l{éﬁ?re Eég%ﬂfnogg@asaaaﬁ?l%?é@bglghg éoflts such as
Phase targknD'aﬁd‘reSﬁmcyflmrth@uanipstteaseacr@mkrmdulleéh@mdlnMnsﬁﬁbZDCBK 604 the servo

system Wadeﬁﬁen of gém%g éa?togg%b%g egregm?eri od begins. Upon the start of a

new conpare pe io ‘orward to 606 where the phase
accumul at or caFIﬁlIGaﬂmamsaﬂmofrar@pmhngaiprbges:ammtﬁgc}ﬁ’émsl@_ﬁaar get to the

i t val, th the ideal .DTO t ph t th
Do SR PhoR S By P SRk bl e b SRR o vean
Tar get _valembodimcitef (earespitasentidn. mi@pﬁbaaseauégﬁrmt 602Thy imitiaBiihd er ence is

converted, at 610 to the Freclset val ues, mul tiplying, for
exanpl e, tAEOHSYSH B?{%‘Eetﬁ'g Uﬁ?@’faéﬁlpf 05 ¥ amnls: dipautpu X\P{‘%"Pﬁﬁfﬂ"(}@% in other

embodi MeniSthe drtégeBPerts SNDTO sqb ahdiPhatd AckRhMRGES0MBYe RR 148l | nstead of
mul ti plyi r}%é The Freq_set values and current Freq_val are converted, at

612, to aAdéitions @qﬁlmglsreﬁ%m fregusasy YHe genprator §96 are set to the state thal

corresponds to the desired DCLK frequency. User-defined constants, such as
Phase_target and SDIV, for example, are also loaded at 602. At 604 the servo system
waits at 604 until a new compare period begins. Upon the start of a new compare
period, process 600 proceed forward to 606 where the phase accumulator calculates a .
new Target_val by adding Phase_target to the previous Target_val, thereby updating
the ideal DTO output phase at the end of compare period. The difference is
calculated, at 608 between Target_val and the real phase of DTO Phase_current. This
difference is converted, at 610 to the proper Freq_set values, by multiplying, for
example, the difference by constant coefficients. Alternatively, in other embodiments
aright shift of the difference may be used instead of multiplying. The Freq_set values
and current Freq_val are converted, at 612, to a new freq_val that feeds the input of -
DTO 519 during next compare period. By way of example, the new Freq_val may be
the sum of the previous Freq_val and Freq_set values. Depending on the application,
the DTO output signal is conditioned, at 614 into the appropriate signal for external
system use. In some embodiments, step 614 is optional as the DTO output signal may

be used directly by other system components. It should be appreciated that in several
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DTO 519 during next conpare period. By way of exanple, the new Freq_val may
be the sumof the previous Freq val and Freq_set val ues. Dependi ng on the
application, the DTO output signal is conditioned, at 614 into the

appropriate signal for external systemuse. In some embodinents, step 614

i's optioggly he DTO out put signal may be used dir t her system
conp oneg‘?s ﬁﬂt’iﬂtghoul d be appreciated that in several ?@%3%70881779

PCT/ US03/ 07707 circunstances, the order of the various steps nay be
changed, sonme steps elim nat ed, and ot hers added. Havi ng described a
general nethod to achieve digital frequency conversion in accordance with
the present invention, a nore detailed DDS servo systemaccording to

anot her erﬂ?&dﬂnﬂ&tﬁﬁes okc drhie of e Safbus slyemby By chasged) dolstept @fnisensay of the
|G 7. The DDS servo frequency conversion system shown

bl ock diagr rn =
in the fi g"’g'f’Q efs@dfeth sane as the DDS system shown in FIG 5, except that
sonme i npl enent Mavig destEibéd 4 Senbfal ﬁlaﬁodq%s}ﬁe@%gifwﬁ@c}u@ﬁcﬂaﬂvé% @ fl ocks are

shown. These differences and other inplenentation detail t he present
i nvent i on atfqrilange Fth thetpsesantdeneationg a mare deailed BRASesgrvo g stem @corﬂmgohase

accunul at qg &ﬁﬁr%m 1fn§ﬁl§)ge g% Tvz%nqgﬁlgwtéﬁfwof?&%m The Pgase

target input value o at or I's the“constant for
par ti cul ardiagmim Klgaf. dht BPHiseres frequenayinohersiarf sysiekkhpen inabis fipee corrpare

period andg i[h)@g»z;r}féi% b%%%%oﬁfi?ﬁ UMl t%iatfomm p?%ne(lgfgxg' 't'h’ the

i nteger par and t hé curren eriro
fract i onaldepds ot)theﬂltmemauqnuhtovand]ﬁr@bloakhcheer sh?b@nﬁ il“hesesl)mcémmdsl y fed into

a regi ster 706 f nal ed const ant
frequency et @pg%%c\e,}'@%'l%gﬁtm}?ﬁﬁfprﬁsﬁ m‘feg orf‘g ]i%?feé E"?‘S%“Ef@ﬂiﬂfﬁ? ates the
phase of Dbahtkxt off BRI FdPige hdﬁ&mumtoeg(ﬁcompﬁsésraﬂ(ifﬂd@HO@&’{dtz&e%iﬁteﬁ706 phase that
the servo, systemis to achie DTO raction and integer parts
DT £r e A PR, e inb: S8 o Mgt Ay cumion 100 5 e QM IBPERRGRIR | 5 ¢ he
total nunagyde efat &Tmmﬁrﬂbbﬁafﬁ@wperﬁagwrwqur T%érhﬂ 2B fAcRibPUL , as

accunul ated by counter 716 he fraction part, frac, of DTO 711

i ncl udes AFdumberet agcmylated Q@EK poriofls Gt q"t intpgerder #¥she RELK phasse of t he

current DiOne vt plRAI(RE; thy¥egdtiome] pR) Yhk sutga%ru@foﬁhd@quger 712 at the
end of a period, counter 716 increients by one, thereby generating the

i nt eger payrchroppushyried mfq a register 308 iwaysf theRgfsiganl arthe efze afte st ai r case
si gnal  718osRArdfudicy rbffthce clock, RCLK. That is, register 706 accumulates the

phase of DCLK, including the integer and fraction parts of the phase that the servo
system is to achieve, DTO 711 has fraction and integer parts DTO_frac and DTO _int,
respectively. The integer part, DTO_int, is the total number of DTQO periods that have - -
occurred in the DTO output, as accumulated by counter 716. The fraction part,
DTOQ_frac, of DTO 711 includes adder 702 and register 714 and it determines the
phase of the current DTO output period. When a carry is generated by adder 712 at
the end of a period, counter 716 increments by one, thereby generating the integer part
of DTO 711. The output of register 714 is the staircase signal 718 (DTOQ_frac) that
feeds the input of the output module 720. The signal Phase current is formed by the
concatenation of DTO_int and DTO_frac, and determines the real phase change in the
DTO output signal from the start of the servo process. Qutput module 720
implements any desired signal conditioning operations on DTQO_frac, and depends
upon the particular application.

Implementation aspects of the present another embodiment will be presented

in more detailed below. Beginning with the Phase_target control input, it is the target
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feeds the input of the output nodule 720. The signal Phase_current is
formed by the concatenation of DTO.int and DTO frac, and determ nes the
real phase change in the DTO output signal fromthe start of the servo
process. Qutput nodule 720 inplenments any desired signal conditioning

operati O frac, and depends upon the particul pli cation.
| mpl erreg‘tggtol/{;)bﬁggspects of the present another embodi wEﬁFUa?%{"FWBe present ed

in nore detailed below Beginning with the Phase target control input, it
is the target 11 WO 03/081779 PCT/US03/ 07707 DCLK phase change per conpare
period TcMP that the servo systemis to achieve. The value of Phase target
is determned by the ratio of TcMP and TDCLK as shoran in Equation (5)

bel ow. PhasEeLK ph#e thangd pévRofpADebried(B)p fﬂﬁm‘ae sdrfb Hefindy B Bhie®d t ai n target
DCLK frequency for_frequency. converfer of, the present enbodi nent, the

syst em deshhgale sbPheee oredi s defsgpivpt uthe r%BIWTVIaﬂ ¢ Toaux 3 KOVELr ce ¢l ock

di vider 7GZma@ds) sunH:s Phase_target as cal cul ated above in Equation (5).
The DTO output is initialized to be equal to the phase accunul ator the part
of full phase change at the start of servo process. It should be noted
that the rpﬁg;g [ I?lts in the int egqs) part of phase accunul ator register
706 has to be~e ough rnﬁekt ector 708 "to correctly resolve the difference
bet ween Target val and Phase current. Det ector 708 corrpares Target val and

Phase current t L9 cal cul at t e

cor r espondi ng r%sqtbse %&g?‘ﬁ%g%m%{eg%‘ﬁ% % ISR S8RV efs Servo

| oop. UnI itﬁ@rkqanmmbpﬂmmat tenystoh destgneoseleots iss apbh:@fxae SS)IVi@a]ﬁemdback di vi der
in the dback th zed, o 718 and the

f eedback i psﬁPm? e alﬁ@?‘é*&'ie_}éﬁea}"gé“p"ﬁ@%‘?a 9 h%s 3l c&é&ﬁtai’?"r?\}’gﬁﬂ?%'ﬁnf eeds back
to detect Qs) NBDHKJgdmmﬁmhlummmo uerei;@ﬂrwﬂlie@nase E’&b&ﬁﬁla@dmﬁeﬁmh,ofﬁlll

i nst ant ane prov ded by DTO 711. The esol.uti gn of the Phase
current sP 51 §°§”"rr°d"l‘ff SF’a’EPf"GFF‘SOPSEIELig?)B ‘B‘g‘at ’éimi‘baemgllﬁsfici ent to

cal cul at e jipme Hﬁ@%ﬁp&t/df'pﬁaé@)ﬁccﬁlﬁﬁla@)r@é'g?ﬁ@ 706 ha¥ to bakagh foflaekol Bsa snal |
determnistic error in the Phase tar Si gnal t hat corresponds to the

| east si gfft Forestht resalye the differppgepptveery P@e 38d Bhpse cugpnt dBEBHAS nes t he
maxi mum f reglteiares Q‘ﬁfgﬂ_ﬂﬂ and Phase current at the end of each compare period and

calculates the corresponding Freq_set values to the feed-forward path of the DDS
servo loop.

Unlike known phase control servo loops, there is no feedback divider in the
feedback path, between the synthesized output signal 718 and the feedback input to
detector 708, instead the present invention feeds back to detector 708 high-resolution
information, Phase_current, instantaneously provided by DTO 711. The sampling
resolution of the Phase_cumrent signal is a small fraction of DCLK period, and is
sufficient to calculate accurate cycle-by-cycle phase error values. There is a small
deterministic error in the Phase_target signal that corresponds to the least significant
bit of DTO 711. This rounding error determines the maximum frequency setting
accuracy Phase_target. If the accuracy is sufficient for a particular application then
no additional input is required in phase accumulator 703 for compensation. However,
if the accuracy is insufficient, a Phase_correct input (not shown) to phase accumulator
703 may be provided to compensate for this resolution error. The correction is made
one time per several compare periods, for example, after the end of frame or after the
end of m frames accordingly to Equations (1) and (2).

To generate the control parameters for the feed-forward loop path, detector

703 determines the difference between the DTO output phase change and the ideal
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accuracy Phase-target. If the accuracy is sufficient for a particular
application then no additional input is required in phase accunul ator 703
for conpensation. However, if the accuracy is insufficient, a Phase
correct input (not shown) to phase accumul ator 703 may be provided to

corrpensa‘%g#%gslﬁg}ghi s resolution error. The correction %E?&E%Z‘”Z? ne tinme per

sever al periods, for exanple, after the end o after the
end of mfranes accordingly to Equations (1) and (2). To generate the
control paraneters for the feed-forward | oop path, detector 703 determ nes
the difference between the DTO output phase change and the ideal 12 WO

03/ 081779 PCT/ US03/ 07707 phase change set by phase accumul ator, and

cal cul at espHabechiig@teSHl pha deadhnilftor, wial dakalatet SRUFreE sot corrddtibi gathdse DTO out put
phase to be equal to ioFeaI Targettval ha exanpl e of a

propor t i onfgAvEE e bringthe B quinufphass to@&%ﬂ‘ﬁ%@@iﬂ%&ﬁa‘f@@hﬁ? fASFiplying the

phase di f f 8LRBERERYropoftiBRa sEMS systh Fieg SRt Sotild mratcma{edmgr fhg are
recal cul ated after each conpare period, TCW, set by Ref, 'and are held

constant e phase differsner tyfa wastentconpar e period. It shoul d be appreci at ed
that a Ilonger g?y%eg_a&t b&%?&?ﬁn&&?ar&?&%%@dhﬁ%a&fco Gre peAGH,r 0 1 oop.

Because det ect receives instantaneous, high-resolution phase
i nf or mat i oFCHIP et hRefPindsiee eld qonstantfunldbaeid of ingi abmpdrepericslt dbi lity,

however, i i gl fJ t rat.i TCWP, as the

Freq_val iszmﬁggﬁj?:ffﬁz‘é%ggég d @%%%S@WB%E‘E% %%retrtr%‘rarg%%fl% tlsrﬁo?ﬂ be noted that
t he val uesoofrolrps eBecatsrdgtettonif reckCiePinsauthokobs highpesybrtioatpbésy vari ed, as

gi ven by Equation (5 ver wde.r whi. |l .e i.at ai ni ng t he, desired

Out put 1 v dARR R o] o BSE LR R bt Bon AR P NShs path of ¢ he
DDS ser vo signifivantdodepéndeftsonahd diesionnt Yoypaksibe Beqofabis@ilcldied and DTO 711.

Det ector 708 qut pu he Fre t r ters.to e frequency val ue
gener at or ! ,813 I E‘ﬁ“@?ﬂ“&ﬁ’ QFE@?‘{QIPF@P@I thepyalygs ?f‘ta‘{}‘a?eefffﬁ & by DTO 711 to

generate tmpdaﬁds@q,pmpﬁayy veh QL) bEFGoh Ug}vfgda;ﬁlidﬁ.(s), yoéri“k.@e KAWLl screte-tinme
oscillators, the DTO 711 inclydes an additional integer part beyond the
usual fr adtdiyANYEtha estgdguiput BE8EIYac, which feeds into the input of a

known out put Nk Bredet®ehiBddiménd iR fe6PfOArll pith BBthe BIDYRWoAboEXanpl e, to
O 1 v Somoriees 3 fidqutncy valde gomerator 710 and D10 715, Detecior To8 outputs o oo & 720
coul d hav&o@prises a lrequency 5 tp
Freq_set parameters to the frequency value generator 710, which calculates the value
Freq val required by DTO 711 to generate the desired output frequency of DCLK.
Unlike known discrete-time oscillators, the DTO 711 includes an additional integer
-part beyond the usual fraction output signal DTO_frac, which feeds into the input of a
known output module 720 for signal conditioning. By way of example, to convert
output signal DTO_frac to a binary clock signal, output medule 720 could have a
lookup table and digital-to-analog converter (DAC) as an input stage, and a Schmitt
triggered low pass filter as an output stage as shown in FIG.3. The integer part of
DTO 711, DTO_int, taken together with fractional part, DTO_frac, represents the
current phase, Phase_current, of the DTO, and represents the full phase change of the
- DTO output signal from the start of the servo process. The number of bits in the - -
integer part of DTO 711 has to be enough to determine correctly the difference
between Target val and Phase current.
It should be appreciated that the various DDS servo system blocks shown in
FIG.5 can be realized in many different ways that best suit the particular application.
An embodiment that is directed towards frequency conversion in the computer display

monitors is illustrated in FIG.8. This embodiment is the same as previous
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| ookup table and digital-to-anal og converter (DAC) as an input stage, and a
Schmtt triggered |ow pass filter as an output stage as shown in FIG 3.
The integer part of DTO 711, DIOint, taken together with fractional part,
DTO frac, represents the current phase, Phase current, of the DIQ, and
represe ul | phase change of the DTO output sj the start
of the 5&6\9%&37'7%%55. The nunber of bits in the int eggﬂﬁ%)ﬂg{p 78?1‘ DTO 711
has to be enough to determne correctly the difference between Target val
and Phase-current. It should be appreciated that the various DDS servo
system bl ocks shown in FIGS5 can be realized in many different ways that
best suit the particular application. An enbodinent that is directed

towar ds fr&ghéamett, eRRYEoRIQPstdnbloble ha Rtk Bliplethedibdyith PRIMulRT S 1S
illustrated in FIG 8. This enmbodiment js the sane as preV| ous. 13 WO

03/ 081779 m@w@mmwwnémwwtwné%@ﬁ% todhsRhagg accwiiiBlobERR ahave been

i npl ementerg% Emwﬁahé:gg)@gct har dware conponents and there are additional
i nputs to ase accunul ator such as ref franme and Phase-correct. In

this conputer ﬂnnthnqcompetﬁbmdmltmnmb@ﬂm@m&sbﬁéseéwmvnvfém #B‘Fﬁsea phase

accunul at A 1 I ne that is

t he sane gas 5,%§ Af/gﬁ’g an a%e% %?gﬁngggr%fgﬂn%rt%lqhe eﬁ gof the m
frames, vWI&‘rfﬁniFtI\Guﬁsand|arReé_gfexmeﬂTehmamsalseeend@éﬂnm&amcs whekodies an adder 804,
G L L R
when Ref ImmEr@tsganalo|'Eheaxetvrl?a3geatvaltnhﬂonedmmé regcoan8ad et goedgeod, where RCLK

has a constant f . The Re is.active ring one RCLK
por i 0d. 1 eRuecsetiRIR ar satk when REGAPALR svB Lk Frt ot phiase-t ar get  and
Phase- cor rcg@park §erﬂfd¢ﬁrﬁé’t& RELKIHag a barstant fdquasdtsle H‘h8ﬂ8f_11hé’1519{ah1@ metb@npar e

peri ods Phasq tar a the in ut of add 808. t hr ough
mul ti pl exdHmapye 05 ffg‘g‘g& cHamssigne %iagtb‘f?tt %F“"B"f12 that cal cul ates

the diff ermﬁuéetm%gée ;Inmmtmea is prodedeit tnéahp@efiaddbﬁso‘seeﬂ&a&%oﬁlp%al
Phase-current wo nultipliers 814, and 8 used in detector 8 11 to

cal cul at e PepiRds Fhasslawet iy H%SB"dltto {heiippug of qﬂF‘%fng§ élF opghiputiplexss 8Qat 2

Coef fi ci efjefcish 8 ANGhntithsAsELIERRES B cm@.ﬂaﬂemeqw&&]eé (dBARtweh rml e right
shifters may be used instead of nmultipliers in other enbodi nents. These

coef fi ci effarget_vajrandhgigndback signal Phase_current. Two multipliers 814, and 816 are
used in detector 811 to calculate the detector output values: Freq_set] and Freq_set2.

Coefficients K1 and K2 are constants for the current mode. Simple right shifters may
be used instead of multipliers in other embodiments. These coefficients, for example,
can be adjusted to determine the quality of servo system, and the speed of the
transition process (i.e., system response time).

Multiplexer 818 passes the Freq_set! value to the next block during an RCLK
period occurring at the end of a compare period. A frequency value generator 819
includes an adder 820, register 822, adder 824, and an output register 826. During
each compare period, the value in the register 822 is changed by value Freq setl. In
the servo system’s stable state, the value in the register 822 is substantially equal to
Freq val at the input of DTO 827, which is required to achieve a DTO output -
frequency that corresponds to the Phase_target. Register 826 stores the sum,
Freq_val, of the value in the register 822 and Freq_set2 from detector 811. It should
be noted that both adder 824 and register 826 are optional. They are included to make
the transition process fast and stable. Accordingly, they may be omitted in

applications that do not require these features.
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can be adjusted to determne the quality of servo system and the speed of
the transition process (i.e., systemresponse tine). Miltiplexer 818
passes the Freq_setl value to the next block during an RCLK period
occurring at the end of a conpare period. A frequency val ue generator 819

i ncl ude r 820, register 822, adder 824, and a egi ster 826.
Duri ng sgggﬂéggﬁpare period, the value in the registe?cgggﬂﬁzmzhanged by
value Freq_setL In the servo systems stable state, the value in the

regi ster 822 is substantially equal to Freq_val at the input of DTO 827,
which is required to achieve a DTO output frequency that corresponds to

the regieter GPTON teruts o 3adn B0 Getelt el e 1 RS uARr e ot ed t hat
bot h adderand24istsn 930 REieSdnethe $RE6t A Epa@if (RITIQ otpty Tak-Butp@fued to make

the transition process fast and stable. Accordingly, they may be omtted in
appl i cat i d?%stﬁrrﬁgﬁ) isfBe Hejrcasedybit signal AL fippthat s used a&wpv&iory%-mw?g

PCT/ US03/ or ' e o ist af;s830, and
QoI 894 QrBidnf, %Qﬁlgdp%ésénpﬁ. ﬁmeggggpﬁ f%T@%ﬂiﬁﬁi efis and a

counter 832. Adder 828 and register present the fractional part of
t he DTO ouidpementeiithy camsysignpls sam theadder 82§ Theongtamatian effike epupicy case n- bi t

si gnal DT@s} B@tﬁuttagél}eﬁisﬁer Eﬁ?&t@tﬁ f@(») ;Ph%ste%c_i;géﬁt 2Bl A4 F%cﬂ?(g!ﬂd rl%ﬁﬁ%‘}- Count er

832 represents the i1 nteger pa _ out put . crenent ed by
carry si geatesiof §1d mTheBhagel dorrer8 #8dbark eigod meraesentathedhll plhase tlangoiunt er 832

out put an%gé e;;@g&gﬁigjﬁﬁéB%%mkq&ggwfaﬁég%current and is fed back to an

i nput of hase curr eedback signal represents the
full phase chahgkouldbe rokd thif Ghecatvpsystsn gridG.§ caomotheorscdy fromfanger vo
process. It e .not ed rvo s min,Fl G.8 n. wor k

. t...shoul d t the se st
Correct | y i AL BF AN or b e PRFES® st SR Bivess SemeceiRAL ! i on
process catrilphélfet eaged transiitnfpracast(Wer the didflereneigbdtheenfTarget vat age of
transition ocess (when e.differen bet ween Target vat  and Phase
current i @‘E\El&ﬁﬁ-"‘f’ﬁ%‘lsﬁ‘f?@é}& “ﬂ)‘ﬁﬂga%‘f"%%é’fg@bf’a‘_ Ve ﬁt?fé”f’lé’@‘? ster 810 and
i nteger paftégePparlHFDTONntRCcHHBRNEEY arSshbt tordefd ARE the Gtag T €acllie®r the start of
each new conpare period. As a result, the output of subtracter 812

r epr esent SOTRPAES RTCHo AR A Fegult tlag QR of ﬂ’@ﬁf"*@'ﬁ@ prEgenic RaAETaeY real DTO
phase chap@@eédigem biT® ghasdchaPeRad feal mmpﬁgkﬁ chin36 FroRRRE RRGBRPak0 cal cul ating

the phase difference will be apparent to those
period. Other approaches to calculating the phase difference will be apparent to those
skilled in the art and are contemplated as within the scope of the present invention,
Some basic system parameters will be herein calculated by way of example. To
simplify calculations it is_preferable to select SDIV to be equal Shrorar; however, any
suitable value will work. If SDIV is set to equal Shrorar and the DCLK frequency is
equal to the DTO output frequency, then Phase_target can be determined by Equation

(6) below:

nX Dhpypy X DV

T,
Phase _task = =542 =
DCLK MX SViors,

©

Detector 811 in FIG.8 calculates the appropriate values of Freq_setl and
Freq_set2 based on the difference between the Target_val and Phase_current values at
the end of a compare period. The general formula for calculating Freq_setl is given

by Equation (7) below:
Freq _setl = K1xdPh (7
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skilled in the art and are contenplated as within the scope of the present

i nvention. Sonme basic system paraneters will be herein cal cul ated by way
of exanple. To sinplify calculations it is preferable to select SDN to be
equal ShTOTAL; however, any suitable value will work. If SDIVis set to
equal S d the DCLK frequency is equal to the t frequency,
t hen Phasém rget can be determ ned by Equation (6) Bg%ﬁaﬁmkﬁZSe task =
TCMP _ n x DhTOTAL x DvTOTAL (6) _ TDCLX M X SVTOTAL Detector 811 in FIG 8
cal cul ates the appropriate values of Freq_setl and Freq_set2 based on the
di fference between the Target _val and Phase-current values at the end of a
conpare period. The general formula for calculating Freq_setl is given by

Equat i on (Wherp@Phointhepdifference detveenderiredphaerehange and Pinse owrapgatiro
PCT/ US03/ 0,40 ¢ ¢ Q{iﬂﬁ&egpe%Pﬁ d&nﬁ #lh?a ki GNRR ﬁ%“ﬁﬂ@ ifiﬁiﬁ bdrfifls 38@9156 change and

Phase current a are perio I'S a constant for

parti cul arAsmdkr Mmﬂlhéorsnelcukatng/&‘ecgmtz 150g1mnrhylfaqmatiamr(ﬁhﬂ>dnw or cal cul ating
Freq_set2 is given by Equation (8) below. Freq _ sett = K2 x dPh (8)

Desi gners who are experienced in the art can readily determ ne the suitable
val ues for coefficients Kig K2 4HoMeyd¥, for robust convgBgence to a stable
state, KI and K2 are preferably sel ected bel ow a nmaxi nrum val ue KMAX gi ven
by Equation (9) below. K TRCLK Max TTCW (9) where TRCLK is the

reference cl oCeRghdrOfho %@@x&%e& % thB %t %ﬁd@%@hﬁ@fﬂ@@ﬁﬁb&er iod -the

time between two Consecutive Ref line signhals in . The val ues of
coef fi ci ernaipexior coctiicients Kb @IME&G@@Y&@U@W@WFWCQW@&@HW %4 Equati ons

(10) and ag'x& %()Z:HIB preferably selected below a maximum value Kyax given by Equation (9)

below:

T
Ky = _RCLK (9)
T CMP

where Treik i the reference clock period, and Tewmp is the duration of compare period
—the time between two consecutive Ref line signals in FIG.8. The values of

coefficients K1, K2 can be calculated as shown by the following Equations (10) and
(11):

K| = 1 X TRCLI(
Tome
(10)
K, = 2 % Tacrx
Temp

(11)

where m;<1, ny<1. It should be appreciated that the smaller coefficients n1, n2 are, the
longer is the response time to jitter in source SCLK period.

An initial consideration in designing the present frequency converter is determining
the application’s acceptable phase error during a given compare period and

destination frame. One deterministic factor effecting phase error in the present
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K, n1 x TRCLK TCW (10) K2 x TRCLK ~ = TCWP where n3<l, n2<l. It should
be appreciated that the smaller coefficients nl, n2 are, the longer is the
response tine to jitter in source SCLK period. An initial consideration in
designing the present frequency converter is determning the application's
accepta error during a given conpare period i nation
frame. ghé“%@?@?ninistic factor effecting phase errorggﬂUﬁﬁgﬁgkesent 16 WO
03/081779 PCT/ U503/ 07707 enbodi ment is the nunber of bits, n, in the
fraction part of the DTO (i.e., adder 828 and register 830). The sane
nunber of bits is used in the fractional part of phase accunulator (i.e.,
register 810) and in the output of frequency val ue generator (Freq_val).

It is prefenbedinent is thranpmbenef bitse fhedaqgtiop pa pf the PAO: (he, 4ddscd2Bonal part of
Phase tar reQni i P : - pects rel ated
to DTO degﬂ&grr\ St%lgggjénrél?:g%ﬁésse fﬁfb%{gyiusgg?gﬁ?ﬁﬁ‘%?g?\rfiv&)%fphéé%cri bed above,
t he i nt egeaccypaulatonti.ct regisiT 810 nopuntheenyput of frévmemyrvabie gBR@tger i ods, and t he
fraction t SQ) . t rre re. DTO.out put wi t.h a discrete
scour acy CorellE L BB Rt s ot T BB aRAS Thus.
maxi mum Hhasetaeget ar arc arthdmpates itgphakeycuappatapr i at el y sel ecting t he nunber
of DTO bits, n,, whic det erm.ned b uatiqn bel ow. MODULO x
TRCax TDccx = ¥PEH IEQE?Q?"nP?é)“EWéW@ §e di%?% T ﬁ%&gﬁﬁié‘ﬁg% SMODULO=2 | f
the | east debgibed stoagtthdinicgaipaftbee VIO difpit ban@ate higser DTO @oay, per DCLK

eriod due .to the change. (dTDCLK) is deternmined by Eguation (13) bel ow
per! ! and the fract?on part rgsolv(es ;Le currgnt i)hase ott tﬁe DTO outpu witﬂgdistzrete( ) W

accuracy corresponding to the least significant bit of the DTO. Thus, a maximum
phase error can be designed by appropriately selecting the number of DTO bits, #,
which can be determined by Equation (12) below:

MODULOxT,
T — RCLK 12
beek Freq _val (12)

where 1<Freq val<MODULOQ, and MODULO=2".
If the least significant bit of Freq_val is changed then the error per DCLK period due
to the change (dTpcerk) is determined by Equation (13) below:

211

Mo =~ Freq val’ )

TRCLK (1 3 )

Assuming that Tcwmp is the duration of the compare period, dTeme is the error
of compare period that corresponds to dTpck, and that dNgwmp is the number of
DCLK periods that corresponds to dTomp, then dNgwp is calculated as shown by
Equation 14 below:

dNemp = dTemp/Tock = [Teme! (Tocik) 1% dToerk = + Teme/Troix x 20 (14)

For example, if the compare period 1s 100*¥10**6 ps and Trepk is 4000 ps then
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dTDCLK = 2" Freq val 2 xcrx XT (13) Assuming that TcMP is the duration of
the conpare period, dTCMp is the error of conpare period that corresponds
to dTDCLK, and that dNCMP is the number of DCLK periods that corresponds
to dTCWP, then dNCWP is cal cul ated as shown by Equation 14 bel ow. dNCWP =
dTCWP/ T CwP/ (TDCLK)2 | x dTDCLK = + TCWVP/ T 14) For
exanpl e%ﬁ”?‘ﬂﬂco are period is 100*10**6 ps and WF‘E"’Z@E}O ps then 17
WO 03108 1 7 7 9 PCT/ US03107707 CGENSPO05. WO _ 25000 dNCMP 2n Thus, if the
nunber of GPOPHPMO in the fraction part is n=20, this approxi rrately
translates to a 0.025 error in the DCLK period per conpare period. The

i deal phase change in the DTO output (Ph_frmideal) during msource franes
is deternjped i?WBe phase accunul ator as shown in Equation (15) bel ow
Phj rm_i deafj @’Phage farget x in x SVIOTAL (15) where Phase-target is
determ ned by Equation (6). If fraction part of Phase target has n bit then
the change of the least significant bit gives the error dPh frm.ideal that
i's determ ned tqymﬁqnﬁém&beéém'r@%h@mméi&&nb@ﬁé&Isném Xpigvror4) 12" (16) By
way of exanple, if the variables are chosen as follows: m31, SvTOTAL, _
2000, and mrzaalmitt%ﬁwmaww%ﬂ%’ﬁwrsn be BISLE pesiopeencoperiepariodrhe  Phase
correct I | ude the
error duevﬂgqt ajﬁba%%ﬂ‘n eﬁgﬂ%f as @;{gﬂ;’gﬁgﬁ&eﬁﬁgﬁnl@gﬁmﬁﬁﬁgﬁgﬁ%&a conput er
syst em 900letempined ith¢ phasegsicwnelator asrsbown mEqeiiear(15Weldve wel | known in the
art, ROM acts to transfer data and instructions uni-

Ph_frm_ideal = Phase_target x m x Svroras (15)

where Phase_target is determined by Equation (6).
If fraction part of Phase_target has n bit then the change of the least significant
bit gives the error dPh_frm_ideal that is determined by Equation (16) below:

dPh_task = (m x Svrorar)/2" (16)

By way of example, if the variables are chosen as follows: m=31, SvygralL =
2000, and n=20, then dPh_task equals 0.06 of a DCLK period. The Phase correct
value in input of phase accumulator 803 is used to exclude the error due to the

rounding of Phase_target.

FIG. 9 illustrates a computer system 900 employed to implement the
invention. As is well known in the art, ROM acts to transfer data and instructions uni-
directionally to the CPUs 902, while RAM is used typically to transfer data and
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-
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
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directionally to the CPUs 902, while RAMis used typically to transfer data
and instructions in a bi-directional manner. CPUs 902 may generally

i ncl ude any nunber of processors. Both primary storage devices 904, 906
may include any suitable conputer-readable nedia. A secondary storage

medi um ieh is typically a nmass nenory device, ,j oupl ed
bi - di reg‘??g%%?é to CPUs 902 and provides additional ng@g&@?@?age

capacity. The nass nenory device 908 is a conputer- readabl e nmedi umthat
may be use@ENSBOOSWE e prograns includi ng conputer code, data, and the |ike.
Typically, mass nmenory device 908 is a storage nedium such as a hard disk

or a tape sohieotheB®BIRkASWYdeHicOMR fvill Bédbpdcidtatiat Mecah@eRatbavégiaed 904, 906.
Mass nenory storage device 908 may take the form of a nagnetic or paper

tape readeYitdp thegnapymernpryalevier(SCTmuLSDRIPIPrte cesRdpdRsPRiebife ot her
el | - knowngxh ¢Rhioh s Yl & FIBMADP LS RibmlolAA Ulteitke BlihAPkbAR T et ai ned

within the nass nenory device 908, may, in dppropriate cases, :
i ncor por atdswice #04 sugh ayiGP ROM sy @fso Rass gate unbdiraignatip® the CPUS P04 nenory. A
specific primary storage device 904 such as a CD-ROM may al so pass data

uni - di recti onaldpyrsof ki %158?&6?1%36 oned? Hlﬁ)r%fﬁgu%fuﬁ)u@hé%eg Qi‘lpﬂhﬁqnzép one or nore

i nput/out put devices 910 that m include, but" are not limted to, devices
such as viidelentytiaregios limitedioldetsigey sich a6 \adeo mandiptsolaach ballsyiiseophones,

touch- Sen%e%l}o%@s,%é%ﬁéfﬁs, tBJcﬁQ&EHﬁ%Hisﬁ S hRAORE Sard FRAQE HhdeneRt! PAPET Tape
readers, tablets, styluses, vorce or handwriting recogni’zers, or other

wel | - knower papeutapeleaiars sabiats; ktylmses, whcesn harslevritiog hespgninpat ehe. Fi nal |y, CPUs

902 optional,ly m coupl o) ter or teleco iukat i ons network,
oo, o e Tesb el R, bPecliop R e die  FnfiEY TR 9RE  ork
connect i opptmatii man be gaptedad 4 yonatuted dPtelevdrminusicationanetebrkpe. &, aonnecti on, it

is contenplated th the CP 902 might receive information fromthe
notwor k. | SHOHRGRS PR TP HF IR JREG e FREPREIPR AT ToPFe cour se. of
per f or m ngeddidlyaboizx - Wik euch baekwarl dwabectibspiSis cértéhplatedhartheCPUR, Wwhich is
often represented as a_.sequence of instructions to.be executed using CPUs
002, 'y SO FUELTGEHe Pf%w?%wﬁ%ﬁw%&% PbmighEOHR IR PRmAtoR fo Ranple, in
the form aéwaricianiidotfse Sfperfofthid D ele aBEWRATRE@bed Methol AEpd. Fuchave. The _
above-described devices and materials will be famliar to those of skill
in the COHﬁWP‘OWIé‘Y}Eﬁb&F gftefygpresented as a sequence of instructions to be executed

using CPUs 902, may be received from and outputted to the network, for example, in

the form of a computer data signal embodied in a carrier wave. The above-described

devices and materials will be familiar to those of skill in the computer hardware and

software arts.

Although only a few embodiments of the present invention have been
described in detail, it should be understood that the present invention may be
embodied in many specific forms without departing from the spirit or scope of the
invention. Particularly, the servo system may have other input parameters that do not
substantially change the described servo looping mechanism. Moreover, some inputs
shown in the illustrated embodiments, such as Phase_correct, may not be included by
some embodiments of the present invention, while not substantially changing the
described servo looping mechanism. Similarly, other embodiments may have a
multiplicity of Ref inputs as inputs to the phase accumulator. Additionally, in some
embodiments the Phase current feedback information is split into more than one
input, possibly due to separate integer and fraction counting units, whereby the servo

system is configured to accept and use this split feedback information as described in
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software arts. Although only a few enbodi nents of the present invention
have been described in detail, it should be understood that the present
invention may be enbodied in many specific forns w thout departing from
the spirit or scope of the invention. Particularly, the servo system nay
have ot L paranmeters that do not substantiall he descri bed
servo Igggfﬁgﬂﬁ%chanisnl Mor eover, sone inputs shomn¥Fﬁ%?Eg?P%Iustrated
enbodi ments, such as Phase-correct, nay not be included by sone

enbodi nents of the present invention, while not substantially changing the
descri bed servo | ooping nmechanism Simlarly, other enbodi ments may have a
multiplicity of Ref inputs as inputs to the phase accunul ator.

Addi t i onal thgillustratedsmbodiarentsd Maseaver, altoupinthe allusiiptedembodieentevéce i nf or mat i on
is split igte & &I AR, j g S rate integer and
fraction éghn??ﬂ%lﬁﬁ??%? mhé?é%y Jﬁéggéééghxgggtg%??éﬁggnfigured to accept
and use t hiogtegiplated af ssbindlrdscopd oftiepresont insntiostbat thedetéctor tOulNO 03/ 081779
PCT/ US03/ 04 il i . Q al ugh the
iIIustraté%&gi%%gﬁﬁgﬁﬁﬁﬁéégﬁgﬂgﬁ@gﬁg%%?Ré@%“@géﬁﬁéﬁéyk%%éﬁg'generator uni t
separ at e fTlemfaetthcpresent dxtmples are cnbervpbiddrediasdaBustiativel and mberesidetppe, of t he

present inventi.on that the detector .could irectly oytput the appropriate
DTO f requé’r‘?ﬁ e\}’é‘feﬂéoq hlsd H’é‘“ﬁeﬁﬁ%'?*e grta %veﬁ%em’ %@#ﬁﬁ’é‘fd“%‘ﬁe present
exanpl es ayihiik the 8p6 ofdppeieic@dlaigs. i | | ustrative and not restrictive, and the
invention is not be l[imted to the details given herein, but may be
nodified wthin the scope of appended clains. 20 WO 03/081779

PCT/ US03107707 | claim 1. An apparatus for digital frequency conversion,
the apparatus conprising: a digital phase detector unit configured to
output a first frequency setting signal based on a nultiplicity of input
signals, the multiplicity of input signals including at |east a first

ref erence signal having a first frequency, a current phase feedback
signal, and a target phase signal; a digital target phase accumul ator unit
coupled to the phase detector unit,
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wherein the target phase accumul ator unit is configured to output the
target phase signal based on a nultiplicity of input signals including a
second reference signal input, and a target phase input value; a digital
frequency val ue generator unit coupled to the phase detector unit ,

wher ein ot al frequency value is configured to e first
frequené@a%gg??ing S|gngl ané out put a frequgncy value%gﬁéﬁﬁv%nand a
digital oscillator unit coupled to the frequency val ue generator unit,
wherein the oscillator unit is configured to receive the frequency val ue
signal, the digital oscillator unit being further configured to have a
di gi tal outgim: signal at a second frequency that is directly fed back to
the current phase feedback input of the phase detector unit. 2. The
appar at us of clal nodul. e coupled to the

u L.conprisin
osci | | at or™ uf! f"pp%erffgr‘?\lg]ttaﬁgeguepﬂ‘lt gu’il %ppmpﬁ'ﬁf’?la’ﬁﬁér@ to receive the
digital output asnma;iham‘detdaammcwnﬁgmatamuxaﬁbe@ﬁequeawsettﬂigdul e being

further confi ed to m)d I.ta t signal and output a
modi f i ed outﬁg‘laE Eﬁsﬁﬁiu h‘p#ﬁ‘ ﬂg'li‘is 1mq°meﬁ“é}&4 fhe current
phase feedbagkluging Betbasf 9 BR ickBsce ng hhﬁﬁgazgﬁfst ﬁeﬁeﬁaﬁgémﬁﬂ%hamﬂ ase

i nformation of the g%gl tal output signal. 4. The apparatus of claim1l

wherei n t he fepdbagk §i @@%é?“%%?@@%@ﬂ?ﬁgnal |s proportlonal to the

di fference bet ft £ 48Rt A S gg Hited nd the target
phase input signa 2 HI%% 831081779 PCT 80310 765 Tﬁghlg? arat us of
claim | mher‘éﬁl%elﬂﬁ@tﬁﬁﬁﬁasaéﬁwor@mtns qosfigured W@H@b&hﬁﬁ@me s¢0 have a
second frequg ference

bet ween t he c%ﬁ ?%ﬂﬁ?‘f%ﬂ%gﬁi’%ﬂﬁgg%@m n%ﬁ Isqéﬁgﬁgé&g%ﬁﬂegé&eﬂ phase i nput
signal . 6. Thetandartaguphes inpubvaiue wherein the phase detector unit further
conprises a onf d ive.the first
reference si grr?“lialjigitB ﬁg%lﬁ 0&1{1 ée@?{;atr?g ﬁg &1 Pé?sefi% ffe‘%ty setting

si gnal as a vherat thierdjgith] frégaencywhie plceummadmtrecebeltlregirétm‘et;hmm configured

wi th an outpuﬁ t hat .ou %ggﬂg the firs é [ sed on the state of the
control sigﬁﬁ ﬁﬁ@?é? hi ﬂ??fﬁ% is used by the frequency

a digital oscillator unit coupled to the ﬁequency value generator unit, wheretn

the oscillator unit is configured to receive the frequency value signal, the digital
oscillator unit being further configured to have a digital output signal at a second
frequency that is directly fed back to the current phase feedback input of the phase

detector unit.

2. The apparatus of claim 1 further comprising:

An output module coupled to the oscillator unit, wherein the output module is
configured to receive the digital output signal of the oscillator unit, the output
module being further configured to modify the digital output signal and output a
modified output signal.

3. The apparatus of claim 1 wherein the current phase feedback signal comprises

both integer and fractional phase information of the digital output signal.
4. The apparatus of claim 1 wherein the first frequency setting signal is proportional

to the difference between the current phase feedback input signal and the target
phase input signal.
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val ue generator unit for further calculation. 7. The apparatus of claim!]l
wherein the first reference signal is generated by a frequency divider
unit receiving an input signal having a third frequency. 8. The apparatus
of claim1l wherein the nultiplicity of input signals to the target phase
accumnul further includes a phase correction al ue. 9. The
appar atﬁ‘g o?ml{{'gl m | wherein the second reference si ghgf)’%%é'ﬂ{"?to t he
target phase accumrul ator unit does not have the sanme phase as the first
ref erence %i Ghadppatatupof claim bhheandtmtpdae&e@ieteuut)r unit is Gurthi®hepnéippad &t us of claim
1 wherein theg tar hase accunul at unit furt rises a

mul ti pl exer UNCE S?“r?ﬁ'il Prf%ueﬂ%?'nﬁ‘e BgFisgely it fsé’éﬁovg’nﬁlﬁg theg f@?{%’ Feference signal
as a contr ol baweinahe cukrast ;ﬂaasfegeédb@dkaﬁ;ﬁlt bigfd) nd/th teged phae trpsdigdanput , and
information derived froma phase correction input value as a second input,
the multiplexer unit being further configured to select one of the first

and second, bﬁaﬁa&malm Whdeif iRtpRadeldefehtBr GRMMARIr ok a Wherein the
sel ected i nput Signal used by the target phase accunulator unit for

further cal c@plézpleaswumnhat 1Sﬁ0%ﬁﬁusﬁd+foeﬁcgwmeﬁrﬁté‘é@rémwlg@elrmwgmmﬁ device, a
met hod of frﬁ&aemh&m/@éq%&gsemh 8B LR GRIM! he i Bipidier wfePs of (a)

determning a first conpare rio Wherein the first conpare period is
based on a Yeinesfurthes e r%n@évgmgmaﬂutmathatr@tmtsﬂhqénst inpwt pased op the( b)

cal cul ating 7 (c)

cal cul ating %‘t% ?frtg‘i%%n?g@ﬁué’ alé?;\; hg% tﬁgmm %g%%éﬂggg@}%@ﬁg@% I"'fference

bet ween a Cta&ueegenerghuasmfvlaluabera;aldul‘aﬂml target phase val ue, wherein the
current phase value includes integer and fractional phase information; (d)
calculating a frequency value suitable to be used by a digital oscillator
to produc@e ’Hnapparmﬁof&lajmalwlbmﬁmgﬁastmferempigndiimgensamdm@ af r equency,

wherein calgul ati quenc ses t rst frequency setting
par anet er ; ?ﬁluertcg)gg’ff%ﬁﬁql e Yxﬁ%a%}naﬁsgna E’inglagtf B{é‘?ﬂu?ﬁyt he frequency
val ue. 12, The rrethod as reC|ted |n cIaimI | wherein the calculations in
(b) and (%) ccur fjcpagm fir eriod.

e apparatus o erein the muﬂx 1clty of input signals to the target

phase accumulator unit further includes a phase correction input value.

9. The apparatus of claim 1 wherein the second reference signal input to the target
phase accumulator unit does not have the same phase as the first reference signal

input to phase detector unit.

10. The apparatus of claim 1 wherein the target phase accumulator unit further
comprises a multiplexer unit that is configured to receive the second reference
signal as a control signal, the target phase input value as a first input, and
information derived from a phase correction input value as a second input, the
multiplexer unit being further configured to select one of the first and second
mputs based on the state of the control signal, wherein the selected input signal is

used by the target phase accumulator unit for further calculation.

11. In an all-digital frequency conversion device, a method of frequency conversion,
the method comprising the steps of:
(a) determining a first compare period, wherein the first compare period is based
on a first reference signal having a first frequency;

{b) calculating a target phase value;

22




13, The nmethod as recited in claiml | wherein calculating the target phase
value in (b) occurs at the during a second conpare period, wherein the
second conpare period is based on a second reference signal. 14. lle
method as recited in claiml | wherein calculating the target phase val ue

in (b) %%’/hg% using a phase correction val ue. S. 'Ic'lf/elsggzezoqd as recited

inclaim urther conprising the step of cal cuI ating a ond frequency
setting paranmeter that is proportional to the difference between the
current phasé) valewetingrofistfesquency) satting pesametsr dased on 116 differencebetyaedn as recit ed

in claimi15 whgr, ?ﬁ&t?ﬁ‘asg rge !m'&%é Q%Iﬂhé%’fa@gﬁ%gﬁg}%eecru%haf ur t her

conprises using he method as
recited in claivaue uicludksamegﬂ ahdtﬁradtllonaitphﬁseémfunmixm,set ting par aneter is

proporti onaI t he.di fference ,bet n.the c | ue and the
target phasel %tr‘t]%tmg reayensy Sales, \é&e@g“rlé ‘géy?alggﬁ ‘Hﬁ?t “wherei n the
val ue of the f ipfadiicd mautpRNGYnasRivirignOcormsyonaiag Qd’cothﬁ'Zc?E:ﬁbyOWhé‘rhlﬂe of the

first conpare period. 19. The nethod in ¢claiml further
conpri si ng the%‘fléf}m@fﬂllfc%warftcraﬁl#ﬁasﬂfﬁe fir tffeﬁatmxﬁ e PTG

condi ti oned Qyupakking thaRARital ASIME With B8 EedSenbFakéS03/ 07707 20. A system for

digital frequency conversion, the systemconprising: a processor arranged
to determ ne a flrst conpare period, wherein the first conpare period is

based on gf theSheth&d £TENEF TN IR Be RaibithtRns Il GIMRNEYocc@ Pr OCESSOr

arranged to cal cu ate a target phase value; a processor ‘arranged to

cal cul at e a duringtheffrggomnay peresdt | ng par aneter based on the difference

bet ween a current phase val ue and the target phase value, wherein the
current phase value includes integer and fractional phase information; a
processor lathwngﬂbbdasrwbctinlcmjre Iauﬂleemmluutatingﬂmeargmphablveluem(lbyz used by a

digital oscillator uce.an out a corres ondi ng
second freq 3%§tm3\g"gﬁl asecoﬁf‘c?ﬁl%atmﬁ%—mfi ‘B&t?esﬁ%% VAR the first
frequency sedk basadion pescambrieftencasighah processor arranged to update t he
digital oscillator with the frequency val ue.

14. The method as recited in claim 11 wherein calculating the target phase value in (b)

includes using a phase correction value.

15. The method as recited in claim 11 further comprising the step of calculating a
second frequency setting parameter that is proportional to the difference between

the current phase value and the target phase value.

16. The method as recited in claim 15 wherein calculating the frequency value in (d)

further comprises using the second frequency setting parameter.

17. The method as recited in claim 11 wherein the first frequency setting parameter is
proportional to the difference between the current phase value and the target phase

value.

18. The method as recited in claim 11 wherein the value of the first frequency setting

parameter is zero outside of the first compare period.

19. The method as recited in claim 11 further comprising the step of conditioning the

output signal to produce a conditioned output signal.
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21. A conputer program product for digital frequency conversion, the
conputer program product conprising: conputer code that determnes a first
conpare period, wherein the first conpare period is based on a first
reference signal having a first frequency; conputer code that calcul ates a

t ar get ue; conputer code that calculates a fj f ency setting
paranetgpggggé on the difference between a current %ﬁ%ﬁ%néiﬁﬁe and the

target phase value, wherein the current phase val ue includes integer and
fractional phase information; conputer code that cal cul ates a frequency

val ue suitgble to he used by a digital oscillator.to produce an out put
si gnal ha néSXQEB‘F&gﬂaﬂ@ﬁﬁﬁwgéggﬁﬁ“mf@ﬁdﬂﬁﬂbvymﬂﬁggein cal cul ating the
frequency val U@ptﬁ@ﬁoﬂdﬂﬁnéddﬁ@ﬂetéﬁrﬁﬂ&@ﬁl@ﬁ’coﬁﬁh&i Bgod) ¥haiehi (B¢ first CONput er code

that updates the digital oscillator with the frequency value; and a
conput er - r eatFAIN2E RFEOY 1§ brsce gp adirg rederenas sicpglhavipe @ e dfequeney: A conput er

program produch pareRsitindledddo 41l £hrpeH84 Paiddie conmputer- readabl e nmedi um
is one selected fromthe group consisting of a data signal enbodied in a

carrier wave, &PURESETaAZHd4e erlewlaia firgt freqyepsy sefftisg parametaphaseranve, and
sem conduct Ofhe BRITRIYe befffeen 2 current phase value and the target phase value, wherein

the current phase value includes integer and fractional phase information;

a processor arranged to calculate a frequency value suitable to be used by a
digital oscillator to produce an output signal having a corresponding second
frequency, wherein calculating the frequency value uses the first frequency setting
parameter; and

a processor arranged to update the digital oscillator with the frequency value.

21. A computer program product for digital frequency conversion, the computer
* program product comprising:

computer code that determines a first compare period, wherein the first
compare period is based on a first reference signal having a first frequency;

computer code that calculates a target phase value;

computer code that calculates a first frequency setting parameter based on the
difference between a current phase value and the target phase value, wherein the
current phase value includes integer and fractional phase information;

computer code that calculates a frequency value suitable to be used by a
digital oscillator to produce an output signal having a corresponding second
frequency, wherein calculating the frequency value uses the first frequency setting
parameter;

computer code that updates the digital oscillator with the frequency value; and

a computer-readable medium that stores the computer code.

22. A computer program product according to ciaim 21 wherein the computer-
readable medium is one selected from the group consisting of a data signal
embodied in a carrier wave, a CD-ROM, a hard disk, a floppy disk, a tape drive,

and semiconductor memory.
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