; e3ei bui ppg4r Rst 6uTbubo I 2 2 MAR 2002 DI A TAL PHASE DI SCRI M NATI ON BASED
ON FREQUENCY SAMPLI NG BACKGROUND OF THE | NVENTION 5 Field of the IpyapRijgm
- The present invention relates to digital phase discrimnation. St ate of the
Ar t Phaswo go/m691i mi nation is inportant in digital radi o cBGRIRIEABTONS,
in particular 10 15 in any angle nodul ation digital radio receiver. Phase
discrimnation and frequency discrimnation are closely related. Frequency
discrimnation is typically perforned using analog circuitry, e.g. an I Q
frequency discrim nator have substanti al
drawbacks. In the case Bt%% %@WM#K)@§$E t he di scri m nator
requi res a nunber of anal og ﬂ.@%verm ons and a
nunerical arctangent operation, rendering the circuit quite conplex. Known
et hods exi st for produci nBAEKGROUND@E@HB]NMENﬂ“@Oant ant anemmmmummmlm

25 of a_si %hal umqg1 only digital |logic elenents. Various such
descri béd kieldjoEthednvention, 084, 669, incorporated herein by referencgg,en

et er mini ny 1 ho PSRt bR KalE Ve pialECpBsEhRLbRBORT ch < he
i nstant aneous frequency may be obtained if desired. Al though thel'“““II“||“||I“|“I“““I“I“m
inplenentation of the circuit is all digital, it is quite involved. ,

i nproved nétatedf thedAetppar at us for determ n| ng in a sinple, all-di glta

he i h f | h f | i kel
wel | -r ecel ved b MAGuErERIRads FRPHD: 3 et e P BRI RREOP R TR P
breserig! MHER BRle SBARKA ARSI Nri R0 PSS ReTBLEN o bbbV

nmet hod 30 and  appar at us eterm ning t he phase Irst c

rel ati ve t diserimémtion axel cdodelystetaoed. . Fﬂ&qaexiayrcmcmhmaﬂmrslsgmbauyaperfmmddl gital
approxi mati gn of _a periodic anal o i gnal such as an RF signal. A sanpling
t echni que PSDARAlOR GIRCUITEY; €. Ef%&g@%“-@b’@éﬁmm@i gﬁ@atogtfrqqger@amt ai ni ng

r.el .at ive P4 mm‘rﬁio(? H?JCISQI S?{{a?m %fas d%ﬁ?gl}c s formed a

digital word |nd|ca I've o ere rd may be
formed  2didchifhRaity Othe \FRcPiRHidHA61O0req Bﬁ?&’d Mﬁﬂx&&&l@ﬁa}mw‘g dognponentsli twal AfD 1 ter.
Advantggeously an extensive body of digital filtering techni ques

appl i chbl ecqrb'eeiltgmnd)@muale(@@irmmmt PReTatiom repdering the cirenicyjicsgormplex.

appr opr i at ol y: cRRER Betei hERK oo e S pflh e Beas b BiinoudohBphls

In aCCOFdaBﬁ@sighilhlsﬂigcﬁrﬂ'ﬁﬂlgﬁSlﬂﬁgic émélie Variens suth, méth@d%tzh@ﬁeééhbéd?‘iﬁr m ni ng
a ratio of freg’genm es of a first clock signal and a second clock signal is

provi ded. ﬁh@x et 5 6843&&9,smgnaorait@i lsemplbeforefemen;m dnganisylay the fotegomcond

cl ock’ S|gn roduc strea its or s romthe
st ream of E]‘i1 ‘t‘%F rB:]efg §W‘E}Bt ré{ tﬁ"é’%t htﬁdpﬂat“ﬁ“efo&g%@ei%& ve of
the rapgpo ﬂfoni‘maﬂett%eenmfré&s@t hé&!yﬁt% OBtine& if @ sired "MAGhBYgH ihkt er i ng
the streamof digital bits or sy paratus for practici ng t he

f or egoi ng meplementation ofirthe udaut:lsraimrgnz}l itds geBerprivohgdt hen imprevedcinethodsi gnal
in accorda W th trge second cl ock SLegnﬂ t.o produce a stream of digital
bits or sy ?@am FPE’GFW‘&Pg 10 AR, alliligifal apannpy the Anstanianepys phasg of r om

the stream, Qfongi Wolidhdk E”&%}!lsr ive of the
rati o of fretfuencél)&egmélgrﬁg er bﬂ/S t eeg?]%cgba?f ﬁ]os %‘ierﬂpdggrpiﬁoys a wei ghting
function in which different weights are appl i ed to different digital bits

or synbols. In accordance with a rel ated asgﬁct of the i nvention, a method
i s prog?ded of producing a GMMMARYLGE THE ONa ratio of frequenci es

of two cl ock si f. & i
accordance wt hqpﬁb%é&ﬁéa‘%npg@ ké%ﬁlsa%% hg%% rb?oﬁﬁ%asapgwcpeg%ho(fél i %ﬂ+d1b| ts
or synbol s an®asardhfor @tatebmtm m‘a@l of eRFseERBk 'sfg]ﬂalaremm@% a @écoha ekt | ons
of a predeterm ned polarity of the one clock signal that occurred during a
parti cul ar sigeali cthediirst ¢loclosipral nadyolka élgg;ahapprexnmmbh af atpasodic meang signal
digital bits or S ol s Xﬁbeturther rocessed to determned the ratio of

frequenci eSuch@s@nRE signgly, Wﬁﬁh’g is sPARYEAIPAPIAINCEY R SHEIW Ofof a
ratio 9{5 ﬁ%ﬁﬁh&e&% a‘?ﬁin frel{n‘t\’% 1%55 1B B Gleds oi"g qlﬂéﬁntté {;'p‘“.
termnal to Sl gna pl'ied, a secon er m nal
to which afmmmnglm%raumﬂ@duves)fmdmﬂe p‘hhﬁ: CTh@&igitalpW@ﬂstﬁa)nﬂe fsmid
output signal a streamof digital bits or synbols, each digital bit or
synbol representing a nunber of transitions of a predet erm ned polarity of
the one clock signal that occurred during a particular period of the other
cl ock signal, such that




-2 2 2 MAR 2002 WD 99/ 18691 PGINS98/ 21377 the stream of digi talz PUAR00r
synbol s may be further processed to determ ned the ratio of frequencies .
In accordance with still a further aspect of the invention, an apparatus is
provi ded fwm ogregser ati ng a Del ta/ Si gma nodul ati on of the ratPCINEI8R1MG7
frequencies Fx 5 and Fs, including a counter circuit for counting the
nunber of cl ock edges of Fs occurring in the tinme period between cl ock
edges of Fx and a register circuit for storing the value of the counter at

each cl ock edge_of Es. The sequence of val ues from the_ regi.ster, neans
consti tut é‘§m€t?ed®é41tf§?"!‘>i Qﬁﬁa‘%&ﬁ?PéY i ¥hexiensive body of hgital i‘l@grm EEBAIESR) PTI ON
OF THE [ | . d he

Fol | owi ng “HREP I ST B (URRHEt A5 o5 AR T LARAREL Y 0
drawi ng: bk appledldiréetls tbliReE Rigitabgream. Byl ussig! & apj@opriatelyehewdn dasightimgdel of a-
Sigma-Del ta nodul ator and of a sanpling circuit applied to frequency

sanpl i ng iftnciiopohighmeeuracy maydeadiriredbodi nent of the present invention;
Figure_2 is a table hel pful, i n _explaini operation of the .circuit nodel of
i our 651 1 ¢ hdd ArameB ith afpufetatect pE e ARVARPRat metho S doiehitiie s

[ ef er ence i OrRBgiEnciEl O'A Birst didickidrallhiifla SRR BCk!sladdf isPrbviled. N Phe
principle of operation of the circuit nodel of Figure 1 as applied to

f r equency fisstrobddkrsiignaP s Sangpled idadcerdancecinitirttiel secondaciocknsigial ampradiveepl e of a
frequency sanpling.circuit described by the circuit. nodel of Figure 1;
Figure 5 saeampof digital bits agsymbels..apdifrom, the, siteamqofcfigital ity ar sYmbalg af r equency

1 st r gt FkorEls SRR Tdicadvt B0 1350 e ReQRRRS, il VAN Bl be. .
Fi gur g0 7 Femieddsyefilferitlg the@uehref @idital/Bity\i Ghibodd Apparhiuefior praciciiiihebe used |

to performdigital filtering of a digital bit stream produced by a circuit
such as t feregeing Meghademay inglader eiregitrysfog saanpling the first ¢legk signal e accur acy

obtai ned Lo bl LGSR ) SR £akSm HPRabiA B AR
and circuitry, such as a digital filter, for forming from the stream of digital bits or
symbols a digital word indicative of the ratio of frequencies. Preferably, the digital
15 filter employs a weighting function in which different weights are applied to different
digital bits or symbols.

In accordance with a related aspect of the invention, a method is provided of
producing a data stream indicative of a ratio of frequencies of two clock signals
performed by sampling one of the clock signals in accordance with the other clock

20 signal to form a stream of digital bits or symbols, each digital bit or symbol
representing a number of transitions of a predetermined polarity of the one clock signal
that occurred during a particular period of the other clock signal, such that the stream
of digital bits or symbols may be further processed to determined the ratio of
frequencies. A circuit for producing such a data stream indicative of a ratio of

25 frequencies of two clock signals may include a first input terminal to which a first clock
signal is applied, a second input terminal to which a second clock signal is applied, the
circuit producing as an output signal a stream of digital bits or symbols, each digital bit
or symbol representing a number of transitions of a predetermined polarity of the one

clock signal that occurred during a particular period of the other clock signal, such that



2 2 MAR 2002 WD 99/ 18691 PCT/ US98r 21377 Figure 9 is a graph illustrating
the accuracy obtained froma digital frequency discrimnator using?2a MAR 200
. triangular weighting function; and Figure 10 is a bl ock di agram of one
exanmpl e of woovigéstal filter that may be used in conjuncti onPGIUH8RIIT7
frequency sanpling circuit such as that of Figure 4. 5 Figure 11Ais a
tabulation illustrating one nethod of digital phase discrimnation; Figure
11B is a plot showing results of the nethod of Figure 11A; Figure 11 Cis a
pl ot of a i ' ' ' | | i 1B;
10 Figure Agllt}:tédng&i tdgg%fg{tgglr.\ | l}é@}a‘gﬁ{é %ﬁg‘%\ﬁ}ﬁgﬁ%\e@hﬁ 0 %ﬁl‘g‘f ?Agﬁ’ (g)fhase
di scri m nafieqiéencfesgure 12B is a plot showing results of the nethod of
Figure 12A; Figure 12Cis a plot of a weighting function used in connection
wi th Fi gures 12l apsardange with sHll qufustheraspectHf pireownentiong AR RPPATA@E éfi t al phase
di scrim nation dware in cor.dance wi.t.h.th echni que of Figure.12;

Fi gur e 14APTOMeaTar e o DRGSR mEtYBic T bR Y B ethrele L phase
di scri m naghPps, iGkGUAE 2 LoBntes cRcll Bir PhRMhd e nBfBEF Sf Albck B&gedRE Red Of
Figure 14A; 20 Figure 14Cis a plot of a weighting function used in

connect i onovdurting-ingthe emelpbAiodrtetvieti; clédkpedges 5Fx andia Istgister diragr fanswofing

digital phase discrimnation hardware_in accqordance w tOF tﬂg h_echLHi%que of

Fi gure 14; theigineof thecquates at sach clock,eage) of Jist Lhei seguence (of valugs Hem tet hod of
digital ph ' | el Mol e TRy | m&fide Wi ng results of

t he net hod?%?st%?a%#‘ggﬁfgﬁbﬁ%gggel%é%gﬁg a pfdct) “?F%%%?’gﬁfi ng function used
I n connection with Figures 16A and 16B; Figure 17 is a bl ock diagram of

di gital phase discrimnation hardware in 30 accordance with the technique
of Figlfte 16. 2 2 MARBRIBF DESCRIPHON OPGHERRAWING DETAI LED

DESCRI PTI ON OF mEprlgs%%'t:'i:'n%%%Qog %%%el\gﬁesr_ understood from the following description

in conjunction with the appended drawing. In the drawing:

Figure 1 is a block diagram illustrating a sampled-data model of a Sigma-Deilta

modulator and of a sampling circuit applied to frequency sampling in accordance with
15  one embodiment of the present invention;

Figure 2 is a table helpful in explaining operation of the circuit model of Figure
1 in the instance of an input frequency that is 0.6875 times a reference frequency;

Figure 3 is a timing diagram illustrating the principle of operation of the circuit
model of Figure 1 as applied to frequency sampling;

20 Figure 4 is a schematic diagram of one example of a frequency sampling circuit
described by the circuit model of Figure 1;

Figure § is a first timing diagram illustrating operation of the frequency
sampling circuit of Figure 4;

Figure 6 is a second timing diagram illustrating operation of the frequency

25  sampling circuit of Figure 4;

Figure 7 is a graph of two alternative weighting functions that may be used to
perform digital filtering of a digital bit stream produced by a circuit such as that of
Figure 4;

Figure 8 is a graph illustrating the accuracy obtained from a digital frequency

30  discriminator using a constant weighting function;

-
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The approach followed by the digital frequency discrimnator of the present
invention may be appreciated by analogy to Sigma-Delta Al D conver siggnMAR 2002
. well-docunmented in the prior art by such references as "Oversanplin
Del t a- Si gnWO9(186% Converters”, Candy ) et al . , |EEE Presg‘,'-'”régg@@ég"f-&
Piscataway ) NJ ( 1992). A Sigma-Delta converter nodul ates a
varyi ng-anplitude analog input signal into a sinple digital code at a
frequency nmuch higher than the Nyquist rate. The design of the nodul ator
all ows resol uti ir& Ot ji : t take j [ A
sanpl ed-data ci ?%T?géﬁg%ﬁpgf‘hgsgg’%gg"oé Pgtarcr?m%gul aéfgﬁmgh(ggmﬁliﬁtﬁag‘?ngare 1,
may be 10 discrminatoramsmg £diangulhr egightoy feaniphi amgl as descri bed herein.
Referring to Fin;g,ure an_input signal x; occurring. at _sanple tipe i has

1, . [ .
subtract ed frontlgure AQ inablogk diageam ol pne sramplesf a digiabfijter thalemaybe psed

applied to; | .at:0 | S| “new' input signal
of the accﬂlfréuqng{% gpggt\%éhaérpﬁjﬁ@éb Pﬁéﬂﬁplﬁggmigﬁg@%m .of[ﬁlgufb ol'd" out put
signal f the apjpueil aAGs a tbuiatiomiBustaingWnewiefidd ofidggial phiset he

accurul ator. The output signal of the accumulator is quantized, the

quant i zat | dscriminationepr esented as the addition of an error e,. The output
signal of the quanti .Is the final output signa . As now t hat x,
is the ratio o?ﬁ%eﬁédﬁéﬂt’f showing rfsr‘ﬂihs O;jmg 'H%gﬂé nggufesfﬁ‘{rfm-l evel

guanti zer. Furt . i HOR: t he
e 20 peri od | une (ECTE BREE A MosbhigduRucyIRe) BEeduh eI\ AIEFIGuR,

| atter val LkAiasd atBunul ated a first tine, giving an accunul ated val ue of
0.6875. This valuing_ being |l ess than 1, the value 0.6875 is again added to
the acd@unul at edFig8rG&2Ads § tabylagiop dlpsiRtinganthergmethed of digital phnse . Since this
value is n@%r%@gé% than 1, 1 is subtracted fromO0.6875 and the result
(0.6875 - = -0. 5) added to the accunulator to give a 25 val ue of
1.0625. Oper at i Pigups 02B 498 plon siidwisg fresults 0N theMéth6dof Rigufed1240i Ng sequence
of operations, a data streamis produced by taking the integer portion, 1
or 0, of each abigurul2E dya pigr oba wrighsing fupctios usedyily eongectiontwith Figuresr et at i on
of the seqtﬁgceq,\ghanunbers shown in Figure 2 may be appreciated. Two cl ock
signal s ar AN Again, it is assuned that 30 the ratio of the frequency
of thesupper clpighre 19724 blobk tfaadtan®bof Bipfal AEE akkAminatibe Ratdware in 2 2 VAR
2002 WO 99/18691  during the period of interest is 0.6875. At timet = 0,

ri si ng edgassonianémowithahe ekhnijemof Eigord h2i de. At the first subsequent rising
edge of the | ower cl .Signal .. 0.687S .periods of the u r. ¢l ock signal
hace ol apsed. - AEuR THAit # HOSlabgn ks aURE vhRbtRe mettog G abase 1 575
periods of gikiminRRE6H; C! ock signal have el apsed. At the next rising 5 edge
of the [ ower clock signal, 1.0625 periods of the upper clock signal have

el apsed si nce tRigued &4B ds oplot lowing sesufte of dut oéthodef Bigues 14A0ck signal, and
So on. schemafj c di agr.am of capture circuit, or frequency sanpling
circui4’ that nﬁ%‘ﬁ“ffelagé%lal’lﬁ“Bg?éveéﬁﬁﬂgefgn‘é&"r%g‘ﬂ)ﬁh‘éﬂmﬁgi%‘ W%‘bﬁlﬁ&f% stream
described {4 the1hgregoi ng exanple is shown in Figure 4. In the illustrated
enbodi nent, it 1s assumed 10 that the ratio of the clock signals is such
that no nore thBiguenes i & blogk dibgeannlof tipital pisise disctimbratioh hardwaedin during a
single period of the slower clock. In other enbodinents, this assunption
need not affsPIdanghwiththe tachnigne efFigursit4;udes a i nput portion 401 and an

Chat must be ool BAEE 155 bE ERbirREh i e st BibOpeRonp fualhegl” =

conprizes @s&iainaiieh; two or nore D flip-flops coupled in series. In the
follow ng description, the sane reference nunerals will be used to
reference the rEwgpecibBas & plopslidwing resudtymf theermethnd of Figure 1@ pect i ve out put
signals. Wthin_geach Elc.ti on 0*Lrhe first flip-flop.in the chajn_is clocked
by a sanpl ed c|61£ver%ﬂ§ df 2 pipt ox g veght Pﬁgmfwg-m pAmecton VR Figuses, ar e
cl ocked by SAER hng clock 20 signal Fs. The D input of the first
flip-flop in the’upper section is coupled to the Q output of the sane.
The D input of Fisaré 175§ ablocRdidgesmiof digiQl praedieifiin@dnifarday®ied to the Q
output of the first flip-flop in the upper section. The remaining

fli p- f3bpsaqeardaned withcthe tashnigne of Gigwred6i n series--i.e., Qto D, Qto D.
The function of the input portionis to 1 ) produce two signals, |ogical

i nverses 25 of one another, that transitfon on rising edges of the clock
signal Fx; 2) to latch the




val ues of the two signals on the rising edge of the clock signal Fs; and 3)
to detect transitions fromone clock to the next. Additional internddi MAR200?
.stages in series with @B and Q4 may be required to mninmze netastability
resul ting fwoowd/isgepsynchrony of the -6 2 2 MAR 200Z WO 99PCBESHB21377
PCT/ US98/ 21377 two clock signals, and in fact nmultiple such stages may be
desirable in a particular design. The output portions include, in an
exenpl ary enbodi nent, three two-input NAND gates. Respective NAND gates N 1

the 1nput sect | onPE Tl BESCRIPTION G THEkRERERRER EninofRE s 29°° ©
conbined in the fypd Eﬁfrodﬁﬁ!\@l&@é@bﬁ%xctdlgﬁﬂrf hétRy [dide AimiRHbPOH the bresBft
capture circuit. The function of the oufput portion is to detect a change
in the inputineémivh maykaippreciattd by amlogy teSigmadDailach/D tanversgomext in eit her

of two channels fornmed by the two 10 i nput sections. The two_inpyt sections
function in MelhAagimaiRy indaspHar aralbcfémgffé?ryn%é@%Eéwwaareﬂlgwg’agl'agﬁl

. : . . . EMRe i nput
rore ol By SRR SmeHS i), Blar, WERP e Bafils I8, PisOiasdy IR 1 0 IoVA D

The first stSigma-Délatdoavérd mdtldey § viging-dniplidecanaiogriapw sighabintb £3imple

appr oxi mat ela{ coincident with (but slightly delayed fro 15 rising edges
of the i nputdigita srde pighfrequenpy miich higher dendhel Ngguistrrater oFheedesign of4hol i ng t he
signals Q1 an espect.i vel N accor e With the sanpl.e cl ock. The
signals Qs 4R "éi?,‘z’f ?@%‘ﬁ%@f?@ﬂ?@/? U '8@?’3’?&%{]&@5?39@5@“6? nggf:'grﬁl s @B and
Q4. The NANR,gRfedSqduP Sisuierhodd W iaZgiBDeI@ FhdiuladiC bhdWwh 1 Fighlt Fonyy 84 ~6.

In the exanple of Figure 5, the illtstrated signals are all” i dealized

squar e- d@ve difecdy gppliesl. to Ifrequencyadaimpjing tab dessribethhexemi | | have finite rise and

fall times. The possible effect of the finite rise and f?FLI, tipes of the
signals Q 1 and &efﬁ’ﬁl’!‘gttﬂ IGUG e AR JARPL §18NRle OGGUFRG At SAMDIHBEI BBy i ty, as
illustrated J i { n - thew s s 4
and 05 are. duliaqiaElme i g 3, aBhitc Ml e B B ©
out put of t hecwnulatdrthaving antoutphy signhl We A dneveTinput-kigeal of thebaecwmeslator e

decision was a 25 "close call" to begin with, the effect of an occasional
erroneous d&ampleciime i is ¢ambined with the,0ld pyRutsvignahef heaseamulatgr -forma p| e,
The ti Wi i i b ' u ' [ gverall gain in
t he patmfil.s | ][}Q%\ﬁé%q @Sﬁ@@k%@@aﬁg ?S’gf°%“kaﬁgﬁa??#’£%ﬁ%gﬁﬁg&ds obabi l ity
of an error duaniiedaaeaantiiatioh deilg, repledhtéiDasatiél nddiooabf £1 eor é.1 The Dutput
required. If not, then additional circuitry will be required to increase
the gain. signabofiir qrawizens ho fineboutpul signs} der to recover the ratio of the
frequencies of th | O i.gpal s..fr t dat. r .by a
capture circuit s’gsc?hnm%g%?vh@to’?ésgglf r%f‘éﬁﬂeu'%f}g%eg‘flg %?ﬁdf' ﬁ%%iqr%gﬁ{?zgggp%l i ed.
Advant ageousiyp-levd) qasitzes Farthérsstrhe ha tHeahtid bf the tvo FrdqRemviésFoE the time
applicable to Signa-Delta (or Delta-Sigma) AID converters nmay be applied

di r ect | ¥0t o pehied dh guessipn s, say & 087 FuAsisbown ireFigute 2ugthe dategn value is

appropriatel y-chose i ghting functiaon i gh accur .be .obt ai ned. The
Wl ghted suftBIOgREaaiast foe e iRttt vl of PR Mg Sy
function desgdsihafl1 heE ShRE Y 68755is B sin@laéPolhéhecinubied Vdtud, ididiRg aindwdi 0i t al
filtering theory. It should be recogni zed, however, that IR fiTters can

al so be usediccumulated vahueadfds3 . Simcé Liss dalge isalowf greater ihag, 1, tihe suteragtedi ng
function is applied to a "w ndoe‘\/' o% data_sanples to obtainlﬁn esti mate of
the ratio offThQERIAREds FPstitdd687¢ el orOBRE VAR Y, BeRECTREENIa &V¢ Aen
"pi cked ,y4p JIVEHs24 O . e : . Sa i ' j

typi cal I2§ 0\?@% ap. Pgﬁvat n%évbgﬁg&gﬁoﬁgr%&gq@&&é@m Irgﬁsﬁﬁgf %l}évfgl%g%g g?wlsé#ee?fri ng
to Figure 7,opeystionk £a4i@birssen Veproducedobyl ki itk integeepérion1 bp0, &f each

accumulated value.
Referring to Figure 3, the interpretation of the sequence of numbers shown in
Figure 2 may be appreciated. Two clock signals are shown. Again, it is assumed that

30 the ratio of the frequency of the upper clock signal to that of the lower clock signal
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15 wi ndow of 256 sanples. The weighting functions are normalized) '?f‘ﬂmﬂlﬂl
that the area under the weighting function is unity. One wei ghting
. function, indicated in dashed lines, is a straight-line, co i.ghting
function. AMBON#hei ghting function, indicated in solid Ii %@%{'&éygﬁw
triangul ar weighting function. The weighting function is the inpulse
response function in digital filters. 20 Results of digital filtering using
the straight-line weighting function and the triangul ar wei ghting function

respect i veldhrirdf e i teFdsd W @687 A filnd4'L (R -risin} ddpes 6£B6thAlodrot h
Figure 8 and Figure 9, the frequency ratio was increased fromjust under

0. 687 to j usignabe/enindides 98t thedfirstesubsequeiRrigingeede afshe bpveer clocki signal,| 0.6875

wei ghting functio the quantized signal oscil]ates between t evel s that
are adj acerReriogs Pﬂg‘ei“ﬁﬁ?ﬁd?‘i‘\‘ %&‘Pﬁ hé"“zgaf??ﬁﬁ?rné“ F QEX1Tisdng ?ff%loﬁgg‘é&% equal s
the aver age i dPbnat T : r@ﬁc oLl e : seen
in Figure 8:’16 Us) gl’ah?Z?é%(gﬁg)rf%véel mglgsl nct@gg?laﬁ%&?qﬁggﬁzﬁg}gﬁgnal
tracks the ddgpef the loveBElocl SigAA S 1 D6LS peridds S plmupper idekvigriat haveaglapsed of an
exenpl ary frequency accunul ator that applies a triangul ar wei ghting

functi on arsincetthe e af ghe, Brsg pedod o€ bapppesielockesigral; andosodemyi t al 30
filtering is sho in Eiqure 10. In the.ex | @ shown, the fregu

accumul at or uses’xmfﬂ‘fmagﬁ%?gmo%@p% %P%gg@%eﬂ)&ﬁ%%‘g?g&%ﬁaﬁﬁ%%i t
counter 10Imayabe dselith ditd dempikS BofBépofiding o el dat£Skréanfestfbed inlihe 7- bi t
counter is cl'ocked by the sanple frequenhcy Fs. The output of the 7-bit
count er i s fpregoingetampledsshowrpin Fighre 41 elnatid elustibiest émbuelimnent, of is aksmmedbi t
counter is to count yp fromO tq 127 d then down from 127 to he count
of 127180 ihat theyatio ohine Homk Signaln s shef 212 oA J0are thep one HHIAR £ARA @ibe SRS o
flip-flop | i B i I ggg{.}ﬁg&y :
Ter m nal Cocggn%k %@S%Jg{nl @*ﬁr&gﬁégs@@ﬁﬂeﬁggggp@%&?ﬁpﬁ?&@oﬁl&% flnp- ?‘gf)ts tﬁﬁe
out put of tassunfiption-rietdpot apphoupl ed to a Count Down input of the 7-bit

counter. The "oversanpl ed” data streamis coupled to a control i{lq%ut of the
adder. When t he T§rqapiire girquitcinciudes & impyt rartian A0 and an outpyt parian;403- | The

Carry 1n i ABRE bt RO ectors (1, Stend Baf BRLACOLRIBTAGIRS. O
wei ght 35t 0 rhiRinhizk @rrba3 - EddhSsedtforDédmprgt & tRdin iof twb @¢ ifste Ty fligh flopacauipted

frequency Fs. Its output is applied to the other input of the adder. Its
i nput r eceiingerigshelngbe fllowirg desgripders dbe samne; refergaeecpumerpls wWillke vsed tof t he

14-bit adder.is t erforman agccumnul ati on r.at | far 6_gl ocks. At
the conel udFisiense T Eoedive i G5 Fhndyed uf U0 HeBlrlr i el 0" lsed” s
an estimator forwihim dabie SeeRBA Y the FHrkOflip Mdpan RRe ERath isPdlbokediby 4 SfnldoRLIE
shown) the output of the accunulator is equal to R x 128 x 129, where Ris

t hte f Ei equterségnﬁl Exi dhest¢aradiog flipFflops b the ohain are_e??nquld?' am?tﬁnlglg @aﬁk |y

ext en 0, e discrimnatio rious different .nethods, an

eppar atlls METALFG: (7 Thibubokine dirseimop Bl T 1he upBeREHOR BLEPBIRAP | ng

diff t desi t ffs. T, i.rst t hod i t ual | ..

St ai ont { o PRORHY O HFptAie  Eifal PP Mot TR PHOMY BSSHaPds 11 A

the sanme observed frequency data stream and the sanme set of weights

(2:gr r ets pondicmtg}Pbd t@.;hel‘Q @ngm]E af tm&rglhﬂlfrf@tpﬁum umrgmgv.n. 1T remaininged. The
rati o of_. reference, frequency t.o the sanp requency over a

rel ativel y HBAPPS &R E%‘ﬁ SEFUqns f@’ﬁqdr‘&serdeesf'é'ren’i 4238 éxs@ﬁ%ﬁ!he t echni que

descri bed previ Vi ' oS dr8 SRR 190 188icAINBYQS

short-term f rqulé‘?c%ngg& %q}?%?\}%hgk)gﬁgg??iglt)e%r@by cal c%@éaltli ngglt he sarraeS

frequefy eadftansmnethas thatftraneitiononaisiny edgbsadf thelcjodki signal Fxe 2) &slachtthe as

once per sanple period. That is, successive sanples are all _taken using the

circuit of vadnesiofthestwoosignuds on therising edesiof hgploek signaldis; andd) do feteftence

(~F) of each frequency -9. 2 MAR 2002 A/ | 08/
estimate ( sy, ?rﬁ)g}/ Wee?}f’%tsol 3 ter‘gfdﬁtg@a?%at' e%%%gggkéﬁ%%}%& Q3
cal cul at ed,apduh4 nidlyitRdefircdto IRRIRRE h@iﬁmﬁﬁ% PeduftirigOfroth tBO dsyaratoy|oTtRd to
obtain a correspondi ng phase estimate Pf. (The first value of Pf Is an
arbitrarily chosen initial condition, chosen for conparison to an ideal
estimate. In practice, the phase may be initialized to 5 a val ue based on a
priori know edge of signal characteristics) or, absent such a priori

know edge, nay be set to zero upon deteckion of a phase inflection point. )
A phase-pl ot sinulation conparing actual phase of a specified waveform
(solid line) with estinated phase using the foregoing phase estinmation

nmet hod (dashed-line) is shown in Fig. 11C

g

-




10 The foregoing "frequency difference" phase estimation nmethod is

conput ational ly expensive because of the need to cal cul ate frequency 22 MAR 2007
-estimates at a relatively high rate. A "pre-summation difference" phase
estimati on wetdn86%bvi ates this requirement. Referring to FiR§I/ES9821877

i nstead of subtracting the frequency ratio froma frequency estimte, the
frequency ratio Fr is subtracted fromthe sanpled data 15 streamitself.
Assum ng that the data streamis a bit stream of ones and zeros only, and

w1 have ol SPEREAE 8 jfacTpfa QFIL Syl ikt B BeshifTh ANl 7020 ¥

= - 0.6875. gekign. Y val ues are accunul ated to obtain corresponding val ues PX
Phase estimates PP~ are obtained by filtering the PX values in

substanti al | y thEheautputrpomiens iasludis o anexamplarpembodimenty, thige twp-dapubn t o
form ng frequency estimtes (using the identical weighting function, Fig.
12B, for exBANDR)Eatwes.t RespectiexNAND gates Nt andM¥2 fifel eaupled to dheyBsand Gbsigeal| ed by
the scal e-factor k. The pre-sunmation di fference phase-cal cul ati on nay be
shown t & beofmit fiRRPAipIRIpl agls OF HiRl ifpit debtiddie @ﬂtﬁ&l@%ﬁa‘fs@ﬁ&éﬂﬂﬂp aRRISE

cal cul ation. Si mul atilpoanZS g(réesul tsl?ﬂishom in Fig. 12C, are ther e]sgore t he
sane as in #dgN2 ateGombinedniarthievurther 8 NDogatoN3 tadovay the, finah putput efothei der abl y
si npl er usi n% t he, Qr.e-surmati on difference phase cal cul ati on, since only
one conput at3PYHe F¥WEqui red per phase point. Such a hardware realization is
shown in Figure j Is Hﬁg%e'm [ soEhgur e
13 i ncl udes gene’gt% fu;f/; arg%ﬁp?!rds a @ﬂﬁﬂllgﬁoﬁ&é&%@fﬁ a mﬁgﬂdﬁgﬁg’?}%%rﬂlm
simlar or leddrftom @he tamplé eloskit@the nekOin eithe? oMARd ChihineM\Eo9REdIIB6HE two
generator previously described in relation to Figure 10, .and _a second
accumul ¥t orinpeicssctionise Thedweunput secuqns fungtigndp 2 pirg-peng faskioBcalismatdy nunber s

PX, in Corrc?e?&%ﬁgéﬂéfgggﬁmﬁ%ﬁﬁp&@fock%i@%@f&&ﬁemom ments, synbols) of the

observed frequen a Strieam an és a nultiplexes 1301, an adder

1303 and a regi sOpsrafi¢h ofdhe capturkGifRuit of Fgre @rmayl 88 mord hdlyrapprdcptekwith 1301
sel ects one of the two possible values of Y, in accordance with the val ue
of X and apisfarerceyo thegtiming dizggram of Fognre th eTheofirss st@ges ofi the twe chanaely femny; t o

oot ster 15960 bRl Ay O Abap DR Bolbbdeh Bl Syl als
then fijs erQéing Bdged Of ateCinput! A6k sighal2 Theliganhlsi Q- Anl©d ade forhiel Dyisaimplig®7, an

adder 1309 and a register 1311. The nultiplier receives weights fromthe
wei ght genethatsignaly@lband @ respectively f inosecondencecwishrthessamplenclogk. Rbe pigoalsve

wei ght s and_.PX; |l ues are nultiplied and t pr.oduc a mul.at ed..£. g. ,
for 128 ol ok g e SEBedivEodn idlayeiinallices of eieations <A T ril SANS 2
be 15 constructed so as.to, apply.the scale faetor k-0 each product during
t he accunul%#'fsolﬂg %rcrgilge%%po%y%fﬁn ﬁl?ﬂ)gei'r' 93?5: yR1E5 may be achi eved using
an integer difference phase _calculatiqgn. The integer difference phase
cal cul ation is ndttheaxampleof FigursS cdgiilustead signalsareralidepbized) sqparwave but
IS very,£lo ef err| t 5| k- S 204 A to
the. obidhv BBl e Sifhus Mt pab i CRATR A Rnesd i bAGHle S

of the finite rise and fall times of the signals Q1 and Q2 and the asynchrony of the

circuit is metastability, as illustrated in Figure 6. Here, the signals Q3 and Q5 and the
signals Q4 and Q6 are each in an indeterminate state for one cycle. The resulting
output of the circuit may or may not be correct. However, because the decision was a

25  "close call" to begin with, the effect of an occasional erroneous decision on the overall
operation of the circuit is negligible. The time window of instability is reduced by
increasing the overall gain in the path. If the gain in Q3 and Q9 is sufficient to reduce
the probability of an error to an acceptable level, then no additional circuitry is

required. If not, then additional circuitry will be required to increase the gain.
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that would result if the reference frequency were applied to the cap?grw 00
circuit of Figure 4 (wwth the sane clock). A running sumB, is then r d2
.of the integer difference X,R,. In many practical applicatio t he
one iIIustr.g'pe??”Pf?‘Fi gures 14 and 15, D; will have the val uegﬁ@%% -1
exclusively . The general case in which D, takes on 25 other val ues may be
appreci ated and understood, however, fromthe present exanple and is
enbraced by the present description. Phase estinates are fornmed by
filtering the D, Invaidees iedovenahes eario afrths frequenciesafitisy twasclgpokesigmalsfrym the
descri bed. The sane trjangul ar weighting function may be used Fig. 14B. The
i nt eger di f4ai2 stfeam p by é&aawr%ﬁr%mawmsé&y Kigarg @bﬂlmhgltermg is

simul ation re ts g, 14C as_ i ecedi ng. ods.. -1 . MAR 2002
W0 501 1566 HPH QuiyRiaensisfy, all Bafe SvE Bogy %&g“%‘g‘f‘&ff{‘gt‘ﬁ%“‘ﬂ%“s‘?f anrlickbl e o
takes on thejopalhae br Iféltﬂfs_i'gmi) RNQ'cHﬁ\}e\‘&ks\’mai' Béaﬁ idEdRRi{ itd theBE MaT €
real i zation nmay be substantially sinplified (as cohpared to that of Figure
13, for Sexasgehm) . Fittkermotre doyrusing dreappropriadipchosest weighting fuhctiong highs) | i ke
that of Fig. 13, 5 incluydes generally a first accunul ator ACCl, a wei ght
gener at or \ASCURIRY MayRecohingd cunul at or ACC2. The accumul ator ACCL is of

id bly dif ' ' LU f
Fgure 13 The SORsan oo debiofld B5h bt SPEACANG T WERHIRD! o/
gener at or Ifafidtionadebcibdd kerbrofdre iotheieiord, that of-ahi FIRaflka in Bigital fihehing thebyiyl

regi ster 1507. The 1-bit subtractor subtracts respective R values from 10
respect i ve Ixshauld bg recpgaized phaweygticthatlER filtees qaacAlsn be usgd c Umihesprecess of

(0! P g B e iR hAEAp SOt P RS R
subst ant i aldhtaihAfi eSAMBedT thé rdtioBf FPeqhnciélCinGhé BaflePsMmE Mindow. TRV RIow
because D; takes on the values 1, 0 and -1 exclusively, no multiplier is

requi red. listheadgickefl up and moved!do wee neixt seqatnce ofssafriplesd W ihdowirnghwill

accunul ated value, and i{ D, -1, the Lght val i s sybtracted. (If D, =
0. the. accuNBRAIEAVGR. A MY Ty oRRAE 20 FmmlEs S8 FRIPIGT o har duar e
multiplier is a l@éf&tri 3 ?ig@x@vﬁﬂ%%ﬂfati?@@eiggﬂ%xgmﬁ%hée% shbwh'téra 15 A

further nethod of pha stimation I's referr as t cl ock neasure
phase ddl cuwiatiowrofi2StisanipleRe FHerweighting fanctions at® Aprrhdlized,nédning that the i | ar
to the previous 20 jnteger, difference ha&g cal cul atj on, nef hod insafar  as

R X and D 3FRURdGHRs Wetghting funchign ibanit (g Beightng Sundtioniidicats 1p daghed

reference f ugne St 0" o s urgn ; lL,ch are
e same acuEher AEane a8 EEA el g RO, Ao by e R Bt L 1 Pon
us /e:j i s di shdicated ¥in €olid Biiesri$ a thangiitarweightingi fotictéonl 6Bhe wiighting fubcli$hRis2002 WO
99/1 8691

impulse response function in digital filters.

20 Results of digital filtering using the straight-line weighting function and the
triangular weighting function respectively, are shown in Figure 8 and Figure 9. In the
case of both Figure 8 and Figure 9, the frequency ratio was increased from just under
0.687 to just over 0.693. As seen in Figure 8, using a straight-line weighting function,
the quantized signal oscillates between two levels that are adjacent to the input in such a

25 manner that its local average equals the average input. The average error was
calculated to be 1772ppm. As seen in Figure 9, using a triangular weighting function,
the quantized signal tracks the input with an average error of 83ppm.

A schematic diagram of an exemplary frequency accumulator that applies a
triangular weighting function and that may be used to accomplish the desired digital

30 filtering is shown in Figure 10. In the example shown, the frequency accurnulator uses
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PGINS98/ 21377 O ock neasure phase estimte values PC are obtai ned using the
followng formula: PCn=k' (D~ frac(RG1)+0.5 a-~~ (w~X~-n-64)) Si mul &t i"@ﬁmz
-results using the clock neasure phase cal culation nethod are shown 5 in
Figure 16Cwadred/mei ng to Figure 17, the clock neasure phasePETUSHR2IZT

i ncludes generally a first accunulator ACC 1, a weight generator W5 and a
second accunul ator ACC2. The estimator additionally includes a sunmation

bl ock 1701. The accunul ator block ACCl is substantially the sane as the

| Kk . Fj . Nat.e, , . :
pat or n- goAdFaR P T aclePbis Okt 103 B 3 TR ree AT e Pl BB <7
used wi t hi glocRed Bf entdaipiOfreqtdacy Fsafhelduenut lop e TVBR ShhirRerdis ipRoiledERMOnBG

which is input to the sunmmation block 1701. The wei ght generator includes a
count er 17@pusiodl thecidghr. Fbe funstion of thei Tbit zoEnterTisdo souny mpl frem O 1wA22 apdic| udes

an adder 1707 and re&‘_,steciJ ﬁog. V\hgﬂ i( = 15 1, the weii%ht al fromthe
vei ght gendheR 4R Fomghidqtor © COWYHOF 124 OfquTs FUICT UfuseessioRy odus ReNaVIOnt put
of the addey.heaRi%Si ' t i '

accunul gt o'?sr%per ag‘iaglrrll ][h gfrﬂa‘e‘)g)ﬂgm);u 1582 g}p(t)lfg?}; %}g/gé?;ekg& "’X\}M% %@%ﬁ%ﬁ@%ﬁg’of t he
accunul at i anTersinalt Count 8ignAlCéPthe t7kisit addep i inpad toAh&flipafiop. AThE outpagef ther wi t h

t he correspondi ng RG val ue, are summed in_ the summation 20 bl ock 1701. It
wi Il be apfirficpieepupled tecscownt Idpwm Hipntokibe | 7-bif goungss. art that the

the opi rit or odbEnprapaplefts 8l StredR 3 quofeq @' Tontiol MR of B AAdrS 1O
enbodi ment Wiknethé REFEABIEof B YathNiREmi i8 a1 hnl288#i0A iSpdroriRd! IWH&T that | ve and

not restrictive. The scope of the invention is indicated by 25 the appended
cl ai n510 at banrentihinistaH® rfooadditgdmig péefoomédst Adbarry inlinputiofcthe addss istiethigbone

W thin the ani and range of _equival ents t eof are intended to be
enbr aced tﬁgg‘g}vﬁpyggafémgtg"g“ﬁﬁﬁf. Eﬂi’tﬁ@i{el\gtol. A nmethod of deternining the
phase of a firsiryehQi Safid!is ERERA By BRGRAMPlCHrQfndy BYalts osmp{slag 1

sanpling the first clock signal in accordance with the second clo si gnal
t o producetomthetatarinmit ofithe adder biltsanmit receines lthe outputavordproducgdidépcehe rati o of

e o s PR b T30 & v -l L
streamof d5gifdks. Piat thePlonciiRA! of th25@E1Beks!, M Wiftput of the 14-bit adder is used
as an estimator for the frequency ratio. More particularly, in the example shown, the
output of the accumulator is equal to R x 128 x 129, where R is the frequency ratio
estimator.
The foregoing technique may be readily extended to phase discrimination.
20  Various different methods and apparatus for digital phase discrimination will be
described entailing different design tradeoffs.
The first method is conceptually straightforward but computationally expensive.
Referring to Figure 11A, the same observed frequency data stream and the same set of
weights corresponding to a triangular weighting function (Fig. 11B) are used. The
25  ratio of the reference frequency to the sampled frequency over a relatively long period
of time is first determined using the technique described previously. Having obtained
this frequency ratio estimator, short-term frequency deviations are estimated by
calculating the same frequency estimate as before but at a relatively high rate, as often
as once per sample period. That is, successive samples are all taken using the circuit of

30 Figure 10, as often as each sample period. The difference (AF) of each frequency
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substanti al nunber of said digital bits or synbols, a digital word
i ndi cative of the phase; wherein each digital bit or synbol of a seq@grw@ 2002
. of consecutive digital bits or synbols represents a nunber qQf jfLons n

of a predetN¥PH/MA pol arity of the first clock signal that %ghhg&gl%lﬂri ng
a correspondi ng period in a sequence of consecutive periods of the second
clock signal, where nis a non-negative integer. 2. The nethod of claim]1,
wherein formng the digital word conprises filtering the stream of digital
bits or syr&fiae @) i Eﬁbh‘s‘ly-ﬁ@fenﬂ%@ﬁ‘ﬂ?ﬁﬁ'énc&bﬂi@(R?% &lciaikdr st cl ock
signal using a second clock signal, conprisjng: nmeans tor sanpling the
first cl ockmsitiglied by an appropriate sealaifadiort handsascomulatedao lobsiig a aorrespopdinguce a
stream of digital. bi téfor synbol s Wh?{-’ﬁl nafr eqryency rattii‘ag of .the first
and second Riagk sstmal B s (The fyzst yalus of Phisgagrbitrany shesepemitial copdifgn,

non-i nt eger : . f. ' f O [ f: eam
o 0okl 5 el MR i BETHAE ™R RS RS il

di gi t al 5bi tsvihe base® oh. privrilkatdvislge\SX flerah et adiéristic®f orl ABseRDARR;a s el n
each digital bit or synbol of a sequence of consecutive digital bits or

synbol s r eginosdedgs, may baiset togera vponsdat¢ctias ofia phasg ipfleaiondqromitied pol arity of
the first clock gsignal .that occurred during,a,correspondi eriod in a
sequence of cons‘i@ﬂﬁeﬁgmp%?’flgﬂgn S?mf’ﬁé"%%‘i‘,@rlugh?ﬁec?é 'S s&ﬂﬁﬁ&%’%@qﬁmf% a
non- negat i b Qs y RRpAhat | tHod@! isf or
post pr oces\s/l?lr%a’tgg%gfupg%g p&iﬁ%i gl tal @ff?li%tg glfrnfg % %ﬁ@sﬁga@&ﬁfl&%ﬂi%og(zhég?@%gﬁls
appar at us chowhan Figl,11herein the digital filter enploys a weighting

functigon in whicgh different weights are applied to different digital bits
or syndfis. 6. Ahedoregaing: f{fﬁ%&%i@ﬁ“&“%tp&’aﬁ?%‘mlpﬂm%m‘{] ¥e of the phase

of a first ck Sl i C i LSt lin
the first GroRaupbANasnliveuaaanorle frfit ALIRE sefRly bR SAR D
first streaslagbeldinigh fake. DAl "prefurfination giffofeancei phase bstimationcyiethad bbviafest he
first clock signal and the second clock signal is variable throughout a
range i ncl uBisHequitgmentt Bgfarring taBigure b, iasigad of subtracting g freguensy ratio
sequence of. consecutive digital bit or s l.s r.epr i of
SR B st Tos ey PYRRY f shOtploR R e SrhfEb b

transitionsT detern _ Uy of I'Fst¢C sf'gha _
occurrag dusirend iBelfOrASMARCHAGHO AhlaGtkehm ifa BRELENA Of OheL MitbALOH oM, BRT | 0dS
of the second clock signal, such that processing of the first stream of

di gi tal bi tassuming prfiesjuency eatidFras G687 5p teadhe pre-symmagtiopatitference Yheillet hod

f claim6, wh i f di f.f i i d,
compr | i vt ppgel advithE RRSYY &t b BRI o oS et B 220 S0 @lmd - TR bt
an aver age T Y QaRiks hfeCUURMGIaRA Blobldhe corrdspbndiREl vABLOPR . PHAGK eRtinthiedd! PP,

filtering the first streamof digital bits or synbols to obtain a series of
short - t er maze pbtained by diltering theaPXovabdesfin schstantinldys thefsanh endrines as desdribest ond

clock signals; for, each, estimte, calculating a differepnce hetween the

est i madl arRi'e‘f‘H\éS?h\‘}bFej%}lé’“rtﬁtfPB“’Bg fqusatféﬁéﬁ"@gteaﬁantg&ﬁe XATGE YHERNE f or ence
to phase i Nig: é#ﬁm i : 1 AR a
runni ng phggfel&{esz)f Fr”%a??ﬁg&c ep?gt‘ﬁg}j&%%xc a?%ﬂ%a?%mhereﬁ vgmgfé@;%%%’rdati on
di f f er ence hyhthe gcalefactdrek.i on i s enpl oyed, conprising: producing a first
stream of digital words by subtracting fromeach said digital bit or synbol
a ratio of frequeKdresugrnatinr differencepigsesealeiarion makbe shayd © besr oduci ng a

second =t pdlfl liBoeh BRSS! 071

25  results, shown in Fig. 12C, are therefore the same as in Fig. 11C. The hardware

realization, however, may be considerably simpler using the pre-summation difference
phase calculation, since only one computation is required per phase point. Such a
hardware realization is shown in Figure 13.

The pre-summation difference phase estimator of Figure 13 includes generally a

30 first accumulator ACC1, a weight generator WG similar or identical to the weight
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2 z MaR zo02 9. The nethod of claim6, conprising the steps of produgt@ﬁ ?ng
second streamof digital bits or synbols that result when a referenc B

. signal is sanmpled in accordance with said second clock signal; subtracting
bits or symob¥1891t he second stream of digital bits or synBeFASI243i7

digital bits or synbols of the first streamto produce a third stream of
digital bits or synbols; and accunulating the third streamof digital bits

or synbols to forma fourth streamof digital bits or synbols each having

f th . -1 . hod ' '
"nteger  d EBERE Aoyl o ey roeRath et 0, G103 Bhond HRERSLfeC
filtering tAecpourth streamof digital bits or synbols. 11. The nethod of

claim9, wherein a clock neasure phase calculation is enployed, conprising:
filtering said fFhesaccamnlaamAGCHfusictiahs o produpe phgsebmimberoPX¥rivduce a first

t f digital ds; .produci d st di gi t al ds t hat
Teeul T wheoBETRPTAERts 3 iR (S 1 A o eh s, ROIab ok e SRTed BeAueRey |

Y > . . ! : . t digital
accor aﬂ*d\é‘%aéﬂreﬁﬁiﬂﬁﬁ&ﬂﬁ _acinﬁﬁ{buﬁdlegfi%l,aﬁaoargglm& a&xb'arrggigigfjg‘ﬁ?,gmd' gita

words by subtracting fromdigita ts or synbols of sai st ream of
di gi tal bi tbit regiseey)b305 Thsmaliplexer 130L televmabnensfrthé owsposksible giliedlof W irtls of
said second stream of digital words; and_conbining said stream of digital

words and @ssardanceswich theivalyeafiX andyaprlies Wo kithe adder 133 fhefegister valnaism 11,
T s, and S e ; : Al AT
ot oPoid g0y b B 3 Thleh B Ah SuURihl Fealfitd T idek V50 B0

cl ock si gnaégisted MY0FtherForehebirRlitesh@ PR valé@npri sing a first input term nal
to which the first clock signal is applied, a second input termnal to

whi ch 18e second’helR%Kkvabiegare then filterediin dhe ageumulator ACC2 owbigh ynciuges 8 of t he
first clock si.gnal d the, s d ¢l ock si | 4.S var.i abl e t.hroughout a
Fange | nol SRANIGRoki0 ne et T dnfa Beetects AR i mibmfickfeqivis el
stream of o ! hgederatot Wl shd PRAANES $dnftheicturiilady WX, 0f a sequence

whil
of consecutive digi ?al bits or synbol's representing a nunber of transitions
n of a pre®espectivesctightd and PY; watues lee muitiplied hod thegirgdiecks aceamulated, €.g2, 2 MAR

2002 occurred, duri a_correspondi ng period ipn _a_sequence of consecutive
peri ods of f?%]ez%s‘éleg\gﬁy‘ﬂ?so&l’@pﬁ?f‘a? Pgaéﬁ(?ﬁ“‘f‘%f BBr ﬁ@g’é‘flﬂﬁl‘gfm%%@ stream of

di gi t ahsbi %?ns?x&&ﬁaﬁ@&oisst&ébﬁg% gald ﬂEclog %35 Each fHofthd: Buritip ik actmuidfigy ¢! cult

of claim1 er conp ing: a we ener ator; irst accumul ator;
and a secompdocascunul ator; wherein the first accunul ator receives as an
input the streamof digital bits, or sypbols and produces ap_out put stream

of digital symbdVse¥n SHBPIE realiptionanahpe adneied using gndptgerrdifferspee Rhase
wel ghts,  aRgehifion  AHRIn@Ed HHLRQ! pHa¢ EAUARSS rdEFhfRndlicalfy' fifvaicand the

out put streamo 1git roduces a phase estinate.

circuit of tetieiforégbinginetheds) bubi weey olode.aRefertihg@itcoFige 04M] tHiemethod asedyar e
multiplier. 16. The circuit of claim 14, wherein said first accunul ator
conpri 38s 4n pdditor i thenbserxed frgauriey data sisams arefersnepliequeneedp sEeat st s of

t he synbol : j L tor. L. an
0! kg iy R G Rt e A RN B PR
generat or ; 4wiih'the s@mé ¢oekpt Arrunding MM i9 HeH ToinRdUT th@ fiflegdr ifféfd@ick 00
bl ock; wherein the weight generator pr oduces a series of wei ghts, the first
accurul at oR,. In many practical applications, such as the one illustrated in Figures 14 and 15, D
will have the values 1, 0 and -1 exclusively. The general case in which D, takes on
25  other values may be appreciated and understood, however, from the present example,
and is embraced by the present description.
Phase estimates are formed by filtering the D, values in the same or similar
manner as previously described. The same triangular weighting function may be used

Fig. 14B. The integer difference phase calculation method produces identical

30 simulation results, Fig. 14C, as the preceding methods.
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receives as inputs the streamof digital bits or synbols and the SerZizeﬁAROZfU[]Z
wei ghts and produces an output streamof digital words, the second
. accumnul at or jves as inputs the streamof digital bits or, S nd

produces a.‘gé%fﬁﬂ"but put stream of digital symbols, and the sum‘rat%zgﬂabl ock
suns outputs fromthe first accunul ator and the second accunul ator to
produce a phase estimte. -17 2 ? MAR 2002 18. A nethod of determ ning a
ratio of frequencies of a first clock signal and a second cl ock signal
conpri si ng: sanplReferrigaofHigurt 16| octhe Snsypmed whereaD aaked anahe walues 1hé aséebnd
clock signal to produce a streamof digital bits or synbols whereipn a
frequency r SXCHSIYELY fthe ¢arresponding hardwawg realization Mgy hesubsianualiy sypplified (as

t hr oughout j ig._NoR- Nt val ues; and performng
post pr oc_essiacr?éﬁ’g?e%t@gﬁéﬁ?fé%rsggdf%ie?gﬁﬁﬁ?'t s or synbols to form froma
substanti al nunberhedinteger diffétetitd phaskiektimstor SHIBONS, like Madbf Bigt.)\fl@[ d

indicative of the ratio of frequencies; wherein each digital bit or synbol
of a seqbfiendnaclodescgenerallyaifirst atcgmulatorA€E1,ar weight gensratep WG candsa secondrber  of

transitions n of a pre erm ned | ari of the f.r lock signal that
occurred durFeynyla A@@%om ﬁEf“ﬂ'Eﬁ?tBH Ids g ﬁ%ﬁﬁeé% %&fgq{g YREUGBY i ods
of the seco L f B n- | i .

nmet hod of cl al méh%gb %er gilnﬁvﬁ’?gétﬁlr@n%f ?ﬁ?ﬂ?@?ﬁ%ﬁ%@nﬁ%&f]@ﬁ%ﬁ i ng
the digital itdlbdesqr referatvelpatteriCzenératard30L ad 1-bitf subtrdetor 1 503)ia2rbit addérn 1506 f

frequencies of a first clock signal and second clock signal conprising:
nmeans for saRfRi2bitregister }307. cTheck-bitisybraactar subleacss mepeaivei R Malugefremc ond

cl ock signal Lot hal bl S S Ta=]
frequenég ré.f;lpgc@?eogh'éﬁ\g?'r ?ngﬁgl és)éedggﬁgd g\gé'%ggtrsefﬁ% S zlr{g?l{l/earﬁ\é@glﬁgﬁ‘]vgmes

t hroughout avHieH)g8 exphalréd iprevit\RIy, imdyesetonv@dib@bio BNOl 1wy for performi ng
post processing of the streamof digital bits or synbols to form froma
subst anti al nunbdrhegreightigeneratpr (WG andtthe agcumpitater ACCZ age gubstantially ghe same
indicative of .the ratio.of .frequenciesy, wherein eac igital, bit or nbol
of 5 sequends PR b I ReatETBEYS AR beisE B B e w p e o

{ransi i ons 4 of eRelaGEIF! 8 HaRiieP® rRghited. Thsith® it Y s 1 it@GleighiOMdle i Nat
occurred during a corresponding period in a sequence of consecutive periods
of the 3$&condded tocthe acgpmuilated\malne, andiif Da=ndn theegeight ealugisespbtracted.. (Ifde

(Frer. 16 = O Tl it fgiiee) o i s Mgl e
digital fil gﬁpmbwad@m\{%bgﬁtﬁéﬁgn 1&&&16&%8&@8&%&411&*1 different weights are

applied to erent digit bits or sy
A further method of phase estimation is referred to as the clock measure phase

calculation method. Referring to Figure 16A, this method is similar to the previous

20 integer difference phase calculation method insofar as R, X and D are concerned. This
method, however, uses in addition to the reference frequency data stream R, "clock
measure” numbers RG, which are the same as the numbers appearing in Fig. 2.

Moreover, the weight function used is distinctly different, as shown in Figure 16B.
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23. Acircuit for producing a data streamindicative of a ratio of
frequencies of two clock signals conprising a first input term nal 23 Nk 180
-.afirst clock signal is applied, a second input termnal to which a second
cl ock si gnavoiesnggep! i ed, and produci ng as an out put signal a@cIrUssgE3Df
digital bits or synbols wherein a frequency ratio of the clock signals is
vari abl e throughout a range including non-integer values, each digital bit
or synbol of a sequence of consecutive digital bits or symbols representing

a nunber of fransitions n of a predeterm ned polarity of the first clock

2 gnal 1 hat Uk e G FIUS S AT RpLBr BHnE Hheclolpta fEmye
consecutive periods of the segg_&g ? O&%(ﬁ Si ﬁna : %ﬁ{e n.is a non-negative

i nteger, such that further FinoEEesV iR the *2ur¥am ofeRigital bits or
synbols yields a digital word, forned froma substantial nunber of said
digital bits or synbols, representing the ratio of frequencies. -19

A2 AY. A e. A e. Aympationyesulny usitgethpgiockgreague phasegalculgian mgthodargshage. ALl
Hdf}1$' Jocl. .
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Lorprrrt+tettt fvgl gb] X ¢l cal.caj cal cal ca] ca] cal cal.cal ca] cal ca] ca] cal ca] ca] ca
] ca} ca] ca] c@ﬁéf‘%ﬁ?‘@%{‘%&‘%@& lﬁé‘]}cé‘ﬁileé&}sb‘ﬁl}‘@&]%@l@f‘]clgp]l o ]#$$]:$( ]4* +]+, , ] j ] ]
.01 . .

OE 001]r 1120223 SZEBEF%C\W%% t():15(31 lE:'z‘:f]cézal] 23 %Sa n(t:lgjl%a % (?aﬂsctg 851'CR l%:[% t(’:1(?1 ]%:a] ca
] ca] ca] 1] cAdCROLRigor] k52| Nolee Apwenér bt ¢efetenod ?ﬁte‘rﬁfgcncrator generates

4c445585A566\ ; <>>>* >6>7>>>77????HQQOZ AAABBBDg Dz upkf a\ W ] ca] ca] cal ca] ca] ca] ca
] ca] ca] ca] chbhdhe sferspecfreqeaci faia peean) Rapsed) wishis dhe agcumylate] A&%?dapech] cal ca

| gDEFREFET >QAQL SSC.SS .

R LoV e g Tt i e RO B3R v e smopasion plosk 4704 g ca ca
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sampling the first clock signal in accordance with the second clock signal to produce a
stream of digital bits or symbols wherein a frequency ratio of the first clock signal and the
second clock signal is variable throughout a range including non-integer values; and
performing postprocessing of the stream of digital bits or symbols to form, from a
substantial number of said digital bits or symbols, a digital word indicative of the phase;
wherein each digital bit or symbol of a sequence of consecutive digital bits or symbols
represents a number of transitions n of a predetermined polarity of the first clock signal that
occurred during a corresponding period in a sequence of consecutive periods of the second

clock signal, where n is a non-negative integer. -

2. The method of claim 1, wherein forming the digital word comprises filtering

the stream of digital bits or symbols.

3. An apparatus for determent the phase of a first clock signal using a second
clock signal, comprising:

means for sampling the first clock signal in accordance with the second clock signal
to produce a stream of digital bits or symbols wherein a frequency ratio of the first and
second clock signals is variable throughout a range including non-integer values; and

means for performing postprocessing of the stream of digital bits or symbols to form,
from a substantial number of said digital bits or symbols, a digital word indicative of the
phase;

wherein each digital bit or symbol of a sequence of consecutive digital bits or symbols
represents a number of transitions n of a predetermined polarity of the first clock signal that
occurred during a corresponding period in a sequence of consecutive periods of the second

clock signal, where n is a non-negative integer.

4. The apparatus of claim 3, wherein said means for postprocessing comprises a

digital filter.
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| 10%& () Izctlp@m“(h}ch dififerspt Wylgpﬂsmwm 1@9‘ fo d_l@lfmn§ fligitab )@tS(qrsym ols

Or 001r 112dEdY: ! ' y&10%& ()- $109%&' () -, #10%&' ()-s! -

109%' () - yg#10%& () - 8109%&’ () - 20223" 33 4dEdY: ! yI 1" 109%& () -

/109& ()-.10%& ()-A m’-b’tlﬂ%ﬁbi(proﬁﬂ@ﬁ@ca(d)ata §treamliddiaiye of the phase of a first clock
404455555&5 anl 10fV io 109y

109! ()-Séﬁ“f saq )Sl@gt c%lp(rysmg@mbes@mﬁgsf 9#95@5@#11@0/@095@9@

#10%& ()WikR(the#ger/ roky @0{6 Kot a firsﬂé anQ%f gitdl- 5its1 Q78 dnbdls $Arein £
f <<>wWX9mbCY4: ! 10% 0% & ()--! tI 10%& (J--'11($10% K K& ()--!S
#109&' ( )frquemom )"the>ﬁtsl>6136b§1gnaicanﬂam ssop)ld clock signal is variable throughout a
#10% & ( r;ng]éq(r)/lfg:l&dl(n)g no -1n e%gfa \%llge)s: eél'c% di%lQal bit or symbol of a sequence of consecutive
digital bit or symbols representing a number of transitions n of a predetermined polarity of
the first clock signal that occurred during a corresponding period in a sequence of
consecutive periods of the second clock signal, such that processing of the first stream of

digital bits or symbols yields as the phase a digital word.

7. The method of claim 6, wherein a frequency difference phase calculation is
employed, comprising:

filtering the first stream of digital bits or symbols to obtain an average ratio of
frequencies of the first and second clock signals;

filtering the first stream of digital bits or symbols to obtain a series of short-term
estimates of the ratio of frequencies of the first and second clock signals;

for each estimate, calculating a difference between the estimate and the average ratio
of frequencies and converting the difference to phase increment; and

accumulating the phase increments to produce a running phase estimate.

8. The method of claim 6, wherein a pre-summation difference phase calculation
is employed, comprising:

producing a first stream of digital words by subtracting from each said digital bit or
symbol a ratio of frequencies of the first and second clock signals;

producing a second stream of digital words by accumulating the first stream of digital
words; and

filtering the second stream of digital words.
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11. The method of claim 9, wherein a clock measure phase calculation is employed,
comprising: -
filtering said first stream of digital bits or symbols to produce a first stream of digital
words;
producing a second stream of digital words that result when said reference clock
signal is Sigma-Delta modulated in accordance with said second clock signal;
forming a third stream of digital words by subtracting from digital bits or symbols of
said fourth stream of digital bits or symbols respective fractional portions of digital words of
said second stream of digital words; and

combining said stream of digital words and said second stream of digital words.

12.  The method of claim 11, wherein filtering is performed using a hyperbolic

weighting function.

13. A circuit for producing a data stream indicative of the phase of a first clock
signal using a second clock signal, comprising a first input terminal to which the first clock
signal is applied, a second input terminal to which the second clock signal is applied, wherein
a frequency ratio of the first clock signal and the second clock signal is variable throughout a
range including non-integer values, and producing as an output signal a stream of digital bits
or symbols, each digital bit or symbol of a sequence of consecutive digital bits or symbols

representing a number of transitions n of a predetermined polarity of the first clock signal that
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and produces an output stream of digital symbols or words, the weight generator produces a
series of weights, and the second accumulator receives the series of weights and the output

stream of digital words and produces a phase estimate.

15. The circuit of claim 14, wherein the second accumulator comprises a hardware

multiplier.

16.  The circuit of claim 14, wherein said first accumulator comprises a reference
pattern generator and said output stream consists of the symbols 1, 0 and -1, and wherein said

second accumulator comprises an adder/subtractor.

17.  The circuit of claim 13, further comprising:

a weight generator;

a first accumulator;

a second accumulator; and

a summation block;

wherein the weight generator produces a series of weights, the first accumulator
receives as inputs the stream of digital bits or symbols and the series of weights and produces
an output stream of digital words, the second accumulator receives as inputs the stream of
digital bits or symbols and produces a second output stream of digital symbols, and the
summation block sums outputs from the first accumulator and the second accumulator to

produce a phase estimate.
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performing postprocessing of the stream of digital bits or symbols to form, from a
substantial number of said digital bits or symbols, a digital word indicative of the ratio of
frequencies;
wherein each digital bit or symbol of a sequence of consecutive digital bits or symbols
represents a number of transitions n of a predetermined polarity of the first clock signal that
occurred during a corresponding period in a sequence of consecutive periods of the second
clock signal where n is a non-negative integer.
19.  The method of claim 18, wherein forming the digital word comprises filtering

the digital bits or symbols.

20.  An apparatus for determining a ratio of frequencies of a first clock signal and
second clock signal comprising:

means for sampling the first clock signal in accordance with the second clock signal
to produce a stream of digital bits or symbols wherein a frequency ratio of the first and
second clock signals is variable throughout a range including non-integer values; and

means for performing postprocessing of the stream of digital bits or symbols to form,
from a substantial number of said digital bits or symbols, a digital word indicative of the ratio
of frequencies;

wherein each digital bit or symbol of a sequence of consecutive digital bits or symbols
represents a number of transitions n of a predetermined polarity of the first clock signal that
occurred during a corresponding period in a sequence of consecutive periods of the second

clock signal, where n is a non-negative integer.

21.  The apparatus of claim 20, wherein said means for forming comprises a digital

filter.
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signal a stream of digital bits or symbols wherein a frequency ratio of the clock signals is

variable throughout a range including non-integer values, each digital bit or symbol of a
sequence of consecutive digital bits or symbols representing a number of transitions n of a
predetermined polarity of the first clock signal that occurred during a corresponding period in
a sequence of consecutive periods of the second clock signal, where n is a non-negative
integer, such that further processing of the stream of digital bits or symbols yields a digital
word, formed from a substantial number of said digital bits or symbols, representing the ratio

of frequencies.
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