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QUADRATURE- FREE RF RECEI VER FOR DI Hi i | NG ANGLE MODULATED Sl &éAE 2002
The present invention relates to radi gce s, particularly digital

radi o recei veggy, }YQQEI ation can be defi*i®®2as the alterati 0N ussHBss
characteristic 01? a known signal or waveform i.e., a earner, as a function
of sone unknown signal or waveformthat conveys information. In

radi o-frequency QRFADBATHRE-FREHRF RECIEHIVER FOB DIREETLY REGPIGNG Y a
sinusoi d, and there are sever ANGEENIPDWATBRISIGNARg the carrier. These

i ncl ude linear nodul ation, angle nodul ation, and various types of pulse
nodul ation. G ven a -sj j i rl b Jathon. A ( t) cos
Cuit e 205" PR AG AR fANLRE R MR AU AL Lrale
angl e, that canekgverari ed in accordance with an information signal. Linear
modul ation results when the anplitude is varied as a |linear function of the
i nformati on signal . Madileiogsay padiivad tybe diresiop Rbsemerpbanrgristisrpfand

frequency nodul atiaon. | termi.s i yded in the.arqument of. t

si nusoi dal functi’dh ngr?gl{m\%?’%gnﬁlﬁ”ﬁg%lﬁlg??ﬁ aofﬁn?ugntoﬁgor?en‘f Or Mat flg'ﬁaqgfgnal ,

the result is phageordatlcahieinfdrinatidhe nfra@ioTRAient $ (FIEHmbdvalcatibiesydi f f er ence
in the instantaneous frequency and the carrier frequency is proportional to
t he i nf or mat i ontemisghafarrierietypwally ¢ sinksoidy engurhere grevengrdl ancthods oDea®dat at i on of

RF signals has typically.invol ved a quadrature detector. having.two

br anches, an T PE et pdfits Pk ROk gl riphRion 3pa it
phaseshi fted) bgaldt puls rodlatiod GARE R kindsdiRE BirN@ e SiBERby 1he efdtibh Pl 1 ed by
the cosine formof the carrier signal and then passed through a | ow pass
filter. In the &Dewwliob: + ). teeceieddo pirgneitrs.itee amglivisland thetphatsehe sine form

of the earner signal, and pass throu a lowpass filter. adr at ur e
detectors of th?"gpet )t}ﬁgcaé‘rbg VFP?I‘L‘QFFC f‘z\ﬁ'ﬁdgﬁgfé’%ﬂf naﬂﬁi'alagjﬂﬁgrtmﬁ Wersally
used. To obt ai NyddesdlR e BelaRiplifidd Rahridd £ ANihée func@ofhCRIRRAREH $z-Pr 0duced

by the respective | and Q branches of the quadrature detector, signal
processi ng i s peslfArgieodiatiqanelides phase moHeatyinagd froguenhemedyjatidn. Hey be

obt ai ned by taking.the inverse tangent. of th atio of O.to |. The
anpi T Cuade of ¢ hEEIgRAPRED e SresABRRR e Semnielis G Sofe vt oo 1 03286
be obt ai ned accergl mgortn@iibh@glY,AgailaphddBomeMmoRYyIf irtdrfign bR sGeriar e r oot
of the sumof the squares of | and Q These mathenatical operations are
non-1inear. Twothgahe differeppivrtyainpiarianeqpsfrequence fod de parinniiequentyde P ng
guadr ature det ecti.on.ltF' [ Sty d 1'E)ecltia?Qh Il telsegg ui n. two, ﬁuegs, a first
mi xi ng step (toP8BYE I T€&n THEE T PN BREYa SEE5Na: si gnal
processing step to Whéembduldidn ol REAIhils B tHfically @lveFad £quadRfeeidiectdr
coordi nate systemconversion is first performed and then reversed. That is,
the recei ved si bavigwatrarhesasn Heinrrbass) Braned 464 2 Rdduadrapws =0 Qophagénat es in
terms of the desiial oAl h e brdtbn ATBlelvel B AN BRARG byt {dsliBrofiONVEr L ed
to rectangul ar coordinates by projecting t i nst ant anegus sl gna? vector in
pol ar coor di nat esihe birtiet Sighalar(dl thergpasked tHr&dgh X@6-pasa fitted. & thb€rbraehydet ed back
to polar coordinates to obtain anplitude and phase. Such conversions

lgglegg

require circuitFegeivedhsignséisapilinied by the smpdorech g sasieptisna anbrass Broughi ch may
be preci ous COMIpG Ll &%uc.SBREEABL!dicb BT Bld Sp APPSR AN a3HERy ARa CEl | Ul ar
t el ephones, pagers, “ete.” S Ch Conver sions nay’al so- entail supstant al

i naccur aci es. Waatosi sniviefd@dsedt T€htaih ShedRoBsHdbRtibRN floRCHOT BMEQ cbmps- al | ow
for space sav ings, power savings or increased accuracy to be obtained. The
present invent i Bents predeqed by hegpwakivadandyR bianehes obthe guadirarg deteetpr 8IERF
receiver for directly receivi.n F si.gnal s_such angl.e dul at e
signals. Vari ouIs"’(?lé)rtr%o(Sf“lmr‘gelrsup %rf%r&e%'ﬁhé P?‘ré‘g‘g?rv‘z‘? p_lhjasseeoglﬁ?jl‘cdﬁ%léqayp eglg%m&gt ect or
together with wel laklopardini¥zsaaieang MeSaticcoflQ B IRk hmPhAtad ¥ehOBgndafagct or , a
sl ow Automatic Gain ntrol (ACG circuit, a fast ACGcircuit) etc.

Denodul ati on may be non-coherent or coherent. The approach followed is to
handl e the underlying non-linearities of {he denodul ation process within
the circuitry itself, rather than relegating the non-linearities t

I 0 a
separate signal processing step as in the prior art. No | ano”umﬂmmm(“ﬁullmre
obt ai ned, and no coordi nate conversions are perforned, offeri
potential for space savings, increased accuracy, and especially posess
savi ngs. Dependi ng on the nature of the nodul ati on enpl oyed, either

circuitry relating to anplitude recovery or circuitry relating to phase
recovery nmay be dispensed with. By com 2 2 AUG 2002 w0 991 43090
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PCT/ US99/ 03286 parison) in quadrature systens, at |east the m xing step
must remain the sane regardl ess of the characteristics of the nodul @ dyh 7007
enployed. Figure | is a block diagramof a quadrature-free radi o receiver

i n accor dancewwoist/soane enbodi nent of the invention; Figure 2crassbiseck

di agram of a quadrature-free radio receiver in accordance wth another

enbodi nent of the invention;, Figure 3 is bl ock di agram of a
quadr at ur e- f r e&® PHAREY PRSP ‘}ie#yéfl?éﬁrfﬁ‘h E‘ECWWVFP@F&)‘L%W%FBB%H%@M of the

invention: Fi g4ig of sleSoudd 28 kndl2 DA e Ru A Al sl bR AL O T ecel ver
i n accordance \l/gv‘lrntﬁr? ar?o?ﬁaér enbod?rrent o? f 2‘ In écntll ona;Jr F?gar%SjS is a block
di agram of a quadr atfub @alfeheshsérastions g eievedsre bh mAGE CIndériig qohdrimanot her
enbodi ment of the invention; Figure 6 is a block diagramof a

quadr at ur e- f r edeiegiginoFirg cdetefion Aracesdia YA FeRs: fitsHOBGRR SO (olR] #dnt of t he
invention; Fig 7.1.8 bl.ock di,agram of a adrature-free radi o receiver
i n accordance \ng)? lﬁatzlisnloe léarndgr?%%)afi?'rigﬂ pf)?ceisﬁléc;?eﬁg%‘ﬁhcéH?n'li—’lnﬁal?ru.‘é"s%r is a graph
illustrating thacatausaond akbaidiae shieicaneistintiatirsf fR@HBEFMddh&Cr | M nat or
using a constant weighting function; Figure 9 is a graph illustrating the
accur acy obt ai megrsed-oprpis.gheieceivedfsigngl shioh nehly de réadily desgribagisinmglaa t ri angul ar
wei ghting function: Fiqure 1Q is.a bl ock.di agram of one exanple of a
digital filter °P‘Ff§{“af?ﬁ§‘ B Suogélbe qeﬁ“e(flpqr‘f]aﬁm?f Pg _ t‘f‘i‘f agd P?aéaﬂgﬁﬁsﬁlc?énpl ing
circuit such asehdiflo r@hardguEbERrBratesityPrsicetih theliSstahtdndddl s PReclok st rat i ng
one nethod of digital phase discrimnation;, Figure 11B is a pl ot show ng
resul ts of the pokr bemdipftestingethe X1(DAnd [ (@) aees. anCisitkenaoptented béckao pelamght i ng
function used in connection with Figures 11A and 11B: Figure 12A is a

tabul at i on 111 SOVPTRFRG DR AEP i ASA 8 oD CORF I BF SRR AL | on:
Figure 12B is gcRlpids sphtebhd&ons&ndl gosveRlvbih6r Which Aty 8F pleb@H§ Sondgbli- Fi gure
12C is a plot of a weighting function used in connection with Figures 12A
and 12B; 2 ~ tHALJESIROBRY Winglgle480) B8t onETUdII9 SY1BBR B phorgurmedrS, ets Sachh| ock

di agram of digital phase di scrimrl{i at i O%l.hardware in accordance with the
techni que of Fi‘GOYE IS MR QB2 AR0F2RL RAGHFET on i1l ustrating yet anot her

met hod of digital plRaseidiesddl Mid)ad deddulaliGHenIEs ihde Mo 18F spadoNg
results of the nethod of Figure 14A; Figure 14Cis a plot of a weighting
function used iimgscpewrssavings opinciearidgequaasy 1oe ehwaineldB; Figure 15 is a bl ock

di agram of digital ase discrimnation hardware in accordanc £ h the
t echni que of Fi gure%ﬁ?reﬁ"éhnrv%n"fé’ elngmgy fpéa‘%lﬂfl%{tpfogh elsflﬂﬂasc%%lé eit%’ﬁvﬂséti |1

anot her net hod redeivdt fir Uabcup RaeRind S il satl RinglEndtRed 6BnklS. VAriphot
showi ng results of the nmethod of Figure 16A; Figure 16Cis a plot of a
wei ght i ng f unctanthedigeeags of thegengivetsse @ gigiialk hass dgigetes opstheramith weBkn@imgure 17

s a block di agrag,of.dl.01.t 8l pRAYRHR GLLAbIFUbh AR S EBufgeOr dance
with the techniqué i gure :

(ACG) circuit, a fast ACG circuit, etc. Demodulation may be non-coherent or

coherent. The approach followed is to handle the underlying non-linearities of the

demodulation process within the circuitry itself, rather than relegating the non-lin-

earities to a separate signal processing step as in the prior art. No I and Q signals

are obtained, and no coordinate conversions are performed, offering the potential

for space savings, increased accuracy, and especially power savings. Depending on

the nature of the modulation employed, either circuitry relating to amplitude

recovery or circuitry relating to phase recovery may be dispensed with. By com-



Figure 18 is a block diagramillustrating a sanpl ed-data nodel of a

Si gmaDel ta nodul ator and of a sanpling circuit applied to frequency 2 AU6 2007
sanpling in accordance with one enbodi nent of the present invention; Figure
19 is a tabl eykpdophedh i N expl ai ning operation of the circui tpdmeshRke
Figure 18 in the instance of an input frequency that is 0.6875 tines a
reference frequency; Figure 20 is a timng diagramillustrating the
principl e of operHPR.Gh ABFIrARE SETG RS pilcaslie IEPS RERUPE rasrinhespmEi ed to
frequency sanpling;. Fi e .21 i ¢ .di agram,of one exanple of a
frequency sarrplfeﬁ%tj%:clssr%p?m éaglgr%ft%(%g?@gg}%h%ﬁ%?nr% |1$yer%del of Figure 18;
Figure 22 is a firstrigh@iinga loagdiagiam ok ¥ gbiditilddree PRI LAVereh adcbe frequency

sanpling circuit of &ingdivah 3de enkticitiedt &Bhd Tvamdgcond tinmi ng di agram
illustrating operation of the frequency sanpling circuit of Figure 21;

Figure 24 is a graphFighreRipa blotledingrhm\o€ a yeddydrbvieifepe fadie teceing it habr-mnay be
used to perform di gidaake with bmathengmbddimendiofjiieahvehtidn; st r eam pr oduced by a
circuit such as that of Figure 21. Referring nowto Figure 1, a

quadr at ur e-free radiDgwredes yblock ¢iagrem of d apscatureArep rafipregeive® iNEc98| 43090

PC P/ US99/ 03286 wi t hdamce with anathel eeibedimentof thefieventinpent i on wi | | be descri bed.
The receiver uses a phase detector, which may be of a type described in

U S. Patent Applicati'8ierds 2 89ratiaeranof Igégl%?a““ﬂ&e.e Tagde TegTYer dn B958Y . entitl ed

DI G TAL. PHASE DI SCRIAFRXF epotisaerpp BORNEYIBAMPLI NG, fil ed January

1.4’ 1998, incor por a.t 1 %rlg QI%IJIE 1ra ra.r-ll; ?af 9 reg:grie-r}g:eg%il (i);eg'éiv rhllagc%oxqet ect or
ei ther renoves anpli £ whd) QJAEF 1Bk %rg queggoq,l.ved sighal "or assunes a
fairly constant-anplitude signal. Tn the enbodi nenf of Figure 1, therefore,

the digital phase dekigele®isd0Rci Siafh@GedQeaddturd-rfed $didNekeibdrlis Mchr-101 of a
known type. A fast c€ With Bhdthdr smBbdiRehi@f tHe@mkentiGhpl d anpl i tude vari ations.
Such a circuit is essentially a variable-gain anplifier provided with

f eedback circuitry tBigsaifpt ebloblediagmhiocf adeadpftukiiee oadipreteigdrgmadcor-conpare it
with a desired anplidandeywithasbtgoatmbodimeitef geiinveofiont he anplifier
accordingly. The control signal used to control the anplifier is therefore
in inverse proporti ofeps 8ine surpillusinies dic scpuagyodringd dogi ydigial fief t he
received signal is oBReRFHFisATENFO GRS achRs NG ElEBnesiupttion: wi 1| be small in
order to set the gaip of t.he anpll' ftireilr to a | ow Ibteveld;f i f é.healr ecei ved
signal is of a low L§‘\$ °9?E ra ‘E’{I 3 i.%e‘a urgay| 9ot IE%FQ% g der to set
the gain of the anpl lf‘:‘lﬂrdl %‘%ﬁaﬁ&g s él\%% @é hgelqéns"tg RECCircuit therefore
operates to recover pigRleifoUdebiotlf 8L 00bne FAMpIERE BRNEIer HatiR&Y bd 05

containing the anplifiddden tdnfRERT iR A frsquestyRbinplit e RRAAY 8t ofdfigcessi ng
step. The subsequentugr@cessi ng step may be a signal processing step, nuch

sinplified as conpared to that of the typical quadrature detector. The
phase detector 103 rEgorkdls iphabelaiion idnnmtingponednatiaet df diditalbphasddiscrim-
const ant - anpl i t ude oimapert; signal of the fast ACG circuit 101. Notice that
the receiver of Figure 1 consists essentially of two bl ocks, one (101) for
anpl i tude and one (15®prefidB 1%3@&%‘\@%@8%3%@? meded af Bigwstldfned directly
in a quadrature-free.mn 8 [ gfvvit.ht(‘)tut fI t.Eroc SSi ng. Ref etrhr'.ng to
Figure 2, a simlar g?gfmc? rﬁéf/,ﬁ% achi &vVed %’g’ UBSE M TRGOP M A® fast AGC
circuit of Figure 1 BFinif&t 201 of a known type. Such liniters are used,
for exanple, in A'VPSF%H 1A% akﬁbﬁﬁmmﬁﬁraﬁﬁg&?dtﬁ mQF]HoH%f i i&.l%‘fhas%d? aturating
2 2 AUG 2002 Wo 99/ 4303QukcTNS99/ 03286 anplifier that am% I fies the input
signal to a fixed, predetermned level. The Iimter also produces an RSSI
(Received Signal Str engtdn2Bida Rk SHovirsd @6tk of Me ineaioll WEFRhret128; anpl i t ude of
the received signal. The RSSI signal is not strictly proportional to the
recei ved signal but iFiguee Ighist phit of £ weightingrfumftion heed St canngdtion ofitht ig- r ecei ved
signal (typically theresdégamnd RB;of the anplitude of the received signal),
from which the actual anplitude may be conputed. As in Figure 1, the |imer
of Figure 2 is followed by a phase detector that recovers phase information
directly. The series conmbination of a lintter and a phase detector as shown
in Figure 2 proves to be a very useful conbination and is used in other
enbodi nents of the radio receiver. Referring to Figure 3, the conbination
of limer 305 and phase detector 307 is used in conjunction wth what is
essentially an AMradio receiver-a slow AGC circuit 301 of a known type
foll owed by an envel ope detector 303 of a known type. The envel ope detector
recovers the anplitude information. In the exanple of Figure 3, the

| imter/phase detector conbination receives as its input signal the output
signal of the slow ACG circuit. The |imter/phase detector conbination
could just as easily receive as it input signal the received signal itself,
as shown in Figure 4. Operation does not differ appreciably whether the

T I 1 M 1 ., . 1 . I L T - T o N 1




propagation environnent) i.e., wireless transmssion. In the case O?gf}&l{ﬁelﬂnz
transm s sion, e.g., cable television transm ssion, the slow ACG ci I

may be dispensed with. There results the radio receiver of Figure 5. All of
t he radi o recepvenmodescri bed thus far use non-coherent deneduluaswoszas.
Coherent denodul ati on may al so be used. In coherent nodul ati on, phase
information is used 1o h recover a i.t.ude information. re .
particularly, the rel%%‘ir z%%sai;gﬁ%dl‘iﬁé‘i‘"gﬁ@‘ ! P%‘gc Svcwwg%q"i}@éwwoafc the

recei ved signal havitfig tHE® P techdale Y802 WD 99/ 43090 ~CT/ US99/ 03286

t ud dul at i s I.nl i | | . L]t d.
The coher ent 32&33%?@% LRE Cbd B R B oot REDo 8RR Bt 77 C

spond generally to t ézgrr'{%nr?%c%herent denodul ators of Figure 1 and Figure 2.

Referring to Figure fgud ep [L0R0%R6WiRE 8Rks df3hd MRHEd a;m%d?@m&;rl al

conmbi nation of a fast AGC circuit and a phase detector (601, 603). The
phase detector 603 rRgave4GS istdydotpliaseightihpiifetinaked thiveniedfot wialmdigout put
signals of the fast vA&sQ4aianduuB; 601 are input to a nultiplier 605, the
out put signal of which is lowpass filtered (607) to obtain the anplitude
i nformation. The derfoghr &% tsra Wéckiagraneofdigital phise dis¢riminafionHiagdwage B wit h t he
exception that a |i riceadance pithithe tdrigpe okkipereiléut ed for the AGC circuit of
Figure 6. The phase denodul ator of U.S. Patent Application No. 091006, 938
(Atty. Dkt. No. 322f98ypids/ ichipbylation Istptng stillp LS SRONIRIPREN BASED
ON FREQUENCY SAMPLI MEscrimifadignijanuary 14, 1998, will now be described. The
approach followed by..the.digital frequenc i.scrim r of .1 he present

i nventi on may be ap);;Fr] %rleal. e %tas%% @éflesf]o ‘%i%nrﬁgtg%cr(?gaﬁwg%‘%’nversi on,

vel | - docunented in tdg,BnEEYs Af1bt Y% w%&%h'ﬂn% RheiGNEESinddnndMET HRA gL N9

Del ta- Si gma Dat a Conygsied shd.16fandy, et al., |EEE Press, pages 1-6,

Pi scataway, NJ ( 1992). A Sigma-Delta converter nodul ates a

varyi ng-anpl i t ude arripag 17 iyrlock didgedm bf\digitA phasepiseridingiidnetardadeinat a
frequency nuch hi ghekccdiamre ik thdtegnngine nBFigure The desi gn of the nodul at or
allows resolution in time to be traded for resolution in anplitude. A
sanpl ed-dat a circui tFigirddB isof bleckgiji Busrainggderpleddata siedelofadigigure 1,
may be directly applPai mesiuiatesgubofdsanpling dirgpit appligd odraabengy hamping in
Referring to Figure 3F80rdajige Wil ope ep ent of e present iyerionsanpl e tine i has

subt_ractedfromit t eobut igr‘ia} : . Sa Ie.tinfei.. The re tis
lied t gyt 10 Bt el AekBru troxBlainifa e Buicy Sine cireuhnqeBPet |
of the accumil at Sf”ﬁﬁg%fge F g et g

signal of the accumiTStor toforma new output signal of the accumul ator.

The out put signal OfFi‘%ﬁ%}@@@djﬁm%@hﬁ%ra&rﬁilﬂﬂéﬂk- A8 PrindiPIe oflbiM oA @E RN Dei ng
represented as the ag it'rrﬁ)@emfF?g‘ﬁreemréBrapﬁiedta%lﬁq&h@y%ﬁxpﬁﬁﬁna! of the
guanti zer is the final output signal y~. Assune now that X; is the ratio of

two frequenci es and Figad 21 hea guaniticaigagrans oforiewearh gy of a fietmatidyzemplidgur t her
assune that the ratidrcoftdedeebidiny the epuid mmdelsof fFigurd 1 2 2 AUG 2002

Figure 22 is a first timing diagram illustrating operation of the frequency
sampling circuit of Figure 21;

Figure 23 is a second timing diagram illustrating operation of the frequency
sampling circuit of Figure 21;

Figure 24 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 21.

Referring now to Figure 1, a quadrature-free radio receiver in accordance



WO 99/ 43090 PCT/ US99/03286 tinme period in queslaon is, say, 0.6875.

shown iii Figure 19, the latter value is accunulated a first tine, ZthAUﬁhZﬂUZ
an accumnul ated val ue of 0.6875. This valuing being | ess than 1, the val ue
0.6875 is agawoaasded to the accumul ated val ue, giving a newcggcsvpisat ed
val ue of 1.375. Since this value is now great er than 1, 1 is subtracted
fromO0.6875 and the result (0.6875 - 1 = -0.,3125) added to the accumul at or
to give a val ud'igra firs b@?@d”ﬁﬁ‘éf’%‘f’? Hwerﬁtoaaeléa%deﬁmm Thegesiy HsesBur i ng t he

f oregoi ng sequ ki ng the

i nteger porti oﬁ{ﬁﬁ%c’%ec%p%h?& rg&c}’sb a@gﬂ% %Chégval ue. ?.?Rﬁ;?ﬁ'ca?x Ic?%Fl gure 20,
t he i nter pret atgomoeOBs {Axey. DREWNNSE2105008) BRkS DIGDIAL PHAEE,gnseRm\‘al may be
appreci ated. Two cl ock S|]gnal s are shown. Again, it is assuned that the
rati o of the fEAIORCHASE Q%F%B@HENQYO%WEL%I&Q@WW 16f199Bdn¢aswer cl ock
signal during the (gqeilod of interest is 0.6875. At timet = 0, rising edges
of both clock & baﬁ é'&ﬁﬁ’él de. At the first subsequent rising edge of the
| ower clock signal, 19e &3dgidaisigdshaé dét&@or'éﬂﬁ@ﬁ‘crﬁd@@Kméhtﬂ@@infd?ﬁ‘x‘é@orﬁl apsed.
At the next rising edge of the | ower clock signal 5 periods of the
upper clock si grah theasasived sipeaddr assumeshfainlg xonstansamplidgegwd. Ine | ower cl ock
i |, 1.0625 i.od th I k | h d th

ol apae of the rTSRSa PRt |t RS BDUR LY LG SHalo [OhG et DR
schematic di agrigmaeic ar&RADYELa Bidwnlthfe., AQhst WCROURDR Ys A BlaBPrapid CUi t, that
may be used to data sanples corresponding to the data stream descri bed in

t he foregoing ewa:ilplde vagatohs wach fcifaug iy essedfiallyl awvaribldeigainusiplifitegtoenbodi nent ,
it is assuned th H”ef t|o of , the cl ck mgnals is such that no nore t han
one rising edge”? ?rcdttﬁéRSWH?thBGE‘ Heugs 0 A OUPY SHFF BT i od of
the slower cloglgre it Qthfa'&@ﬁre@%QﬁéuH@%éconhjai the 8515 YL 'aﬂleﬂ&%gcd?%gl?pp' y. The
capture circuit includes a input portion 2101 and an output portion 210

The i nput portiTw comedluiges usedao s@utol tha smifict isahatefGhedn frvatse propbribe wcar ef uI |y
mat ched to mnimze errors. Each sectign conprises a chain of twd or nore D
flip-flops coudf“eﬁfn?lﬁui"' |‘1?§§°C°f"ﬁdf‘ﬁ§alfghﬁ5%3 adﬂ%!?&tsuﬂgmgbﬁmptlhlée

reference numer@hgoMidnh i@ bl 3R InbrétElene Emh BEmE ERPEEL: kY £1dW 1kR1:fif OPS

t hensel ves and their respective output signals. Wthin each section, the
first flip-flophe rectibed sidral in of & lo Joek gk doptral ssalnbwelobcdmcka @ﬂgnalsetFx The

succeeding flipsflaps o t he. chai e %h cl ock signal
Fs. The D i nput h%FmFﬁ F PRSI ?){‘llﬁﬁ)ﬂﬁel i St?‘ﬁ%/ ﬂﬁﬁ&?hr%eetj@te%(?ﬁrafeg‘coupl ed
to the Q out putregdvet fifp1e@idEaforthiioh) anf Blélcofol tlgaltosatnmtltm@mtelaaphmaethe

| ower section is coupled to the Q output of the first flip-flop in the
upper section. iTfpsmgtion IQOIED@U@M@QQWWWPPUW&US%PGBZS@%%m ni ng
The' funct on of B RATEBLReRnt S5 HRBte Cogeer SR Sy cal
inverses of oneypigtdiedratufeRiector. ams ?)Edsgﬂet&ﬂorrﬂOS rgvedsl pRse ffoddagor! 0CK
signal Fx; 2) to latch the values of the two signals on the rising edge of
the clock si gnadirecgy ffamdhfa90ﬂ§teﬂtc?etpéletdeppmmwkﬂfshefﬁﬂﬁrﬁ%eﬂ‘mﬂo@ll to the
next. Additional int e sta

required to mnim zeﬁor?’é: as? b It’rcmtvgr s%’fct FCO"S‘fStPosmc'%}hag;' 3‘/“(1%%01%3/%& the two

clock signals, @od)forarhpbdesdl bhdidlm)&‘thﬂha&t aweqmun&exdeamadcﬂ;ecﬂﬁ a
particul ar deS| gn. The output portions include, in an exenplary enbodi nent,

t hree two-i nputinNaNBdigareiee m@pecc»whmmbpr@e@tsesg Nl and N2 are coupled to

the D and Q signal the fi op. stages aof. t [ nput sections.

Qut put signals of tHe RERDY at%‘éfs P’Q%WR{?C%W%’%(‘?&% S’V'SH SHEPE £ her NAND
gate N3 to formuthay AGORirc@bbPRiburef aliiktef 8P dTa&nblh Bkl Such Mgnikringd | on of
the output portion is to detect a change in the input clock signal |evel
from one sanpl eussddokexampichin AMPE celivlaitdléphonasf cohviet princaniedfsa faoratng by t he
two i nput sections. The two input sections function in a ping-pong fashion,
alternately detecting changes in the input clock signal |evel. Operation of
the capture circuit of Figure 21 may be more fully appreciated with
reference to the timng diagramof Figure 22. The first stages of the two
channels forminverse signals QL and 2 approxi mately coincident with (but
slightly delayed fronm) rising edges of the input clock signal. The signals
@ and 4 are formed by sanpling the signals QL and 2, respectively, in
accordance with the sanple clock. The signals QS and 6, respectively, are
del ayed replicas of the signals B and Q4. The NAND gates together realize
the logic function X = @B~ v U~%. In the exanple of Figure 22, the
illustrated signals are all idealized square-wave signals. In actuality,
the signals will have finite rise and fall tines. The possible effect of

t he f|n|te rlse and fall tlrres of the S|gnals Ql and @ and the asynchrony

e 4 T T T T 1 S ~ ~



10 2 2 AU G 2002 WD 99/43090 1' C: T/ U 599/i 132RG for uses a 7-biy CMW
101 ) a 14-bit adder 103 and a 14-bit register 1 5. The 7-bit counte
cl ocked by the sanple frequency Fs. The output of the 7-bit counter is
provi ded to owedwmi®ee of the adder. The function of the 7-birCTaseamBess is to
count up fromO to 127 and then down from 127 to 0. The count of 127 occurs

t\M: ce in S.UC Cess%ﬁar tBatrLtrrwhgesht Vlnollilsx iy 8glﬁ§(¥c§grelds'1$gne%lev§:l plgglho 107' The

flip-flop is cl B0 e sanp quency 5 gnal of
the 7-bit adderaléo%réd’xb@é&tantKSStI k&c&l«édoslgﬁa@Qmengmn&uitwhﬁﬁﬁ ifdiGuilé bfand | op i's
coupled to a Count Down input of the bit counter "over sanpl ed" data
streamis couplzathtuﬁea)f ﬁmm@qetybd slmmhtmﬂsﬁhagmmotstﬂwerpwmenm rahe bit of
t he data streamisa ?Pgaddltlonls erf r med. X_}Qoe hecrreg]'éj bit is a
0) no additi on "FEM rs’l‘gc‘}f“ 4's aRELIOM? P UOR B Ehcé‘l’c“ﬁ E7°1Ye8 St8"%&d hi gh,
effectively ca 1 m@e dendAiEcekveli Qipt A h t
register is cl (L){?lgn%l% e sams;ﬁf gquency =3 glgou?pgﬁ)}h?s&gﬁ% ied to

t he ot her i nputacwhl admﬂnediadeary beldomipirtafhUAs i dtairey B Shet liniten of Bilghreviis dolpr oduced
by the adder. The function of the 14-bit adder is to_perform an

accunul ati on op@vet PohPhast dasersorthah paegverpphagsipfapiqn ey of t he 256 cl ocks,
the output of the 1 f uency
ratio. Mre parti cuI4I§rQ é136§ § Letﬁ)el%g%g ﬂéraﬁawﬁﬁ&s% eEéé%rtasgrgo&rP{ﬁ 13;;1%?9

accunul at or i s 2fuads tb be Rvery hfubcohBRatioshakias WBed & due efnb&ﬂuﬁﬂl@y)f mhatio
estimator. The foregoi ng _techni que may be readily extended to phase

di scri m nat i on.ra4jarecsiyst: Beferingdn Fighist 81?§°5H‘?H‘a‘a?fv%fr1‘§t‘ﬁ§395o‘1’“dd4h§$et al phase
di scrim nation Jradeoffs. The
first nethod i sd%cgnrgﬁz ggﬁ%y‘hg&g &rpﬁ‘%ﬁlyﬁ&g’ragisﬁ%t%@g&rp%ﬁ %ghal | y expensi ve.
Referring to Flrgd:ﬂi\er—]rfh/klo“t hecCsaom: 3 kadwi type fdlosyd bpdreerstlopadeend t he

sane set of wei ghts corresponding to_a triangular weight.ing function (Fig.

11B) are used. hid3ofikgoup Hpfe hceptﬁl%méewf%&&%vﬁwhq goplifededafpgnad
frequency over r t usi ng

t he techni que gosn cfr%i tgé %&ﬁlﬁelvdlf%%%f y. mﬁgg?‘%gpﬂigg‘?‘%"ch Cl)'hﬁjna e%%ég%egggr atio
esti mator, shontsnh@rtm@alemmnpy sigealiofitiealvsy ACE ceatii. Thd E:dxtmplﬂﬁ dzdcat i ng t he

same frequency estimte as hefore but at _a relativel gh rate, as often
as once per sanfl @THIPILGH cof st ‘fssea”]s}’dé‘&"é“s‘"’s"ﬁVé“%’éﬁﬁ’?%@eé?"éwﬁp sighalken using
the circuit of fference
(eF) of each frle@agtﬁggé\gnstl n%lﬂme(%e@%og%S%h@@gﬁgﬁpg%ian} el}}gr% rrng{r?
frequency rati dnprsignakto cial lonitkeaprde demdtod qohibedu{nylsam raqa:predpifgnaltxaelgcal e
factor k and accurrul at ed toogbt ajn 2 1(,}rot,tes ond| n hase est}| mali1 (The
first value of Phg QUigy signpl;qf hesiqx ACH CUEHL FﬁaPi‘eaﬂ dheh §anef the igden f or
conparison to apghal ﬁherestl n Z 2 au~ 2002 WO 99143090 PCT/ US99/ 03286
mate. In practlce he phase may be initialized to a val ue based on a
priori know edge of Biegndib ravhiaeracf Bgistdiand Figore 4 mbgwsdn qpax fickd rpdid Or |

know edge, may be set to zero upon defection, of hase infl ecti on point.)
A phase- pl ot stﬂPa(f?P%'he’EHﬂ‘ﬁﬁ"r’it A 3’6’?’{?&‘1 “Ti‘ﬁ&?@o‘b?" g‘°§b’*§8ﬁ”i“ég“mﬁ‘ orm

(solid-line) wigh st caakedev@sh@ﬁenk&ﬁisggn tukeeslév@r«\ee%em BQ%@dﬁﬁédséHit' on
met hod (dashed line) is shown in Fig. The foregoi ng” "frequency

di fference" phawgh. %termsultsmemmmdewemfﬁrgncﬁﬁtl onal | y expen5| ve because of
the need to cal cul at esti relativ h rate.
"pre-summation di ffe&eﬁég‘g iﬂr‘]u‘éé&e’\?ﬁ gﬁ%ﬁ%cgﬂ"ﬁ&rﬁﬁdm&b“\?ﬁ%{y’e‘éi ?}99
requirement. Refigr eoﬂeeﬁtqjeﬁbm&n%algorb%tueéodnpéohaum&%}amg g frequency
ratio froma frequency estinate, frequency ratio Fr Is subtracted from
t he sanpl ed dat mfm:aee\rmsmsenetbﬂxelpﬁmmnanmhtuldatnfdsrhmudawa)rspzreiamuﬂ)stra bi t
stream of ones and zeros_only, and assum ng a frequency ratio Fr = 0.6875,

. then the pre- sufffeivebrign smutanlicd byaggnlica pliheresie éﬁlaymﬁ\I\FWUes Y=1
- 0.6875 = .3125 or Y = 0 0.6875 = - 0.6875. The Y vaI ues are accunul at ed
to obtain correspondi ng val ues PX. Phase estinmates PPn are obtai ned by
filtering the PX values in substantially ¢he same nanner as descri bed
previously in relation to form ng frequency estimates (using the identi cal
wei ghting function, Fig. 12B, for exanple) with the exception that the
filtered values are scaled by the scale-factor k. The pre-summati on

di fference phase-cal cul ati on may be shown to be mathematical ly equival ent
to the frequency difference phase cal culation. Simulation results, shown in
Fig. 12C, are therefore the sane as in Fig. | 1C. The hardware realizati on,
however, nay be considerably sinpler using the pre-sumation difference
phase cal cul ation, since only one conputation is required per phase point.
Such a hardware realization is shown in Figure 13. The pre-sunmation

d| ffer ence phase estl mat or of F| gure 13 |ncI udes ~gener aI I y a fi rst

. A SN~ A e Y L e




P CT/tJS99/ 03286 ister value is added to Y; to formPX;, which is th

strobed into the register. The adder 1303 and regi ster 1305 therefoﬂé AUB 2002
accurrul ate the PX; values. The PX; values are then filtered in the

accunul at or ARGdgawhe ch includes a nmultiplier 1307, an adderpctas®aig a

regi ster 1311. The nultiplier receives weights fromthe wei ght generator W5

and PX; values fromthe accunul ator ACCl. Respective V\B|’%hts and PX: val ues
are mul tiplied tifdmednationsemeded: Lhe pliphed sigaal J%Lh&‘ lowrpses flsgedt| ock cycl es,

to produce a phase egfi, El?e%é?ﬁ aérh dm‘?or?wﬁ @E'G%Bd B@ﬁrebﬁreﬁﬁélﬁ%ly%ﬁg- SO as to

apply the scale factor {0 each product “durin mul at’i on process.
An even si npl ersp@pgengatly Q@ thémdh- &lﬁex@ﬁ&'ﬂeﬂx‘bﬁﬁiaﬂéﬁddﬂ%g@& 1 fldeggaire di Rérex ence
phase cal cul ation. The integer difference phase cal culation is not

mat hemat i cal | y regue Fazluéfrﬁ thegecelved $1maégomm!gt0rtb¢ md@ombwmwrsof\néw A8iGse.

Referring to Fi 14 ition othe rved
frequency data© g‘ﬂ’l ??{ %haF ?céefcér fg@csﬁ hﬁcpyl?asﬁ ECtgf?Oéz{Fﬁotvﬁré afed resul t
if the referenqgfot'rﬁﬁ%emﬁé’mﬁ\ﬁ%ﬁdWtk%ﬂﬂﬁ@fﬁ@ﬁsmbﬁﬁn%blﬁn‘é'lﬁplﬁto £igure 4
(with the sanme clock). A running sum is then formed of the integer

di fference X; I%\uluplmrr@ﬂﬁ»Wmlamttme@ll ofippich bW mass, filered OGS ta blaio niee

illustrated in Fi LHje t:L 15, DO will have the values 1, 0 and -1
excl usi vel y. Tﬁ@‘pglé Sﬂlélor”&aé‘sog in which D takes on other values may be

appreci ated and undeyfi3tiRgaul ROV ¥iture 7 i 2R maﬁof@ﬁg%%@@mﬁm@me%uo@mt i's
enbraced by the present description. Phase estinates aze fornmed by

filtering the liniadrwésuii H0ltikeubsdumed for tsd AGCaircuiasfiféguras& previ ousl y

descri bed. The sane | ar ig i function ig. 14B. The
i nteger difference F}'ﬁ‘é?ﬁ“@éf"‘@ﬁ &2%%‘?@8‘ PPN g@ﬂggggq &s‘g'rrul ation
results, Fig. Jﬁa&)Na%ztzlil@o@ge&ﬁqémldﬁmmsﬁsfﬂimmoﬂ ﬁWsED15 in the
i nstance where D takes on the val ues 1, and -1 exclusively, the
correspondi ng MNWEM@“SMRMNGH&;MB@U&U&# 981 will nowshierdekdrfbeed (as
conpared to that of Figure 13, for exanple). The integer difference phase
estimator of Fi¥eapgroagh felowehy the digita] froqupncy distriveiaaiorgl ee IPSep! van-r st
accurm: at or ACGion rday\&d @bﬁecﬁ%ﬂ@?aﬁ@dgy\%;ﬂgﬂﬁcbatasﬁﬂmﬂﬂvemméh%&f- ﬁCCZ The
accumul ator ACC 1 I 9] erent const n the
correspondi ng s?rnte(fm??lc'gq&lén% Sl%}ﬁféfeg & “aceurul "(I)éﬂ%\%&gmla Igure 15

i ncl udes a ref e@@ﬁé@efbapﬁﬂync‘gén’@l’fﬁt%f’”JE?EC_LS I éplﬁcbliat"a&%tﬂ%@io‘ﬁ 1503) a
2-bit adder 150$igmaideita loveftermi@iuRites b vix@ﬁléram-ﬁm&]d&aﬂﬂ&g inpltsigaeliffo sSubt ract s
respective R 13 99/ 43 U 9 486,V s.from
respective X valmgl% dzgllép%f%%? fré/q? mucg% & re ?‘s?/é m%lé%tﬁrrﬁ’ &he

resul ting Di vatfiessmagilepy)aligys @Q@P%ﬂﬂnéaﬂw‘ew féﬁﬁ’ﬁ‘ﬁ for rqﬁ@lyu%@n@mbmdau ned to
1, 0, -1 only. ABksnped-ght cg@mmmfammuemmo@mﬁmubaﬁ TFifeed, mhe
substantial ly t}peedlrsc gea as: | Q) Flgure 13 " deas csczti'lfe% hgrregew ously. However,
because Dgq takes on &R/ ? ea ) O e A e STV e Yy, no rrultlpller is
requi red. |nstead, |R€fﬂﬂn§tOlFlgl!rhé8 \Re gyt sigedl geoccerringl Blesdmpls timked lgcunul at ed
value, and if qubuactéafr&n?ttﬁ@?] g%@eatsﬁﬁlglamter a‘f’%éa(gsult(lgép&ed'fog‘l the
accurul at ed val ue remal ns unchange he savings o ware multiplier
is a particul aracgumnlatos favies an gyl ﬁﬁmaémen'ﬁam\’bnnmﬁ sigpa) of thg acmmulgipther
method of phaseyghhiRinddn, ddhntiRhfifiat iy ao%tﬁugﬁ £l Bife ERARMfrROASE

cal cul ati on net hod erring Fi gure % Is simlar to the
previous int ege?"“a|af“Pé{r°é‘F?€é51%%féh“ca§F‘€HFlé'Pf &Peﬁéﬁpﬁb%ﬁ“?%é‘?eaﬁ“%“ for X and D
are concerned. iERjusntyed, hhwhuahnmmmewe)nguspﬁsm&dadd:btaddiﬁbrtaahfaﬁofe,f ghence
frequency data stream R "cl ock, neasure” nunbers RG which are the sanme as

the numbers appRHPihTiErAtelghequastizefs fhedfinal outpRsighdivght function used is
distinctly differentassamenba\Whe ks ik Gatfotbt 1oBfreddeRbds aﬂ@@ﬁ%@qﬁhﬁﬁ@n@stl mat e
val ues PC are obtai ned usmgthefollowl formula: PCn = k~

D~- f i - acRG+0. 53 drqnevsd apantigay Furthgr agumeit ’E%“’Pé%‘lﬂ of she pyp iganensies fI ke measur e
phase cal cul ati on nmethod are shown in Figure 16C. Referring to Figure 17,

t he cl ock neasure phase estinmator includes generally a first accunul ator
ACCl, a weight generator W5 and a second accunul ator ACC2. The esti mator
additionally includes a summati on bl ock 1?01. The accunul ator bl ock ACC 1
is substantially the sanme as the accunul ator bl ock ACC 1 of Figure 15.
Not e, however, that the reference pattern generator generates Goth the
reference frequency data stream R, used within the accumul ator ACCl, and
the cl ock neasure data stream RG which is input to the summati on bl ock
1701.



The wei ght generator includes a counter |703 and wei ght generator Iggi&
1705. The accumul ator ACC2 includes an adder 1707 and a register 1789%. %@W
14 2 2 AUG Z002 WD 991 43090 PCT/ US99/032a6 X = 1, the weight value from
t he wei ght gewenmstxnpo i s added to the contents of the registectlgdDazsthe
out put of the adder becones the new i nput of the register, which perforns
an accumul ator operation fox, e.g., 128 clock cycles. At the conclusion of
t he accunul at i Gmedgapdin Qastion ineDPY-68e Asbpti B HeurpdShelgderaains is t oget her
D AU 2002 Wi 00 L B e ooae a1
: ) at 1 L med. 1 S; ~' ..
demodul at or -t oPeHEMSHIIFAL et T3 i Rdin RSO e P HEL Gl Ryire
conprising: a hinestacaingriaed ywatehof fl 375.r Bocevibisivalge phasegreatdrolramglt, il assubont ai ned
in the RE S 0NBlacicf BB 79%d AERhI SRS 1 LUBBEIsHadel ot WeobduipONST ve L0

the RF signal for producing an output signal having a ‘tude variations at
| east partial | yo ixerpyaie o 0628, Presdonprpeetvp tekshagi Perineghe fresont put
signal of the aigdehilidndeotl opblati@idca duia stiefif i proguct Oby HRIAH R intBdkr pHESS,

i nformation cor]to@ion ga.&hnact(:%ulﬁlgd%jﬂggal and outputting a phase signal; and a
second signal path’for recovering anplitude information contained in the RF

si gnal and out put t i Rgfeaingdapigue il theiigeraretatipn offhe sefpproe #f nembirs C ai m 1,

wherein said aphid #08gurd {9 MeNEd rediatedC Wvb EMcIOHER e SHiwaMAlghilide si gnal
i ndi cati ve of the agg1
u

wherein said afpift 15’"‘ | léfq %ﬁ)ggﬁé}%e%eqcﬁ%:"r‘g Ié’g?]? :”E/’pe?glogﬁfelérza??o,%\@togﬁ?cgrji ? al4.m '%he
appar at us of Clawencrk wigerl diringthe deriaduif interdss is h6879edétimg teil risipgtry is a
limter, and t Q@fé@bbﬁw%ﬂﬁk siglaboihdidl Calihe/GsQlibdeheentARh) Ldidorefe the RF
signal is an R?oswerscio%ﬂ %Jg'nal, 0.6875 periods of the upper clock signal have elapsed. At the

next rising edge of the lower clock signal, 1.375 periods of the upper clock signal

have elapsed. At the next rising edge of the lower clock signal, 1.0625 periods of

the upper clock signal have elapsed since the elapse of the {irst period of the upper

clock signal, and so on.

A schematic diagram of a capture circuit, or frequency sampling circuit,
that may be used to data samples corresponding to the data swream described in the
foregoing example is shown in Figure 21. In the illustrated embodiment, it is
assumed that the ratio of the clock signals is such that no more than one rising edge
of the faster clock will occur during a single period of the slower clock. In other
embodiments, this assumption need not apply.

The capture circuit includes a input portion 2101 and an output portion
2103. The input portion includes two sections Chl and Ch2 that must be carefully
matched to minimize errors. Each section comprises a chain of two or more D
flip-flops coupled in series. In the following description, the same reference
numerals will be used to reference the respective flip-flops themselves and their
respective output signals.

Within each section, the first flip-flop in the chain is clocked by a sampled
clock signal Fx. The succeeding flip-flops in the chain are clocked by a sampling
clock signal Fs. The D input of the first flip-flop Q1 in the upper section is cou-
pled to the Q output of the same. The D input of the first flip-flop in the lower sec-

" tion is coupled to the Q output of the first flip-flop in the upper section. The

8



5. The apparatus of Claim1, further conprising an envel ope detector
responsive to the RF signal for producing an anplitude signal indi catiAUe 2088
the anplitude of the RF signal. 6. The apparatus of Claim 1) further

conpri si ng ci wowotdsopor esponsi ve to the RF signal and to sai ccauispues2&i gnal
havi ng anplitude variations at |east par dally renoved for renoving phase
information fromthe RF signal and producing a correspondi ng output signal.
16 2 2 AUG 20@emainimdiindpopinpot wseors egxreplahia sainsat-at @0 B Qepdl-m 6,

wherein said circui tTae fiftioh 8T ifpe pRE&Es kN Prdibd Qb dighaR, Beer - 8. The
apparatus of Claim7, wherein said anplitude influencing cir cuitry is a
FoBr AGE ci 1 cui PYertss of i SRR Meh GG OpOR T BE o P G FOLGHEM ER1) S | ow

pass filter, colatcpltedvalws bfibe omt pgitalsinghatising edgaplitheicloek sighdd &s; gpdGdluces an

anpl i tude si gnaj, d.di eakhi¥e Pdm bRCISIAD eUds. HdahildfaiFhie IR stagh@in The
apparatus of Claim?7, wherein said ar‘r}i:)l Itude influencing cir cuitry is a

.Ng .

liniter circuitSergyWityfyd 28 R4m2ay Re refuired i Hinirpze PERATRREY CBIEMETIR a | ow
pass filter, comphgachony bizh©wtqpaécksigynlalandin fetinthltple euch stagat mpy beduces an
anplitude signaj..i.ndL f“' Péa@rﬁ'c%la?fde%ée anplitude of the RF signal. 12. A
demodul at or for demodul ati ng an RF signal w thout |Q process ing,
conprising: a first Bieqwigut pertipnsiipiludeeien exqmpiary ragedimantotmgttvernR¥ont ai ned
in the RF si gna}gAmgme;sl. szlelm'cti@ rﬁmgtga@mh hﬁc]ym afeREOHIENGI tRIDGIE TKid-T Y
responsive to t EF _ﬂtor roduci.ng a f.irst, output signa ving
anpl i tude vari a?al?c? }shegljtngh: %eil XS Opﬁtég si?aﬁ]eym‘glésrrcﬁ{}%n : bé’??d'tt glg%{ﬂsp?l%g%k et ect or
responsi ve to t gasesfN} and 132, amp gombingchia thepfurther NANDP gate NP0 forfrl the findl pyt-
circuitry for rgaeyelicaguRhasati nformation contained in the RF signal and
outputting a phase sj | ;. and a second.si.gnal pat 21 for. recoverin
anpl i tude i nf or mat i g'lﬁl%cntag'r’ﬁ“éff‘ r?gtc?eioﬁtpf’ = lgfogdr?é_egt 2ng st &ﬁ??‘ﬁﬁioﬁg
anpl i tude si gnasignal Bveltien epgramatasiocsfio B apvnindthengidwe ichrngels dorampby t ude
i nfluenci ng Ci rthe two input sections. The two input sections function in a ping-pong fashion,

alternately detecting changes in the input clock signal level.

Operation of the capture circuit of Figure 21 may be more fully appreciated

with reference to the timing diagram of Figure 22. The first stages of the two

channels form inverse signals Q1 and Q2 approximately coincident with (but

slightly delayed from) rising edges of the input clock signal. The signals Q3 and

Q4 are formed by sampling the signals Q1 and Q2, respectively, in accordance

with the sample clock. The signals Q5 and Q6, respectively, are delayed replicas

of the signals Q3 and Q4. The NAND gates together realize the logic function X =

Q3-Q5 v Q4-Q6.

In the example of Figure 22, the illustrated signals are all idealized
square-wave signals. In actuality, the signals will have finite rise and fall times.
The possible effect of the finite rise and fall times of the signals Q1 and Q2 and the
asynchrony of the circuil is metastability, as illustrated in Figure 23. Here, the sig-
nals 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 "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

9



cuitry is alimter. 17 2 2 A UG 2002 WO 99/ 43090 PCT/11S99/ 03286 i4. The
apparatus of Claim 13, further conprising second anplitude infl uenc? d\UG 2002
circuitry responsive to the RF signal for producing a second output signal
havi ng anpl i t wdeoowagobat i ons at | east partially renoved. 15. plhiussppasat us

of Caim 14, wherein said second arnplitude influencing circuitry is a slow
AGC circuit. 16. The apparatus of Caim 15) further conprising an envel ope
det ect or respongiivin @damblisseiowd: wntdoct ths ppbaiilifyed apewaiuciangecapt- anpl i t ude

si gnal indicatiyge Q('elt iﬂen Mdiﬁoﬂﬂ%n@&m& lfkerc(ﬁl: fredl @R, theh 4ddifiBRa 2PRARAL US of

Claim16, wherein said first anplitude’influencing circuitry is coupled
directly to theWFH:besre@‘Héﬂd w ipgreaspile &¥har at us of C ai m 16, wherein said
first anplitude i nf|nend nyeaiverahs fatiy of tie frejnehae of hetrhe clobk Sgigilefrom

di tl th £] AA .Y
Lyt LN Oea U SPERAeBRPh LS oLl AR ORI I Y1, olfla

LA AZN?. A *: <=t TasumpyFoplied phd antpeoaily #p caeaicdely of Gaita flewrcsiica) ca) caj ca

] cal cal Ca] cal Caﬁ%}aﬁ@l@gkwlﬁﬁhﬂﬁm i Wetra sl 5 AVD Calvead:s ma) 6@hppiied##94 96 * /

+Hio++\ 0, )
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window of 256 samples. The weighting functions are normalized, meaning that

the area under the weighting function is unity. One weighting function, indicated

in dashed lines, is a straight-line, constant weighting function. Another weighting

function, indicated in solid line, is a triangular weighting function. The weighting

function is the impulse response function in digital filters.

Results of digital fillering 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 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 digi-

tal filtering is shown in Figure 10. In the example shown, the frequency accumula-
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provided to one input of the adder. The function of the 7-bit counter is to count up
from O to 127 and then down from 127 to 0. The count of 127 occurs twice in suc-
cession. This behavior is achieved using a flip-flop 107. The flip-flop is clocked
by the sample frequency Fs. A Terminal Count signal of the 7-bit adder is input to
the flip-flop. The output of the flip-flop is coupled to a Count Down input of the
7-bit counter.

The "oversampled" data stream is coupled to a control input of the adder.
When the current bit of the data stream is a 1, an addition is performed. When the
current bit is a 0, no addition is performed. A Carry In input of the adder is tied
high, effectively causing the range of weights to be 1 to 128.

The 14-bit register is clocked by the sample frequency Fs. Its output is
applied to the other input of the adder. Its input receives the output word produced
by the adder. The function of the 14-bit adder is to perform an accumulation oper-
ation for 256 clocks. At the conclusion of the 256 clocks, the output 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.
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 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-ierm 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 Figure 10, as often as each sample period.
The difference (aF) of each frequency estimate (F) from the previously-deter-
mined frequency ratio (Fr) is calculated, multiplied by an appropriate scale factor k
and accumulated to obtain a corresponding phase estimate Pf. (The first value of
Pf is an arbitrarily chosen initial condition, chosen for comparison to an ideal esti-
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(solid-line) with estimated phase using the foregoing phase estimation method
(dashed-line) is shown in Fig. 11C.

The foregoing "frequency difference” phase estimation method is computa-
tionally expensive because of the need to calculate frequency estimates at a rela-
tively high rate. A "pre-summation difference” phase estimation method obviates
this requirement. Referring to Figure 12A, instead of subtracting the frequency
ratio from a frequency estimate, the frequency ratio Fr is subtracted from the sam-
pled data stream itself. Assuming that the data stream is a bit stream of ones and
zeros only, and assuming a frequency ratio Fr = 0.6875, then the pre-summation
difference Y will have one of only two values, Y =1 - 0.6875=.31250rY =0 -
0.6875 = - 0.6875. The Y values are accumulated to obtain corresponding values

PX. Phase estimates PP, are obtained by filtering the PX values in substantially
the same manner as described previously in relation to forming frequency esti-
mates (using the identical weighting function, Fig. 12B, for example) with the
exception that the filtered values are scaled by the scale-factor k.

The pre-summation difference phase-calculation may be shown to be math-
ematically equivalent to the frequency difference phase calculation. Simulation
results, shown in Fig. 12C, are therefore the same as in Fig. 11C. The bardware
realization, however, may be considerably simpler using the pre-summation differ-
ence 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 gener-
ally a first accumulator ACC1, a weight generator WG similar or identical to the
weight generator previously described in relation to Figure 10, and a second accu-
mulator ACC2.

The accumulator ACC1 functions to produce phase numbers PX; in corre-
spondence to bits (or in other embodiments, symbols) of the observed frequency
data stream and includes a multiplexer 1301, an adder 1303 and a register (e.g., a
16-bit register) 1305. The multiplexer 1301 selects one of the two possible values
of Y; in accordance with the value of X and applies Y; to the adder 1303. The reg-
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adder 1303 and register 1305 therefore accumulate the PX; values.
The PX; values are then filtered in the accumulator ACC2, which includes a

multiplier 1307, an adder 1309 and a register 1311. The multiplier receives

weights from the weight generator WG and PX; values from the accumulator
ACC1. Respective weights and PX; values are multiplied and the products accu-
mulated, e.g., for 128 clock cycles, to produce a phase estimator PP. The multi-
plier may be constructed so as to apply the scale factor k to each product during the
accumulation process.

An even simpler realization may be achieved using an integer difference
phase calculation. The integer difference phase calculation is not mathematically
equivalent to the foregoing methods, but is very close. Referring to Fig. 14A, this
method uses, in addition to the observed frequency data stream, a reference fre-
quency data stream that would result if the reference frequency were applied to the
capture circuit of Figure 4 (with the same clock). A running sum D; is then formed
of the integer difference X;-R;. 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 other values may be appreciated and under-
stood, however, from the present example, and is embraced by the present descrip-
tion.

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
simulation results, Fig. 14C, as the preceding methods.

Referring to Figure 15, in the instance where D takes on the values 1, 0 and
-1 exclusively, the corresponding hardware realization may be substantially simpli-
fied (as compared to that of Figure 13, for example).

The integer difference phase estimator of Fig. 15, like that of Fig. 13,
includes generally a first accumulator ACC1, a weight generator WG, and a second
accumulator ACC2. The accumulator ACC1 is of considerably different construc-
tion than the corresponding structure of Figure 13. The accumulator ACC1 of Fig-
ure 15 includes a reference pattern generator 1501, a 1-bit subtractor 1503, a 2-bit

adder 1505 and a 2-bit register 1507. The 1-bit subtractor subtracts respective R
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only.

The weight generator WG and the accumulator ACC2 are substantially the
same as in Figure 13, described previously. However, because D; takes on the val-
ues 1, 0 and -1 exclusively, no multiplier is required. Instead, if D; = 1, the weight
value is added to the accumulated value, and if D; = -1, the weight value is sub-
tracted. (If D; = 0, the accumulated value remains unchanged.) The savings of a

hardware multiplier is a particular advantage of the implementation of Fig. 15.

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 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. Clock measure phase estimate values PC are obtained using

the following formula:

PC, =k (D,, —fracRG, +0.5 + Z(W,- “X;, n_64)J
i

Simulation results using the clock measure phase calculation method are
shown in Figure 16C.

Referring to Figure 17, the clock measure phase estimator includes gener-
ally a first accumulator ACC1, a weight generator WG, and a second accumulator
ACC2. The estimator additionally includes a summation block 1701.

The accumulator block ACCI1 is substantially the same as the accumulator
block ACC1 of Figure 15. Note, however, that the reference pattern generator gen-
erates both the reference frequency data stream R, used within the accumulator
ACC1, and the clock measure data stream RG which is input to the summation
block 1701.

The weight generator includes a counter 1703 and weight generator logic
1705.

The accumulator ACC2 includes an adder 1707 and a register 1709. When
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At the conclusion of the accumulation operation of ACC2, the outputs of

ACCI1 and ACC2, together with the corresponding RG value, are summed in the

summation block 1701.
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ing, comprising:

a first signal path for recovering phase information contained

in the RF signal, comprising:

amplitude influencing circuitry responsive to the RF
signal for producing an output signal having amplitude

variations at least partially removed; and

a phase detector responsive to the output signa! of the

amplitude influencing circuitry for recovering phase

information contained in the RF signal and outputting a

phase signal; and

a second signal path for recovering amplitude information

contained in the RF signal and outputting an amplitude signal.

2. The apparatus of Claim 1, wherein said amplitude influencing cir-

cuitry outputs an amplitude signal indicative of the amplitude of the RF signal.

3. The apparatus of Claim 2, wherein said amplitude influencing cir-

cuitry is a fast AGC circuit.

4. The apparatus of Claim 2, wherein said amplitude influencing cir-

cuitry is a limiter, and the amplitude signal indicative of the amplitude of the RF

signal is an RSSI signal.

5. The apparatus of Claim 1, further comprising an envelope detector

responsive to the RF signal for producing an amplitude signal indicative of the

amplitude of the RF signal.

6. The apparatus of Claim 1, further comprising circuitry responsive

to the RF signal and to said output signal having amplitude variations at least par-

tially removed for removing phase information from the RF signal and producing a

corresponding output signal.
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7. The apparatus of Claim 6, wherein said circuitry for removing

phase information is a mixer.

8. The apparatus of Claim 7, wherein said amplitude influencing cir-

cuitry is a fast AGC circuit.

9. The apparatus of Claim 8, further comprising a low pass filter, cou-

pled to the output signal of said mixer, that produces an amplitude signal indicative

of the amplitude of the RF signal.

10. The apparatus of Claim 7, wherein said amplitude influencing cir-

cuitry is a limiter circuit,

11.  The apparatus of Claim 10, further comprising a Jow pass filter,

coupled to the output signal of said mixer, that produces an amplitude signal indic-

ative of the amplitude of the RF signal.

12. A demodulator for demodulating an RF signal without 1Q process-
ing, comprising:

a first signal path for recovering phase information contained
in the RF signal, comprising:
o first amplitude influencing circuitry responsive to the
RF signal for producing a first output signal having
amplitude variations at least partially removed; and
o a phase detector responsive to the first output signai
of the amplitude influencing circuitry for recovering
phase information contained in the RF signal and
outputting a phase signal; and
a second signal path for recovering amplitude information
contained in the RF signal and outputting an amplitude signal.

13.  The apparatus of Claim 12, wherein said amplitude influencing cir-

cuitry is a limiter.
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15. The apparatus of Claim 14, wherein said second amplitude influ-

encing circuitry is a slow AGC circuit.

16.  The apparatus of Claim 15, further comprising an envelope detector
responsive to said second output signal for producing an amplitude signal indica-

tive of the amplitude of the RF signal.

17. The apparatus of Claim 16, wherein said first amplitude influencing

circuitry is coupled directly to the RF signal.

18. The apparatus of Claim 16, wherein said {irst amplitude influencing
circuitry is coupled to the RF signal indirectly through the second amplitude influ-

encing circuitry.
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