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RECEI VER FOR DI RECTLY RECEI VI NG ANGLE L The present
invention relates to radi o receivers, @ ’@Wltal radi o receivers.
Modul ati on cgyb dsébef i ned as the alter atl on,, har act @eirgkddiozsds @
known signal or waveform i.e., a earner) as Yunction of some unknown

signal or waveformthat conveys |nfornat|on In radi o-f requenc

communi cati on sﬂVéW?ﬂ@%‘ﬁf@&% Sﬁi 1( g“ﬁcﬁﬁ}s’é I%Jﬁde ere are
several methods of modul ating EMOPULATERSIGNAL | de | i near modul at i on,
angl e nodul ati on, and various types of pul se rmdul ation. Gven a sinusoi daI
earner described byThdigre@atiaténdion feldted th r&dd6 receibert] partdcuthrly digita) radlio, t here
are two paraneters, the anplitude and the phase angl e, hat can be varied

i n accordance wcelheran i nformation si gnal Li near nodul ation results when
the anplitude is v ct he| formation signal.
Angl e nodul ation i nlqogglataon aalbgr&rgt%cfdlagq} oa'lrlttga‘ﬁo 88§H?§°t%scﬁlﬁlogf1i on. If a
termis incl Udﬁl@bwmﬂ%ﬂhﬂfoﬂﬁ'%f@m1@faéah‘iér,5dslalfﬁﬁhdﬁbf§obﬂmﬁﬂcﬂ&vﬁ§1 algaries in
proportion to the information signal) the result is phase nodulation. If
the argument i wawfermm thabgonydys infpimiasionrp sadinfrediendsHiFa nemmenigstidrsyguency and

the carrier fre uency i S ortional e |nforna i on the result
i s frequency ni5tit BEiCHer %é’ftg‘é?&‘wattst"&ﬁm@tantt’?ﬁf%tf@ﬁ% Wﬁgloa@%nrﬁ%dum i nvol ved
a quadrature dgffd @&naavheagldcmehh@a@mﬁamanatgté mbBalRES End vafogfich and a Q

("quadrature” or 90 phaseshifted) branch. In the | branch, a received
signal is nult iypks$ efcpulsg mdvulagion. Gizer psippsoidal dawier desciibyd lmtgﬂequaamd t hen

passed t hrough Io ass_fli 1n the nch, e receiyed signal is
mul tiplied by Afnegs ’#&‘Wo‘?‘“ﬁﬁé‘* SgreiEm gﬁfsgﬂmsa%aﬁsagi%w B%gh a

| owpass filtegy 1@4@&1 ot b arid8 P sdoSdincR fwithtin SnthdRRioA sBnhil NHRLr modula-

wel | -under st ood, and al nost universally used. To obtain the information
signal fromt heon reavigs \Qxemohqmmdmd;' ipyvapigd eeallitppr fuhgioned ﬁeonﬁomeationargal Q
branches of the q adratu dete Si I rocessin rfor d. In
particul ar, th& p#fﬁ 8“§1° *’r"rﬁ&fgﬁ‘g‘ "d%f‘él?‘ﬁ&iﬁ“ﬁg" i:}“’t‘ % nverse
tangent of theati ﬂcﬁﬁec@nttﬁ’e J:guJé?@oﬁHPéxh&sHﬁ@l fﬁifxctioh%aﬂagﬁéﬁn pYortion VO

99/ 43090 PCT/ U899/ 03286 be obtained according to the Pythagorean t heorem by
taki ng the square irfotmagion sigealsbrreshlt ismhagquedubsion lf the argin@nt i¥lhehe

mat hematical o s are non-linear. Two salient observatl ons may
therefore be rrg}lfég‘&ﬁjr‘ltg TFRe Y g RSP AR ERUS Frgabeney ?‘Bintgc parRe reayency ds 8
proceeds in t\Aeoﬁtoﬁmom’éltfoﬁﬁtuomsagnaguétr@smt(mqg infbahla@Bsl Q that is

| i near and a second signal processing step to which non-linearities are
rel egated. Second, Eemduldllmmfell%ymaérhae tomiceliwinpoivédsa quadsiturp dettagomed and

t hen reversed. That IS e recej.ved sjqgnal be,readily described
in polar coordPAYPEEY] Wa?‘g’F?rﬂ“E? 13 ﬁ@sﬁég’ ‘é}?j%(ﬁ?lqt’f’%gmfﬁ Cartpl F¥ifde and
phase, is firskhieRPViRhdBdintiRe I aARNY Ve COalls Rfiflicl by McQUoSRt tdia t he

i nst ant aneous signal vector in polar coordinates onto the X (l) and Y (Q
axes, and is t éthecamieesiged ahdthkn pospbthaugl o brdpasafiby. IndhoQttaanehahpl i t ude

and phase. Such conyersions re re, ci, rcy |tr that occ |es ce and
consunes powver "5t gigngis e lng%fl/byst 'B?ee ESW&F% p@ﬁ‘% PRy in

nobi | e appl i catijgR$agUifs. @aﬁﬁ“r&hé&ct&r?bﬁﬂﬁ%%e 1HREE tall- uﬂa&stoﬁlgﬂd
conversions may al so entail substantial inaccuracies. \Wat is needed, then)
i s dermodul at i onlmest bniversaly uskd tToabtadwwhé mforspaaesigml fromghs 1 puv@corsposi ngs  or
i ncreased accuracy to be obtained. The present invention, 8ener ally

speaki ng, provi"§&s$ paOdéfﬁ%jottya‘PﬁfeéQqcP‘éeeIWQ@@é‘ih%?f thequagragusg ?“;”rc‘?re%‘& ving RF
signal s such a hgﬁﬁt!l
recei ver use asn 1git f“qgﬁslﬁ ﬁ‘q?tcgctor (%(%e %@kb\j\ﬁiﬁﬁ@ﬁ%}aﬁﬂﬁ%%%ﬁ%@@

conmponent s: a |bynakisyg the inveseawapapef WetatiovHQ,to h The anpliudosrfahe sigahmay Cont r ol
(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 the denodul ati on process within the circuitry itself, rather than
relegating the non-linearities to a separate signal processing step as in
the prior art. No | and Q signals are obtained, and no coo m Hm \ullm‘m“\
conversions are perfornmed, offering the potential for spaci‘ wm l“

i ncreased accuracy) and especially power savings. Dependi ng on.§dg@nat ure
of the nodul ation enpl oyed, either circuitry relating to anplitude recovery
or circuitry relating to phase recovery nmay be di spensed with. By com WO
99/ 43090 PCTNS99/ 03286 parison, in quadrature systens, at |east the m xing
step nust renmain the sane




regardl ess of the characteristics of the nodul ati on enployed. Figure 1 is a
bl ock di agram of a quadrature-free radio receiver in accordance with one
enbodi ment of the invention; Figure 2 is a block diagramof a

guadr at ur e- f Kagw4a6HoO recei ver in accordance w th anot her erpkedissinatscof the
invention; Figure 3 is a block diagramof a quadrature-free radio receiver
in accordance W th ‘ffft her . enbodi ment of the invention; Figure 4 is a bl ock

di agram of a qbaeREPeH epiding o giFythagerspn, BeorPR bé(d@%‘?%‘ﬁﬁé%“a\?ﬁ 5ORt B} her
enbodi ment ~ of } Y SiMakeR 10 1 Fid0d ! BheRe inSrnemb A petlirRd

quadrat ur e- frege&’r?gddlﬂ% ‘?ﬁa%:éél vefﬂﬁ %gg%r tance V\nﬁ?giatmo{ rlwlgoaél ment of the
i nvention; Figure 6Twesfietd abeétvaiioagmmtmfefaeapaadﬂabwcaniﬂge@adxaﬁhm receiver
in accordance with another embodi nent of the inventi on; Figure 7 is a block

di agram of a qUeleRUiPFiE.deleetignppqsedsdn BYQ HeDs; HNFERBHRES AL QPN AART her
enbodi nent of 1 accuracy
obt ai ned from g g’aéfg@?é‘?&?%ﬁ%ﬁ%g% ﬁ%ﬁ’l&nng ?aﬁmos rfg%gﬁ %%%@?g%%&%m| ghting
function; Fi guretegdtedsSeont, a[nborﬂinhld$§'§taﬁ cogyetshom iafisupatymedhsd med from a
digital frequency di scrim nator using a_ tri angLuI ar_wei ghting function;
Figure 10 i s aryPsek TBP‘a‘@r‘%ﬁﬁeﬁﬁ“eéﬁéﬁnék&’ﬁﬁF‘é“adf eaeﬂdrlgﬁﬁsapbqq mpelart hat may be
used in conjun i of
Figure 21; Fi gg&rder&“%iigg %nts}e%stog :P%inq%?rfq:ll lﬁg&oatf'llg%&s? h%lgrglg 8 gital
phase discrim OéiddQ@recﬁngﬁlﬁl&obﬂcﬁldté‘sb@zpﬁijéﬁunﬁ hmmmmesw sﬁ@aptectdm rret hod of
Figure 11A; Figure 11Cis a plot of a weighti ng function used in connection
with Figures 1pHarGagrdings opjofhe ¥ (Dapd YsiQéa’tcat%} itherronyaried brcketp mglamnot her

Tasults of 1 he RstRRAT B LY b8 dhalc i S eRidek ol SredBMLED, g

function used bcupRRRERRE mwbdﬂkddibslﬁo%f—esotﬁzﬂwﬂiaﬁ mlag Be preciA@s 08h 43690

PCT/ US99/ 03286 Figure 13 is a bl ock diagram of dl@,q(l:“ tal phase discrimnation
hardware in ac#éy e%e@lwntmpmﬁepnleemﬁﬁsq'eré\ ag pelinlag tplephgnes, pEggisresc. Bagh i s a
tabul ation ill ustratl n hod of .di gital phase discrimnation;
Figure 14B is & Frsfonsﬁ]oéngfﬁa%rr&%gu SEnS “%Bﬁcuram *hod of Fi gure 14A; Figure
14Cis a plot of a vmagiatnbaﬁdfmcts&ﬁaoumaﬁbd BcHh A8 i MdvwMfot Epald gt es 14A
and 14B; Figure 15 is a block diagramof digital phase discrimnation

har dwar e i n ac &S oRaNEE SaVingR of Merepsed BeRUFsy tQ)'Pe Mitgjsede 14; Figure 16A is a
LAt o b USLY AhOgeShl e ORI R PR ol 'Stg'*,a@maée f

di scrim nation; Figure I's a od of

Fi gure 16A; Fi gteRerdOdirga r@bi@tngti Agnagi sgh{ dsﬂﬁglfshtﬂﬁihia&ﬂ sipmal. Vapiogonnect i on
wi th Figures 16A and 16B;
embodiments of the receiver use a digital phase detector together with well-known

RF components: a limiter, an envelope detector, a slow Automatic Gain Control
(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 17 is a block diagram of digital phase discrimnation hardware in
accordance with the technique of Figure 16. Figure 18 is a bl ock diagram
illustrating a sanpl ed-data nodel of a SignaDelta nodul ator and of a
sanpling cir eupboapgel i ed to frequency sanpling in accordancecihishong
enbodi nent of the present invention;, Figure 19 is a table helpful in

expl ai ning operation of the circuit podel of  Fi gﬁre 18 in the i nst ance of

an i nput frequéﬁb‘;‘»’“tlﬁélt’a‘?rgwﬁ’%ﬁ@s’t#Wé%“%f‘P’é‘frbgr d’é“sltfeé‘lfél‘b E¥aME| gure 20 is
a timng diagr i ion of the circuit
nodel of Fi gurger%ll uasgﬁg%lgull%%tto %&%%ﬁas%&pwwg% Figure 2'1 is a
schemati c di agr am oFigareel Rxadiqek diagtanpofl @ @@dRacs-rsargdio Bk ircatcbr-descri bed
by the circuit nodelamt wihgie emb&dimbit@filie id@niien;a first timng di agram
illustrating operation of the frequency sanpling circuit of Figure 21;
Figure 23 is a secoffud hisndlatk dipeeam ofl 4 ansdragrs-frge wgiarmaediven irpdccehe
frequency sanpling é?‘tce&i"thaaﬂh?"gthoémﬂwfpb@ﬁ&"@@!l is a graph of two
alternative weighti ctl that use erformdigital
filtering of a digi E ggﬁ%ﬁf‘b rE‘? {)ﬂrf‘ceé‘(féw %% hat of
Figure 21. Referrin ‘mr?S\)V‘ " ogimegt ‘f‘lﬂ”@ free radio receiver in

cocordance ) 19,00 £ Pg@gﬁ%% 03286, aagt&e-ttt%ase B FPE.ef e

invention will be d etec whi ch may
be of a type descri %SﬁX’\p fltygglt%?rglr?HNo D9/ 006, 938 (Atty.

Dkt. No. 32219-003) Flg%ﬂ-,ts {sla@fbcldldfdp Tl of o Hvabrabdhr bl MalVALESRr BARER- ON
FREQUENCY SAMPLI NG, dichQ&itb]a%B&l@Jé{nb%xmelaQ ehn@,gfogorat ed hereinafter. The
foregoing digital phase detector either renoves arrpl itude information from

t he recei ved si gnal FipureeGsurbbskaidgednr bfya qadstheafreargdio eesiher &1 goad-. 1 n t he
enbodi ment of Fi gur darke witheanetheremboiiivgendofyhe &lverpivase detector 103 is
preceded by a fast AGC circuit 1O of a known type. A fast ACGcircuit is
able to track rapi dFigws 7 isgddockidesm phiquadigie-free radiafeeeives inacseit i al |y a
vari abl e-gai n anpl i e %WP@@OF%%’H“%@UB&WCWOPcw try to sanple the
anplitude of the output signal onpare it w a desired it ude, and
control the gain of E:F P ﬁr‘ﬂ,héﬁ s?éﬂ?ﬁ@?@%ﬁg ‘émﬁihf’?‘c?ldag"l?"éﬁrﬁl used to
control the anplifi 8P°q°§ ISHap ntatéjfgs‘?gtaf‘?ﬂ? Leightmg SPRGUGR: + 5 t he anpl i t ude

of the received sig urettsiga n'if Gl hét@aﬁt bﬁtﬁtd%gmtﬁgmé Lude, the

control signal wll ,0&$uREliminkcP LIRS a ng Ithhc8 nplifier to a
|l ow |l evel; if the recel vVed signal 1Is of a ow Leve the ‘control signal

will be large in or degurd mﬁatbldchale@ﬁmnoﬂﬁnefehﬁmﬂHBﬂddlgﬁaﬂ filer hadhghbd evel .
The fast AGC ci r cui usddifkedjaiction pathatffgudndy safming ciraulPduch sltat sffRag-mat i on,
and the control sigmed21;05 containing the anplitude information is output
to a subsequent processing step. The subsequent processing step nay be a
si gnal processing stfégure ki ks aghmidtion ilkusiratingopapethed of digithlhagsf disaan-t ypi cal
quadr at ur e det ect or inaflew; phase detector 103 recovers phase infornation
directly fromthe cqnstant-anplitude output signal of the fast ACG circuit

101. Notice t hat thé:1$‘€EéW/é*raR5‘P‘sli?‘§‘Bﬁé°si%‘gﬁ’é‘1‘E?‘Q"‘é%fs%ﬁ'trf*éllf‘y of two
bl ocks, one (101) f h ntities
are obiained direct &fljgu%ﬁ & s%%gotao?g “%“%%n(a ﬁrka%én ereﬂ%_ac%%nch ?%@m%‘ﬁ?
processi ng. Referring to fgure’ 2, a sinmlar effect may be achi eved by
substituting for th%élﬁrétlzﬁ\% ﬁbdl&dﬂntxll&irafﬁglﬂfoﬁtcllméthbaHiétgfml%ﬂése‘afs-a known
type. Such |imers grighibiiRfA; for exanple, in AWPS cellul ar tel ephones,
consist primarily of a saturating WD 99/43090

Figure 12B is a plot showing results of the method of Figure 12A;

Figure 12C is a plot of a weighting function used in connection with Fig-
ures 12A and 12B;



PCT/ U599/ 03286 anplifier that anplifies the input signal to a fixed,
predeterm ned level. The |imter also produces an RSSI (Received Signal
Strength Indicator) signal indicative of the anplitude of the received
signal. The R&So/Loggnal is not strictly proportional to thepegagbdBskssi gnal
but is a nonotonic function of the strength of the received signal

(typrcallythelogajthmof | it therecerved signal), from
whi ch the actual anp'8Pfud dbgm S‘f—‘f"@)‘ﬂ?‘éo"f’a“g’f‘?é i“i mter of
Figure 2 is followe CBS?a‘éC effet"éﬁ Wéet %ecovers phase i nformation

d' r e.Ct l'y. The seri efl %H Angtalm%gla%f ustra rr%r na%geﬁmg%;gggf gglngchg as shown

in Figure 2 proves e Qe I'on an ‘ot her
enbodi nents of the Fadio recér ver Refernng to Figure 3, the com binalion
of liniter 305 and p%a&elmgeetdashcﬁ%realg%edwlrrttmmg&e oW th what is
essentially an AMradio receiver-a slow AGC circuit 301 of a known type
foll oned by an enveFigpse Hi€ligaphn oB3)Beighting fkanaivn usgdia colileeti@nwith Bjge det ect or
recovers the anplituseld4nbod iMB:i on. In the exanple of Figure 3, the
limter/phase detector combination receives as its input signal the output
signal of the sl ow K@@reciyieablock Fiegram ofidigite) phase diserimisatiosrhardyrat Wat i on

coul d just as easi I%CP@@E‘FW%@CF@mﬁWfﬁglﬁ%M the received signal itself,
as shown in Figure 4, Qperatio goes ot diff recr ny whet her t he
input signal to the Fjaurq } Wﬁﬁ%@ nge{l é‘t"ﬁt“géﬂﬁﬁ s° fogdral Rhegs ved
signal itself or th@‘sﬁtﬂ“ﬂﬁ‘t‘o"sr gnal of the slow ACG cr rcuit) because of the
hi gh gain of the Irm n%Bgllgglpr él%w%érggulfs% kh%nr]&&ed N5 reﬁ&fr gure 3 and

Figure 4 assune an o opagati on environ .e., wireless
transm ssion. In thelgg@esasco,fs aMdi8fla %@Bﬁﬁg t%n&ioﬂ'?lsecﬁngomne%@@{ ®ith glgevi si on
transm ssion, the shwif@mgnémuit may be dispensed with. There results the
radi o receiver of Figure 5. A1l of the radio receivers descrr bed thus far
use non-coherent deRipd ¥ isiablock dizgerresitdigiabpichse dis¢riminagon akdmrdm used. | n
coherent nodul at i onaccphiase with the mmhnique ofFigized6.t o hel p recover anplitude
information. More particularly, the received signal is nultiplied by a
replica of the receFiase B igadlockdizng lhsirating p samplegpingnedg @ a Sigma-

PCT/ US99/ 03286 t ude Delitimedtlptonandeaig vamplingisucyitappligs fodwauingyisamplingimhen

| ow- pass filtered. Wr%%w%tnmmdm%ettgewswwwoe and Figure 7,
respectively, correr?p n to t he non- coher deerduI (%rs of
Figure 1 and Fi gure é‘ @njig opgrationy %@g "gﬂ‘? i s input
to the serial combih 1Bft ed“ BPtrf’ée@f‘?ncﬁﬁllftg &¥sr (601 )
603). The phase det 8%? ©BY%YY ecovers the phase information. The input and

out put signals of g fa5)isAdmifd igsthh iBRkadLint Eﬂ:&’:tt?plé Bf Sheioh oPlhker 605,

the output signal QEiréM?trﬁQdél§fflg¥¥'eﬁ§§§aﬁﬂhlea & eubiRY f)l?n Qgbtain the
anplitude information. The d ulator of Figure 7 is [iké that of Figure 6

W th the exception tHake 21 IsiaktHefiatic diagrand of 604 exanple/brsd frdqubd shiaplinghe AGC
circuit of Figure 6cirddiedeptize by eientluhifinodel ©f Fidufe. 18Pat ent Appl i cation No.
09/ 006,938 (Atty. Dkt. No. 32219-003), entitled D G TAL PHASE

DI ESCRI M NATI ON BASEEW?RE@JEWB)\WB@N@SUﬁM&QPCMQWQf the futquenc0s8, wil |
now be described. Tiemplgradrsuhofgvreddd by the digital frequency

di scri m nator of the pr esent |nvent| on, may be appreciated by analogy to
Si gma-Del ta A/D con Veguzs ghis a {’ r‘?ﬁﬂ%‘nl"ﬁmt“ﬁémﬁﬁ’?‘tﬂ“ °§th"’ fisguengeh
references as "Over SHRPH 'rgrfngBéP %g‘ér rlr’a Dat a Converters", Candy, et al.

| EEE Press, pages 1- wed ¢ nverter
b i 'E .g aﬂeafrpgg %2 hﬁﬁﬁi%}? gt a

nodul ates a varyi ng-ugir
code at a frequency s[ﬁ}h |gn of the
0

nDdu!ator allows res on |ngP Ime’'to be traded for resolution in
anplitude. A sanpl eqefldtiag fbw Wl%uﬁ@dﬁﬁua@fanﬁe-&gfﬁld%éél@r HPfdbAlRe, Shown
in Figure 1, may be directly applied to frequency sanpling as descri bed
her ei n.
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Referring to Figure 18, an input signal x; occurring at sanple time i has
subtracted fromit the output signal y; at sanple tine i. The result is
applied to an accumul ator havi ng an output signal w,. A "new' input signal
of the accumyldoRBeegt sanple tine i is conbined with the "olgr Q8RR
signal of the accunmulator to forma new output signal of the accunul ator.
The out put signal of the accumul ator is quantized, the quantization being
represent ed asvitha figgmbpdmernyof ahs iyengpn will bergescrihgd pThe regeiypansesR t he
quantizer is t ' Ot [ . Xii ks he rati o of
fup. 1 equenci cdise i Wbl S bBEL e noCRRHTE (RS WaliEhaplicalif NOZ 171
assune that thg/0ed933 @ktytbia. NeWB2218q08Néhitiasd DasITARSPHANOACRIIRO

PCT/ US99/ 03286 time period in question is, say, 0.6875. As shown in Figure
19, the | atterNﬁIQPé%iAssE&QN ENGQY {SAMPLINGyéledgianypany 1 4nl988.duear at ed

val ue of O. 6875.r‘,1nT51'csr i\n’%ﬁé{-i ng being less than 1, the value 0.6875 is again
added to the REEFUMrEEEE Val ue, giving a new accunul ated val ue of 1.375.
Since this val ue i sThéreg6iagiRital phase detecior kithes M dvosiBplihdOMrPIme8Ad and t he
result (0.6875 - 1 = -0.3125) added to the accunulator to give a val ue of
1.0625. Oper at from thy gedewdsigngl ersspntes 8 figidy consiani-applithde fignabdoitheg sequence
of operations, data .stream i r.oduced. aki he.l nt eger_portion, |
or 0, of each %rg:q%%d%un lgtoréglg\ll]gl fuzhepﬁ%ﬁpér?lglﬁggmtptgaﬁdgg%#eor;?é SRECHH Brbr et at i on
of the sequencasPAGOLIBEI F01SITAWRACWR type QM ER: AGIER¥uiP R @m5%&@;a?m- Two cl ock
signals are shown. Again) it is assuned that the ratio of the frequency of
t he upper cl ockmpligdayariptionshSuchafcirchieis|essgatialkyl aorkialsie-grialamplifiergrot he peri od

of interest is Q.6875. ime.t = 0, rising edges. of both, clock signals
o nei de- S ¢ pdeq PR recabask sttty © Piwln e HTRREE R roRE SRt e] ol
0. 6875 peri odspgat itvith 4RRRED HhAiKdeS biNBhirHANE A SRRE dmphtert:RéorMayly. i si ng

edge of the lower clock signal, 1.375 periods of the upper clock signal
have el apsed. 7Ahe ¢dnptrohsignal nied tagpnerdiphe ghplifiseis|toeneforedh &nykrse prppattion 1o 0625

peri ods of the upper. clo si gnal .haye,. el apsed, since the el apse of the
first period ofhetaﬁ’@ilﬂ’éﬁgft%ﬁfe&g CCL?%’P?!{I&,‘%%\ eixg smafﬁitﬁwgﬁﬁpﬁeﬁai ram of a
capture Circui tontuRl sifhd QHEREHARABIdePD s6i thE pid df thddhplidy (P10 dat a

sanpl es corresponding to the data stream deScribed in the foregoi ng exanpl e
i's shown in Fi therrecePved signaltihef a Iowisvel dteadneotisoalmefitbe large insordggamsd t hat

the ratio of the c]ogk si | s is.such that n rre than one rising edge of
the faster cl orﬁ]}? &M qcflaefcaé‘g?ril%aﬁ‘lpiaﬁbégle‘éql'n&cécasbg‘ﬁ?éﬂm&ﬁt‘ iR opRafes fﬂgock. n
ot her enbodi Mefdcaver bitpBudsmedFRialio) aNeBE caidlol 2pHal Y05 cHRGiAPEE b pllnl & Ui t

i ncludes a input portion 2101 and an output portion 2103. The I nput portion
i ncl udes two sé&doinmtion @oulpug ek Theaném prasessinglsepcHresfubselqyentprachsgt o

mnimze errors. Each secti.on conprises chal. f two or re flip-flops
coupl ed in serPé8 may be f Senp! Drocssit t?fe&’éxgl? fﬂniph_ﬁe,doatsﬁ@fné’ﬁﬁ?g t‘ﬁ‘?‘e‘? ‘te

nuneral s Wi || BgidasgehdkAurk QEBEBNTRe pHASe ARKREADS YR otdrd Phakt BRSmlahEBEl VEs and
their respective output signals. Wthin each section, the first flip-flop
in the chain i diredtiydkamthezonstadrmpbade bwpk snglrd theFiast AE csaudick¥ddi ng

o ePe L the CRELD BLS.eLosked: heu? SoRL 18 ke SaBghe i O,
out put of the 38 for khLlAdE &Mneqi(%j)hﬁpi&slre?fhefsé &BnfiiQhrd Sbidif& diRwey Section

is coupled to the Q output of the first flip-flop in the upper section. The
WD 99/ 43090 PCTiNsQHdpR@84ree ermaineti iy, Withopt 1€ mpesssimg.bot h secti ons are coupl ed

in series--i.e., Qto.D, 0 D..The function of the input portign is to 1
) produce two si gnaﬁ{'gfe"r“?fgoé:éﬁ“r? ?‘r\i‘esi“g‘i"’s‘ cﬁf“m%ﬁﬁfﬁlﬁvgp,bgtsﬁ t“t"t“ﬁﬁ%‘i tion on
rising edges ofind A& ABOEHcuH @Furd Xa limhtef 1 @b KRod D& pY Hudf finffersidpe two

signals on the rising edge of the clock signal Fs; and 3) to defect

transi tions fr ased e eghmplk, it AMPRcallakit teleptiohies) considt prinfagityreih atueatdigages i n
series with @B and 4 may be required to mnimze netastability resulting
fromthe asynchrony of the two clock signals) and in fact multiple such
stages may be desirable in a particul ar design. The output portions

i nclude, in an exenplary enbodi nent, three two-input NAND gates. Respective
NAND gates N1 and N2 are coupled to the D and Q signal of the final
flip-flop stages of the input sections. Qutput signals of the NAND gates N1
and N2 are conbined in the further NAIVD gate N3 to formthe final output
of the capture circuit. The function of the output portion is to detect a
change in the input clock signal |evel fromone sanple clock to the next in
either of two channels forned by the 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 nore fully appreciated with reference to the timng di agram of
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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 times. The possible effect of the finite rise and fall tinmes of the
signals Q 1 swglog@dosend t he asynchrony of the circuit is netagraReddaba, as
illustrated in Figure 23. Here, the signals @B and S and the signals 4
and Q6 are each in a%'hlndeterm nate state for. one cycle. The resulting

out put of the APRIIEF thapamplgfies thednpit pigpal 1.3 fixedepred qltimférlevebé’egt@eet he

deci si on was aa]s& Badces hSSIt(ﬂe‘% h@1&bf§b8n§ﬂ?n¢ﬁ Jt@r%l 1911 irfikaQ6E S %1169 nal
erroneous deci ston on the overa operatlon 0 e CiPcult s negli gi bl e.
The tinme w ndosnglitndesttadrebdivad sighal ThieiRBSI dﬁgnalx@@bmsamygnrdﬂmmmetroahd gain in
the path. If the WO 99/ 43090 PCT/ US99/ 03286 gain in B3 and i S
sufficient to teeetﬁdélgmblﬁﬂ%%mtptlyfwuethofémmeneta of Hhegpecdisd S%tﬂe | evel ,
then no additi i I he ddi C|rCU|try
w ll be requi rg“&ﬁ% ofylt%%r %Igtém tl{c%hl{“%? St hcé&% vtsd Elgeag)d\?re)g’ thﬁ?gtl o of the
frequenci es of adig ainphitudé ok bSt:@ﬂ;aitai fas aFighe 10 eledingilef e @duend by a
capture circuit such as the one of Figure 21, digital filtering is applied.
Advant ageous| ylowsf by RpBasidgeciyp it fé‘FOVGTSgﬁhES&ImfPFM‘@P idifectvechni ques

appli cabl e Lo I QMrfelhif &b iR o ¥ BSORNELS L S1oWin BRPP! | o0
directly to the digital stream hernore

appropri at el y- ¢ bsedowiaghty uigful mnm:t ahd gtnsamatweeymﬁwmbﬂsebmal ned. The
wei ghted sum of products is an exanple of an FIRfilter. The weighting
function descriadedeprarestRafesriag foFigyie Bethe Fembinationsf limiter3(R andiphase i n di gi t al
filtering theO?é{ eqtd | t309 1su§e9mbceqp§\€:%tﬁ% \lv%eda?thé)esﬁ?n%an%ghmr@%l? filters can

al so be used. Ye process erl fei ghti ng
function is appkéiee-Ltosiaw AGMeat 301 oflakbwiaii REow& Bindinkelape ®dcl Mat e of
the ratio of frequencies in the center of the window The wi ndow is then
"pi cked up andiogldaf a knpwnjgpe dhe e@et@ae%@t@tre%%t@@mmmévﬁoﬁgaw | |
typically over [ exa Ref er nng
to Figure 24, b% I%ﬁ)te\g?‘na@ %éﬁém ghlk’gfi%lt%éqm e?dgges?%g%%mgol T f@c V42 ndow of
256 sanpl es. Theinpei ggral ihg olipbCdigranss the ﬁohmcmbtozx&drhdm&mr%agel‘@tect he area
under the weighting function is unity. One weighting function, indicated in
dashed |ines) #o% cenbtnamwldupﬁes °3sBn s3ceiNe 2 iInght signgl thameeivesh sigmot her

wei ghti ng functl i,ndi cated | soI ul.ar ighting
function. The t/{%c h? |hﬁb”"f uiri1 on pgrat’hnd?eﬁ'b’m é‘eraggrﬁf)’a@gWH’f\fAﬁ’ nin
digital filter ﬁmpuRﬁ@x\Hl tSth® fiméte @pHasd defidcldr @6t Bi@atithil 10 the trblRived kighdlhselk | ne

wei ghting function and the triangul ar weighting function respectively, are
shown in Fi gur er Be grpuryignat ef e slow AQe cigaustebashusp of the highgain & thaimi gure 9,
the frequency E ti pas i ncreased fromjust under 0.687 to just over 0.693.
As seen in Fi gu "ﬁﬁ using a straight-1line weighting function, the
quantized signal o0sThé taaicasced@iEEigurd\® ahEFighis 4tab@'ineaah%pé;dﬁélﬁ(i‘ﬂﬁot0 t he
input in such a manner that its |ocal average equals the average input. The
average error REHAgAIOR ghiroapenlpi. %er{eﬁf?SEHpmmlmOﬂsbehe fase pf ‘guﬂetfglsmaﬁy ng a

triangul ar weightin ctian yant he input with
an average er rg' %a%? SleRsion ans“ﬁssmn {gsroé”m c’éhm{er?@h%i %‘aner%equency
accunul at or thattnha'pmrég&umthéfﬁﬂ,gg@%,ﬁﬁﬁgﬁ}@lsng function and that may be
used to acconplish the desired digital filtering is shown in Figure Ib. In
t he exanpl e shown, M@ftheeqdiem@yivaréeewdbei thgs far y§© n9nca4lBEOV dPBTAUIS09/ 03286
bit. register 105.

for uses a 7-bit dder 3 an 4-
The 7-bit count'dP |°se(r: é’ugﬁo ayalts usefjretfﬁtéeﬁ%q"legaaﬁ‘epgast put of the

7-bit counter hx&oﬁﬁmohqledseaebmyerebmutmﬂtmadtﬁfoad@tﬁfn MbhepaktidigdriyOthe Of t he
7-bit counter is to count up fromO to 127 and then down from 27 to 0. The
count of 127 ocengived sighdas innltiplied kyessrepliga. of Tiei receive aighahaving thelimplied usi ng a
flip-flop 107. The flip-flop is clocked by the sanple frequency Fs. A

Term nal Count signal of the 7-bit adder is input to the flip-flop. The
output of the flip-clop is coupled to a Gunt Down input of the 7-bit
counter. The "oversanpl ed" data streamis coupled to a control input of the
adder. Wien the current bit of the data streamis a 1, an addition is
performed. When the current bit is a 0, no addition is perforned. 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 sanple
frequency Fs. Its output is applied to the other input of the adder. Its

i nput receives the output word produced by the adder. The function of the
14-bit adder is to performan accurul ati on operation for 256 clocks. At the
conclusion of the 256 clocks, the output of the 14-bit adder is used as an
estlnator for the frequency ratlo Nbre particularly, in the exanple shomn
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PCT/ US99/ 03286 mate. In practice, the phase may be initialized to 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 detection of a phase inflection
poi nt.) A phaassdbsedo Si nmul ati on conparing actual phase of apspgGhdizSH
waveform (solid-line) with estimted phase using the foregoing phase
estimati on nethod (dashed-1i ngcz3 is shown in Fig. 11C. The foregoing
"frequency diftde Byedulatipheqioves iThermuitpiediieppd s thep lowmest @tareshal | y expensi ve
because of the needqto { : ' ; ively high
rate. A "pr e-surrmatfl-lr %cncoglalfe ?&cglﬁg%]%{ogﬁ?? e%??ﬁﬁgﬁgéﬁ%h%%%%gceg%%gges this
requirement. RegjoRd gemgallyQo Biegioh@olozént demsdiRfbrsQf Fipukt I adtFif\ge R Refbr equency
ratio froma frequency estimte, the frequency ratio Fr is subtracted from
t he sanpl ed dating wiliguebi theeecgivedsignalip igut th she serid cambinagen efafast 4GE bi t

stream of ones .and zeraos._an| a 1 ng, a frequency ratio Fr. = 0.6875)
Then the pr 6. SHRRGA P Prsiraicl B0, Ry Tof ode GBI R e blitien. ¥ 2 1
- 0.6875 = . 31%%orfifatidn. THe ikpubhlDutput sifhadiPof he AAAGE ¥Auii@D1 afe8npmf el at ed
to obtain correspondi ng val ues PX. Phase estinmates PPn are obtai ned by

filtering the PXItiphpUEL, the oyipystignsl plavhiph shew-passdilisred (€47) seokirindhd bed
previously in rell?t%orﬁfgo Eorn‘i ng frequency estimates (using the identical
wei ghti ng functBn. “Fi 0. PERE for exanple) with the exception that the
filtered val ues areTRC@nffduliorbhBigsedliStikAGAUF FlgurclRitP e cREUPABA thah

di fference phase-cal cul ati on may be shown to be mat hematical ly equival ent
to the frequenelimdief ficqut V& igubssisutedfor theakGO pircudi ofiligard ®n results, shown in
Fig. 12C) are therefore the s as .| ig., 11C The h eal i zati on,
however, may be coniﬁedé}aﬁebﬁ%"% r8f b&s Eﬁgn&’%@?ﬁ?tgpgwm%ﬁd{ﬁ‘%r ence
phase cal cul at pRDNoSBRE®-GV3), ¥nONR ISIGIPAL RHIARE HIESCRIMINEH AN BABRRSE poi nt .
Such a hardware realization is shown in Figure 13. The pre-sunmation

di ff erence pha®& EREQHENSTY SAMPLING filgBIannaiy Uded9§ewidmaiv be drsdribedt

accunul ator ACCl, a weight generator WG sim lar or identical to the weight
generator prev il‘bwwowég@%q“ﬁé&y ithe digitah fregngnexodimsrignipaoriad thepresegt §¥ond
accunul at or ACGén mbhi ®e apgrediattdbpinadgiio SigmaiDeda A/D@oieeildi deDliasce n]lcmbﬁrs
PX; in corre spo ' ' " ' of the
observed frequeﬁgggglg&g%g? Eéérggﬁ %ugiéir%f%(e:'?‘%ggi @%\%ﬁ# Fﬁd%]%éégéS%%%B%a?a)an adder
1303 and a reglonartese, Gandy. £t 8lg JEEE Presgipseesrly6. Pyggaway, B (1A%).- phexes 1301
s;al ;a(ct sdone f)f Sighea-Diéka @ﬁﬁé‘iﬁ?hﬁdﬁd?ﬂgggSar%'ﬁlg—\{mpiifhdaﬁﬁeﬂﬁv%ﬁglgfgzgﬂﬁ%ihtotd’le val ue
0 and applies Y: .tq.t er : e r .
P05/ 0306 Fetels oiptsaos & Rud®y oot REp Sy Rten TS, o1 r obe
into the regi svéhe mpdulagd dbewsiig®butiondn g loshedradaBsresplutiarf ipamplitdanul at e
the PX, val ues A shhldddatd/@icuR :odél®f b BREhat Délia@hciliald?, shb@n KRRl ainay ACC2,

whi ch includes,a nultiplie 307, an adder 130 nd a register 1311. The
mul £1p1 1 er 1 ecd gRE Ppiiofnr fndling ks I3 BiR e n P va ues
fromthe accunul at oRefa@ingito Ryt an inpuiwgnphxioceurdn®dy; sampleians idre

mul tiplied and I [ 3 f . s, to
produce a phasgﬁgggdtcféﬁg&g{rzﬂgﬁ%ﬁgt %a??%qfaen?pl%ﬁgynefigf}é%]ﬁg}ltﬁhgﬁéﬁﬁxs{%%s to
apply the scal ecfumtapr having 2 aotpupyigdlieg. Al (mewignpivin sigead ofithe laetunodatpr ocess.
An even sinpler_ [, | zat i . i e i |.fference
phase cal cul at ia(t)%f’.?‘?d'}'lhéﬁ? %%gﬁgﬁ%ﬁ?? ftgrﬁe}:n?}éde%ﬁ}a@leﬂ%éréwgécﬁgﬁﬁ}ag&ﬁ%t

mat hemat i cal | y fe@us e avtputsgnalnf thegeapplsigr e Ruigyt sigyak ofjtke agepulaiopse.
Referring to Fiigquahfifed, ihaighardiithbelhgeepresefited it batitidroftal@robgemyed
frequency data stream .a_reference frequency data streamthat would result
if the refer eno¥uf ¥8uR AEhe gasntizerds the dgal quinvp sigral ye yre circuit of Figure 4
(wWith the same cl ockfssurfe fidWihalg isStHEYdHo of fwd R&lefMsHBE taf tht Bad2bager
difference X~ R . In many practical applications) such as the one

il lustrated in awgupws quantizgig Fymher pysump (hat the Fasiordd ghe\ryp frequencieg forike - 1

excl usively. The general case in which D; takes on other values nay be
appreci ated and understood, however, fromthe present exanple, and is
enbraced by the present description. Phase estinates are formed by
filtering the D, values in the sane or simlar manner as previously

descri bed. The sane triangul ar wei ghting function my be used Fig. 14B. The
i nteger difference phase cal cul ati on nmethod produces identical sinulation
results, Fig. 14C, as the preceding nethods. Referring to Figure 15, in the
i nstance where D takes on the values 1, 0 and -1 exclusively, the
correspondi ng hardware realization my be substantially sinplified (as
conpared to that of Figure 13, for exanple).



The integer difference phase estimator of Fig. 15, like that of Fig. 13,

i ncludes generally a first accunulator ACC 1, a weight generator W5 and a
second accumul ator ACC2. The accumul ator ACC 1 is of considerably different
constructi onwdewmszbdoe correspondi ng structure of Figure 13. pthgisdm@bdeul at or
ACCl of Figure 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
subt r act or subllmaé@@drle;*}lp%ﬁ@?il sesaR, Q.6875. WO shown 38 gurp Y/ tishge08P86s val ues

fr Orr} res peatl V&c&nuﬁkddamrsﬂm @whigtanaddﬁh{ulz&éujvaﬂﬁbﬂ)fwst'ﬂﬁs a#eHgul ate the
resul ting %

l.ue , ned onstrained to
1, 0, -1 only. g‘e%fé Pmcevr%urea 08?5 ngﬁlnc? %{‘ﬁi Z}‘c%%?ﬂﬁ"é?%‘? %\'ﬂf@f Vit
substantially ahe»mmumedmaluﬁogmﬁéS 13incegthis yriup sschopr greaterubdnyl, Hpswver

because Di takﬁ&té&“fr&xﬂ@ 6‘8% arkﬁﬁe Pesulp(OQ‘J%ds 1 =¢85 255 LhyRlaYo A DA 1 €T IS
required. Instead, if val ue 1 s added t the accumul at ed

wel ght
value, and if {8ivea ‘.’Lal“et‘ﬁé %@? gﬂ?eré%\‘?r\fé'o‘fegdss‘ﬂlﬁmf faé'&‘f’%dD“‘(‘q’E pforegqy  t he
accunul at ed vailngeequened of Speratdvardath spredthés mediiced)by wking tHedneyamertionl ti pl i er

is a particul aj Opgvog@;@,%c@,fmg‘g@vﬂﬁgal enentation of Fig. 15. A further
met hod of phase estimation 1s referred to as the clock rreasure phase

cal cul ati on net hod. Retering i Eisris 25 deineprsiatiop pf de sequapg of SUBPER| ar to t he
previ ous i nt egsfowdiih FgfuenGanphesppeahed) Tvb clockEpindchre sioharAgam, Ris X and D

are concerned. , Thi s &ﬁgﬂ@pa’n]or&?&ﬁvf?erguenl& $§ﬁg gg&qgio%gg M%QO gﬁ&ﬂﬁ{ erence

frequency data stream u he sane as
the numbers aplo®4F FliRek signatpgringthe prsiod 9f dnerest D GRS g et timert =t Q. sisingsed | s
distinctly difégieebt &otmaoahagﬁms d’bltEi(@Uﬂdﬁtlﬂc&Bst s@@@&nmaﬁyts@gep}m&e estimte

val ues PC are bt al ne e fo
Dt | achCn0. it 7S Bl P Mol U blbngt Tk clomtec. PR roasur e
phase cal cul at P@‘rﬁ HPP@E hégf of ftlee 19W9Wi0qkr$lgnplgén3é5 p@©ds Pé‘ﬁleﬁlpmglopbsmhﬁure 17,

the clock neaspie cpipese Adhd mtﬁgmg gk BElgs 1§ eI0ek bigna, fomtpeasmsful at or
ACCl, a weight genera cond, accunu e _estimator

20a ti onar 1y 1 HERBRES G ST R SRS R B B AR iR Ao 1
i s substanti al Flpck signaland saent he accunul ator bl ock ACC 1 of Figure 15.

Not e, however) that AtsBgentaat @ra@%eomaabﬁmlﬁeﬁ%%eﬁengﬁw fhesirbath the
reference freqaTra %2& at a st

accu at Al 1, and
fhe ol ook moa &L G0 P e PO (e e Frets Ui br b O o
1701. The wei giregpireexatmple is stobade Sigareciu e dhe ilwo3ted aubodiinght, itgener at or

logi ¢ 1705. Thgsamed il @t RitioDERE clodk Sisisis EhATH 86 mbrddharPdi Rinp@EpSt €r

1709. When 14
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 Ch1 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



WO 99/ 43090 PCTNS99/03286 X = 1, the weight value fromthe wei ght generator
Is added to the contents of the register 1709. The out put of the adder
beconmes the new i nput of the register, which perforns an accumul at or
operation forvo6eyfeso 128 cl ock cycles. At the concl usion of gdifsseenszse
accurnul ati on operation of ACC2) the outputs of ACC 1 and ACC2, together
with the corresponding RG value, are sunmed in the summation bl ock 1701. 15
WD 99/ 43090 Whadmaising Klip-frew in bothBETHoUSS® LOFARGIn Sericd--de nQde Datap IX. or

demodul ating an RF ghoRakadH afh%p&@omoqq@@submuceclwasgﬁgn%isnm icd first
signal path for recoverlggﬁg ase I nformation contal nhe 5 si gnal ,

conprising: anyIVEBREHe qof STchAlgramsiFeR, PR Fing edgsdpfthe sloslpsignal FRFZ)é? gnal for
produci ng an ouﬁxq:mﬂw salgesaif theaworsignalsph ithelrtbing\ealpe aﬁthe)nl@c]a!;lghz&&SianpaD t ially

removed; and a,pRASE uwdRliGsHs Yol %Q%ﬁ'xd’&e%&tt 'A%dﬂ%zﬁ%mr?dém% stfes |
anplltude |nfluenC|n circurtry for recoverin hase 1 nfornmation contalned
in the RF si gna?“eaﬁﬂ‘g"dé? sk @4 W@yae Fagised @lngwafrlze ‘Hﬁas%blgtééﬁ%‘&l%f@’ﬁ‘hl pat h

for recoveri ng tengyndhusty of teawoaiock sigaas taad mefdctintulfiple sikh stiggsnaby band

outputting an %E@abfquﬁpﬁﬂug&%ldes?gn The apparatus of Caim1, wherein said
anpl i tude infl uenci Ef% Cir curtry-outputs an anplitude si gnal I ndi cati ve of

the anplitude of th RFUtQWgW&lOﬂS mclupdn ap prermplagy eropodimantpihpee twadkmit n sai d

anplitude infl m@ateglke@wméwm gatbA81 QR Qr'el’c&htiléd to4he 'm'h.ﬁdmagar atus of
Claim 2, wher ei n

Jenci cir and
t he arrpl i tude §' eﬁrhagﬂcpa{m%s a%e? t & mﬁup%%mtlonae 8?13“% %én%i:o AIN%{ s an
RSSI signal. 5 gafﬁhb”alpéa@aitfwwne@ lar‘-hfhfm)theff AT gate BiFpe f%‘{rﬁge &nalén\rel ope
det ect or put of the capture circuit.

The function of the output portion is to detect a change in the input clock
signal level from one sample clock to the next in either of two channels formed by
the 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 circuit is metastability, as illustrated in Figure 23. Here, the sig-
nals Q3 and QS5 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
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responsive to the RF signal for producing an anplitude signal indicative of
the anplitude of the RF signal. 6. The apparatus of Caim1, further
conprising circuitry responsive to the RF signal and to said output signal

havi ng anmpl i twgegoysadd ations at |east par tially renmoved for JgiRyssdshase
information fromthe RF signal and producing a correspondi ng output signal.

16 WO 99/ 43090 PCT/ US99/ 03286 7. The apparatus of Claim6, wherein said
circuitry for genivQigngQ¥sesuffidion natedore theprabahilitg of aiBerrokhe ampaptat us of

Clai m 7, wher ei,fie ol ARl BRLHRIRIGEA 1GHL BieK abdhiBod 8L ACC

circuit. 9. gara us of Clarm8 er conprising a [ow pass fllter
cou pl ed to thé"ﬂé ¢ pranired (griaqrease the gap. m xer t hat produces an anplitude
signal indicative oln ¢der targobver uﬁeaﬁlfoftﬂeefrdaﬁexsiegmalhc t\i@cloaﬂ’t&gl&ﬂkﬁm’rﬂt us of

Caim7) whereiy $a] Gre 'rd&u?é%y a[‘énktﬁgé"éﬂfc'{lﬁs et{as%& drleYor F%u?e 31 Eﬂ\ﬁﬁt

circuit. 11. The appara risi pass
filter, coupl edltetng ¥epplirdp ddvaitagsanslin An expRFIveibREY Of digisl fi P@Rﬁfé‘és an

anpl i tude si gnalquesafiplicatiid 6eSigrha-Dbiga @ﬂpblta-s@mapix/m bevEersn@yBé applidd A
demodul at or Or gcqutg %eac}ng%st?cng Fu?’thgrm%re, Wy tu?:%é’ }m :I:\p r(pprrfz)ﬁ:e?)?ighcgsgxg’

conpri si ng:
weighting function, high accuracy may be obtained.

The weighted sum of products is an example of an FIR filter. The weight-
ing function described heretofore is therefore that of an FIR filter in digital filter-
ing theory. It should be recognized, however, that IIR filters can also be used. In
the process of FIR digital filtering, the weighting function is applied to a "window"
of data samples to obtain an estimate of the ratio of frequencies in the center of the
window. The window is then "picked up and moved" to the next sequence of sam-
ples. Windowing will typically overlap. A window may include 256 samples, for
example.

Referring to Figure 24, two alternative weighting functions are showrrfor a
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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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 t0 R x 128 x 129, where R
is the frequency ratio estimator.

The foregoing technique may be readily exiended 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-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 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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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 hardware
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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0s<=Z======d YNChulated, 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 Dj 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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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- (Dn ~fracRG,+05+ Y (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 ACCI is substantially the same as the accumulator
block ACCI1 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 conclusmn of the accumulation operation of ACC2, the outputs of
ACCI1 and ACC?2, together with the corresponding RG value, are summed in the

summation block 1701.
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What is claimed is:

1. A demodulator for demodulating an RF signal without IQ process-
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 signal 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 I1Q 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 signal
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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influencing circuitry responsive to the RF signal for producing a second output sig-

nal having amplitude variations at least partially removed.

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 first amplitude influencing
circuitry is coupled to the RF signal indirectly through the second amplitude influ-

encing circuitry.
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