3 SEPTEMBER 2003 WO 00/52818 PCT/ USOQ 05184 FM DEMODULATOR USI NG A
- DI FFERENTI ATOR BACKGROUND OF THE INVENTION | . Field of the Invention. 5
This invention relates in general to an FM denodul at or, 3®EPTEMBER 2003
particularly to an FM denodul ator circuit and method that has a reduced
sensi ti vIMAPYEY3noi se which enhances the perfornmance of aPSTABEMISISL
Description of Related Art 10 Today's w rel ess comruni cati ons markets are
bei ng driven by a multi teudaefoul M@ udied afbtrreltnatict s such as cel | ul ar
phones, cordl ess phones, pagers, and the |like have freed corporate and
i ndi vidual users fromtheir desks and horres and are driving the denand for
addi ti onal equi pment and syst en tility. As a result
digital radio personal co R v S Hay an increasingly 15
‘inmportant role in the overall com‘rum cations infrastructure in the next
decade. M xed- si gnal Fafegration and power nenagenent have taken on added
i nportance now t hat ana!f;crg—élﬁdt*f%ézﬂ anal og-digital 1Cs have becone the
- fastest- Prow ng Thgirerhtiaf reiaes isgmwﬂmﬂu@FM d&mcﬁhlﬂﬂtbryand fibggr ati on

strategies for tj medi,a ,consgl es cel | ar t hones, an

battery- pome?%—ac%%rh% %‘tﬂng:lﬁg?’go‘g@?[ﬂbé“% B‘bcg‘&‘a lé?éa\/{é‘ih{ce‘gée“é‘ﬁ‘ﬁWcati ons

for less int mgroageemi&ﬂuenhhh@hkmmﬁnmcbwdspmmdl ng bl ocks that serve

mul ti pl e markets. These buil ding bl ocks include data converters,

denodul ators, filters, anplifiers and voltage regulators. One inportant

aspect of digital2. radibegngﬁt&ﬁnﬂlR_&ﬂm pi cations devices is the integration

of the R,: sectio trapscel vers. Conpared to other.ty ges of integrated
u

25 circ t he gr‘-‘ i qsmwaewwmrms e beerdriyRs by e multindeel vers i s

still relat i Wt Yerlefi, P%d%!s@ﬂétﬁisl&Hﬁla%hcﬁ@&‘%rdlbﬁ%ﬂh@ﬁés' Plyerst idwe agd or, and
cost dictate th?@?é he RF/IF portiaons of these devices evolve to hi gher

level s of infa¥§ S?fp?‘i‘l%?npénc{‘Y‘E}%alé‘Fers Goasbst desls\ped hp@reand arg her e ar e

sone key bar dhghgthk demaad fo%hd{tgu&mg@uﬁh&wndls%&@mtcprncﬂesgcei%ﬁ&ﬁm? 30 For
exanpl e, nost agerghllltﬁatl ons, provide an FM denodul ator in an RF retceiver

systemto retdy igialndiodgrsgatl sommications dqvages Vil play an percasivgly

denodul atsor simpogitsbleRf iV BRNCBmiRAAliSSs @ﬁlagt%ucﬁfr& S e Akg BRR)
performance close to the theoretical performance |imt. However, this

requires the i nplM¥hEATagNbINIEratoand BPYEyIOGRIEEmepkiaye daken e addsddul at or ' s
sensitivity ﬁrﬁ;oﬁﬁ&ic%@xouﬁhﬁﬁeﬁgwiﬁnmgﬂ@{gﬁgﬁ& have become the fastest~

growing segment of the semiconductor industry. Integration strategies for

multimedia consoles, cellular telephones and battery—powered portables are being
20 developed, as well as applications for less integrated but highly specialized building

blocks that serve fnultiple markets. These building blocks include data converters,

demodulators, filters, amplifiers and voltage regulators.

_ One important aspect of digital radio personal communications devices is the

itegration of the RF sections of transceivers. Compared to other types of integrated
25 circuits, the [evel of integration in the RF sections of transceivers is still relatively

low. Considerations of power dissipation, form factor, and cost dictate that the

REIF portions of these devices evolve to higher Jevels of integration than is true at

present. Nevertheless, there are some key barriers to realizing these h'igher levels of

ntegration.

30 For example, most applications provide an FM demodulator in an RF
receiver system to recover transmnitted data from a carrier signal. For FM
demodulators, robust performance requires a bit error rate (BER) performance close
to the theoretical performance limit. However, this requires the implementation of

circuitry which reduces the demodulator's sensitivity to noise.



PCT/ US00/ 05184 1t can be seen then that there is a need for an FM

.denmodul ator circuit an nethod wth reduced sensitivity to noi se that
"provides a low bit error rate and performance. 5 SUMVABSESFEMHERI2MYAENTI ON
To overcone the linmtations in the prior art described above, and to

over cone WP REF28I4 nitations that will becone apparent upon RCIARAGSEMd
under st andi ng the present specification, ,the present invention discloses an
FM denodul ator circuit and netho rovi di d se sitivity to noise
T enhances 30 ¢ MESBERHRE bR el 7 ottlB it B ERARR Y 1 (he
theoretical pickbdodithRaiutal seasitivitg @adoigtanm ghud Edadla. loWibér ‘gpfoe s@e1knd nvent i on
sol ves the above-described problems by providing an FM denpdul ator circuit
whi ch reduceP E¥REFFvity to noise by reducing the bit error rate and
enhanci ng the performance of the system 15 A systemin accordance with the
pr|n0|ple$ of the present InEﬁﬁh§§£$¥2ﬁ%§ﬁﬁgﬁgﬁiﬂh§gLEte tune sanpl ed
detector for a binary freque | ated signal. The

- sanpl ed wavef or m iTe quepoh@ane hinmitatiorsin flRaSOr it HessiiBiPdboa#ithnd tgjuadr at ur e

i ch have been ovej sanpled by a factor

(Q signal output of the receiver, Wi

of four wit F?V%é%rﬂﬁé’fhef ﬁmémﬂ%‘isafg?ta‘i"meﬁ%e FRPACHT GRndF II“‘ﬁa*“'tﬂjermdul ator is to
sense a di r echie@standing thelpésahi HaciGbaran, ihé@rs%btﬁﬂ@cnﬁ&ﬂ&itsﬁbée@tahwl n.a Qvs.

| plane and to g@gerate aqwgp r0ﬁ£late gltal out put. Q her, enbodi nents
of a system AAMAULERHERTE WHTREPILPRYIding Ppiussd 6‘?“5‘t“l‘f8¥ 19 PRISHASFRIARESS | ncl ude
al ternatige @e pepohafdle o7d ) itk@nRGhoR fRAx(ESly WMEthS HieBreaeNGrédi&lons Fltanpr esent
invention is %$ t he systen1|ncludes a tinme sanpling detector which 25

i npl enents a 14tdTe period rather than a continuous tine period when

sanpl ing the noduirag Pﬁi:s&nmub@wbes oot Sk &ired bidHRerRely PEvilRiEes 11
urality of circuitry, such as sw tched capacitor and

possible to _use

anal og ci r cuftkde “I‘I’fg’é@(’f %WF‘I"@HCI} fedugee senisttiviy 119 nejsrcle edlaging thedit arie per i od
i's not |imitede il GihaREiRE BretpeMBrmich8E the WRASH! ements of tine, such as
contlnuous time, may be used. 30 Another aspect of the present invention is
that thel¥M derpdt Sé(’éfsm ip agordance wilk theapeiacinkes ofthe srasqm inventish indhedes aput
signals to 0Bis@fex@—f&t%lé%plg@a&e&%%thslytﬁ%g wﬁrﬁﬁ’ilgf ?Qt?cﬁﬁ é%”Ot her

aspect of the present invention is
i ncl udes t hesigndlnihasanepiediwienfioramis Ipiaviddd by ay iredphaso (I Gscgu@lmndhe]uawmnrd ivity

to noise in E@%lgréﬁoﬁtﬁut%ﬂ%%e@er\%rtMCmqgE?etnl{) ver ﬁh@ﬂ:ﬁ'b@ fRetard? RyPER 2003

with respect to a data rate. The function of the demodulator is to sense a direction of

(

20  rotation of an I/Q signal constellation in.a Q vs. I plane and to generate an appropriate

digital output. |

Other embodiments of a system in accordance with the principles of the
invention may include alternative or optional additional aspects. One such aspect of
the present invention is that the system includes a time sampling detector which

25  implements a discrete—time period rather than a continuous time pertod when
sampling the modulated signal input. The discrete—time period makes it possible to
use a plurality of circuitry, such as switched capacitor and analog circuits. Those
skilled in the art will understand that the period is not limited to discrete—time, other
measurements of time, such as continuous time, may be used.

30 Another aspect of the present invention is that the FM demodulator further
includes an oversampling of the input signals to obtain robust performance in the
presence of noise.

Another aspect of the present invention is that the FM demodulator further

includes the elimination a low amplitude signal to reduce the sensitivity to noise in the

35 in—phase and the quadrature signals.



WD. 00/ 52818 PCT/ US00/ 05184 These and vari ous ot her advantages and features
~of novelty which characterize the invention are pointed out with
particularity in the clains annexed hereto and forma paaPTRERBER 2003
However, for a better understanding of the invention, its advantages, and
t he obj e?YQOYEABHE ned by its use, reference shoul d be nadePro/ush@ositaw ngs
which forma 5 further part hereof, and3to acconpanyi ng descriptive
matter, in which there are.illuystrated and, descrihed specific exanples of
an apparatus in a 5‘8?ecf§ﬁé'8‘1?)ﬁsf3ﬂ’ef?1@m[?%‘°\7élﬁ‘? cgfres Pﬁﬁ?‘%l’:"%@%%"f"i’"@ﬁ“ THE
DRAW NGS 10 Refiavdriting arequiritai duld evitd panvicalgscyiimthekiaghs drinkeed lefas emtRmaunber s
represent correspondin arts .throughout: Fi 1l is. an exenpl ary diagram
showi ng t he ﬁﬁ%ﬁ%ﬁﬂ&?%&d’?ﬁ % a&”??ﬁf’@%‘ tanql%‘?fgher‘é‘&@t\?&"@ggg?ﬁesﬁlﬁi“g. 2 is a
bl ock di agr ameojbg]ﬁ:ts d%ﬁé;;ﬁhﬂr‘@dﬁslue&, edferendeGhibiild be &xEcéd:lioghc Sratvirlgtl SIhIcALBSn 4 N
reater detai. .the F ulator; Fig.,4 is a diagrammtic representation
gf a si gngl Sthst Bﬁglﬁr?%%#‘i’ 6‘?C°§'p?1§’"%dfeFW“H?5’§?%{rﬁni‘Y E%Ehg met hod of
~FM denodul at iidntraed endidesgibetl Opdctilt eRffpiebf Anppathiud i acobtdladc JvithGhd S @
digital representation of an FM denodul ator circuit. 20 DETAI LED

DESCRI PTI ON 84 | N\VENTION In the fol | owing description of the exenplary
enbodi nent, reference is nade to the acconpanying drawi ngs which forma
part hereof, and in which_ i of illustration the specific
enbodi ment i n which the i#eitPea-fay BePeasERRAWINGSt js to be

under st odgl that ORefirigRAGITRE BSWIFRYE 1D Xhithilike 266eAS RIhbkES MpRkeshanges

may be made w thout departing fromthe scope of the present iInvention.
Modul ati on i S¥TEBOMiRHPALS thiglghqus| ef ficiency, power efficiency, and bit

error perfornmanceid. n if fifexRmBESN&RAMm MBlideRRt By ARhSfRiar@Nd aictli8fi f er ence
are critical in the design g*‘%%g radi o Iinlg. Hi gher dataé rataéygslf%r

mul ti medi a a9 EsE VRS FBqui re nmore 30 spectrumat a fixed modul ation and
coding. The robuskpesss Pblobil@agasitrah FoNdanchudsmylat i on schemes to

mul ti path, noise, _and_interference defines its attracti veness for use over
radi o chihnels. | Figa3 iliusisates ifi sseaser detay| tesFTomodulators cei ver system t he

transnitter and FRCEIVAliadh@nARY BprédBnih it flaas Lhyoperation, data
is bursted by the %IC: 35 tI?%nsmtter})rat mi)re taﬂsg%%ﬁmd%gll%ﬁon’rate of the

conti nuous i nput i &ixafiens disgepmsidiustrating 3edRATERBERe RO Sation according

to the present invention; and

v

Fig. 6 is a digital representation of an FM demodulator circuit.
20

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the exemplary embodiment, reference is made

to the accompanying drawings which form a part hereof, and in which is shown by
way of illustration the specific embodiment in which the invention may be practiced.

25 Itis to be understood that other embodiments may be utilized as structural changes
may be made without departing from the scope of the present invention.

Modulation issues such as spectral efficiency, power efficiency, and bit error
performance in the presence of multipath, noise, and interference are critical in the
design of a radio link. Higher data rates for muitimedia applications ‘require more

30 spectrum at a fixed modulation and coding. The robustness of the modulation and
demodulation schemes to multipath, noise, and interference defines its attractiveness
for use over radio channels.

In a time division duplex (TDD) transceiver system, the transmitter and
recetver are never on simuitaneously. In operation, data is bursted by the RF

35  transmitter at more than twice the rate of the continuous input data to be transmitted



WD. 00/ 52818 PCT/ 115 0 0/05 1 8 4 4 for less than half the tine. The far
end receiver stores up the bursted data to be read out of a nenory at a
sl ower continuous pace. The RF nedium however, typical hsaPitmeereass errors
that occur in bursts, that is, intervals with high bit error rates (BER)
in the cH¥AR&F288% e i nterspersed with 5 intervals of a | owdtasoodkiss FM
denodul ator circuit will enhance the pe(rj%ormance of the systemw th that
of the theoretical pretjctlons for an ideal denodulator. Fig. 1 is an
exenpl ary di aYr %ﬁ%ﬂ%a}ﬁ‘d\ﬁni fiBe ime ENF B Rpditeraiv e stoms wp thpdiusssd datawi b readc i ver
system An Rﬁuﬁﬁnﬁémaégtmw@ﬁcdnﬁlﬁm g@d froma station 100 to another
station 120 in a receiver system 130. The outputs fromthe receiver system
10 are the input {hgREmedipnihewerm wairsty intogkcesaororsTthat goapuin byisgmal s
conprise of @hatisi ﬂt%@l[ﬁhbgh%l%rr&é@(m iR (RRURGAR 'zlfeeim(e@pefg@cpwﬁhgnal

The dermdul at ed output fromthe denpbdul'ator is I1tal waveform 170.
Fig. 2 is’a BIGUs ay alpvaltBs This Wdﬂ@ﬁé‘daqoatﬁwuﬂcwlr”cﬁﬂh@me‘lth@Pftrécrmdmeat or

-inctudes an b%@@?ﬁ&n%@&%fﬁéi@&@&ﬁa?ﬂ@&;@ﬂo&'fgp ide ARl AN @A quadrature

(Q 210 15 baseband anal og signal input. -phase oversanpling circuit
204 and the quadrB€ul & B\eErwalap! ﬁhﬁgfaﬁllslh@mrtg tﬁiﬁ%ﬁ@nmédomo agygicdanpl e t he
i n-phase andrfterecGv@dYALHT AnRIPHERD | 99 Bla9 be HERORE

predeterm ned factor leth respectégtlo t?: a§éjatta rate \ﬁ%ﬁl 59%(10§1g0ts()anpl ed

usi ng a pred®toderstiatien {3 arféﬁ*eil‘(ﬁa sysre 150 Ehag@psts@mm th2@ecei&r system
di ff erentd at ad iAo GARRY e 194 UBGHILEE T8N Ofhe ﬁ?utbs B dnind ASe Gl o!

val ue of the in-phase signal
period. The nAPpasa s signamlidh @ﬂ‘é B Fl@%dr@tUMQ) i1§0 argad tT(heplemfodullatet! Ruput

comput at i on. rdRepHAYCAIL R OBk A Lk Al fper ent i ated 230 by computing

the difference between e curre ue of 'the quadrature signal 210 and
the val ue del ayeﬂgb?ylsariéoqklf:b&g(arpef rp 8M ddweodspleadtrcadcuite Thel d@moduigbr cui t 212

is used to t Toesur arit f the

out put sj gngilﬁ\l El%g%ﬂlnsg%or r e t eébgln&l fusilg SIERE TR f”f‘CZf" gﬁ?‘:{”&t‘@c{éﬂ 21(bhase
signal 240 amectanéaetilég nghunpat eﬂha)uaphaat uvesandinglcirddfd 208ynd ae nodi fied by
an i n-phase cuit 242 and a adratrure oI arity
correcting CCFQ%%HHE %%52% %C“"fq‘ ARTC B¢ tﬂﬁ&?rf?"&@g U]?anof’hatsﬁé“

di f f er ent i atevddratireimpolsigals, l‘eep&cnvﬂhﬁ.‘%a gnegaaﬂmlaé’cﬂfamraﬁ&qmeu&bm by

mul ti plying ¢ [ the adrat ure ignal, K 232 wiith the differentiated
val ue of the %ﬁra%hg—srﬂggéﬁaé%s AR Fﬁiff‘?agrflﬁeda[‘mgp gt d 1 236.

Mat hemat i cal |y, tTiesniphaseeyigrab200 e diffyrentihtdd 22099 16RApulintheldifferknce
20 between the current value of the in—phase signal 200 and the value delayed by one
clock period. The in—phase summing circuit 202 is used to perform this
computation. The quadrature signal 210 is differentiated 230 by computing the
difference between the current value of the quadrature signal 210 and the value
delayed by one clock period. The quadrature summing circuit 212 is used to perform
25  this computation.

To ensure the polarity of the output signal 290 is correct, the signs of the
differentiated in~phase signal 220 and the differentiated quadrature signal 230 may
be modified by an in—phase polarity correcting circuit 242 and a quadratrure polarity
correcting circuit 252, respectively. The modification of the differentiated value of

30  the in—phase signal 220 is accomplished by multiplying the sign of the quadrature -
signal 232 with the differentiated value of the in—phase signal 220 resulting in a
signal d1 236. Mathematically, this is represented by:

dl = sgn(Q) x Al 1

The modification of the differentiated value of the quadrature signal 230 is

35 accomplished by multiplying the sign of the in—phase signal 234 with the



The nodification of the differentiated value of the quadrature signal 230
is 35 acconplished by nultiplying the sign of the in-phase signal 234 with
" the 3 SEPTEMBER 2003 WD 00152818 PCTI USO0O105184 5 diff grseptreabed 2ved ue of
the quadrature signal 230 resulting in a signal d2 238. Mathenmatically,
this is vapoemersted by; d2 = -sgn(l) x AQ[2] To reduce theT@isomdsugaity to
noi se in the in-phase and the quadrature signal, a 5 conparison between
the anplitud f the in-phase signal n li.tu t he

quadrat ure sﬁﬁ Lqntigied "Ia]é"eﬁg ﬁ%ﬁtm‘v\i’r?r@ﬁq (ggeﬁtmflggl‘ aﬁlﬁn‘g@ao’éﬁd c2 270
respecti vel yMalegnatiehl®g thiofs rembieneld bpt ock 280 makes a deci sion on which
signals wll be utilized based on the resulting signals d 12° 6. d2 238, c
1260, and c2 270. 92 Theeediodll at or produces the receive digitél data 290. A
low pass filter 28g ré'eﬁcé el e iy Qo 96i s@ﬁh‘h@ﬂt—%ﬁﬁﬁcraﬂh i cﬁﬁhraﬁﬁ@mgﬂ]ea | ow

noi se filter 282 reduces the denodulator's sensitivity to noise.

si gnal isd s FereRRTSgn helshpicamplitgg of ths intrhagsdgnal RE0 ?‘Fda% anphwge Bf t s Fig.
-3 il ustrat egeiqladiaR@d ﬁgnaqi@s@ts petfbﬁnar altlréheretutrt—.% of 26dvdfdy Bgmodul at or used
in a transcei ver system The in-phase srzgna 310 and the quadrature si gnal

320 are 15 reémﬁ%aeltrhﬂbagﬂecéiomcwr@é’%ﬂfr § mpkeee desisionen whishsignglsf r equency

- shift key mo@rttataﬂtﬂearauted%ngnatesumﬁgétgws &1 &b et il 50, ARId0G,r at her
than a continuous tine period is used. The in-phase baseband signal 310

and the quadfbg dereodsiaeuadness @ﬁatceg’z@lglﬁadﬁﬂ BRenAdowpssiiceddby a

predet er iy neghibas by sefictih EGRRPBlock Qsd hphedi@%o‘is%tfﬁter zs‘ﬁt&&ﬁ ceid Ied in the
art understand that the oversanpl mg_ actor above 1s not Imted 20 to a
finite numbedemotiwaterdhisacitisitoro riiifef dibenstegnalieslice dyiaropipaseor2Bgml 310 by
conmputing th £fgtween the current val ue of.the in-phase signal
310 and thel%\(;g‘fefrufg%g@gﬁ“ srb\éj\ﬁal del ayed by one clock cycle 330. The result
is a differentiatkd.3illuspiiase seageraletaiiahg aghiGcruteof the FM téeodidmmxdistdit or
differentiat r ference

bet ween t he @3%%%%%&%%@%%&\%%2'@@%? %fgﬁalb% %grigl?%gaéaﬂg Ega@% %5nd the
val ue of 1% herostegrthﬂoua?ea tiyedaipplinndetedteardkr a:bmuhny fﬂﬁ’;ﬁencjfrshtfr eyuhodulaed
drfferentrat | nof the differentiated
i n-phase si g a']osygr%%%g%éﬁ% F%g’r%eenéilrdaat eagggaahrgkture é‘f“@‘ﬁ"éts ngEPer fggfﬁ)di fied
dependi ng onuaetieThsugrphaﬁ% betebaurlisighad 8 U9 mchﬂlgqaédraﬁ& tmncbahdh gighal 3phase si gnal

345, t T ] di fi f ted h |
and’ o 1 o e phen Sfal b A PR G P SRR 4 B Bgsaa o 370,

r espect i vel yThose skilled in the art understand that the oversamphng factor above is not limited

20 to a finite number. The demodulator differentiates the in—phase signal 310 by
computing the difference between the current value of the in—phase signal 310 and
the value of the signal delayed by one clock cycle 330. The result is a differentiated
in—phase signal (Al) 340.

Further, the demodulator differentiates the quadrature signal 320 by
25  computing the difference between the current negative value of the quadrature signal

320 and the value of the signal delayed by one clock cycle 335. The result is a

differentiated quadrature signal (—AQ) 350. The sign of the differentiated in—phase
signal 340 and differentiated quadrature signal 350 is modified depending on the
sign of the quadrature signal 355 and the in—phase signal 345, respectively. The
- 30 resulting modified differentiated in—phase signal and modified differentiated

quadrature signal create dl 360 and d2 370, respectively.

Mathematical, this may be represented by Equation [1] and Equation [2],
respectively. This change in the polarity of the differentiated signals insures that the
subsequent addition of d1 360 and d2 370 results in a proper output. To reduce the

35> sensitivity to noise in the in—phase signal 310 and the quadrature signal 320, a



Mat hematical, this may be represented by Equation [1] and Equation [2],
respectively. This change in the polarity of the differentiated signals
“insures that the subsequent addition of dl 360 and d2 3&kprefBERS0HN @
proper output. To reduce the 35 sensitivity to noise in the in-phase

si gnal 3¥0 amststshe quadrature signal 320, a 3 SEPTEMBER 2003:)460/64862818
PCT/' LJS00/ 05184 6 conparison 364, 374 ?et ween the anplitude of in-phase

signal 362 and the | itude of the quadrature sig per formed and
the smal | or GPTPREOROALITAPert R s SRpTEoR! i rﬁlﬁm% aL?g%?ﬂ‘f’o‘?'%t ure signal

i's discarded azn‘Bhtnﬁie%\ﬂ/tHquhhd}ﬁtufr@ﬁgﬁdl67513 pkﬁfoﬁﬁéde@tiltmﬁdmﬁbf 88 mcdlified

r epr esent ed by 367, 377: [3] d3 =dl if 11/2 1 < | ord3 =0 if 11/21 >

1Q 1[4] anddAferepsiated IF@*‘ZS?Qf‘lqali’[aEﬂre & Lyydisqapded %‘fﬁwl“ﬂ“[“s] forthe resul ting

signals are @gg&;gnsfagmhhg tdient&d 9347, 97 ow pass filtered 385 by a 4- tap
delay line and then sli 8 corrparat or 387 to recover the transmtted

bit. Digftal dat&339d Ifimp]r ted as an output of the denodulldtor. 15 Fig.
-4 is a diagrapmatic represent atl on of a signal constellation. To achieve
hi gher bit rates in a fixed spect rum bandw dth, multilevel nodul ation and
denodul ati on schedds Gifd/ukedQ| The four-level, or quadrature [4]

i npl enent at i Q are used to provide bandw dt h efficiency and | ow bit
energy to noi'se energy ratio requirenment for error probability
performance. The @orpledr |@idral| can be drawn 20 using an in-phsgse (I) 410
and a quigr ature (Q 420 branch representing the orthogonal cosine and
sine ter iffthe transmtted signal- The mapping of the two possi bl e
states is represeggedphydhe-difection of rotation around the §| gnal
constel | ation 400, clockw se or countercl ockw se. The inpl errer[it ation of the
signal  constBF Festitiog sicals aresadded 380 thenthesignal isdow passeiliored 1S tye phase and

the quadrat ugg deﬁ@%ne%ﬁd e RAL S byTMn{p%pa%th? %ﬁpkkﬁ%ﬁ%ﬂt&@b\ﬁ' ty in the

i n-phase and { gua rature S|gna s I's acconpli y conparing the
anpl i tude of Dé&1ta|1 ata i3Q ts nregised ehameisputop the degpoddlatat ure i nput channel . The

differenjsated lo e42{?&15%ﬁgﬁkﬁlfgﬂﬁésehﬁn%¥ §1€zﬂ§ é{ﬁficonrs 1885, tf@%h?e‘\’:'m d with

t he higher anplitu ann tion e sig cons atron
conpri ses enblgi’lf:lh@t wrain 2 fised aisswendnrdviddi mubievol mdﬂulmm d2 440

demodulation schemes are used. The four—level, or quadrature implementations are
used to provide bandwidth efficiency and low bit energy to noise energy ratio
requirement for error probability performance. The complex signal can be drawn

20  using an in—phase (I) 410 and a quadrature (Q) 420 branch representing the
orthogonal cosine and sine terms in the transmitted signal. The mapping of the two
possible states is represented by the direction of rotation around the signal
constellation 400, clockwise or counterclockwise. The implementation of the signal
constellation reduces the sensitivity to noise in the in~phase and the quadrature input

25  signals. The reduction of noise sensitivity in the in—phase and the quadrature signals
is accomplished by comparing the amplitude of an in—phase input channel to a
quadrature input channel. The differentiated lower amplitude signal is discarded
rather than summed with the higher amplitude channel. A function of the signal
constellation comprises ensuring that the subseqﬁcnt addition of d1 430 and d2 440

30  result in a positive output if a signal constellation 400 has rotated clockwise, and in a
negative output if the signal constellation 400 has rotated counterclockwise,
regardless of the quadrant in which the constellation happens to be in.

Mathematically, this is how the signal constellation chooses:



30.result in a positive output if a signal constellation 400 has rotated
cl ockwi se, and in a negative output if the signal constellation 400 has
~rotated counterclockw se, regardless of the quadrant iBgepirefisER@003
constel l ati on happens to be in. Mthematically, this is how the signal
const el | WOi08328Booses: 3 SEPTEMBER 2003 V\D 00/ 52818 PCTI ws00/so8a844 7 dl if
11121 <!'Q I [7] d2 if 1Q21< 111 [§] + d2 otherwise [9] Note that
t he absol ute val ue_oh t he |n phase (1) and the quadrature (Q_signal_
divided 5 by twdlif —el&u| ions 3 through 9, is approxinatel ylequal to
mul tiplying the ¢ de:}p'd the absol ute value of the in- phase (1) and the
quadrature (Q signa % e tan(rr/ 7). The value, ></7, is shown in Fig.
4 as the signal dd)rrsdfé‘edthcimsen s rotational interval. Fig. 5 i{% a flow

di |1 E to the
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CHonel" gor a ok bRARS AL AR ORI TO ALHA 19 d BTy DR
di f ferenti atldd vhhepdaseslmvgrnall?lg Al ap tie2X0gnal Jonstelladdrérretationddettomeh t he

t I f th d dr at
Ci'gnal de ayed by rd® ARaeialh Bl aethal it B alpg IR S e
di fferenti atecbrdjugar mblpmeemlngmaixo;( AR zﬁamﬁe%(mmndrthﬂ d;uapiaymmgm kignals gn of
th t th diff t 540 dth
i g of 1Pne 4rir TsRiagis el b Rt RbThobt ATBCER vbCihe by PG |
quad[1 ature ?fgﬂain—@hﬁe)sxtgﬁﬁmmand dm;e@g?;:@ﬁ the&nﬂ]hd& fignal demﬁfailtbyécaleugdoa t he
I n aseanteura re signa W e_adqge
toggt her 575la% % i §teﬁ'cﬂ4d qfF%’r“e‘aaSEffeﬁi&“a?fig’haHhaS%g“ﬂlnﬁ§AB|5§HaI is

passed througg d@ffd‘rédc%%h»‘é@@tt@%ﬁrr&hlvﬁﬁg ob%h@q&@%&é aich4! 310 ah@%v\%.'[uet he data
inadigital formb590. Fig is . a representation of an

denmodul at or Oéitfreayﬁéfammeg% dﬁ‘ﬁlé?é‘é’y cgngh)&k CE‘@@“&ﬁH“WﬁQ aadé%ﬁréﬁldFe 3610 i nput
signal sare MEZ)SB@ nverter 620
ang a qugdrgsfg#érﬁgi#ﬁ% &l[tg{c?)"%%}%l}a? g on\(/)er%?%% H%I’fgﬁ)ﬂ%mregjé ectﬁeel y. The
di gi tal f or mpadrbtutdwgiahwith difteranidied iachhateust gab{Adnad Gamgirtbe signbéthetin- a

bi nary frequency.shjft key (BFSK uit. 640. Those .skill in the art
o under SRARTEALID N iRt e a8 A 40 can
i nclude a didgtitiah is Bh@alo n:h@tc\eﬁe(uftt(eDsPahMmhm Hildedteitsspnhhsr 1,
Functionalit %2 Sg_g] g%{ wtllobeFa{dged togct[]ler JEI' 5 90‘ produce a non—filtered output signal.

20 This signal is passed through a filter 580 and sliced by a comparator to recover the

data in a digital form 590.

Fig. 6 is a digital representation of an FM demodulator circuit. The in—phase
signal 600 and the quadrature 610 input signals are routed through an in—phase
analog—to—digital converter 620 and a quadrature analog—to—digital converter 630,

25  respectively. The digital forms of the in—phase and quadrature signals are routed to
a binary frequency shift key (BFSK) circuit 640. Those skilled in the art will
understand that the binary frequency shift key circuitry 640 can include a digital
signal processor (DSP) which implements the functionality similar to Fig. 2 and Fig.
3. The output of the binary frequency shift key circuitry 640 is an analog waveform

30 650.

In summary, the FM demodulator circuit architecture according to the present
invention provides reduced sensitivity to noise and enhances the performance of a
system with that of the theoretical predictions for an ideal demodulator.

The foregoing description of the exemplary embodiment of the invention has

35  been presented for the purposes of illustration and description. It is not intended to



3. The output of the binary frequency shift key circuitry 640 is an anal og
waveform 30 650. In summary, the FM denodul ator circuit architecture
~according to the present invention provides reduced seRsigpriisgErbeg0l se
and enhances the performance of a systemw th that of the theoretical

pr edi cti ome ol/emsis|n i deal denodul ator. The foregoi ng descr ipgiingdneetish he
exenpl ary enbodi nent of the invention has 35 been presented for the
purposes of illustration and descriptio® It is not intended to 3 SEPTEMBER
2003 WO 00/ 5258tﬂmalaelﬁldﬂ$@difmameﬂ,insentbm texequetiseviermondisclosed. ftMany he i nventi on
to the precise a ns are
possible in &) g t?é’agblqgt %\gjéls'ltgge cﬁflﬁﬂqﬁf aéfltg@;%@ggz }éﬁ\t}ﬁait l%)he scope of
the inventi omntbeieﬂlthmttf@dcmofwhet inverition bdéitnateldexd)t debdhis detaded desbuptianat her by
t he cl ai ns a%ﬁﬁ%ﬂ%?b?ﬁk%&ﬁns %EEIE%Q;? 2003 9 CLAIMs: 1. A nethod of
denodul ating signal s"Troma source, conprising: differentiating an in-
phase signal and a quadrature signal to produce a differentiated val ue of
.the.in-phase signal and a differentiated value of the quadrature signal
oversanpling the in-phase and the quadrature signals by a predeterm ned
factor wth respect to data rate, wherein data is sanpled using a
predeterm ned tine period; nodifying a sign for the differentiated val ues
of the in-phase and the quadrature signals based on the sign of the
guadrature and in-phase signals respectively to produce nodified values of
the differentiated in-phase and quadrature signals; processing the nodified
differentiated i n-phase and quadrature values to produce an output,
wherein sensitivity to noise is reduced by discarding a snaller of the

nodi fied differentiated in-phase or quadrature signal; and the
oversanpling of the in-phase and the quadrature signals conprising reducing
sensitivity to noise by inplenenting the predetermned tinme period allow ng
use of a plurality of <circuitry. 2. The nmethod of claim1, wherein
differentiating the in-phase and the quadrature signal further conprises
conputing the difference between a current value of the in-phase and
quadrature signal and the in-phase and quadrature signal delayed by a cl ock
cycle. 3. The nethod of claim1, wherein reducing the sensitivity to noise
conpri ses



i npl ementing a discrete-tinme period allowng the use of a swtched
capacitor circuit. 4. The nethod of claim3, wherein the nodified
differentiated |l ow anplitude signal is discarded. 5 ThepwERedrebos! ai m
4, wherein discarding the differentiated | ow anplitude signal further
conprises selecting the value of the nodified differentiated in-phase
signal when the quadrature signal is |less than a predeterm ned anount
relative to the in-phase signal, selecting the value of the nodified
differentiated quadrature si gnal wi¥en the in- phase signal is less than a
pr edet@AMFied anount relative to the quadrature signal, and sel ecting the
val ue 10f t hemetiegliof uedodlidih® SRRk Horda 's@ur@é‘a;%ﬁlpﬁslu@bnfalffe%h’e‘im ha ival ue of the
nodi fied di ferentl ated quadrature signal otherw se. 3 SEPTEMBER 2003 10
6. The net RBFeS9"8] ai m 1, wherein the nodified differentiated i n-phase and
quadr andiree agAdepteE ssignebta d@dutteeacdﬁarwmeel\ghlal of plbé dn-pliage f signat laed eut put . 7.

The n@m@qt,ggd @I,uglomhg q[,wrgtn,%rs,gg,grrprl ses f| I ter| ng the output si gnal to
excl ude e?r %ea ove a certain d allowing all oth

f requenci e§ gn-PHaTE %frf?owaﬂrﬁﬁﬁef %‘F’Fﬁfslmf %PTEH%‘FmE'Eﬁ?ﬁ??*%*’é@thsenm ng the
out putessetg tcadatmteawherym dad is sapgipdesing g ptadatesnindd tintk dekibd; i N response
thereto. fﬁ%@géﬁ | BEAE afbrhtidy oRks EARERHHR R bid PhapidligR rom a

source, conpr|5|n erentrator circult rent | at ng an

i n- phBesedgngthe sioa i the gupdeature @nd insphpsasiondls respaeliveli o PUPYGeenedfiadat ed val ue
of thealue‘s—qﬁh@mesangﬁtadi ingphdsecandichibdatartsignbied val ue of the quadrature

si gnal , r [0}/ ampl in CIrCUIt to
over sanp %roﬁégs g tﬁ@ho&%&{ dlgé Frﬁ'ﬂle‘ﬁ llll Eﬁals?%bgggﬁpaturle @es[r% I’O&Jé)e 8 i ned
fact oP“tWr'tt Whﬁ@g‘pé%ts‘t't"b’ trafeise 4 éeduﬁﬁfblbél chscarétna ? §”§A¢fp¢feﬂie UgPdifigda

pr edetFenghtines xﬁ-plmelaemaafb,turas;gmllgnuer circuit, coupl ed to the
differentiator circ fferentlated val ues

di fyin
of the in- pea%Véa'rsam r{ghOf Ehe "&ER ur%ndst?enqéjﬁdrg uf'fs%’ als C?rﬂpé'sgﬁdﬁd%f t he
quadr &gn§itiEtydn foishiy lrrmkemfﬁatw thg @'ﬁ@ﬁf%fwf‘@élﬂé’@tpﬁﬂ@l @How-ag pseoef @cduralildff | ed val ues
of theircuiyf ferentiated i n-phase and quadrature signals; a processor,
coupled to the nodifier circuit, for processing the nodified differentiated
i n-phase and quadrature val ues to produce an output, wherein sensitivity to
noi se2i s r étmethodhyf clajiins’c suheieingifferentiatinadine infphbasecanddlie fuseichtwie Sigealent i at ed

't R phﬁ@tﬁe@éanﬁ{ﬁ@ég’ é‘&rh&ﬁné'tt&n&lhereﬁd%dbé@@@éneh ub& @M@réfatgplm aqasslarngw f | reduces
e sensj ti Vi mned tine period allow ng
use of‘”agr%?rﬁf'ﬁf{?l J(E'F '%'ﬁlﬂé‘%ﬁ‘@f grfﬁ"esl'?{g %%WB%Y %P] R YfPcuit of claimo,

wherein the dlfferentl ator ci rcwt further conprises a summng circuit for
conpui ng he wliihdeeioe ke bet WRERind LIRS The Vs%hél@vlt?fto hﬁsel NoRfRdse and the

quadrature SI gnal s and the value of the in-phase and e quadrature signals
del ay@a) eaq)pn ng(ﬁ (ilﬁq(ete—t:me period allowing the use ofa sthched capacitor circuit.

4, The method of claim 3, wherein the modified differentiated low amplitude signal is
discarded.
5. The method of claim 4, wherein discarding the differentiated low amplitude signal

further comprises selecting the value of the modified differentiated in-phase signal when the
quadrature signal is less than a predetermined amount relative to the in-phase signal, selecting
the value of the modified differentiated quadrature signal when the in-phase signal is less than
a predetermined amount relative to the quadrature signal, and selecting the value of ‘the
modified differentiated in-phase signal plus the value of the modified differentiated quadrature
signal otherwise.



cycle. 11. The denodul ator circuit of claim9, wherein using the

" predetermned time period reduces the sensitivity to noise by inplenenting
a discrete-tine period allow ng the use of swtched capgcgEtPQEMgEh%?

SEPTEMBER 2003 11 12. The denodul ator of claim 11, wherein the nodi

differentiated | ow anplitude signal is discarded. 13. The denodul ator

circuit claim112, wherein the oversanpling circuit selects the val ue of

the nodified differentiated in-phase signal when the quadrature signal is

| ess than a predeterm ned anmount Rglative to the in-phase signal, selects

the va ue ahetih@hdost didi@d, vdiefefrerr@nt:had@d qumRFaatiste® Singhase Whe t he

i n- phasgdratlu nal is I%s%than ed amount relative to the

s nal prov frect sig ! glgrtlte%nl e 1] . .
quadrature-si gqn ¢ CSTPeET SNh8VEY (8 ofo PHYe nodi fied differentiated
i n-phase signal pI us the value of the nodified differentiated quadrature

Si gn?lr ot hehyi rﬁ@thod%f clEhe ﬁemdulcahmseglmtsmgt ef ot rdl wRRAIgIeN t he
noairrier circ
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circuit of claim9 further conprising a | ow pass filter, coupled to the

modi figer Cithg UYhdtnod Qf clﬁﬁﬁp hugdhig donfAsRN&drSRg QP&%ﬁtht Q.g afladol&n@%d?it and
al | ovm al | other uencies to pass. 16. The denodul ator circuit of

claimr Vef"i’.??frﬁ'ésﬂ“"&etﬁ'ﬁ’ﬁ? |n PPgnSe tBYRBar at or, coupled to the |ow pass filter,

for sensing an output signal polarity and recovering transmtted bits in

respose rb%r%tdﬁ]atoﬂt? rcudAfoFr%éé \%B rtwaflp!é Q&rﬁa‘lsvﬂéﬂga Qou%dwnﬁntngiq .signal and

recovering I nformation, comprising: an antenna to re ei Ve a propagat ed
signal ; a Pctfsrentiptos gjropit fof élﬁer&ﬁﬂat'aﬁ?rﬁi‘ iFRhaeP 8i9p Gpa g AUadatyregHena o produce
an i nppmaaae aadifferantiatpdackiat df ehebasphsndigaainpanantiff@éntiaed wiwepagaked signal ;

2 eyl ab8lsh ), LESRLALE GLIPHLOM KON ARl ANGOE H0dt P auadr at ure

baseban onén P ener a ital
out puﬁn phase é‘§$d?\% guadriyret dgnalslpie F‘e‘?"?ﬂeﬁ%@'"ﬁéﬁw I Vélthofresléﬁ?hfﬂ dafagateg
di f f emedtinafa@lis Sdnigled dsing@rprétielehfihentrh@pdriog, an i n-phase signal and a

guadrature_s pro di.fferenti ated val ue of the | hase si gnal
and a di ffer'lng(??eétcirgmt G%CE’ &'ﬁ “ferent{ nar 5t°’ﬂcru§ fsof mocﬁqu Re™Hi £ g{éenti at or
ci r cuidiffeientstesdvatepsaet tb@/ér@‘@ﬁ?)lahﬁghftw@[ﬁ“ﬂe tsmn@lvéwas%nm ¢het $ign of tephase and

the qua&m&rﬁr encsuwah-ghamé gl dedpeEtvened braher dkibd rereecs te data rate,
V\/ner ei r%erea‘ a4ds pg Sg%n qua%saturgmgngr edeterm ned tine period; 3 SEPTEMBER 2003
a processor, coupled to the modifier circuit, for processing the modified differentiated
in-phase and quadrature values to produce an output, wherein sensitivity to noise is reduced by
discarding a smaller of the modified differentiated in-phase or quadrature signal; and
wherein the oversampling circuit reduces the sensitivity to noise by using the

predetermined time period allowing use of a plurality of circuitry.

10. The demodulator circuit of claim 9, wherein the differentiator circuit further comprises a

summing circuit for computing the difference between a current value of the in-phase and the

quadrature signals and the value of the in-phase and the quadrature signals delayed by a clock

cycle.

11. The demodulator circuit of claim 9, wherein using the predetermined time period

reduces the sensitivity o noise by implementing a discrete-time period allowing the use of
"~ switched capacitor circuit.



a nodifier circuit for nodifying a sign of the differentiated val ues of the
i n-phase and the quadrature signals based on the sign of the quadrature
and the in-phase signals respectively to produce nodi f zggEpramBeR 2063 t he
differentiated in-phase and quadrature signals; a processor for processing
the nodified differentiated in-phase and quadrature values to produce an
out put, wherein sensitivity to noise is reduced by discarding a smaller of
the nodified differentiated in-phase or quadrature signal and wherein the
oversanpling circuit reduces sensifllvity to noise by using the
predetermned tine period allowi ng use of a plurality of circuitry. 18. The
systemof claim 17, wherein the differentiator circuit further conprises a
sunmi n ujt f ut| the differen bet ween a current value of
the in- hasémé% OFﬁQOH%g@W%.{} e ﬁgrgmgﬁaﬁﬁﬁgmfgqﬂ%aﬁ?m? 9% phase and
guadr a¢ dise@rddde si gnal s del ayed by a clock cycle. 19. The system of claim
17, wherein the predetermned tine period reduces the sensitivity to noise
by using a discrete-tine period allow ng the use of a swtched capacitor
circui® 20N REONRIFY C’%’Pd?rﬂ”ﬁe'" Wﬁé’?’%fﬁ?fﬂﬁ"ﬁ%mfﬁﬂlﬂP?‘?‘%%I‘hal"ﬁ'f’%P%nt| at ed

| ow artpé imagitfied sdiifmentiated inghsseasided . wih. thehequasiesire nigibl ¢d dgse B8y anherein the

OVer SapplaldAting <il \%&h:‘it 2 e@e‘”toS erhr% Yxééeugu 951 Eé?@cts'”ie%g Huﬁegof tHef T’n% %Ue I at ed

i n-phase si g re SI rm ned
armuntd'ﬁefeé‘F'%F‘?‘i’ geadigiure ﬁ@“?' r‘I"hﬁ'h Hedn-ghagh aigna' ése'le%%tf‘én 2 ﬁ@detawm@edﬁmqunb nodi i ed
di f f errelntveas ee qnua:druaé sigreal, Sing Balkcts Waealuk e them@iifRe eifdicgiiadd inphh&ss than a

Pr oAt S ARHATIUY (Ll ik Brd ublS U A el and sel ects the

val ue eren I'n- gha plus t he val ue of the
nodi fi ed dlfferentlated guadr at ure S|gnal othermnse. 22. The system of

cl ai m147, whes Gérﬂodul'éﬁar reneliitf df laing o G}Hérélnfthlé’ hh@zfierc‘c%mtr fuBRs c@mP@Aearai ty
correct circui.t ﬁ?rOVIde th rect t8\/\;0Iarity or the output.

23. Tﬁma” C?rred"(]ﬁc"cf' 'fieft TCH&? S'é’na (r)liws't?’ oy h pass filter, coupled to
t he nDdlfler circuit, for excludlng frequenC|es above a certaln poi nt and

al | ovvneg al Theldhidufior GHARGH @ﬁmtﬂum%om%mg-gh@w%é{s%tfﬁigﬂ e$up¢édab fe23 further
corrpr| cou ensi ng an

out putmoé1 E}gna‘ﬂm%bl r?’icg'd'gﬁcfrerqg%%{?ér?%ﬁ&e t% ﬁﬂigl‘ﬁptpf"gh aps tailo‘f"ﬂg raé!sﬁtg?‘fse t hereto.

frequencies to pass.

16. The demodulator circuit of ctaim 15 further comprising a comparator, coupled to the
low pass filter, for sensing an output signal polarity and recovering transmitted bits in response
thereto.

17. A system for receiving a modulated signal and recovering information, comprising:

an antenna to receive a propagated signal;

a receiver to filter and amplify the propagated signal to produce an in-phase and a
quadrature baseband component of the propagated signal;

a demodulator to recover information from the in-phase and the quadrature baseband
components of the propagated signal and to generate a digital output in response thereto;
-wherein the demodulator comprises: - : o e

a differentiator circuit for differentiating an in-phase signal and a quadrature signal to
produce a differentiated value of the in-phase signal and a differentiated value of the
quadrature signal, the differentiator circuit including an oversampling circuit to oversample the
in-phase and the quadrature signals by a predetermined factor with respect to data rate,

wherein data is sampled using a predetermined time period;



Title: FM DEMODULATOR USI NG A DI FFERENTI ATOR [err] [err] Abstract [err]
[err] [err] [err] An FM denodul ator circuit wth reduced sensitivity to

noi se and performance nearly identical to theoretical piregb¢EiiBBR20de FM
denodul ator is a tinme sanpled detector for binary shift key (BFSK

nodul ated signals. Its inputs are an in-phase and a quadrature output of a
recei ver, which have been oversanpled by a predeterm ned factor with
respect to the data rate. The denodul ator circuit differentiates the

i n-phase and the quadrature input gpgnal by conmputing the difference

bet ween the current signal value and the signal value del ayed by one clock

period. The, rﬂ&Jaffeﬁ&?c(]& fg@@%&lf ﬁ@'a%?%% oPhhe dﬁf%reh&t?c{}%ﬁj% H]:. haQligar ature
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si gnalmddfich uktbRhRbdanFndad spQddtai-Osightl ancconparator  to produce a digital
waveform | , ,
wherein the oversampling circuit reduces sensitivity to noise by using the

predetermined time period allowing use of a plurality of circuitry.

18. The system of claim 17, wherein the differentiator circuit further comprises a summing
circuit for computing the difference between a current value of the in-phase and the quadrature

signals and the value of the in-phase and quadrature the signals delayed by a clock cycle.

19. The system of claim 17, wherein the predetermined time period reduces the sensitivity

to noise by using a discrete-time period allowing the use of a swiiched capacitor circuit.

20. The system of claim 19, wherein the modified differentiated low amplitude signal is

discarded.

21. The system of claim 20, wherein the oversampling circuit selects the value of the modified
differentiated in-phase signal when the quadrature signal is less than a predetermined amount
relative to the in-phase signal, selects the va!ue of the modified differentiated quadrature signal
when the in-phase signal is less than a predetermined amaunt relative to the quadrature signal,
and selects the value of the modified differentiated in-phase signal plus the value of the

modified differentiated quadrature signai otherwise.

22. The system of claim 17, wherein the modifier circuit further comprises a polarity correcting

circuit to provide the comrect signal polarity for the output.

23. The system of claim 17 further comprising a low pass filter, coupled to the modifier circuit,
for excluding frequencies above a certain point and allowing all other frequencies to pass.
24. The system of claim 23 further comprising a comparator, coupled to the low pass filter, for

sensing an output signal polarity and recovering transmitted bits in response thereto.





