 e3epnX<@vTIX4l f Dl FFERENTI AL DETECTOR FI ELD OF THE | NVENTI ON The
present invention relates to a differential detector suitabl ”ﬂ”’mw
GVBK or GFSK Wdtul ati on scheme. BACKGROUND OF THE | NVENTI ON

nodul at del y adopted approaches by many wi rel ess communtisasd on
standarwg/ﬂlyﬂg/@m M DECT and Bl uetooth. There are several denodul ation
structures 1 i ncl udi ng coherent ,denodul ation and differenti al
denodul ation."Tarrier recovery for coherent denodul ati on increases the
carrier acquisition time to a relatively high degree. Therefore, for a

bur st node conmmuni cati on systmﬁFﬁﬂENy@ﬂﬁ G ulation is often
preferred. In a radio communi cati on system due to either discrepancy
between the oscillators at the transmtter and the receiver, or the Doppler
ef fect, HEUD@EWHEiN‘éENB’dA@Neen the transmtter and receiver usually

occurs, h degrades the perfornmance of the system er to ensure a
sati sf act orif emgwtf iBYsRliE relates; & Arfiietentel PS"Q%‘P\'p%W?&ﬁ%%bPS? HB &f f ect
of frequengykod efisk MHduldtd Hangd!l arly true for the case of burst node

comuni catl on systens ere a ast and robust nethod to estimate and
elimnate the effect of frequency offset is deenmed necessary. Fig.1l shows

the typi ruct ure . af n mtter which conprises a Gaussian | ow
pass fH%CF?{??gUQ?dOEHﬁFﬁ%@ r'\F The response p(t) at time t of the
Gaussi an fi GMBK 'of GFSKimodutstich atd wideBrhdsptat WwitB| by
P(t)=Q 21n2 (t O STh) oleﬁéﬂ +0. 5 o @p dbp%ﬁﬁés@iﬁgyrlliﬁgﬁ‘, ~1is

a dummy ¢emmunicatien staegardaewcm as ﬁﬁi\ﬂeﬁggi aed :Blwmog’eina\nem are seyeral

cau=21 B ekt SsHjBh"Tor S ey D3Bheshy Skt i ¢

t he tr anﬁrﬁérbﬁﬁhlsdlé]ﬁ@diulaﬁo@r Cafrietrrecevéryefo tohatertedétfiddilafion ivcrehSs si gnal
is illustrated in Fig.2, which includes a frequency converter 230 arranged

to conveifthe waErigmaequisitigndime (te)a iralagvelydeighodegreed Thesefpemdosiaybarst- a pair
Cbrwort e Ayt R 0 el QBEIRURARRC" b oyt b
52 Tor ooy e a Too Tose, F?‘Z'E?‘e““‘a?‘*'ﬁ"ﬁ‘my bZ’é‘Z"ﬁ%.‘"}‘@bs""'@’”*f o phase
i 141 ng e yraoaikia) Ak ihe feceiussapr B PoPakr et dreauencyanest o’ o
pair of %Eﬂaﬂbt‘rﬁ’ﬁ?& Mr?é’é&&%tf dc%%P@%hMﬁ' gﬁaéé HLé’PEHo{r@%ncf%f

primary orthogonal signals romt mul t1'pl exer
osci | | at itimg sy$tenalin forden teGah2re aasatlsfmiomBEB péaifémneahcs, dinialimpodiant tee phase

hi f 213 d (] ,..and ir of
" ove pass CPREDsatS s the Brdeot kg ofBRt i s parifdal Wik saf e Bed " ©
filteringfthgshingddd reomBlAICalONPSEEHMS Whefd1& tféi%?c éhanfdb‘éjs{ (rhetheadtd t) .

W thout considering the distortion introduced by the channel, the received
si gnal r esfimate pnd eliminataitee pifegiefifigauencyioffset is deemed necessary.

Fig.1 shows the typical structure of a GFSK transmitter which comprises a

Gaussian low pass filter (LPF) and a FM modulator. The response p(t) at time t of

the Gaussian filter to a unit rectangular pulse with duration 7, is given by

p(t) = Q[ji’f’-(r OST)] Q[j%(r OST)] (1)

where Q(f) = J:Q J—%-e"z/zdr, T is a dummy variable of the integral, and Bis the

3-dB bandwidth of the Gaussian filter.



"r(t) = Acos~2~ ~f,F+ DJ ~ + ~(t)~+ n(t) , (3) where ~ f is the frequency
offset and n(t) is white Gaussian noise, and Ais the signal anplitude. By
passi ng through the frequency converter 230 and sanplers 217 and 218 which
sanpl e the two orthogonal conponents of the denodul ated baseband si gnal

the digital in-phase and quadrature-phase conponents of the denodul at ed
baseband signal I", Q are: I" = Acosz2~c ~f nTs + ~(nTs ) + BQ _ -A
sin ~2~c 0 f nTs + ~(nTs ) + 9 ~ (4) mﬁere TS = x is the sanpling duration
and Bis th hase of.fse duced. by the receiver VCO 214. 3 The
denDduIator$bgf%?ﬁeﬁﬁgﬁ’gFgﬁgwgﬂégsé%ﬂﬂ?Swof del ay units 219 and 220
coupled with the pair. of sanplers 217 and 218 for respectively delaying the

out puts frod®he2sd b,rE p(@-gé'p)drz-ate del ayed signals I ((n-(2)) Tg) and
Q(n-1)TS) in which=k$ Tepresents a sanpling period, and a pair of

i R RS AL I B e el 3 13 1,720 1
i . 217 8 i WS .. (n-1)TS

b1 ( (- By Al A tefortiat WErdit ok G SR sichal D5 AR SR MR (e

denmodul atiggluddd aiffeqliency cohtdiden 23d arraﬁ?g@td convert fHe mb,‘iji{ﬁ_gh)@[ intoa A Z

sin(2~t0 jTs + ~~) (5) where (err) = d=(nTs ) - _cp((n -1) represents
t he phaséjecﬂquléat@ﬁcféas(ﬁhaﬂﬁgelﬁn%'aﬁmﬁlhgf FampiRSS 2}?5&1&, @edemeddiaten 23%) t he

frequenc ffse j S C i Si; Tl » - Whi Cch
i's 19 ed t)c?ng’ c%n%oarﬁé?eé?&z?ﬁw ?ﬁga?@gygﬁé)ﬁr%ﬁvcﬁ%?pﬁggi i“rﬁ‘%’ éﬁr%‘ggd%ﬁ %t the
E) ransmi tgmdtis\hbgeaﬁl‘ljaﬁgr tetaweanmg tauad dmnf\/e{'tmgf?\rk?l inpuhlsignal Kt) ihtotltwo hf[imtary) b} =
~yn ~ g er " 1S (0] u} of the reshol d . arator a = nTs .
The det e rti0BgRPEENSIS: i VBG4 Tos Rrawidticna 16¢ak sRciRGGRONA. s BbEsSr ¢ he
sional T (ehlfieh 213 RAPraehitlieg A 3bi Rilrabsitg 1bEABRNRNING SRl fickh the

Usual Iy, the frequency offset” i s non-Zero,” tor exanple, e Bluetooth
st andar d MCG@ 214 re pairtefrmultiplieisodét and 2t dorarespeqtiealy ynualtiplying the two t

75k Hz d a f i.ft t Hz/ j t i Si I

gi ven | n ey cteaRng crienahade B uilinlefer: 2lp Wl Becfreah Sipfafin i o ©
degr aded gidifil fidne VIGO QU@ aNd Hd PRAsé Shifed Sighal frdf tHe prisendhiferS®y3 @99, a
nmet hod based on Fast Fourier Transform operation is disclosed to estimate

t he abov dirldtwerarthagoaglisignalsditisand WH{t)hHanda paipeilowpasswofjitersj 21 and) t he

conpensatder spUBie” il Sflondp 211 “apdTRLE cop G ikl highS HeRBHEN o .
4 A one- lompbinents ehthieatvodsigmels Il @)X aid Qgt)di scl osed in US Patent 5,448,594 in

which at |east one Butterworth and one IIR | ow pass filter are conbined to
esti mate t hWithaut,copsidgringtagndistertien intredusas By dhe cannel; the seeaivedy t he

to-tr aok Sgel 750 gt et PRI T el cu to the frequency offeet, o
especially %G% ﬂm‘é@%&ﬂf\q{iﬂ%eﬁmg{?@grgcg 3(564 preanbl es a\(gj lable. It is

an object o he pr a novel nethod” and appar at us

t Il evi t i ) Y E
| RvaNT) o Tee LA Bk Hedufel BHSECald () THANE CBLESEh naRdMIEA B AT, |

i ded ir . i bSO f d
P onvesioril anfifid, By pRteiAG throtihe Nelflionty |doRUBREF 90 Mictariplefs | Sna
means ar r2digant 298 swhiph sample ttle_rhNdmrﬂtagmmhsebmneathohtheademodalamd ng
the s anpipEseLRh 6T EcTBue i biiand R SPResd woreER gt B st -
sensi ng ﬂét@@%@b%ﬁd%ﬁ?ﬁ?la{g‘aﬁﬁl ope of the denodul ated signal to

an OH I ndi catf s)

IO_rovi de set signa a frequency offset of the input
si gnal . I =Acos[27tAfnT,+‘D(nT)+9]

n . s 4)

0, =—Asm[27rAfnT, +®(nT,)+6]

where T, =% is the sampling duration and @ is the phase offset produced by

the receiver VCO 214.



Préferably, said sensing neans conprises: neans arranged to track the
envel ope of said denodul ated signal from said denodul ator and provide a
tracking signal; and a filter arranged to |l ow pass filter the tracking
signal to provide the offset signal. Typically, said filter coefficient
generator reduces the filter coefficient as a function of, tinme. Typically,
said filter has a bandw dth which decrfases as a function of tine.
Typical ly, said sensing nmeans further conprises a reset signal generator
arranged tq_detect the start, of@igfut dat a transnisTion and reset the

n

sensi ng meae defqdsiater 23 HE_E} _ 8ssa f1aib R sglavounits 3P angd R0 power

to det eCEo%ﬁl@dszﬂﬁ 8T pdif YIS 217 gngr:ﬁ@ﬁ‘&bws defiel e&aawngtﬂf

conpri ses power normal'izli ng means arranged To generate a POWer’ s gnael from

the sanpbatputs ]gmm gfmslamﬁmrg de gen:emteede@layse]ﬂ gigmthﬂ(e't-é)ﬂ'§ iagdlaQ((het)The
enerator. Preferably, the demodul ator ,includes, pawer nor n ans

T angedit Whisth Ly RRIGSE1IS & PATPURGPETP GRS Balh S JOULPGRIEI 20 AN 222, de
nor mal i zgg) Sequdith e Pa Sf‘éélagouﬁi{%eﬂ@’bﬂd;ggﬁﬁérlﬁosgimlﬁ@g!tg)a d%tﬁgggt%ens' ng

means further conprises a conparator arranged to conpare ul at ed
si gnal wirom the paiedialedaypuoits sdth the outputst fropt the painloftsanmplers @47 amdout put

si gnal . ccardance. with r ec f rese | nventi.on, there
o ovi 888 dlve M Siafels BESBERGH TeBARS 1QraTIoh F R SLBRANBR et

ar r angedtHeDaddutVaZd, thd oLfpi bf feddethoddlatorFeigodul at ed baseband signal ;
sanpling means arranged to sanpl e said denodul aj ed baseband signal at a

sanpl i ng frﬁqHQ(mz)Q((nprlm)dlq!((a-ame@d;;i:g,m’aéin 2&&}&@@@3% or a(fjynged to

dermodul ate the sanpl ed signal to provide a denodul ated signal; and a filter
ar r angedwherd | Waee qi(hE, )daDusul I d represshtst aher phiaste diffbidricer elliinggmal

I ndi cative of a frequency offset of the input signal and wherein the filter
i s ar r anganpting petied aUbderidedt condifiarts, diee freguescyoffsetf Arvanishesaind thee.

BRI EF DESCI PTI ON OF THE DRAW NGS Enbodi nents of the invention will now be
di scussedetasjornaytpot iexdhph@®mi whicheisefeshde a comparator 2@k mitmg zZerawi ngs,

in which; Fig. chemp,jcally,ilJystrates, SK transmtter of the prior
et gty eBEn Ty ane S otathes Wansidhd dna AR drleraingd by e

det ect or fo|l6WihPrfi&hematical ly illustrates a first enbodi ment of a
differential detector of

A {1, y, >0

bn= 6
0, y,<0 ©

where b,, is the output of the threshold comparator at ¢ = nT,.

The detector output y, in Eqn(b) is the sine of the change in phase of the
signal () over one sampling duration plus a frequency offset term. Usually, the
frequency offset is non-zero, for example, in the Bluetooth standard the
transmitter is allowed to have a frequency offset up to +75kHz and a frequency
drift rate up to 400Hz/us. Using the decision rule given in Eqn.(6), the
performance of the detector depicted in Fig. 2 is degraded when the frequency
offset is non-zero.

In US Patent 5,867,059, a method based on Fast Fourier Transform operation
is disclosed to estimate the abovementioned frequency offset which is
compensated by adjusting the frequency of the local oscillator. A feedback loop
circuit is included to compensate for the frequency offset at the expense of
increased complexity.



the present invention; Fig. 4 is a schematic block diagramillustrating the
structure of a data slicer of the enbodinent of Fig. 3; Fig. 5. is a flow
chart of the algorithmfor conmputing the | ow frequency conponent caused by
the frequency offset in the data slicer of Fig. 4. 6 Fig. 6 schematically
il lustrates a second enbodi nent of a differential detector of the present

I nvention; Fig. 7 is a schematic block,diagramillustrating the structure
of a data slicer of second enbodi ment of the present invention; and Fig. 8

cauced by o Aeone Dit ARErETSE demotiigios 8 AscioRSd aR Y’ %e%qg%gg@%g@gonem
DESCRI PTI T Egﬁgﬁ.mﬁhzﬁﬂal
enbodi ner@bi?%t IE ?ferent I a et ectnyfbﬁgr@ léngRhén%/mQ tegAg&'nbﬁTe I S shown

in Fig. &stiTiate dbeeloe dfnalthoeshaold ffoeweompacatnvemmmh isscaauaeqbdayr tlme

sanplers 217 and d ul ator 2 at a er 3 nd_a ar at or
2947 The TEAUETEN et et BURTHHS bpéiary B SeltE R ndt fedllendeiIha | he
derodul attf%fckzt'fné eélaetbﬁtr@meaﬁomh@lﬂbuom e ftéddéﬁb?aéffﬁét' ésféé]aﬂl/ imnd

wi |l not be exa_'alnedfurt er. The denodul at or out pu = (nTs )Q(n

-1) TS ) Bluetppth wherestherg amesonly-4 peagmbles ayailable. + 0~~ (7) whi ch is the

St e 88, B8 cobtet B afe e efit MR 13 itlioel o hovsl eSS e o 13
cos ~~ +a?paraﬁué td Sllevidie thspiistbRionocausadUsy Péquendyroffsen(8) yiel ds: E-x" ~ =
Az (2c0 fTSE~-cos O0~~+ E~sin O-b (9) For an one-bit differential detector,

the phase difference can be approxi mated by the follow ng equation: e~ ~

bk+~e~ +5gm ﬁi&? WIG 8, is the result of integration over one
[ urmA:%‘ﬁl%FeﬁgFa e %y

sanpl i ng

In accordance with one aspect of the present invention, there is provided a
differential detector comprising: a frequency converter arranged to convert an
input signal into a demodulated baseband signal; sampling means arranged to
sample said demodulated baseband signal at a sampling frequency to provide a
sampled signal; a demodulator arranged to demodulate the sampled signal to
provide a demodulated signal; and frequency offset sensing means arranged to
sense an envelope of the demodulated signal to provide an offset signal
indicative of a frequency offset of the input signal.

Preferably, said sensing means comprises: means arranged to track the
envelope of said demodulated signal from said demodulator and provide a
tracking signal; and a filter arranged to low pass filter the tracking signal to
provide the offset signal.

Typically, said filter coefficient generator reduces the filter coefficient as a
function of time.

Typically, said filter has a bandwidth which decreases as a function of time.

Typically, said sensing means further comprises a reset signal generator
arranged to detect the start of input data transmission and reset the sensing
means.

Typically, the generator is arranged to detect signal power to detect the start
of transmission.



the i th synbol elenent. For the Bluetooth system the phase difference
(err) over one synbol duration corresponding to all possible conbinations
of input data is tabulated in Table 1. b, ,(err) (degree)

000- 57. 6001- 45. 45100- 45. 45101- 33. 301033. 3001145. 4511045. 4511157. 60 ' Tabl e
1: phase difference for one-bit differential det ector Under the assunption
of equally distributed input data, dé:an be seen that E[sin (err) = 0 .
From Egn(8), the frequency offset pro uces a | ow frequency signal A2 2cO
fTs cos (er t he ouy%ut of differential denodul ator. The threshold

Si gnal for é%@eréBWpH?%@ OHE@M QQS"B@S%RO‘Q’@'F BoRRlIZing m?@“ﬁr%réﬁ.nﬂ&dytoof fset.
A ;
S gnar go0ftae ) dower Kidial' Rofft $he' SefnEd YN, tnfl] ABYideS pBHhal Rt Ty

f ol | owi ndemodniated signabtb thélgeneraloement ati on of the data slicer of the

first enbodjnen s explain th reference to Fj and 5. t he prior
bt such: duStasaply; g e Wruﬁlv erseaoweﬁéww\'%nsfr@ﬁam.aatanged o P!

Denodul a I t y
si gnal Aégfole t@d ?‘Uz\fé@%ﬁ @?Irgg %‘:afiﬁ[.gl sa éganlt gggk%ﬁfob e{?"‘hﬁét a i's that
if the bdemmddtdhed)mghabtofthbtmsmg meanssi ve, the resultant out put will
contai n toa.mic h f reguenc tent, whi ch endangers.the

il SeoRS FLROMPI3RST 8. COTPAFAIOL SHARSRRHCof ¢ he

operation
filter i éoﬂn?él*.f Ehel &Thod@laté&‘glghhmlthsa ﬂﬂ’égﬁ@ldt&oqmﬁ%y&tﬁ@éﬁ%ﬁ Signdiat a.
Instead of tracking the |ow frequency conponent directly, in the present
i nventi of®, pltomdeeamutmnésmnat he detector output x is tracked and | ow pass

dermaut at edf AGABRETREAN Bofiér AsPRER NeCABRENE Phentiin offr<RUACIES "

itself, a diffélential detectordonvpriting:befidgudhby convértercamanyed té cogvere an f ast
t racki ng W t hout i ntroducing toqo nuch disturbance. A separate feature whi ch

al | ows alnPyf signal iintgra demasiulatgd Rasebandrsignal; Sémpllﬂﬁrﬂ‘ﬁﬁﬁs @rangeddt®t a in a

shorter r t he
ise of ot P LRIy e e R S FERRng HEABF Y Pl 2
recept i ogsampleel Sighakra demduilstbl awamged ﬂmedemodplatextthersmhpledvslglml to
bandwi dth. This i,s useful ,in terns  of turin ly. As
ror e tat QNS 3 BRpGdUalsr SarRWABELA T r?éranqgedepo i8St Yo, odliad 1y 1
order to [ S0P K t he
struct ur‘é@g?pgcﬁ?%\gtag é;ﬂ?g%é;d %%lﬁ%g?’){mﬁe fi ragt&tg od| rﬁ%ﬁs?{sagég@éﬁ%ﬁ in
Fig. 4 asignabandwheseid the fitter iscarmanged torhaveoa dandwistk svhieh dedegases asl | R
filter coe ffici er],tt enerator 412, tracker 410, and adaptive IIR filter 411.
The operat'iI Qt o8@ S-data slicer is described by the flow chart in Fig.5.
At the begi nning of the | oop, the parameters a, Max,Mn and do are preset

to an apB riate val ue _g zero nvvhlch paranmeter a is a coefficient
of the | BRI FIQ@CWMON\/&F HE BRA $espect| vely the val ues of positive

fhe output ‘ropRTsirel I EVEIGPaIal bR AERRRHELT Wl bAat BT of

t he envetetfelsem’e to tise decmrdphaying doawings, in whilch: val ues of the positive and

negative p npu ated by using tracker
10 based” 0 draeheanatiann Husinte s FERRansmitisr of A pri prgkAtc > Mn +
threshot d ?i@z&chem%t%h%muéggtdsabnevl\%ﬁ arK @ entialTefidttor, ~ then Max =

thres -MAX , And
i f X", < Mig.3oschematicallydltustrates aefirsthembodithent mhardaﬁebe'ntlal detactorZofare
sanpl es pf the denodul ator output at time n, tine n-1 and tinme n-2,
respecti [g/r SefEin ﬁ%’r‘ ster "threshold" is a user-defined constant

reflecting Ftl %%'shﬁéhaﬂé%l&ﬂktdiﬁgfbrﬁ h&tsﬂgﬁhé & sBOEtURE B bi deta RRSKSof The
par amet er Is also a user-defined constant) wherein the tracked

posi t i vethe embodiment of Fig. 3;
Fig. 5.is a flow chart of the algorithm for computing the low frequency

component caused by the frequency offset in the data slicer of Fig. 4.



9 and negative peaks are confined within the range (- MAX, MAX). Moreover,
"threshol d* and "MAX" are proportional to the sanpling duration, the
nodul ati on i ndex bei ng enpl oyed, as well as the anplitude of the input
signal. The explanation of the above rule for providing the max and mn
peaks of the envelope is described in details as follows: Wth the
constraints x" < x" , > x" _z and x" > x" , < x" _z applied, only the |ocal
maxi mum and m ni num are obt ai ned. However, the | ocal maxi mum or m ni num

differ fromthe positive or negative peaks of x" . In ition to the

af or ement i %Gdgisﬁgamﬁt'%l}” E]Hﬁtig'ieaii%ﬁ%goﬁﬁﬁ%gfmﬁwf(%gg%@%' defegtar nust
be chose slacal maxi mum (m ninmum with the condition x"_, >
Mn + th%{sme.(;ﬁggfﬁﬁﬁygﬁt'*@x-threshol d ) applied. Due to the properties of
GFSK nodul aftigod is atschematiciblocibdialgara ilstratingi thé estreicture of a-data slicesof ai ned

so is the nmaxjnmm absol ut% val ue ?f. X" ~~ ~ AZ ~29C- f Z'S COS D~m~ + Slri

o-m- ~ , SeRendepbodiment of the presentigvention;8ed defi ned constant MAX. Due to
t he presen ofg moi Lt 8f f ; edgaqﬁfy HaWakrad!) be

| ar ger thaﬁpq ' g?imﬂqub?hgﬁ tﬁéﬁﬁ@gg@ﬁgﬂtrac etg{gggﬁtlia@ehg%eﬁ%ati ve
peaks Maxompdnphhcauseddnnthefeenuencyiaffsehin thempata Slic#oof WRXF. In fact) there
are many kinds of techniques for tracking the positive and negative

envel opes of the denodul ated signals. Adaptive IIR filter coefficient

gener at ODEYALED WRSCRIFETIONIOF CTRE! PREFERRED IENBODIMENTS 10Ft THE™® N to
reduce the bandw dth of the adaptive IIRfilter. The coefficient a" at tine
nis rediN¥BNJ4ON function of time. For exanple, a" 32 a"-' + 32 * 256 '
and a" is reset to an initialization value (i.e., ao which is a

predeterm ned constant) and is nonotonically reduced until the end of
transni ssi on firsthemboadintenh ofral differentiali detattor fores GESKNhodalated bignahisanet er
a" are then used_as the inputs tqQ the adaptive IIR filter 411 for the

cal cul at SBAWBF in; Fig. 1 HuThe dgiestey IngHden ehireguensy canyvertep239; a pair of
d dul ~ ! I i : j = (1-
enoau akghpw)%p{lt?hmg %ﬁ%?%%é]ﬂmﬂ&&a{&a{ﬁiésaﬂagglfc%\?v@td 8Rd a défdsfatsr (1- an

)dc" _, + ere, requency conponent of
t he enveR@geThE frégquerioynednvetteat230, rthe rpaid oh samipdernsh217 @andf 2 8| amdc the

conponent, of t e | o of the sjgnal xn. = a i ie n- a~ ist

coort1 i damoshiatof 24F aff the s et B at fidlraled Fflody cldoictbsng s
the diffgesBined fuRfBRCIHY défodiiafiteibinag. The signal dcn is used as an
input to a conparator 224 of Fig. 3 as a threshold signal. The foll ow ng
rul e determned (sl yOWh e 1LY - 0((n-QJT,)O(HR) t= ahsinDi e d; +’A<ﬂ) X" >(@c" b n =
~~ xn ~ dcn (12) Wth reference to Figs. 6-8, the Second enbodi nent of

present iwhighisithe sind of the chapgeiimphasd béthieteeived sigwdiudes a frequency
converter 230, a pair of sanplers 217 and 218, a denodul ator 631, a data
sli cer 614 \&henaxdpfassmall, fweiexfressioneaaflc(r) can\ber agprogdiated yhe same as
that of the first enbodinment illustrated in Fig.3, while the denodul at or of
the second gnbod(2eA}T,ices Adf £ sihavm) from that of the first enmbodigent. 1t
can be seen fromFig. 6 that the denodul ator 631 further conprise neans for

nor mal i zi ngTHe@xpastativn valuéof B, tinEqi8eyieRd3) which includes a pair of self
nul tipliers 610 and 611 coupled to the pair of sanplers 217 and 218 for

provi di ng aEﬁcgg‘ﬁEﬁ@Z@A'w%[cd%fA(ﬁ]heE[?ihm s In and Q-, an adder 6@ for
summ ng the output fromthe pairt of nmultipliers 610 and 611 to provide a

si gnal C' =IrYrarspri&ditrdiferential detetioe, the pHasesdifio®nceser be approxirdatddder 613
for nornmgli zi ncg t he outgut y~ fromthe adder 223 by dividing by the signal
power C-byyhefliomdng equatiol” y((n -1)Ts ) - | ((n -1)TS )QnTs )

AD=~b, .0,+b,6,+b, 0, (10)
where 6, is the result of integration over one sampling duration generated by

the ith symbol element.

For the Bluetooth system, the phase difference A? over one symbol duration
corresponding to all possible combinations of input data is tabulated in Table 1.



s IZ(nT) + @ (

in phase of the received signha
When 2~OFT$ is smal |,

t he signal power
appr oxi mat ed by:.
x~ in Eqn(14) yie
one-bit different

the foll owi ng equation
i ntegration over one sanpling duration generated by the 1 th

For the reason given in the first enbodi nent E~si n~c~~=0.
gi gnal
hol d si gna
Data slicer

result of
synbol el enent.
From Eqn(14), the
cos Cc~ at the ou
t he conparator 22
is used in Fig.6

e~ , which is use
The detailed stru
di fference betwee
614 further conpr
the start of data
adaptive IR filt
filter 411. In or
node comruni cati o
transm ssion star
filter which is u
out put c~fromthe
operation of the

transni ssi on, the p@hi@réi ghase diffgsenc
pre-defined initialization val ues,

the sinple
power c~ fr

nT )

r(t)

sin(2~0 fTs + ~~) (13) s s The sine of the change

is thus obtained and is i ndependent of

t he expression of Eqn(13) can be

X" ~ 2t0 fTs cos 0~ + sin 0O~ (14) The expectation val ue of

| ds: 11 E~x" ~ = 2~0 fTsE~cos 0~~ + E~sin ~~~ (15) For a

ial detector, the phase difference can be approxi mated by
0~ ~ bk+~ei +bkeo +bk ,9 ~ (16) where 8; is the

Frequyency

put o di

of fsef—pr
[ f er entvi al

pouces, a T
denmodid at

r RRQeEHE)

2c0 fTs
f or

1 1S nOn-z
o_adaptiv

ero dug to
ly track

t he fpequ
he low fr

ency okb6B6t .

bauency signal
T 7 4

614
2c0 fTs cos

as tBe t

gy o ~f 4

hreshofd |

a-—dat P |

bvel for t

—_

he fol 146hg
T g

o

b

the data

1T udat o1

slicel” of

fAor 1 A
CCTIT " UAS |

Fi g. an

7 s L

onpar at or 224.
7. The
e data slicer

SE€S aqres
transm.ss

5T ST gpal
on _and ge

jener ayor
nerate a r

0 Whi.g® 3 S U
pset signal_td

sed to detect
initiate the

r coeffic

to—all

ent géner

hw. tha rae
W+—Re———ec

tor 402,

rvar to
e O—

rackeB3400 an

har at a_nNnr aonar
LA %2

d adaptive IIR

Bm

t is ﬂnpo

\~4

rtant to d

bt er mi Ad-4mhen

y in a burst
t he burst data

[ S, re
sed to cal

St ST qndi
tul ate t he

gEHGTGI or
average v

7101 IAEies
hl ue o?gt e si

a sinple LPF
ghal power

denoddl at
data slice

r 6311 Fi
614 of E

J. 8 shows
q Pri

t he f B@WBOchar

t of the

pr-to_the star

t of data

aMos

6
oneckit diffgrential detastert t o

in which paranmeter d is the output of

Sieri e SinBpddtpf 83602 obuBBIRbH Bl ppr ML speh i
gener at org{d Ag|e PrRYShTIEQAB) MY REQE:

t he val ue "of Q7is application dependent,

iRyt dTiset ProducesHlow frefie

and 1 n the present e

i gnal
i gnal

ﬁ%ﬁﬁgnaMﬁefe

dinment it

i's a conafaph Tredsh@ raartbe qtptOofldifferential demodulator. The threshold signal

for the comparator needs to be non-zero due to the frequency offset. A data

slicer 310 is added in Fig.3 to adaptively track the low frequency signal

A22zA ;TscosA®, which is used as the threshold level for the following

comparator 224.

The implementation of the data slicer of the first embodiment is explained with

reference to Figs. 4 and 5.
In the prior art, such as US Patent 5448594, entitled "One-bit Differential
Demodulator”, a low pass filter is designed to track the low frequency signal

A?27A Tg cosA® directly. The disadvantage of this method is that if the

bandwidth of the filter is excessive, the resultant output will contain too much high

frequency content, which endangers the proper operation of the differential

detector as a whole. If the bandwidth of the filter is insufficient, a long time is

needed to capture the burst data.

Instead of tracking the low frequency component directly, in the present

invention, the envelope of the detector output x, is tracked and low-pass filtered



12 'The average value do of the signal power cn is conpared with its
previous values dn_~ at the synbol rate to determne the start of the data
transm ssion. In this enbodi nent) the average value do is conpared with its
wei ght ed previous values yd' _~,, in which y represents a weighting factor
of d"_kr, ICis the oversanpling factor which is defined in Egn.(3) and |
IS an integer (I:1,2,3 . The the ﬁgSltive and negative peaks of the
denodul at or out put x" are then tracke by tracker 410 based on the

follomnn r Ies i f x" X" n +threshold and x" i

MAX tain theAOWafreguemy comp@Bent n/gs ttherﬁrfmlopﬁ #f the demadulgteg:
X" _Z andgﬁgﬁl Rﬁi#%t’éxﬁ@ {ﬁ'@éc&tgblﬁnﬂaﬁ thF (ferg fatecﬁ‘gﬁnhf it f— a EPF‘| \Pistﬁ’ra X' _~ <

daC' _ _ I'nce the a
nor mal i zmudhn wider dmnnid\udimt @an6de ce‘m;ﬂoged 6to tgiee tavofasrt etrdekrag maithdut

constants ' resh are onI op onal.to the l.i ng
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coet 11 ci B fhelt FURE bEheaiiing ot He 4t Eeeafon AhBTHRL pg BbcAldwsit ielz The
coeffici BéglnaoTpér%trbﬁCBtC@%éér BahéWidth OThigf ist LgeFul frplerﬂﬁﬁiplcéptr.ﬁm gthe2 a"_’

+ 32 * 256 he above process IS repeated as long as the differenti al

det ect or buestidataguicklyi 8 mane«dala s eaceinad, ithe ba@dwwlsh ghthenfiltar is seduced

conpar at I 1 owi ng ruI e

determn gaq%éﬁygr‘ pEd.e(?é?guﬁﬁre{%gttﬁé‘ﬁﬁrghgﬂﬁerﬁ?ﬁomg@?erﬁg > dc" x" < dc"
(1 8) 13 A blovkrdiagram of thef structoie of theadats isfice@H0 bethe mrssehmdnmi ch can
reduce the dlstortlon caused by the frequency offset in order to inprove

the BER [Sefepictachén Fignd and e compased; At deromain; f%@thr@éthlmsed £H t he

descri be ,gﬁ;;éd t oW ng

the sli Cgl’gl n prlg'é@%fc{ ec'gﬁpn’ggbgq%@ E%r{rgﬁ{)t ra i ng taﬂ {ci}ﬁfggi m%'J t he

data sl i 4él. Theopetatiodeofie dateslicer i\désarbedrsy thenfiaw ichariin &igl5dAt theni nes
di ng,on whet the result of the subtract

| Ry h
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substit ugh wnMaaréhdemm wré eadfectively theeiAhes Bf pesitive tahdt |v%k¢éél@adoﬂ n the
art wi thout departi n% fromt he scope of the present invention as defined by
the fol | v aavelrpe @f the demodulator output x», and dc is the output of the IIR filter

411, which is the low frequency component of the envelope of the demodulator

output x,.. The values of the positive and negative peaks Max, Min of the input
signal x, are updated by using tracker 410 based on the following rules:
o if x,<x,,>x,,and x,_, >Min+threshold andx,_ , < MAX ,
And if x, , > Maxor x,_, >dc,,, then Max=x,_,

o if x,>x,,<x,,and x,, < Max—threshold and x, , > -MAX ,

n-1

And if x,_, < Minor x,_, <dc,,, then Min=x,_|

where, x,,x,,,x,, are samples of the demodulator output at time n, time n-1 and
time n-2, respectively. The parameter “threshold” is a user-defined constant

reflecting the smallest gap between the positive and negative peaks. The

parameter “MAX" is also a user-defined constant, wherein the tracked positive



14 'CLAIMS: 1. A differential detector conprising: a frequency converter
arranged to convert an input signal into a denodul ated baseband si gnal
sanpling means arranged to sanpl e said denodul at ed baseband signal at a
sanpling frequency to provide a sanpled signal; a denodul ator arranged to
denodul ate the sanpled signal to provide a denodul ated signal; and
frequency of fset sensing neans arrangeg to sense an envel ope of the
denodul ated signal to provide an offset signal indicative of a frequency

of fset of the input signal. 2. A djfferential detector %ﬂccordi ng to claim
1, mhere?ﬁdsﬁegﬁté‘@nﬁ’ﬁﬁgs RI8nSORINAY Within the afanagy (‘h/ﬁﬁ)éd AX1. ¢ Moreoves,
envel ope« 14" Ssarogdihat ' | | r b a

t racki ng t@l‘%ﬂﬁk;ﬁj and a%lfgﬁggﬁhaégwﬂﬁw EE&QPW{O@I‘ ﬂtz?%gnﬁtg%% ng

si gnal t indexobeitey témplojédetassiwgliabs the Amplitide cof ithe inpuk ctigmalacthe di ng

to claim 2, wherei ﬁjaidfilter i aptive IR filter. 4.

, an a A
di  { er enBXBIANGLPR Bl fex @bVa il (18T ATaVIAINg dhe dmaxrend MinePERKS <af thesensi ng
nmeans fU@hb@lbpgqgﬂégéﬁ@infdéfiﬁmﬁ§Rﬁl.t)WS?i ent generator 5. A differential

detector accofding to claim erein said filter coefficient generator
reduces t hewthltherconetraints ixerix, gs> 2,  @net k08 xof <X neapplied) ohly fie ekl al
detector according to claim5, wherein said filter coefficient generator
adj ust s tieximust and insinimuarh driel abdainedc blotvavgr,t thet lhealf mbkipvimar minimum
differ from the positive or negative peaks of x,. In addition to the aforementioned
inequality constraints, the positive (negative) peaks must be chosen from a set of
local maximum (minimum) with the condition x _, > Min+threshold

n-1

(x,., < Max—threshold ) applied. Due to the properties of GFSK modulation, the
maximum absolute phase difference Ag . is constrained so is the maximum

absolute value of x,., ~A4’Q27A,TcosAd,, +sinAd,.), where A, =A

f max *

X, .x 1S denoted by the user defined constant MAX. Due to the presence of noise

and interference, the demodulated signal x, may be larger than MAX or smaller

than —-MAX. So the tracked positive and negative peaks Max and Min are
confined within the range (-MAX, MAX). In fact, there are many kinds of
techniques for tracking the positive and negative envelopes of the demodulated
signals.

Adaptive [IR filter coefficient generator 412 adjusts the coefficient «, of the
lIR filter 411 at time n to reduce the bandwidth of the adaptive IIR filter. The
coefficient «, at time n is reduced as a function of time. For example,

31 1 1
= — %

a predetermined constant) and is monotonically reduced until the end of

transmission. The maximum and the minimum values Max,Min and the
parameter ¢, are then used as the inputs to the adaptive IIR filter 411 for the

calculation of the low frequency component of the envelope of the demodulator
output x, according to the following equation



15° 31 11 a" 32 a"-' + 32 * 256 ' wherein a~is the filter coefficient
at tinme n, an_ ~‘1Sthe filter coefficient at tinme n-1. 7. Adifferential
detector as clained in any one of clains 2 to 4 wherein said filter has a
bandw dt h whi ch decreases as a function of tinme. 8. A differential detector
according to any one of the preceding clains wherein said sensing neans
further conprises a reset signal generggt or arranged to detect the start of
i nput data transm ssion and reset the sensing neans. 9. A differential
detector as clalned in cla|n18 wherein the generator is arranged to detect

si gnal poweg, tp én transm ssion. 10. A dif enti al
det ect or asgd’l al %"%I ' ;ﬁ@ﬂm@? gl n the denodul ator co ﬁﬂ;es power

nor mal i zi ng means nerate a r si gnal fromthe sanpl ed

si gnal ameﬁ%@rrd@a@\réale%h&ﬁ @%cevcremensﬂ 8 %ﬁavelpeetcrfet ge'ﬁsna&rnat 11. A
di f f er enghf ndg ﬁE,Udr%%e?éw‘H Y'cBnﬁ{Bhe‘ﬁi‘%f e sh@él ejofttﬁ’e §eq\ri¥?a?5<e gt t he

denodul ator i'nc ovver nmeans arrang 0 gen power
si gnal ftioma mheasasrtheea:bes‘fgeaﬂofdribrptbmede a normali zed denodul at ed si gnal
to the sensing neans. 12. A differential detector according to any one of
the precedi M APAVRSPraRess denrapeatad 28 Igr@snthe G’Fffeﬂﬁr‘t'%loaﬁ fectarsisyin

or ovi dod AR SFP e 36 bl At 0 M&g Ceombati 04 briid Y 58 ¢

di f f er en @Fhsﬁats}?@é]ﬁﬁémfo% P]IQQ% é<a (G ¢ Or W't&b@%ﬁ;ﬁhﬁ&@ han the

provi des out ut sal rmdul ated signal

t hreshol d and 1hercw>§@ out put |ogical "0". 14. Apparat us as clained in any
one of the WE‘%%dl ng c) ai ms, wherein the sensing nmeans is arran@&i) to sense
the envel ope oflY% h& §&fwdul at ed signal by making the foll owi ng

determ nat i\Rlﬂﬁ ‘reference to Figs. 6-8, the second embodiment of present invention will
be explained. The detector includes a frequency converter 230, a pair of
samplers 217 and 218, a demodulator 631, a data slicer 614 and a comparator
224. The frequency converter 230 is the same as that of the first embodiment
illustrated in Fig.3, while the demodulator of the second embodiment is different
from that of the first embodiment. It can be seen from Fig. 6 that the demodulator
631 further comprise means for normalizing the output y, from the adder 223,
which includes a pair of self multipliers 610 and 611 coupled to the pair of
samplers 217 and 218 for providing a squared output of the signals I, and Qp, an
adder 612 for summing the output from the pair of multipliers 610 and 611 to
provide a signal C,=13(nTs)+Q*(nT;) indicative of the signal power, and a divider
613 for normalizing the output y, from the adder 223 by dividing by the signal
power C,, 'yielding:
_I(nT)Q((n—-1T,) - I((n-1)T,)Q(nT,)
" I*(nT,)+ Q* (nT,)

The sine of the change in phase of the received signal r(t) is thus obtained

= sin(2n'AfTs + ACD) (13)

and is independent of the signal power. When 2nA¢Ts is small, the expression of
Eqn(13) can be approximated by:
x, #27A T, cos AD +sin AQ (14)

The expectation value of x, in Eqn(14) yields:



If x" <x"_, >x"_2and x"_, > Mn + threshold and x"_~ < MAX , And if x"_,
> Max or x"_, > do"_t , then Max = x"_, if x" > x"_, <x"_2 and x"_, <
Max-t hreshold and x"_~ > -MAX , And if x"_, < Mn or x"_1 < do"_|I , then
Mn = x"_t where, x", x"_|, X" _2 are respectively a sanple at tinme n, a
sanple at tinme n-1 and a sanple at time n-2 of said first input signal
dcn_~ is a |low frequency conponent of g/he envel ope of the denodul ated
signal at tine n-1, Max and M n represent val ues of negative and positive
peaks of the,envel ope gf the deppdul ated signal, and threshold and MAX are
preset conse: E§ 65T, EEBN% aimed in claim14 , wherei d1Phe

threshol d and MAX are proportional to a sanpli, duration, a modul ation
i ndex or anpPhi 8 Rne-Bit dtf{%gm%ﬁ’bdhgi@ﬁéﬁd'gg'ﬁenﬁiﬁﬁé’rr‘agﬁép&é‘))ﬁmt‘?éd in

cl ai m 14  orns leat AR e .dependent on claim2, wherein said filter is
arrangedb?ghgéﬁédtﬂléggwggﬁgnﬁponent of the offset signal of the form: dc"

(1- a" NC"A(D*"”“;@W%”M-TQ_] where, dc~ is said frequency compqnent of
said input signal at tine n, dcn_~ is said frequency conponent at tinme n-1,
and a~ i s awheef 6jisiteatresidlt ohintégration aver toneesamplingl durktionAgyeteratedoby as
clainmed in any one of the preceding clains wherein the denodul at ed
baseboar thei thsymbekelementanpl ed si gnal conprise two signal conponents in

Conver ter ok PLigaRaE0n AR ar e PSR hEIFR AR 12 Fioat FAr LR bane
a1 %a sanirRgh?y ofEaasBpEar 0w Red MR SR AR AT S AGER A GHBPY o G
{1 ter it S aain USR8 Rirekof o PP ORHaR G 24 Won 280 °

si gnal i nidiectat theefreduencyraffpetnDatapSlicert61F ist bsed iplig.6itgredapiivelywtnaclei n t he
filter is arranged to have a bandw dth which decreases as a function of
tine. .Alhelow freqyenpgy signah@mg A cas D¢ which isadsed as éhethrgshald level for
. Asr . A#6\MP?AKzt o] e ZU] caV] ca] ca‘LcakcaJﬁia_\/j ca'l‘éa c”al.caV] caV] ca] ca] caV] ca] caV
] ca] caV] %égl{;qvgggccare@@r@gﬂrcg? aT e f@q & ure Afcthe data slicer 614 is

shown in Fig. 7. The difference between the data slicer of Fig. 4 and 7 is that the

data slicer 614 further comprises a reset sighal generator 710 which is used to

detect the start of data transmission and generate a reset signal to initiate the
adaptive IIR filter coefficient generator 412, tracker 410 and adaptive IIR filter
411. In order to allow the receiver to operate properly in a burst mode
communication system, it is important to determine when the burst data
transmission starts. The reset signal generator 710 includes a simple LPF filter
which is used to calculate the average value of the signal power output c,from
the demodulator 631. Fig. 8 shows the flow chart of the operation of the data
slicer 614 of Fig. 6. Prior to the start of data transmission, the parameters
a, Max,Min, dcand d are reset to pre-defined initialization values, in which

parameter d is the output of the simple LPF filter of the reset signal generator
710. Then, the signal power ¢, from the demodulator 631 is low-pass filtered by
the reset signal generator 710 to provide an averaged output

d,=od, +(1-0),, where the value of o is application dependent, and in the

present embodiment it is a constant in the range of (0,1).
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The bandwidth of the adaptive IIR filter is reduced gradually by adjusting the

coefficient «, in the coefficient of adaptive IIR filter generator 412. The coefficient

a, is reduced as a function of time, for example, a, =— 31 a, +— 1 *—1— The

32 32 256
above process is repeated as long as the differential detector is in operation. The

signal dc, is used as an input to a comparator 224 of Fig. 6 as a threshold signal.

The following rule determines logic “1" or “0" to be transmitted:

" 1, x, >dc
bn = " " 18
{0, x, <dc, (18)
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performance. The scope of the invention is not restricted to the described
embodiments. For example, a subtractor can be disposed following the slicer in
place of the comparator, for subtracting the output of the data slicer from the
demodulated signal of the demodulator and determines logic “1” or “0” depending
on whether the result of the subtracting is larger than zero or not. Alternatively,
the output from the data slicer need not be further utilized in the detector, but
may form a signal output to other circuitry.
Numerous other modifications, changes, variations, substitutions and
equivalents will therefore occur to those skilled in the art without departing from

the scope of the present invention as defined by the following claims.
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CLAIMS:

1. A differential detector comprising:

a frequency converter arranged to convert an input signal into a demodulated
baseband signal;

sampling means arranged to sample said demodulated baseband signal at a
sampling frequency to provide a sampled signal,

a demodulator arranged to demodulate the sampled signal to provide a
demodulated signal; and

frequency offset sensing means arranged to sense an envelope of the
demodulated signal to provide an offset signal indicative of a frequency offset of
the input signal.

2. A differential detector according to claim 1, wherein said sensing means
comprises:

means arranged to track the envelope of said demodulated signal from said
demodulator and provide a tracking signal; and

a filter arranged to low pass filter the tracking signal to provide the offset
signal.

3. A differential detector according to claim 2, wherein said filter is an adaptive
lIR filter.

4. A differential detector according to claim 2 or claim 3, wherein said sensing
means further comprises a filter coefficient generator

5. A differential detector according to claim 4, wherein said filter coefficient
generator reduces the filter coefficient as a function of time.

6. A differential detector according to claim 5, wherein said filter coefficient
generator adjusts the coefficient of filter according to the following:



| 109 (A | 10%& ()-:A | 10% ()-: A | 10%& ()-: #3D{A | 10%& ()-: A
| 109&' ()-:>E-F-HJ-L-R eF+/ A | 10%&' (A | 109%& ()-:A | 109 ()-: A | 10%& ()-: A
| 1098 ()-: #3D{A | 10%& ()-:R-S-U-WY-_- -eA+ A | 10%3D{A | 10%& ()-: A

| 109%& ()-:A | 10%& ()-:A | 10%& ()-:#3D{ -b-d-f-1-mo-qg-dJ+ A | 10%& ()-: A

| 1098 ()-: #3D{A | 10% ()-:A | 10%& ()-: A | 10%& ()-: A

| 109&' ()-:Q-S-y-2-|-~-eF+ A | 10%& (A {d0% ()-:A | 10%& ()-:A

31 1 1
0 =2l T o
32 32 256
wherein o, is the filter coefficient at time n, an.1 is the filter coefficient at time

a

n-1.

7. A differential detector as claimed in any one of claims 2 to 4 wherein said
filter has a bandwidth which decreases as a function of time.

8. A differential detector according to any one of the preceding claims wherein
said sensing means further comprises a reset signal generator arranged to detect
the start of input data transmission and reset the sensing means.

9. A differential detector as claimed in claim 8 wherein the generator is

arranged to detect signal power to detect the start of transmission.

10. A differential detector as claimed in claim 9 wherein the demodulator
comprises power normalizing means arranged to generate a power signal from
the sampled signal and provide a normalized demodulated signal to the

generator.

11. A differential detector as claimed in any one of claims 1 to 8 wherein the
demodulator includes power normalizing means arranged to generate a power
signal from the sampled signal and provide a normalized demodulated signal to
the sensing means.

12. A differential detector according to any one of the preceding claims,
wherein the sensing means further comprises a comparator arranged to compare
said demodulated signal with a threshold provided by the offset signal to provide

an output §igna|.
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where, x,,x,,,x,, are respectively a sample at time n, a sample at time n-1

and a sample at time n-2 of said first input signal, dcn.1 is a low frequency
component of the envelope of the demodulated signal at time n-1, Max and Min
represent values of negative and positive peaks of the envelope of the
demodulated signal, and threshold and MAX are preset constants.

15. Apparatus as claimed in claim 14 , wherein the threshold and MAX are
proportional to a sampling duration, a modulation index or amplitude of the
demodulated signal.

16. Apparatus as claimed in claim 14 or claim 15 where dependent on claim
2, wherein said filter is arranged to calculate a component of the offset signal of
the

form :  dc, =(1-a,)de,  + %"—(Max + Min)

where, dc, is said frequency component of said input signal at time n, dc,.q is
said frequency component at time n-1, and a, is a coefficient of the filter at time

n.
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a demodulator arranged to demodulate the sampled signal to provide a

demodulated signal; and

a filter arranged to filter the demodulated signal to provide a filtered signal
indicative of a frequency offset of the input signal and wherein the filter is
arranged to have a bandwidth which decreases as a function of time.



