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BACKGROUND OF THE INVENTION

Radio-communication'systems transmit of information over an air interface by
modulating the radio frequency (RF) carrier with information sources. When the

15 signal is received, the receiver attempts to extract the original information
therefrom by adopting an appropriate demodulation technique. Demodulating
digitally-modulated signals entails the use of an estimated replica of the
received carrier frequency for recovering the signal. In an ideal situation, the
transmitter generates a carrier signal that exists at some known carrier

20 frequency. The received signals are then demodulated at the receiver using
the same known frequency. However, inaccuracies in the oscillators of the
transmitter and receiver and the effect of Doppler shifting lead to carrier
frequency offsets which make this approach infeasible. If the frequency offset is
excessive and not adequately compensated, the performance of the

25 demodulator will invariably be degraded to an extent that the original

information cannot be reliably recovered.

In order to reduce the impact of frequency offset on receiver performance,
some form of carrier frequency offset compensation technique is typically
30 employed. In a well-known method, a carrier-recovery loop such as a carrier-

tracking-loop is used to recover a reference carrier for demodulation. Based on



the principle of a phase-Iocked-loop (PLL)) the carrier-tracking-Ioop
continuously tracks the received carrier phase for frequency offset
conmpensation. Al though the PLL can track out the carrier phase offset, it
shoul d be noted that carrier phase offset conpensation is not as critical
for differential 5 nodul ati on schenes sugh the Mary
Differential - Phase-Shift-Keying (MDPSK) used in the present invention. This
is because in differential nodulation tTi inornation I S E%%pded in termnms
)it
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thereby contributing to longer PLL loop delay and causing potential instability.
30  Furthermore, the PLL based technique is highly susceptible to input signal

‘amplitude fluctuation and can de'grade the overall receiver performance.



Interference (1Sl). During the Analog to Digital conversion process, the
recei ved synbols are 3 0 usually not sanpled at the optinmum points and the
resultant timng-offset will induce ISl causing performance degradati on.
Even if the sanpling process is optimal, the transmitter and receiver
clocks can drift in tinme due to a nunber,of causes such as oscillator aging
effects, and the inherent frequency inacCuracy (due to manufacturing
variation). To mtigate this potential problem a timng recovery nodule is
enpl oyed to recover the transmtted synbls so that they are 5 matched to

the transmtting clock in both. fr idnie tpefuetofof the
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accordance with the present invention, there is provided a digital radio

receiver, conprising: nmeans arranged to filter and tinmng rec vel{ a
received 5 sfiggalequehey tstirnatior teahaiqusdissadedsessed inehRarelr hHgﬁzﬁ D
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exenpl ary enbodr nmen he neans arranged to conpensate a phase offset
conpri ses: algrmi®ern-mat chi ng detector, a phase offset tracker and a
mul tiplier, wherein, the pattern-matching detector triggers the phase
of fset tracker on detecting a pattern-matching between the bit streamand a

prestored bi g nad 46§ BibibéledibRaR o¥faf reetiver ot e prigrl artiliatig:. brihaveceiyed val ue
of the signal is filtered by a matched-filter (also known as pulse shaping filter) for
enhancing the Signal-to Noise ratio (SNR) and to reduce the influence of any
50 out-of-band interference on the receiver performance. In a M-ary Differential-
Phase-Shift-Keying (MDPSK) modulation scheme such as the one used in the
present invention, filters at both the transmitter and the receiver normally
employ square-root-raised-cosine (SRRC) filters to achieve a composite
Raised-Cosine Filter characteristic. Such filters not only meet the mandatory
25  spectral mask requirement of a particular communication standard but also

allow the transmitted symbols to be recovered with negligible Inter-Symbol-

Interference (IS1).

During the Analog to Digital conversion process, the received symbols are
30 usually not sampled at the optimum points and the resultant timing-offset will
induce 18I causing performance degradation. Even if the sampling process is



15 phase offset; and the multiplier nmultiplies the detected synbol with the
average val ue of the phase offset to yield the phase offset conpensated
synbol . The pattern-matching detector conprises: a first nultiplexer, a
correlator, a peak detector, a control unit, wherein, the first nultiplexer
sel ects pre-stored preanble bits or sync,bits under control of the contro
unit; the correlator 2 0 correlates the bit streamwith the selected bits
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bits to the phase Set conpensator. 15 The 'present invention provides a
phase ofifss et offsutpongsdnsation by the warrier recoveryunedulnds dblieulidoriBi¢MeRkss to
repl ace the conventional carrier recovery unit, which is relatively conpl ex
and expensive, so as to decrease the conplexity of the receiver, and hence

reduce cost.pehto zhggbﬁéimmyg@ﬁamww HeSrémitiona inaamtier piiagdie

i nvention vviPIuenow ~way of exanple, with reference to the
acconpanyi ngoffsetdomysensationtsichemes, itiwould behighly advagiadeons de keriagg them

illustrating tBe s.trtfct%[e of a receiver of the prior art; Fig. 2 shows a
packet f or maWVtg12 YMR'G erpat(’:\éﬁ'ved by a receiver of the present

20
It would be desirable to decrease the complexity and cost of the receiver by

replacing the relatively complex and expensive conventional carrier recovery
unit with a phase offset compensator having a simpler, more cost-effective
structure.

25



10 invention; Fig. 3 schematically illustrates a first enbodi nent of a

receiver of the present invention; 15 Fig. 4 schematically illustrates an
exanple of a timng recovery loop of the receiver of Fig. 3; Fig. 5
schematically illustrates the structure of a timng error detector of the
timng recovery loop shown in Fig. 4; 20.Fig. 6 schematically illustrates
the structure of a loop filter of the timng recovery Ioop shown in Fig. 4
Fig. 7 schematically illustrates the structure of a controller of the

tining recoSEMMARY OFopHEHBMENTIONg. 4: Fig. 8 schematically illustrates

anot her exanple of a timng recovery |oop of the receiver shown in Fig. 3;
30 Fig. 9 schematically illustrates the structure of a differential

detector of | hecdr8aREY Withthe Frgséht inverioRi, theréGs prdvittest & cligita) radibust r at es

the structure of a phase-offset tracker of_.the receiver of Fig 3 Fi g.
11 schemat i cacdiver, comprisinge aans atanaad todilter agdsgglpgrrﬁg%qrca}.‘%%?\lfé{s ect gr

of the receiver, of. FEi - Ej i -
' h
per f or ma ceslﬂnatl ﬁ'go E@’@P%%ororg b@ﬁe%?)eﬂg’ﬁ?g?ﬁ\s/rea%ingﬁa J‘g:aﬁggrgl‘gé gBdI;%Ea)t ®
g?d?Lgt ! Ont $iedIf ;ogé@tdﬂl gymBalb; mhepns esrangedtio coamansatead oheserffset pf enance
system o t ' ' ~/ 4- : :
Y detected ssm%ro(la;saenrclj mleg\r/\g rf‘:\tn!acr)\rgljeg% r(‘]%coéé tIPeBBF?aKsenBﬂglefa tion scheme;

compensated symbols into bit stream.

10  In one exemplary embodiment, the means arranged to compenséte a phase
offset comprises: a pattern-matching detector, a phase offset tracker and a
multiplier, wherein, the pattern-matching detector triggers the phase offset
tracker on detecting a pattern-matching between the bit stream and a pre-
stored bit pattern; the phase offset tracker calculates an average value of the

15 phase offset; and the multiplier multiplies the detected symbol with the average
value of the phase offset to yield the phase offset compensated symbol. The
pattern-matching detector comprises: a first multiplexer, a correlator, a peak
detector, a control unit, wherein, the first multiplexer selects pre-stored
preamble bits or sync bits under control of the control unit; the correlator

20 correlates the bit stream with the selected bits and yields an output
representing the number of correlated bits; the peak detector compares the
output from the correlator with a programmable threshold and triggers the
control unit if the output is above the programmable threshold; and the control
unit outputs a preamble detect indicator to trigger the phase offset tracker and

25 controls the first multiplexer to output the selected bits to the phase offset

tracker.

In another exemplary embodiment, the means arranged to compensate
comprises: a phase-matching detector, a phase offset tracker and a multiplier,
30  wherein, the pattern-matching detector triggers the phase offset tracker on

detecting a pattern-matching between the phase offset compensated symbols



Fig. 12c depicts the bit error rate (BER) performance of the system of the
15 present invention using ~c/8-DBPSK nodul ati on schene; Fig. 13
schematically illustrates a second enbodi nent of a receiver of the present
invention; 2 o Fig. 14 schematically illustrates the structure of a

phase- mat chi ng detector of the receiver %hown in Fig. 13; and Fig. 15
schematically illustrates the structure of a sliding correlator of the
phase- mat chi ng detector shown in Fig.14. 25 DETAILED DESCRI PTI ON OF THE
PREFERRED ENBORE MENStSredi-syrniol pattaer e thase; offsal d@ckentalgyatesgai-gyerages noys

a packet fornmat of,a signal.recejwy A I i

i n\F/)enti on. N?@&ﬁﬁh?@i@g?&ﬁé thﬁ?et%%rrgélﬁglléeﬁgggﬁgé%gie ?%éggé’e ?ﬁgb?levgg? ver
al gorithms fyu afwiagentdige GRite shuye offdetdo (RBCIhe piseobifseti ctnmpenssteder y,
phaseof f set recovery and signal equalization., A_%.cgro i%ati on F?attern
(Sync) is 5symbol.iThe phese-matehing delprosGRBRMSEY: f?fﬁ WL@&P Xt APES ve
positions of He 1 Aed fi Ra%6d |y
illustrates cgrr]efaﬂé{, %@&é{%ﬁﬁ)ﬁiéﬁgnﬁgkgﬁbﬁ%&?ﬁf Flheé:%'r%éggﬂ?ﬂienven%liégdn. The
recei ved si gpalstdrelrgreambld bits o) syrec bits andér ¢ardrabdf the cagrolanitathshed 1 o

Filter 1, typically a square-rqot-raised cosine fjlter. The filter si gnal
(through | i wergjatpscenelatesoihs) F&lfspooa#& iCF‘rmP&nﬁéE?dmb‘E‘Sdﬁ the ?‘?ét%f’i oned

before, the Timno . SurhBEr bEESHMaR DIt kise peak hat
they are botb;ﬁspr%ﬁ;ggggfl%W?é}ﬁg%?gﬁgmg?t% thre transmtter cl o?k. The

Ti m ng Recouwityctbpopmpaces thet sutphtfromnthegatrelatoc with aspriegrasmableymbol rate
to a Differential 15 Detect 3 ich.pultiplies.each s [ wi

del ayedi€onjthesheld,apd itrdﬂgecrﬁé‘? 88\64}?5 LE“'EE FI?%BH#P“? f’?eg%opveer %‘gibpgﬁg}r%nrb%fﬂ?
wherein * 1 3HRPh éb?@ﬁo%h%ht s Aaireaibid aerRafRiictitof & eigger tras ween
t he adj acegﬁﬂfbrsrrﬁ%% corrgcte synbol sﬁ(t_h?%ugh_ line c). A phase o?fse_t
conpensat or phasengfsetatacket ard phatselsdhe fisst ravitiplexagta autphbthesselasted; bits

det ect ed synbogs F{ﬁ‘%grocg%g line d% which is caused by 2 o the carrier
frequency ofPdBe etQlISehEOMRERFRP shifting or the inaccuracy of the
oscillators in the transmtter and receiver. The phase offset-conpensated
synbols (through line f) are next decoded into bit streans by a Demapper 5.

A buffers whihe presepitimlenfion pravides adthasecdiset vempensaiivyiths$iBIRr t he bi t

streans from,¢the denmapper . j T f sat or
425 furt he?t"é‘gH{?r?@ggog"%ﬂé@gégg%g k@%ﬁ@re %f?ﬂﬁé@%ﬁ{aéjﬁfrgg? chi'ng

det ect or 402, FndyiicRid fel@ivety cénplesmicexperdhe, satdssiondemease the det ect or
402 detects the start of the preanble sequence of the bit stream (through

line g) froncemplexdyw@bphe reseiierpaind BEACPEIRAUGS P e bit streamwith a
pre-stored preanble bit pattern, and triggers the phase offset tracker by
an indicator (through line i); the phase offset 3 o tracker 401 cal cul ates
an average val ue of the phase offset existing in the adjacent detected
synbols and outputs the result to the nultiplier 36; and then



10 the detected synbol (through line d) is nmultiplied with the average

val ue of the phase offset (through line E) by the nultiplier 36 to yield
phase, of f set conpensated synbols (through Iine f). The pattern-nmatching
detector 402 further detects the sync word of the bit streamfromthe
demapper 5 by pattern s matching the bit. . streamw th a pre-stored sync bit
pattern, and triggers the buffer 6 by an indicator (through line j) to pass
the stored data (throu?h line h) to a higher |ayer for post-processing.
Fig. 4 scheBRIEEDESCRIPUEIN QR HHD ©Sof a tining recovery |oop of
the 1o receiver of Fig. 3. The timng recovery |loop 2 conprises an
Interpolator 8 a Timng Error Detector 9 using a Gardner algorithm a Loop
Filter 10 apggodiorhtbt Bl iddentRaswil row befdismissed, mpway af lexdmplgnaith ~( k)
(where) k represents the ktn 15 interpolation pgint), the interpolator 8
reconst r uct sefﬁwqeiﬂottéﬁélﬂm@mﬁﬁ”é!@g(;ﬂﬁ‘g‘ﬁ"@\ N WCTSY by interpolating a
fracti onﬁl interval provided by the controller 11 at an interpol ati on poi nt
bet ween mei ghboring sanpl es and output the timng corrected synbols r(n)
(where, n r ¢y esierd schdmmatic block aidgranctiystrating thenstruptierafra taebaraf toe
operates on the interpolated synbols to generate an error signal e(n) 20

t hat i ndi cafd&i®r @ffet her the recei ver sanpling clock phase is advanced or

del ayed rel ative to the opti mum sanpling point. The opti num sanpling poi nt
being one that is synchronous to the transmitter sanpling point. Since the
error si gnalFigs2 shipws @l packediannatiofapsignalireceived by autssgivies of theoptesené error
signal. In addition, the loop filter also controls the transient response
of the Pmi Agvent®n;ecovery | oop, which is described later. Finally, based
on the loop filter output, the controller 11 generates a control signal
~(k), which is known as the "fractional interval", to the interpolator.
Conpar ed t o Riga8isthematicalyniflistratepal first embpdiseenttaf @ iegeivet 6f Ere/Piasenhi que,
this 3 0 tining recovery architecture avoids the requirement of the

recei ver sad’ﬁY‘gﬁt?”cl ock at the Analog Digital Converter (ADC) (not shown in
the drawi ngs) to be 11 adjusted so as to be synchronous to the
transmtter sanpling clock. By using the interpolator to correct for timng
and fr eqgendigod fsshematically iltstratas cneexample«f g tiwing resavetyHeorotthes pl aced
before the nmatched ghlt%g 1), feedback elenments to the front-end

Anal og- t o- Di '§CEYET €bhi¥ert er for controlling the sanpling clock are 5 no

| onger required. This will not only obviate the need for a

Digital -to-Anal og converter in the feedback path but al so reduce hgg
transport (|bigpP sebemptically Wustrgigsdhe strustisa o a tispipaiet dletediengf Mecover y
design. Referrin ' f .. lj.ne b represents a conpl ex signal
with an 10 O{VQ}@QQW%??%@ I?)Q ishg%?g%ég."‘z or 4 sanpl es/synbol) that has been
filteredggy the matched filter 1. Since the timng error detector 9 (the
structure of _which will be di scusseg in detail Iatera in the.tim ng
recovery | oopid Gractermatically dwsisetes therstruiciigof @Jogp ditar of thelimng FsrPyey
rati o of the|o ts(m)ve;ﬁ H,@l eg. sanpl es are downsanpled to mr2. The
downsanpl i ng ocess (hot”" shown in the drawings) 15 is well-known in the
art and can be inplenented in several ways. For exanple, a signal can be

down sanpl ed by discarding every alternate sanples at the . match-filter

out put bef or E'Qge?tﬁqrﬁ@“?tfﬂagyﬂ'h@t%f‘?ﬁ #@l‘fg\'f rQ}E‘] %?JBTO"FW?the Iming recovery
digital -si gn H&Ew$idBid 8xi con, a "divide-by-2 deci mator” may be used for
t he domfs%rrpﬁo% pr oc‘erggl.g'lt is typically represented by a box and with a 2
0 downwar d- poi nting arrowsign and a "divide-by-2" notation in it. The

roconst  uot s Fhd Senineba isderds dhBbelRSamPle AT S ille B by o Pgnous
with the trarpéég'i\t,é,ié]gwﬁyﬁppgp gl ock. The timng error detector 9 feeds a

timng error signal to the Toop filter 10 which subsequently outputs a
filtered signal to the controller 2 5 11. The timng error signal which is

gener at ed based on t - Nt r.@j)g i : Mg rror
et veen the. Tabdl Sl Baligh B PhER R AR Ere 600 BTRRe T MRidu6t ORIRY {1
| oop achi evegesdigatyf Fiyag:e condition, the interpolator 8 generates the
timng corrected synbols that are used by the differential detector 3. 30




12 Figure 5 illustrates the structure of the Gardner Timng Error Detector
9 of the timng recovery loop in Fig. 4. The in-phase (r,(n)) and '
guadr at ur e- phase (rQn)) conponents of the conplex signal r(n) (line b in
figure 3) are fed to the upper and lower armof the timng error detector
9. The in-phase conponent (n(n)) of 5 thg conplex signal is coupled to a
del ay elenent 12 and delay elenent 13, and the output of 13 is subtracted
fromthe in-phase r,(n) resulting in a subtractor output 2b. The output 2a
of delay elenent 12 and the subtractor output 2b are multiplied by a

mul tiplier 15t el I Rl Wit h
its mrror g@ %ﬁ'ﬁxﬂ?‘ c%ﬁ%llfugﬁ E)eustl}ﬁ%d{{wy&%r% daf %‘?églééaﬁf%&gﬁo%(lﬁg | 0 the
desired tinygebigsr ¢fFigi nal e(n). The Loop Filter 10 and Controller 11 are
illustrated in Figures 6 and 7, respectively. Referring to Fig. 6, the
output of the timng error detector 9 is coupled to the respective
multipliers Aot t Aéx of

mul ti pl |§ fig aﬁpg%@%%ﬁbdrl)l g@o#%?ﬁeﬁg sctgdr:i!?ant P égﬁtiﬁ‘a'ﬁgﬂ F gférml tiplier
17. These t \ee v&daiasy ofdfigh® conputed by a systemmicro-controller in a

wel | - known manner. The output of nultiplier 18 is coupled to a first input
of an adder 19. The output of adder 19 is coupled to a delay el enent 20,
and t he out Sk f freesysesranst theput  of

t he adder gffé2?ar§§ﬁgﬁeﬂh@%’blférgm nmu t%?%R?grgﬁ%ghlggc;ésgm‘red in adder 19 with a
del ayed ver %r@@erﬂflnv*/émo?i @siag ©/2-DBRSIE nuted tgtictOschimee;out put of multiplier
17 is coupled to the first input of adder 21. The output signal from adder
19 i s sdfimed |n adder 21 with the output of nultiplier 17 to yield a | oop
filtered re f

controller gu? %6 %pmﬁﬁe{:ﬁlgerrﬁ %"%3855?%’%? %QVE%P?OUD e%lmt%fttgﬁe I nput
of an adder @-gseﬂ'hﬂvgmqiﬂfuaagsﬂmmm&lx medulatiorcscistraet coef fici ent of val ue
0.5 and outputs a control word Wn) to a nmodul o-one accumul ator 27.
Derivation of the constant coefficient is described in the paper

| nter pol atiég Hgf?-jegicisa{;he'\@flg%F FéﬂéKBIE'R") oﬁ%@c@b‘ﬁ&@é stém dfthghe 3 0O

accumnul at or 0 ohe 1 a subtractor 3 and the ot her
i nput  t Rer eobresanERYEhESH U@m@ﬂr/@lDBBSKoﬁod@Iatlsm sch@&bewhi ch del ays an out put
froma 13 decrenmenter 24 by a sanple clock. The output of subtractor 23

i's nmonitored for underflow condition by the decrenenter 24, actually

L oo GBS P RROB AN 4 LB e

sanmpling cl o?,l»'esbhglﬁ\,@m@,ﬁ,n) t he rmdul 0- one accurrul ator 27 has the

follow ng difference equation: p(n) _ [ p(n -1) - W(n -1)] nod-1 1 o Wen
the decrenenter output decreases to |less than zero, the decrenenter 24
signals g fl E‘E}e éh‘én*?atfc%ﬂ ﬂl‘&'stréie% leﬂr‘?f&ﬁfr?tcﬁra ARasOnRBhiRgEtBetor B @
fractio i hi%r'val® o conpensation tactor ~ for the interpolator 8
(Figure 4): mleét:eR(enlsh))wﬁhB Rigndtg; fanow fl ag OVF is al so signaled to the
Gardner timng error detector 9 15 to conpute the timng error signal. This
flag is also responsi ble for strobing the interpolator at near optinal
timng to yig @‘ﬁcﬁénﬁ%tﬂ%ll?stﬁﬁésdth%%’fh@t@re%'a3é1|oﬁ’fﬁg?c©ﬂii§|a$o/rr6mhé
reconstruct ed I nterpol ator based upon the fractional interval p, (k)
provi ded by phasemtcbinlgedetectorE\b@\dntlﬂ’hﬂgﬂﬁe i nterpol ator outputs 2

i nterpol at ed sanpl es per synbol as required by the timng error detector 9.
20 The i%%l enentation of interpolator 8 exactly follows the inplenentations
descri bed i npgga E@DES@RW@NEOWHE PIREFERRED &MBODIRMENT SOPTHE
Digital I\/bder ns-Part |11". The interpolator can be based on either a cubic
pol ynom al orle{EleE@aN/\n se parabolic function. In practice, the parabolic
function is preferred 2 5 over the cubic polynom al due to the ease of

i npl enentation while maintaining performance conparable wi th other

i nt er pol at or FjrstEMmbod@eakat or can be inplenented with a cubic pol ynom al
function or other interpolating functions such as |inear and piecew se

par abol i 80functions and in 14



no way do they change the operation of this radio architecture. Wile an
interpolator utilizing a |linear parabolic function is | ess conplex than
interpolators utilizing the other functions, it also suffers fromslightly
wor st performance. However, the overall BER perfornmance of the |inear
interpolator is 5 still acceptable partigularly for |ower order nodul ation.
The interpolator that gives the best BER perfornmance, while offering the

| east conpl ex i npl ement ation, uses.the piecew arabol i c cfi Hence,
the pi ecew £ Rashows aPackatiorgat ofasigalf ?%V%‘SQQ AJehHENMer Hfmtﬂé %ﬁggﬁh
practical i t feamyI0¥BHuen e tormdwha@tdsdiver gnal s. 10
Fig. 8 sche@}[e%ggﬁ ﬁtcoﬂf‘brlst%?gtsgéﬁyr%% her exarrg e of a timng recovery | oop
of the reCGla‘V@ntﬁﬂh@WﬁrAﬂtd?ngtlc Gairl 6ontrouaeda(m@ﬁ|)epntroletnrmm@mpvew,tm’asg-can

be placed after the interpol at the, t | 0o Because
thepmatched offiset choylengaraﬁllagig[ngfﬁguaigg,ﬂgneﬁ QMWCHQ%P'@% rPs@%BF’ 1 g rgf i o,
a deci mator 1$@aqdres
fromt hegl ntalj‘?ofjl'onICﬁ‘{d(])er%l tlgn‘%&? égﬁﬁﬁﬁﬁgqvﬁggﬁdé?F?ﬁLﬁg by ratio of

desired sarrpindmgayleaeoancbsdeltbnhlneaite for use by the matched filter 1. This
architecture has the advantage of supporting variable synbol-rate 20
transm ssion where a fixed sanpling rate of at |east tw ce the nmaxi num

symbol rate F*@rbﬁFeﬁéﬁ‘naﬂHélWﬁg&tFﬁeé%r@ﬂeﬁ\@odIrﬁérﬁtéﬂf LRIVERIEF 0P the ing on

t he act ual ecl mat or a may be placed right after the
i nt erpol at orm@entmrdd'\hersaewbd sigreal fitndiegh tine Bhﬁe‘trpbﬁllar@d tb@h’ﬂh&MaéCl’@d

sanpl es per s a fixed et of, fil si gned
with anl 8ver|'§'§%trn£’l Wﬁﬁaﬁﬁar%ﬁa@ -69° iagsglqpqoesggepﬁl %h%éllﬁbvéy ?'gﬁ gﬁeousl y
supporting t RedoV8ry I QEAQ nsdretioh Uhmf th
one-synbol - g}eﬂ aﬁﬁ???'}e(?gﬁﬂt"ubg tédate'{lg(ﬁ:l;ﬁg} 3 of ryt he&recel ver | neFl ore e

i nput ~ (t hr ouBimihg nﬂeaoyemuuarmmew@f&ma EgceiacosabIsise fhakmeyfarsrﬁqthe 3 0

output of the timng.recover I

output of  REASEANGHEGYERCY Pﬁaé&}egjnfo t&% gaﬁm §0%‘F’§%2F‘§3§@5§t%@6" prior
to the conpl Edoﬂ'ddt;@dltb%e%ﬁ\ln%'ébﬁe@wdmémﬂébramgmbloi rete dd ai Bifferential
differential detector output 10 schematically illustrates the

st ruct urles of Detgsiters® whichseulitipligs I@éﬁhﬂmb&‘ Wit 2 AelRY_E-coBIUZaRAVErSHIN phase

ffset t h
Bif1erenti ol Eraer el CERIERET S, PhERR - PleK BRIuGRE DG RBA1E
in which c(tio détest ﬂHd‘étﬁéﬁﬂlﬁéferﬁﬁtmmdnskhgldjaomt hmungaccprae(bied siyorbrods
shown in Fig. 2, e~"Tis onst ant se offset in t?fotgg
Synbol 5. 10 ERIGyGn e e ARNa%e SHRELEO MR BEID * SomPRRS S LES BRRSE TR
existing in Q%%ﬁ% {Hégné§ Qﬂﬁgdét%c?eor ArabbBqtHrEhigh hM@UWH’@k@Scddsed by

difficult to’es elts However’, after the delay and conjuga
oper at i arp i ntheneardief freqaehcyabffsﬁtc&tet tmrthe Dmmdelr mﬁln'g)rrihamacmur%@to he is

ted int t h ff 5
Compensat i onoRGIEEr gt REdranaraienang reesver, Mol okt SofiotiSard ™
operation isg ﬁ'l'bt)%r{fﬁr‘e%ugﬂ Iﬁe%ﬁ@he)ﬁtﬂlfe@@@a ihfo'it Q)eé?ﬁs@y@ﬂb r@p@y at or

27' . The outp onpl ex conjugate operator 27' is del aye %( a del ay
el ement 28 abdffes6mhich wpmjlvatarRan AN Aesess M,ergﬂaa (RAM) stores thexpitch i s

e oL, B B8 s e Yo ke et o

mul tipl exer 3grtisd qsrhprideea paégé offeet sacgkeal40d( a)pa%uemmmhggadqmeaanuoa/ sync
word input fromthe pattern-matching detector 402 whi ch ﬁJ@Ab ?esc&g&
in detail |ated)a Mlnlﬁé35uwb§fe'ﬁ ibe natter ﬁa%fé s 90@6(’@4@ g the s

the 2 5 Auto ht T
, Whi ch scal g)gttl?%g%rawgo ghcééﬁ% ?fz[“g %15[031 e IME %\lf':dmtt?léealéh?t to an
average val ug Mgﬂéﬁé@f m&&hlﬁgémsstreamTwuth A@e(smtedsmembllmblt Ipettdrmvamigs)
can be handl ed both in the anal og and digital domain.

be i npl ement 4HIESF sahemasmffsshtr%kq@bya@m'wte@@hmh 'PPébJEﬁ&WSQrP&%& er
30 pl aceg Pb efilckel 061 23R Pstel Andivirs e vARBYGthE bhbSe RFRBEEX¥tISE M el Ne

si gnal
adjacent detected symbols and outputs the result to the multiplier 36; and then



16 conversion. In the average val ue operator 30', the multiplier output
e-'""Tis scaled by a real value ~i in a multiplier 31, and summed 32 with
its previous sanple froma delay unit 34, scaled by (1-~3) in a nultiplier
33. The average val ue of the constant phase offset, E, which is generated
by the phase offset 5 tracker 401, conpepgates the incomng signal d (i.e.
the signal c(t) e~~f ) for the initial large carrier frequency offset. The

d si | E i ixed with the j ing. si gl d b I
i L1 pl e 316 detestestinymbal (hauandne<bis BHBIRUICNS BEIROP VNR.O| Wp i s
d [ b : elo} i { h
adapt | ve bogause g ANFIARSINAEYS, BRPFRNRIEPSS 1§ JRid PHaké uimel st s the

out put signg any varying fre oftset Ow (drift) in the
i nconi ng si gaalpehsatsll §pabolsdtiveugetine f dinetEatterhineatetingydetpptop gbitat e

Gt oy e dedraiielSeiedbesyne ool det BitFhean Irambe denethas By Btigh"t o
any subs q“?ﬁétcﬁﬂ{gfthgrbnf ét?%fﬁ%% Qghi-%to%&%yﬁé Bt gafiteth @nderiRgERy theFor short
p ofts C 1 hol

packet |ength, ase et tr er 4017 can d the average 15 value E
at the appr auffeaepy ans iraditatos (through lafet o pass fheastoras date (throygkdineris
converged to sone, vaJ ue. . This, process can be achi eved by detecting a steady
state condi ttP&highet ebtﬁrpﬂﬂSt'séc?%éS@.g'kbre, t he phase of fset tracker 401

enpl oys a weighting on the current and 2 0 previous sanples as illustrated
by the foll ow ng expression for cal culating the average val ue of the
const ant phaiig. 4Etkematigally ilustrates an gxapmple et 4 tinpingrreraveny 19ep sbeski | | ed

in the art can deriye. variations of t echai § N4 Ng
nul ti st afe J8SPVaE Pt\;ﬁ'gog' ige\xmp%irﬁcq\f%%Loaorcpggggﬁﬁégrggggﬁ\?%realaﬁg'ergxarrpl e)
a larger i Pi'ﬂhﬁh%ﬁﬂdﬂfbétécfdr orinl hGardner Rritimcalvep Fitere! Mand lai gher
variance wt espect to the actual frequency offset. Asmaller (i, after

the | oop con@enigelter 1.1 ows the tracking of the frequency offset with a
smal l er variance relative to the actual frequency offset. 30 17 An
alternative nethod of calculating the average value allows a variation in

the inpl e”E”Béééd)BnQaffebﬂBa@lh@éﬁtr@lfé‘cﬁﬁgnélr;ﬁ(k}(?ﬂhé#@lk rdvesentertaedion of the
phase of fset tracker output is given by L-1 5 E; , r=71o0.in i ch)

=€, ~L
the val us of interpolationpiaint) tthe irtgreplator Byegoastarts theyfitered farepias fbwoug
enpirically. 10 Accordin r.nat:i X
conj ugate opHi&P ¥1'thfpag?¢'§r%ﬂgc@gﬁ%i’ﬁ%&ﬁﬁ%%%m%? grc])tfrélpﬁeﬂg%pr%?ex
conj ugat e Oppk@bhelatidh pdit itvaraheiyhisoritgl samsiee rmdtodButathe tinsingul ti pl i ed
with a reference signal delayed by a delay el enent 29 by a gp | ex
mul ti plier 3corraetedsymuals r(e) (Whergun regresestmiestelogl Skk). T g{%mggg B he

average valu : j j L B8 Widnal &
i ncom ng si gﬁgﬁ&g&aﬁée%g?rsp?g?’? Y %ﬁtgg s%@b?(l)sg(ﬁ%e&%ggﬁa%ﬁasé ogHa se
corr ect ey si gralindicitesavgirastheaetbiver sampling ckickphiasd i$ edvameed ai t i al
| arge carrier frequency offset.  The Ieng{]h L aLf cts tt he accurﬁlci of .t he
frequency of fglayed GalgtiMe 49 thshoplpuEy Sarppling Rain uﬁ}fo% M $ORINAPPER, |
coul d be choggp | shdPfhat (syrichPbrody o' he tPARATRELsSRBIRIIEEML. Since the error
signal is typically noisy, Loop filter 10 is used to smooth the error signal. In
addition, the loop filter also controls the transient response of the timing
25  recovery loop, which is described later. Finally, based on the loop filter output,

the controller 11 generates a control signal u(k), which is known as the

“fractional interval”, to the interpolator.

Compared to traditional non-interpolation based timing recovery technique, this
30  timing recovery architecture avoids the requirement of the receiver sampling
clock at the Analog Digital Converter (ADC) (not shown in the drawings) to be



20 Fig. 11 schematically illustrates the structure of a pattern-matching
detector 402 of the receiver of Fig. 3. The nultiplexer 40a receives a
control signal fromthe control unit 42 to output a signal x, which carries
either the locally stored Preanble Bits 38a or the Sync Bits 39a, to a code
mat ched correlator 37. The 25 control uni{ 42 also controls a nultiplexer
40b to select either the locally stored Preanble Synbols 38b or the Sync

Synbol s 39b. The output | of the nultipl exer 4QR is used b %h nul tipl exer
35 in the pleiusted soas torhggEIchoNoYio thedeansH! %%ar@af%ﬁ?é& i@)ﬁ.“s'”gls The

correl at or ﬁ%ﬁ{%ﬁ%ggo ke tbr B RSN reLOBNLEHEGTERRR Ghe Mattch8d riter

sel ected bit a, an ut put's € nunpber of the correlated

bits to a pgRitelgiRehenD is flaced teforddhe cnatchedd fittembafeadhaok elemests tor om
the correlator 37 with a progranmable threshold th . |f the.nunber of the
correl ated 3heifiontiendAvaledtedigital GRAMAHSN érPHPEQWBQ dhe gampfiRg re
detector _41 tri 18 C i ;

it catop i 15t RSB SRt Bl Bl e ey dbligtepRiedYop aTRORARCIRAERS. 401
and the buf feynvejter isthecfeedbagk patheryt alswleaduserthe dtansportti{poppderay indhet 42,

the mul tiplexer 40a selects the 10 preanble bit .pattern 38a and outputs it
to the corréVB‘P@”e??‘;’aE’h %P?%ﬁd}i?'ﬁﬁ‘%'?cag?@cd%s'fme nunber of correl ated

bits between the bit streamfromthe demapper 5 and the prestored preanble
bits 38a and outputs this nunber to the peak detector 41. The peak detector
41 detects vRefertimgagaimtterfiguse 4hbve btrepresenty aconiplex signgbwish@nth , and

tri th trol It 42t t put 15 | e detect  kndi It
Lhe. phadé of peesRample st o ot ng nipesPrBBTTNE 4 Bikn i ohe, e
synbol s 1. F&gg&f?g fidpen 1S1i]ﬁkﬂéjﬁfe A Sorcdetbbidr 9QtH Strudtlied ofwhichill be

mul ti pl exer ects the sync bit" pattern 39a and outputs it to the
correl at or 3disctiseedciordethihtater) 37 thietimingsrecoeernylobp 2 renuiree 2ERMRIEAREI bi t s

nunber o DDRAKOGRSARD e sampiTa R eRB uslehTidy S 84 Dy "R

hunber i s abgygnédepRiQ AEREPhE dovneahpliigtprocessh@opshdwr ¢ e drawifgs)
triggers the controP unit 42 to output a franme detect indicator j to the

buf fer @9 ndisoseli-hgowhdn fhesartiand e be iyplemited 87 sevrrabyry®r BAr B¥@PIE: om
e Pl o e S s IE] o BTGP G s Atheee
&atlh%rzaf i Eal _ﬁ&ﬁ-ﬁ&é{‘%@tbggﬁgfgre ?Bﬁi@h@h&fmh@&e@d@y%@pﬂawi@@l:@gmlor i s
gk-1 pN-i-1 1] (
processing lexicon, a “divide-by-2 decimator” may be used for the
downsampling process. It is typically represented by a box and with a
20 downward-pointing arrow-sign and a “divide-by-2" notation in it. The
interpolator 8, fed with control signal p(k) by the controller 11, reconstructs the
samples so that the receiver sampling phase is synchronous with the
transmitting symbol clock. The timing error detector 9 feeds a timing error signal
to fhe loop filter 10 which subsequently outputs a filtered signal to the controller
25  11. The timing error signal which is generated based on the interpolated signals
represents the timing error between the received sampling clock and the
transmitted clock. When the loop achieves steady state condition, the
interpolator 8 generates the timing corrected symbols that are used by the
differential detector 3.

30



19 where P is the selected preanble or sync bit pattern with length N, g is
the decoded bit streamfromthe demapper 5 and CK is the nunber of
correlated bits at time K 5 As nentioned previously, the phase offset
tracker 401 works in parallel with the transm ssion of the preanble
sequence. |t should be noted that the opgsation of the phase offset tracker
401 may still continue in a decision directed node even after the

t f th b d th d Al t t
ContTol 31 gRigured ﬁn@?ft%aam%ﬁf‘?ﬁawgf e GatSier g RS Difeondid et or e
the start %ﬁ.ﬁ@r%aé e th@ﬁg 4IRS - ﬁéﬁ‘(n(ﬂ'ﬁ'a%drcﬁ.l%dréﬁlréibhﬁgé@fq(ﬁﬁvl ngs

as it allo used. he assertion the control signal
to halt conpohgionents sf theasinmplepsigrai nid (Iye b Mflgmet@raferfﬁd daithryugeeect or

pat ter . mat @RIGWE 0BKASER ITAD B17or SEISCH § 01 P ey Dar S AR AL
pre-stored § ?P{@%ngﬁeﬁgphsr 8:coublelf {0l 38R APy SraRFaPBRMERNS, ind

si gnal set tra to freeze the operation. Fi 12a,
12b and 12Cth@@nﬁmttlofeISMsdebtractedkfeomlthem—pbasea(ré resmnmgmaafwbnﬁﬁ s 20 of

3. DlpsK a3t T et 46" HBPUSRBRA A7 00 CEURY 2o S P RAL A on

paraneters %Gvgﬁ%@bg%cﬂﬁﬁh Ql”IS"Eb ViR Risutotihethaltipécoldpaf 2c is

Speci fication raté is 4MBaud and the frequenc offset of
150kHz i s prswmmedlvmth ihennurouinmgenﬂowesanm) eutgut 3d byan agder 6o pOYSLI son
of the BER p e .curves derg&e trat es that the discl osed technl ques

successfdl Iﬁ qqsgsag'n?'ﬂgeéfﬂféa arge frequency offset. 3 o Second

Enbodi ment 20 Fig. 13 schematically illustrates a second enbodi nent of a
recei ver of the present invention. As shown in Fig. t he second
enbodi ment G6Fhe heop &dtervidr anch Slontrelieral hﬁf%ﬁléltfa’iﬂdtléflg.Uf’B&E; and¥ering a

d h f dule 2
For recover [rapeRBa I Repmincciogh: 8t BRE Rl Sfine g <R BT 4i800 " 2
differential %ﬁilé‘&i&fh@ré‘s%cmé riitflert 7 ander® duloabiimegrdlecdnistan 2 is

corrected sy hase of fset conpensator 4 for conﬁensatl ng@t he phase

oHset &% s'f(ap@ladrtOtmElltlnhﬁilg‘rﬂJéﬂﬂr?dogét%@@@@%?hﬁfﬂﬂssam I 3pRIeGdes a phase
4 )
butfer 6 or ettens?, RASKEEEBVEPRELaHEr Cl byt 8 BisRrHibicRedrtqlP:

conpensat or ih R}likndNFRPRAReR THe outpabef maltidier dausaccbmmeu e firsf ihput 6f The
di fference between the first and second enbodi nents of the recej veret%f t he

present i nveaniadder §9tﬁbe potputiodadger 1 fds G@Wﬂﬁﬁé‘? a dalay element il AnddNgr t he

phase- mat chi n
pattern mat cﬂ%‘?g'?ég eIéQ%bEén %‘ﬁlf faé(;eéoéo g‘% ?%e%\?'vﬁgh gﬂp%fe[bé%?d%gggtl on.
Fig. 14 Z&Fheﬂfﬁéls@idlﬁdm hustiplier €8 i samshed at adderof9 withedelayed vhisien of

mul £ plexer IosiBaGrYBang dela 26 The gt of BTNt 21t pofioritp 18 iy
output a sig utbf\ggaghzg&gﬁéeﬁﬂlkgg%ll@rbﬁa Laga 19/isSSpRRddnA aaakl 81syitpol s

38b or the sync sy Is output to a sliding correl ator
37b and the fHemeetpot bEatultipliec Kérto4dd aTihep dilierad resutiz(n)he nul ti pl exer 40b
is used by the multiplexer 35 in the phase offset tracker 401 for 25 phase
of f set corrpensatl on. The sliding correlator 37b correlates the synbols f

fromthe, of i1 at%@@%@ﬂb@&rﬁ’erﬂ"df thé Ben&6ller #heduIs YN OTtse Bp filter39b,

and out pu s t € nunber of correlated bits to a geak detector 41. The peak
detector 41 ootgpdzés) |srwustedrmmampubaf anadgder d2nphe sdeer a2 sEms7ANMMth a

F ng[)??;‘riglnﬁﬁtﬁhor@s?ﬂﬁ %F]cderetl ff vtaﬁl.ﬁe 8%"%&5 Qéaﬁtgea &SHtFonl\A%rSQNm)tté d s above
modulo-one accumulator 27. Derivation of the constant coefficient is described
in the paper “Interpolation in Digital Modems-Part II” by Lars Erup et al. In the
30 accumulator 27, W(n) is fed to one input of a subtractor 23, and the other input
thereof is coupled to an output of register 25 which delays an output from a



detector 41 triggers the control unit 42 to output a preanble detect
indicator i or frame detect indicator j to the phase offset tracker 401 and
the buffer 6, respectively. 5 Wen, under control of the control unit 42,
the nultipl exer 40b selects the preanble synbols 38b and outputs it to the
sliding correlator 37b) the sliding correkator 37b detects the nunber of
correlated bits between the phase-offset conpensated synbols f fromthe

h ff 4 and th | s 38
Ot put 5t i lootRDBRIEF @ 62 SEIPIGIBK: She #utpuHeS SUBAREk At deqHRrad for
detects thal, RendyIBREiibA HRAYYECREBRES 2ATHR AR Liheahel(tddulo-oRe

triggers th&qg unit 0 output a preanble detect indicator | to the
phase of f setcouhtsrk ahickidedredsesan nytputdrqm dise aubtradtot B3. pr eanbl e/ sync
synbols |. However) when, under control of the control unit 42, the

mul ti pl exer 40b selects the sync synbols 39b and outputs it to the sliding

correl ator : t I i 885 0the3y PsAta élohRQichd%t}f(h of the
correl ated gﬁ%s'g@%%vé@r? @ga{sgﬂlﬁlgﬁgggiérom ﬁbe érbrypehgrg‘% or 4 and the)

prestored syhe ryddiotche3&dicumuaatori2iubas the followingedifferenceeqi@dirndet ect or 41.
When the peak detector 41 detects that the nunber is above the programuable

threshold th , it triggers the control unit 42 to output a frane detect
indicator j to the buffer 6 indicating the 20 position of a sync word of

the buffered data f for the,hig Lavey posfipacessi ng. Fig. 15
schematically illustrates t%@bs?%nctﬁre c()f éﬂ]sl iding correlator of the

phase- mat chi ng detector which i | -known, i,n the art a i 25
descri bdd i nV\&@naé‘P 4%(%‘?‘9??% %@Q‘iﬁa §a%@rlFB%&q&qrﬂen%b@%%gg%gﬁ%nt s
al so i ncl udeg; | ZRIF tSHEBN8S| sighhlNfHer5v 261t egin-EdmpUting Beci si on
Feedback Equsé{pﬁazlgﬁwﬁé%a. The equal i %er IS in posi tior? EA ig F?%ur es 3 and
13. 30 22 fractidriz inteplat oecompeosation factor 1utar ithe interpelator BdF@vre dyinal c,
the signal fromthe output of the timng recovery |oop 2 passes through the
equalizer prior Differential Detector 3. The equalizer can have two

addi ti onal nodes of operation. |n ondkiodé*ize, equal i zer operates as a
synbol - spaced equali zer

The underflow flag OVF is also signaled to the Gardner timing error detector 9
15 to compute the timing error signal. This flag is also responsible for strobing the
interpolator at near optimal timing to yield the timing corrected symbols which
are the symbols reconstructed by the interpolator based upon the fractional
interval (k) provided by the controller 11. Note that the interpolator outputs 2
interpolated samples per symbol as required by the timing error detector 9.
20
The implementation of interpolator 8 exactly follows the implementations
described in the papers by Lars Erup et al. entitled “Interpolation in Digital
Modems-Part 1I”. The interpolator can be based on either a cubic polynomial or
a piecewise parabolic function. In practice, the parabolic function is preferred
25  over the cubic polynomial due to the ease of implementation while maintaining

performance comparable with other interpolators.

The interpolator can be implemented with a cubic polynomial function or other

interpolating functions such as linear and piecewise parabolic functions and in



5 (SSE) and in another node the equalizer operates as a fractional spaced
equal i zer (FSE). The SSE nekes use of the recovered synbol fromthe Timng
Recovery Loop, that is, it operates on sanples taken synbol -space apart. On
the other hand, the FSE does not operate on sanples that are synbol -spaced
apart, but rather a fraction of a synbol 1gPace apart, e.qg. hal f - synbol
space. 10 Therefore it nakes use of both interpol ated output sanples

provi ded per symbol span by the Timng Recovery Loop he ceivers

descri bed i motwey dodhey eherar thenereratiqp of s 6@%@5&%%@@- g’@%‘ﬁ? 23 Linear
Equal i zers (LE [ Si | ; Eanhacation 15 of
the equali Zgﬁh&@@@@g@%@%ﬁ‘a?ﬁ |33%§@§A§%§%m80r t he

i npl enent at iygarpdlatore atiiding eie other riatignenit sispreffers fiohe skighglyavofst om t he

Syrhol SpaceTETance Hpwewss dae YSEIER PR O BANGR of Ao NGAT MREPRtRlgs
synbol spac@ereanances. ] er
5. 20 I ndustg.i.al | i ' | | I | ksgl osure
can be uged 'l%?ng%g!ﬁc?%ﬁ@lqggk@@@ﬁﬁ?%ﬁgﬁg%@%omg%kllﬁe)[ﬁfedyvl\%ogw%jses a
di f f er ent i algigkad et issstBER genfocubaté, omhilcToffe frey thexleast @smplexCPM ar e t he

G-FSK and SK nodul ati on schﬁ]rres_ used in B\IBu]etfoot{] ar]_q GSMrr]esFect l.vely. 30
23 The propdB@ienesiationr usasiie Rigeewise RATaBRIICIURLINY HRNCE, NG MSGEWISE | ot

{ransni Ssi orh S5 RIMARAbN WIPRAEIEd MYEPSIhoR RehdFBNS 9 Bid e PRnp @ikt v o1
of the present ‘Tnvention utilizes the transm ssion of a preanble 5 and/or
synchr oni zateéspeciaty feniowestord@emedalatiopfsignals.t r ansni ssi on. One appl i cation
is in the inplenmentation of a receiver conformng to Bl uetooth Medi um Hi gh
Rat e Dr aft Specification VO.5. In Bluetooth H gh Rate Draft Specification
V0.5, an 8 sygbgl ﬁﬁ’ﬂ‘@ Sitpste herfexatnple e attirfingwetoeryGodp okthe
constitutes %Ig?tg Sgﬁét eI %‘?yegr@rbl e. g%d%h synbolrss synchr_cr)]gi zat i orz se%uence
receiver shown in Fig. 3. In this example, the matched filter 1 can be placed

after the interpolator 8 of the timing recovery loop 2. Because the matched filter
1 is digitally designed with a fixed oversampling ratio, a decimator 1a is

15 introduced to downsample the interpolated samples from the interpolator 8 to a
desired oversampling ratio defined by ratio of desired sampling rate and symbol

rate for use by the matched filter 1.

This architecture has the advantage of supporting variable symbol-rate

20 transmission where a fixed sampling rate of at least twice the maximum symbol
rate is chosen during the analog to digital conversion. Depending on the actual
symbol rate, the decimator 1a may be placed right after the interpolator 8 to
down-sample the number of interpolated samples to 2 samples per symbol.
Thus a fixed set of filter coefficients can be designed with an over-sampling

25  ratio of 2 samples per symbol while simultaneously supporting multipie symbol-

rate transmission.

Figure 9 shows the one-symbol-delay differential detector 3 of the receiver in
Fig. 3. The input (through line c) to the differential detector is taken from the
30  output of the timing recovery loop at the symbol rate. A sample at the output of



precedes the preanble sequence. In Bluetooth Medium Rate Draft
Specification V0.5, a 16 synbol synchroni zati on sequence precedes the
payl oad. 15 The descri bed enbodi nents are al so very advantageous in | ow
cost, |ow power consunption wi reless personal area network applications.
The described enbodi nents are al so very agvantageous in Tine Division
Mul tiple access (TDMA) or Tine Division pl ex (TDD) conmunications 2 0

systens that operate on burst de where fast carrier._a isition is
mandat ory f &he Belayetd éHerPnived %Dby @anj\;@at@_qqqufoi_ZSApHpbgco[%p qo&r&@gxr ecei ver,

conpri si ng: iblidreJd’ it HPSUGIERAY 8Y IsN8 dITRAE A detsstotiput.ecover a
received si éﬁualpbltl%e%d B?%%Eg’gﬁittl'@m ngd correzzt ed synbols; a di ffetr@ent I al
detector arranged to differentially detect the timng corrected synbols to

i de det ect nbol s; ,ph ffget ' t
Conpensat o o 10 pHBata Bl st En D el Sap BoCs RBrE EeL PO e
of f set cemne RENRUTEROA PartisThhhse sirepdbRpemeals 4aLIMmNgespreeecade t he
phase of fset conpensated synbols into bit streans. 2. A digital radio

recei ver accsigrilra symbol sdtenfrom dive Pifferential Detestoy 8 Wiiigihis Mathepratiady
Becording + qeBrasemad asieners « Havieass opAultetTiab Aetdlkh Sibghait T
Ul C1 pi i or , PAFGELIGTIEBGNONE 9. chaint 2 b dorderonass Aisehin et o

the bt strdaamoete SF0EEr e i "pattern; the phase of fset tracker -
cal cul attjges an average val ue of the phase offset; and the multiplier

nul tiplies the detected synbols with the average valye of the 25 Qase
of fset to yiRtier tortbe stifferentiakdatectos Sptesphase efstin’s . - @.“Snglrb‘i‘?'aﬁ PERE o

recei ver accgqrdi t o cl.ad mQﬁF ' . ' ﬁgﬁprises: a
phase- mat chi det?i@g e'%taofqtgféﬁ%ﬂ?é@é 0 I<feHs feﬁatk? géoﬁﬁ&%gzg%gﬂﬁnﬁl ﬁ%l%laer , 30

wher ei n, However, after the delay and conjugate operation in the differential detector 3,

JawT

the running phase offset ¢/°“ is converted into a constant phase offset e

15 and therefore, the compensation is performed relatively easily.

The complex conjugate operation is performed on a symbol (through line d) by
a conjugate operator 27’. The output of the complex conjugate operator 27" is
delayed by a delay element 28 and is multiplied with a reference signal c(z),

20  which is selected by a multiplexer 35 and then delayed by a delay element 29,

in a complex multiplier 30, to yield an output |c(t)|2e"fA“’T. , wherein the

multiplexer 35 selects the reference signal c(t) from among a preamble/sync
word input from the pattern-matching detector 402 (which will be described in
detail later) and the output f of the phase offset compensator 4. Due to the

25  Automatic Gain Control (AGC) adjustment on the output [c(t)|2e'fA“’T , which

scales the signal to a normalized amplitude of ONE, the input to an average

value operator 30’ becomes e™**" . AGC (not shown in the drawings) can be
handled both in the analog and digital domain. For example, it may be
implemented by a combination of RF and analog(lower frequency) amplifier

30 placed before the analog-to-digital converter to properly scale the signal for



25 the phase-matching detector is arranged to trigger the phase offset
tracker upon detecting a pattern-matchi ng between the phase offset
conpensat ed synbols and a pre-stored synbol pattern; the phase offset
tracker is arranged to cal cul ate an average val ue of the phase 5 offset;
and the multiplier is arranged to rrultiphg the detected synbols with the
average val ue of the phase offset to yie t he phase of fset conpensated
synbols. 5. A digital radio receiver according to claim3, where|n the

pat t er n- mat cunvgrdian.dit thet averageryaiueceperatari30stthenmyltiplienadputae ¢or rigl at or |

a peak detector), a contyol unit, wherein, the first ti.pl.ex LS. arranged
to sel ect pr%ﬂ!‘ﬁ)l%ﬁ%a rS?L‘éﬁjrB?B Bid @uﬁw?'%ﬁ&’ #iq §UWH3)%({%%5‘H{P}'§§ S%V'qq’?’e
control unitg, re I tiSa 4@ Qar. | with
the sel ecte ar?f@g fan al@%}?&f‘ﬁé‘h%ﬁ*?%ﬁ"& ¢1g%)?@sa{eﬁ]ltu?&§e]t; Eg Jﬁh%bagtrafo

correl ated bjdige of the ceadtacigiresecsffset, By whichds generadeg by dhe pbasetgiiset f r om
the correlator with a threshold and trigger the control  unit ifjA'gDpe out put
i s above 5t hetrackes4Rdl dompsasates theingamingisignal § Ger dng slgnab chueput) or

mbl e detect jndicator to tri h ffset t trol
Phe Tirat mineiipliakaion 6t fisAUENEY oS BA CoretBasia Fr e HRRCAVEN 1 cot

tracker. 6. fedh®nilo S beatorsieaFatisiciag @ FbaLes & pheeteatt he

pat t er n- mat chi'ng ri ses. mul tipl exes, 'a second
mul ti pl exes, cémpensatedtsignal & Trealoopds aclaptive hecause thie average wakieedpgrafs t he

bi 15 under CBAGaNBAI ROUBGNE GUTEHS S e 6RTGH anywandnd reaaed o

correl e t NGirll A R thd heblifing SIdfied % st Altiherhndtocan b8 Hdhidved

represeri‘tlngt € Tu correla i{s; the peak detector is arranged
to conpare tB?_a?H_FdWFaté 68Ictie of seaiigafactorl (Whieh 80détbrrisiedl traugh t ri gger

the control unit if the output is above the threshold; and

simulation study during the design process). The phase offset tracker 401 also
corrects for any subsequent carrier frequency drift encounter in the receiver.
For short packet length, the phase offset tracker 401 can hold the average

15 value E at the appropriate instant, such as after the phase offset tracker has
converged to some value. This process can be achieved by detecting a steady

state condition of the output value E.

Here, the phase offset tracker 401 employs a weighting on the current and
20 previous samples as illustrated by the following expression for calculating the

average value of the constant phase offset:

E =f%e,+(1-p)E,
Wherein, a person skilled in the art can derive variations of the technique such
25  as defining multistage adaptation of § wherein B changes progressively. For
example, a larger initial value of B results in a faster convergence but higher
variance with respect to the actual frequency offset. A smaller B, after the loop
converges, allows the tracking of the frequency offset with a smaller variance
relative to the actual frequency offset.
30



26 the control unit is arranged to output a preanble detect indicator to
trigger the phase offset tracker and controls the second nultiplexes to

sel ect a pre-stored preanble synmbol or sync synbol to output to the phase
offset tracker. 5 7. A digital radio receiver according to claim4, wherein
the phase-matching detector conprises: aqpultiplexes, a control unit, a
sliding correlator and a peak detector, wherein: the nultiplexes is

d I - d | nbol nbol d
cont ol of iAealcamehs mined o5 CARUAIES erAeIEE @NeaTON FVATBI dhag
correlator iis s aNaRdn WP 1R0bhELE s Facieh At eIhe WBRSSIGN bitridinauase

OAte syn%ol S es

of f set conpen yireld an out put repr nting the nunber of
correl ated hjffset trabkepastputistgiedrobyi s arranged to conpare the output from
the sliding correlator with a threshold and trigger the control unit if the
output is above the threshold; 15 and the control unit is arranged to

out put a preanbl,g detect indicator to trigger the phase offset tracker and
control she puit @!;zes to output the selected synbols to the phase offset
tracker. 20 8. Aodi/gital radio receiver according to claim3 or claim4,
wherein the phase offset tracker conprises: a conplex conjugate operator
arranged to conpl ex conjugate the detected synbols to provide a conjugated

symbol ; 2 Tlindnigh) 1 valld ot 0eBERAIChhER]AY of Baaverajatoi®BesBRhinka
provide a first 25 delayed synbol; a multiplexes arranged to sel ect a phase
of f set conpesmspiriedligynbol fromthe phase of fset conpensation neans or
preanbl el sync data fromthe patternmatchi ng detector to provide a selected
synbol ; a second delay unit arranged to delay the selected synbol to

provi de ;3 Seﬁzgmdﬁ% fBehaupdve ameMative méthvd! thesEomplex ddnj@gatropanatish iso
mul tiply the first “del ayed synbol with the second del ayed synbol to provide
a first prodpeforned aneampie dalThe aviteutzafdhe gompigyeeonjggats: eparatol v is age

Chaim 6, wheReuSd i SeRupiean 2D S Pt AT e RN Pkt o
a summer, a gehajelnblemeitReby Bidoﬁhpiw*MMiél@f:&OMﬁé@hmtiﬁﬂempﬁbm isecond
multiplier is arranged to multi gs%/iﬁt he first product wth a_first paraneter

to provide aacwowlaies ovridt samp ithe avgragepyalee opsraipr dhgddetgenaidtedpl v
an out pLitS fr &@n&pﬁ i Hiked wmwttﬁe fhcoming signal d by a complex multiplier 36 to

produce a phase offset corrected signal f to compensate the incoming signal d
for the initial large carrier frequency offset. The length L affects the accuracy of
the frequency offset compensation factor. For the purpose of illustration, L
could be chosen to be the length of the preamble sequences.
20
Fig. 11 schematically illustrates the structure of a pattern-matching detector 402
of the receiver of Fig. 3. The multiplexer 40a receives a contro! signal from the
control unit 42 to output a signal x, which carries either the locally stored
Preamble Bits 38a or the Sync Bits 393, to a code matched correlator 37. The
25  control unit 42 also controls a multiplexer 40b to select either the locally stored
Preamble Symbols 38b or the Sync Symbols 39b. The output | of the
multiplexer 40b is used by the multiplexer 35 in the phase offset tracker 401 for

phase offset compensation.



second paranmeter to provide a third product; the delay unit is arranged to
delay the third product to provide a del ayed signal; 15 and the sumer is
arranged to sumthe second product and the del ayed signal to provide the
average value. 10. A digital radio receiver according to claim3, wherein

t he phase offset 20 tracker is arranged ?? stop cal cul ati on when the
pattern-matchi ng detector detects the pattern-matching between the bit
streanl phase of fset conpensated synbols and the pre-stored syng rd. 11. A
di gi tal radilhe eyeglatar Hcewraldleg tg@ biti streans g fram the demspper §f>i wigh ﬁ%buf fer 25
arranged to buffer. the, bi r ' in
post processi":‘r?ge.cm_'[‘i.bh,&’a&‘%&]i'1 Pé% o(r?a iOgbgc@é{té\}g?q@%@ﬁb@%ﬁ?ﬁ)@%g%@ﬁwé erein

when the patg pesk Gateehornyl. deicesdak détecturrangrtpa@sdhe ecmizerfedrnena- mat chi ng
between the bit 30 streamand the p bits, the_control, unjt of

re-store ,
t he patt er n-GRiteltopg? withga (H’é@gé’é‘frﬁf‘aléﬁttglﬁsi‘og’n?%-gﬁg"ed’é‘t"@@?r pﬁﬁ]eccaqrgﬁla &5 t he
buf fer indicgafd: it ' ; A
digital Paci ebRyBRs rataRim b EHAahEld, v tnb pRaRdctecieaf Hidgertthe e s
arranged to dyHtictunitla@ tehagsutod peeimblerdetestihdidaty oo bsrdme metéat ipdiastor

of fset conpensator for the use of the codi ng ans. 14 A digital radio
recei ver acddedmghaée@ﬁéemrq@serﬁ%rmﬁﬁ\m@ﬁ%r@smeféw% ching detector is

arranged to detect a pattern-nmatching between the phase 1 o offset
conpensat ed synbols and the pre-stored sync synbols, the control unit of

t he phase- mathehi, ngddetenttalrof the pabisolamit42dhdendtiplexed#@aselectothene buf f er
i ndicating the position of sync, wor d O.F the buffere A digital

radi o rédei vl@ﬁeaaz,t&%ﬂoéiie?ét%%éﬁzﬂ% QUIPYRF 19 et%re}l?qO{ g?? t acé?{%aﬂ% g 15
{gcg‘r’g\r/: gg ][r??ttggtrsg@g?glnn;lﬁiﬁso;facgr]?lét% s FEMWBEN tRe bitlstrebnt frend #eei ved si gnal
demapper 5 and the prestored preamble bits 38a and outputs this number to
the peak detector 41. The peak detector 41 detects when the number is above
the programmable threshold ¢4, and triggers the control unit 42 to output a
15 preamble detect indicator i to the phase offset tracker 401 indicating the
presence of the preamble/sync symbols |. However, when, under control of the
control unit 42, the multiplexer 40a selects the sync bit pattern 39a and outputs
it to the correlator 37, the correlator 37 detects the number of the correlated bits
between the bit stream and the prestored sync bits 39a and outputs this
20 number to the peak detector 41. If the peak detector 41 detects that the number
is above the programmable threshold 4, the peak detector 41 triggers the
control unit 42 to output a frame detect indicator j to the buffer 6 indicating the
position of a sync word of the buffered data from the demapper 5 for the higher
layer postprocessing.
25
The Code Matched Correlator 37 may be implemented by an exclusive-nor
operator. A mathematical representation of the output of the Code Matched

Correlator is

30 (1)



a timng recovery unit arranged to timng recover the filtered sanples to
obtain the timng corrected synbols. 20 16. A digital radio receiver
according to claim 15, wherein the timng recovery unit conprises: an
interpolator arranged to interpolate the filtered sanples and out put the
timng corrected synbols; a timng errorqdetector arranged to generate a
timng error signal dependent 2 5 upon t%e interpol ated signal; a |oop
filter arranged to snooth the timng error signal to provide a filtered
timng error signal; a controller arranged to process the filtered timng

error si gnalWﬁeﬁeqﬁisﬁn‘t% ﬁ%&talﬁ :%‘?%agrﬁg%né‘f' syt &Pﬁéﬁé}h Wlﬂ?!én@’crﬂ\l’%' gl to

i nterpol ate ‘an 0 corrected synb A digital
radi o recei icodeddridétranr drooh therdémapper 6iamd: G isf thietremipeyr @fmbrtelaﬁedg
recovering neans co rises: an interpolator arranged to interpol ate sanpl es
of the receilisptd Irﬁﬁ - and output timng corrected sanples; 5 a deci mator
arranged5to downsanpl e the timng corrected sanples into timng corrected
synbol s; "a matched filter arranged to filter the timng corrected synbols
to provide fAs tesrdidnegimrevisysly, thenphapecofisat tackecddt warksingearailel Wihéeat e a

| 0 di i
ecel ver sarpRTetGeEiond Baceaeble sartiancE. oRhi £, 5Ol BE HEBobfon of o
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signal to provi ltered timng error S|%nal a controller arranged to
process the dfténtbedtansnissign of the p@ajﬁblﬁ ansl Hetsying wordsAllemativelysegnal to

sanp! os 1013, CONtERISfana % s ok e Po s g ftkr2ant (B afth REIF < e
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and a control 2 o si generator, wherein the adder is arranged to sum
the filteredaliaws nl@chlgabngécp hraisegndha assertian ofdbeconipksignabiofialli de a

sum the subtract c : ut of the
register to gprgppf?élog i T é#c@&g%eg'{e orf 31‘;@} fr?e battdf-rishIHgPHR BBtc? WoRt
Namely, when the pattern-matching detector 402 detects the pattern-matching
15 between the bit stream from the demapper 5 and the pre-stored sync bit
pattern, it will send the above-mentioned control signal to the phase offset

tracker 401 to freeze the operation.

Fig. 12a, 12b and 12c respectively depict the bit error rate (BER) performances
20 of the system of the present invention using n/2-DBPSK modulation scheme,
n/4-DQPSK modulation scheme and 8DPSK modulation scheme. The
simulation parameters and data-packet follow the Bluetooth HighRate Draft
Specification V0.5. The symbol rate is 4MBaud and the frequency offset of
150kHz is present in the simulation.
25
In Figures 12a-12c, the c'omparison of the BER performance curves
demonstrates that the disclosed techniques successfully mitigate the effect of

large frequency offset.

30 Second Embodiment



2 5 the decrenenter is arranged to decrease the difference signal and send
an underflow signal to the control signal generator when the result reaches
zero;.the control signal generator is arranged to generate a control signal
to the interpolator on receiving the underfl ow signal. 30 19. A digital
radio receiver according to claim17, whepein the controller conprises: an
adder, a subtractor, a decrenenter, a reglster and a control signal

t wh th t the filt d_ t
geer oo Wior B Behdrselisteted BEPel e R o pLSLsRt e L
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signal . 20. gy dotfiched SALYR] adfifialehtiBndétacth al fr differbAfidlRt
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corrected synbol

further corrpﬁqr%f?‘?fbsaiwgéﬁﬁﬁhgf f@SEg*'gHﬁfﬁ? hﬁ %@f@%ﬁ”dgﬁg‘?%ge%@@@%f f set
conpensat or \ﬁﬁl&ﬁﬁgﬁgd%ﬁa%@b'&ﬁd Racker 401, B/ phse-mateHihg defetortd 02 dphase

of fset conpensated sy
. A@, . AS'> A a AdlthslieARBAR buffer 6. fARst@rmgAhemhasapffs&pcmpAnsatad ynbals Ay, Af

ré7| qu é@] X]A%l %QF%Z?,ﬂ_{’S E%]acqﬁ@%ff%ra? Eoé]dcea?f)gg’]gctgfcdae]tﬁé Ogé]ﬂ&%] calcalc
a] ca] ca] ca] C%fﬁe%} ﬁ?] afRaite Adrical salveBaltea firdtdnd second embodiments of the

5, NI L<BD] | wr ca] ca] ca] ca] ca) ca] ca] ca] ca] cat] ca] cal cal] ca] ca']‘ca] cajcalc
a] ca] ca] ca] crecebiec of the present raEotigr i thg]rasition of the demapper, an

{cal cal cal caftuiutd eLiE T Ep et TS BT A2 ARy BRI RGIE, S
S Tn 1 B BORR0 FkARG A6 A6ERs aw&aﬂm@m@%mw@ﬂémﬁmaw cal

caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] cd!s4j 7pesiten.<a>X?~ACv Dy D~DFH$JKLLLLFNOPPSUUYWV

Fig. 14 schematically illustrates the structure of a phase-matching detector of

the receiver shown in Fig. 13.

20 As shown in Fig. 14, the multiplexer 40b receives a control signal from the
control unit 42 to output a signal | which carries either the locally stored
preamble symbols 38b or the sync symbols 39b. The signal | is output to a
sliding correlator 37b and the phase offset tracker 401. The output | of the
multiplexer 40b is used by the multiplexer 35 in the phase offset tracker 401 for

25 phase offset compensation.

The sliding correlator 37b correlates the symbols f from the phase offset
compensator 4 with the selected symbols 38b or 39b, and outputs the number
of correlated bits to a peak detector 41. The peak detector 41 compares the

30 number from the sliding correlator 37b with a programmable threshold ¢4 . If the

number of the correlated bits is above the programmable threshold ¢4, the peak
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& () - SMLO%R6ptrol unit 42 to output a frame detect indicator j to the buffer & indicating the
20  position of a sync word of the buffered data f for the higher layer

postprocessing.

Fig. 15 schematically illustrates the structure of a sliding correlator of the
phase-matching detector which is well-known in the art and will not be

25 described in detail here.

The receivers described in the above embodiments also include an equalizer,
such as a Linear Equalizer (LE) or a Decision Feedback Equalizer (DFE). The
equalizer is in position EA in Figures 3 and 13.

30
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equalizer (FSE). The SSE makes use of the recovered symbol from the Timing

Recovery Loop, that is, it operates on samples taken symbol-space apart. On

the other hand, the FSE does not operate on samples that are symbol-spaced

apart, but rather a fraction of a symbol space apart, e.g.half-symbol space.

10  Therefore it makes use of both interpolated output samples provided per

symbol span by the Timing Recovery Loop.

The receivers described in the above embodiments also use of equalizers such
as Linear Equalizers (LE) or Decision Feedback Equalizers (DFE). The location
15 of the equalizer is EB as indicated in Figures 3 and 13.

For the implementation with equalizer operating on signal f, the signal from the
output of Differential Detector 3 passes through the compensator 4. The symbol
spaced data is processed by the equalizer in front of the Demapper 5.

20

Industrial application

25
'The receiver described in this disclosure can be used with a Continuous Phase
Modulation (CPM) scheme which uses a differential detector for demodulation.
Two key examples of CPM are the GFSK and GMSK modulation schemes
used in Bluetooth and GSM respectively.

30
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The receiver of the present invention utilizes the transmission of a preamble

5 and/or synchronization sequence at the start of the transmission.

One application is in the implementation of a receiver conforming to Bluetooth
Medium/High Rate Draft Specification V0.5. In Bluetooth High Rate Draft
Specification V0.5, an 8 symbol preamble sequence which is repeated over 9

10 times constitutes part of the preamble. A 16 symbols synchronization sequence
precedes the preamble sequence. In Bluetooth Medium Rate Draft
Specification V0.5, a 16 symbol synchronization sequence precedes the
payload.

15 The described embodiments are also very advantageous in low cost, low power

consumption wireless personal area network applications.

The described embodiments are also very advantageous in Time Division
Multiple access (TDMA) or Time Division Duplex (TDD) communications
20 systems that operate on burst mode where fast carrier acquisition is mandatory

for proper operation.
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5 produce tlmlng corrected symbols;
a differential detector arranged to differentially detect the timing corrected
symbols to provide detected symbols;
phase offset compensation means arranged to compensate for a phase offset
in the detected symbols to provide phase offset compensated symbols; and
10 decoding means arranged to decode the phase offset compensated symbols

into bit streams.

2. A digital radio receiver according to claim 1, wherein the received signal
comprises preamble sequences and sync sequences. |

15
3. A digital radio receiver according to claim 1, wherein the phase offset
compensation means comprises:

a pattern-matching detector, a phase offset tracker and a multiplier,
wherein,

20 the pattern-matching detector is arranged to trigger the phase offset tracker
upon detecting a pattern-matching between the bit stream and a pre-stored bit
pattern;
the phase offset tracker calculates an average value of the phase offset; and
the multiplier muitiplies the detected symbols with the average value of the

25 phase offset to yield the phase offset compensated symbols.

4. A digital radio receiver according to claim 1, wherein the compensation
means comprises:
a phase-matching detector, a phase offset tracker and a multiplier,

30 wherein,
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5. A digital radio receiver according to claim 3, wherein the pattern-matching
10 detector comprises: a first multiplexer, a correlator, a peak detector, a control

unit, wherein, |

the first multiplexer is arranged to select pre-stored preamble bits or sync bits

under control of the control unit;

the correlator is arranged to correlate the bit stream with the selected bits and
15 vyield an output representing the number of correlated bits;

the peak detector is arranged to compare the output from the correlator with a

threshold and trigger the control unit if the output is above the threshold; and

the control unit is arranged to output a preamble detect indicator to trigger the

phase offset tracker and control the first multiplexer to output the selected bits

20 to the phase offset tracker.

6. A digital radio receiver according to claim 3, wherein the pattern-matching
detector comprises: a first multiplexer, a second multiplexer, a correlator, a
peak detector, a control unit, wherein,

25 the first multiplexer is arranged to select pre-stored preamble bits or sync bits
under control of the control unit;
the correlator is arranged to correlate the bit stream with the selected bits and
yields an output representing the number of correlated bits,
the peak detector is arranged to compare the output from the correlator with a

30 threshold and trigger the control unit if the output is above the threshold; and



105 105L8Z109%& ()-!;

85109658 () -

@1096& () - S2mL0YB& () - 031096& () -' Ta?VK@H! ~! p&#10% ] & () -

#1098 () - ! p#10% 5] 5& () -fs109%6& ()-f 109%6& ()- 109%& ()- TNdef gwXMB70H
105 105LF71096& ()-!| & %#109%& ()-!& %#10%~& ()-!&

0z #10955& ()-!t&#10%a& ()- gj #n ~<MB70H!
10! t 3" 109HHE () - SH1098& () - ! k S#109%K Hk H&
<=@ 0aS40Hsy 109
10HH! 9, 2#10WEQ

10yM 10%4&' (
$nPaBaS40Hs

10%4& () - O* eaammmbonopﬁi&\qﬁ)ymb@iﬁo%u@qt)to ¢ pbesro

eRiga@@eE& () - $y

10944& ()-!110%/& ()-q X[\]~dYNCOHsy 10H 10H

5

10

15

20

25

30

7. A digital radio receiver according to claim 4, wherein the phase-matching
detector comprises:

a multiplexer, a control unit, a sliding correlator and a peak detector, wherein:
the multiplexer is arranged to select pre-stored preamble symbols or sync
symbols under control of the control unit to provide selected symbols;

the sliding correlator is arranged to correlate the selected symbols with the
phase offset compensated symbols to yield an output representing the number
of correlated bits;

the peak detector is arranged to compare the output from the sliding correlator
with a threshold and trigger the control unit if the output is above the threshold;
and

the control unit is arranged to output a preamble detect indicator to trigger the
phase offset tracker and control the multiplexer to output the selected symbols
to the phase offset tracker.

8. A digital radio receiver according to claim 3 or claim 4, wherein the phase
offset tracker comprises:

a complex conjugate operator arranged to complex conjugate the detected
symbols to provide a conjugated symbol;

a first delay unit arranged to delay the conjugated symbol to provide a first
delayed symbol;

a multiplexer arranged to select a phase offset compensated symbol from the
phase offset compensation means or preamble/sync data from the pattern-
matching detector to provide a selected symbol;

a second delay unit arranged to delay the selected symbol to provide a second
delayed symbol;
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product.

9. A digital radio receiver according to claim 8, wherein the average value
operator comprises a second multiplier, a summer, a delay unit, and a third
multiplier,
wherein:
10 the second multiplier is arranged to multiply the first product with a first
parameter to provide a second product;
the third multiplier is arranged to muitiply an output from the summer with a
second parameter to provide a third product;
the delay unit is arranged to delay the third product to provide a delayed signal;
15 and
the summer is arranged to sum the second product and the delayed signal to

provide the average value.

10. A digital radio receiver according to claim 3, wherein the phase offset

20 tracker is arranged to stop calculation when the pattern-matching detector
detects the pattern-matching between the bit stream/phase offset compensated
symbols and the pre-stored sync word.

11. A digital radio receiver according to claim 3, further comprising a buffer
25 arranged to buffer the bit streams from the decoding means for the use in

postprocessing.
12. A digital radio receiver according to claim 11, wherein when the pattern-

matching detector is arranged to detect a pattern-matching between the bit
30 stream and the pre-stored sync bits, the control unit of the pattern-matching
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5 arranged to buffer the phase offset compensated symbols from the phase

offset compensator for the use of the decoding means.

14, A digital radio receiver according to claim 13, wherein when the phase-
matching detector is arranged to detect a pattern-matching between the phase

10 offset compensated symbols and the pre-stored sync symbols, the control unit
of the phase- matching detector outputs an sync detect indicator to the buffer
indicating the position of a sync word of the buffered data.

15. A digital radio receiver according to claim 1, wherein the filtering and timing
15 recovering means comprises:

a filter arranged to filter the received signal to provide filtered samples; and

a timing recovery unit arranged to timing recover the filtered samples to obtain

the timing corrected symbols.

20  16. A digital radio receiver according to claim 15, wherein the timing recovery
unit comprises:
an interpolator arranged to interpolate the filtered samples and output the
timing corrected symbols;
a timing error detector arranged to generate a timing error signal dependent
25 upon the interpolated signal,
a loop filter arranged to smooth the timing error signal to provide a filtered
timing error signal;
a controller arranged to process the filtered timing error signal to obtain a
control signal to control the interpolator to interpolate and output the timing
30 corrected symbols.
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10% & () - an interpolator arranged to interpolate samples of the received signal and
output timing corrected samples;
5 adecimator arranged to downsample the timing corrected samples into timing
corrected symbols;
a matched filter arranged to filter the timing corrected symbols to provide
filtered symbols;
a timing error detector arranged to generate a timing error signal indicating the
10 timing difference between the receiver sampling clock and the transmitter
sampling clock dependent upon the filtered symbols;
a loop filter arranged to smooth the timing error signal to provide a filtered
timing error signal;
a controller arranged to process the filtered timing error signal to obtain a
15 control signal to control the interpolator to interpolate and output the timing

corrected samples.

18. A digital radio receiver according to claim 16, wherein the controller
comprises: an adder, a subtractor, a decrementer, a register, and a control

20  signal generator, wherein
the adder is arranged to sum the filtered timing error signal and a pre-set
coefficient to provide a sum;
the subtractor is arranged to subtract the sum from an output of the register to
provide a difference signal,

25 the decrementer is arranged to decrease the difference signal and send an
underflow signal to the control signal generator when the result reaches zero;
the control signal generator is arranged to generate a control signal to the

interpolator on receiving the underflow signal.
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provide a difference signal;
the decrementer is arranged to decrease the difference signal and send an
underflow signal to the control signal generator when the result reaches zero;
10 the control signal generator is arranged to generate a control signal to the
interpolator on receiving the underflow signal.

20. A digital radio receiver according to claim 1, further comprising an equalizer
coupled to the filtering and timing recovering means arranged to equalize the

15 inter-symbol interference of the timing corrected symbols.

21. A digital radio receiver according to claim 1, further comprising an equalizer
coupled to the output of the phase offset compensator arranged to equalize the
inter-symbol interference of the phase offset compensated symbols.

20



