;e3e' IDHp$V 6' T'}{ Hi gh Rate Receiver Field of the Invention The present
invention relates to wirel ess burst comruni cations receivers especially for
hi gh-rate i ndoor applications. The invention particularly relates to M.SE
based joint carrier, channel, timng and data estinmation receivers.
Background of the Invention 10 In tinme-division burst comuni nm‘wmmm‘mﬁl{m
i ntersynbol interference (1SI) and noi se, al‘ong wth errors |;ﬂm‘

phase and the sanple tinming, are the prinmary inpedinents to reliablsgssdata
reception. Realising reliable high rate burst comuni cations involves the
foll owi ng key techni ques: efficient 15 equalisation to conbat

| SI caused by frequency-sel ective fading channel; carrier rec m@@&tn mﬁm“ﬂ‘“‘
conpensat e for High Rategileeelyedf f set and phase noise; timng r 0
conpensate for timng offset and channel estimation for efficient®
equalisation. 20 It will be appreciated by those skilled in the art that

the equalisers can be classified as |linear equaliser, decision feed back
equal i sers ( DFfpigldafdnetnantion! | kel i hood sequence estimation (MSE)

002*

equal i ser. Anong them MCSE ufilising Viterbi algorithmis considered an
opti mal equali ser. 2 There is a huge anmount of work on joint carrier,

channel and data estimation for TDMA systens. Early in 1974) Ungerboeck
proposed a gdaptive recgeiver.strycture i.n Gottfried Ungerhoeck "Adaptive
e o | B1| Fie TSRt NEnGH FalSteR s wibleRR st Somimiicaansdreelh
systenms”, |EEE Trans. on Coom, Vol. com 22, No.S, My 1974 pp 624-636.
This jointly esspaaiady fedtighdate indaphgpplications: Thadnvration matewady relates
Unger boeck's concept, R D.'avella et al proposed a receiver structure in
Renat o D Avel | 40 Mg ibabbd ¢vint camidr, dhanekl, tinfiag andglats iestimation rackipéisy e
M.SE receiver for TDVA digital nobile radio", 10 | EEE Journal on Sel ected
Area in Communi cations, Vol.7, No.1l, January

Background of the Invention

10
In time-division burst communication systems intersymbol interference (1S1)
and noise, along with errors in the carrier phase and the sample timing, are
the primary impediments to reliable data reception. Realising reliable high-
rate burst communications involves the following key techniques: efficient

15  equalisation to combat the severe ISI caused by frequency-selective fading
channel; carrier recovery to compensate for the frequency offset and phase
noise; timing recovery to compensate for timing offset and channel estimation

for efficient equalisation.

20 It will be appreciated by those skilled in the art that the equalisers can be
classified as linear equaliser, decision feed back equalisers (DFE), and
maximume-likelihood sequence estimation (MLSE) equaliser. Among them

MLSE utilising Viterbi algorithm is considered an optimal equaliser.



1989 pp 122-129. In this RENATO s system a new CIR (channel inpul se
response) estimate i s obtained fromeach received burst, which is used to
drive the coefficients of the matched filter (MF). The channel variations
during ' the transm ssion can be conpensated by the adaptation | oops by
adjusting 15 the MF coefficients, the Viterbi processor paraneters and the
signal phase. During the adaptation, gradignt algorithns are used to
m nim se the nean square error as suggest by Ungerboeck. W can see that
two i ndependent adaptation functions: the CIR variation tracking and phase
variation tracking are adopted. The CIR tracking is inplenented by
adjusting the MF 20 coefficients and the Viterbi processor paraneters) and
t he phase adaptation is perforned i medi ately before the Viterbi processor
in order to mnimse the overall |oop delay. 3 Al though the above CIR
tracki ng coul diheseils 8atige ampunief work anjoindieapier ohaniel@nghdats estimatiosanbl e

sequence is at the beginning of the burst, it seens to be | ess useful in

GSM syst ens wfer EDMR spsteatsd| Barlysin TOM)GUngeiﬂb@cloi)rdplﬁseblaradapti\/brrecdﬁér
this adaptation procedures obviously increase the 5 processing |oad. To

solve this pr %'?;lu%mrﬁbg g‘%btgﬁéd n emdﬁkh%@%hﬁﬂﬂﬁhﬂidﬁ$ukém§odﬂ r%\bbﬂ)e'i‘?or

carrier frequency (0] orrpen tron in conmmuni cation systent,

ToMA syst ofis 5 OBbuRlEY o SHRTRER Ry SRR, ERECERE & Pﬁ@*rﬁaﬁfolﬁr AR
tar T Sne mogortaa:Rord Wb su B Pk MSh2Shud s fiad? abRb
corrected before matched filter (a big | oop adaptatlon conpared to the

RENATO s smal Ichapog! anthdata i Baged onéheibingeehaesi sotonoept, NR- D' avella et aht s and
VA paraneters are not adopted; several frequency offset estimation nethods

are proposed. p'Fbpéséd)dlréd:eWelSétmﬂtmwm Rerrste 2 AvslE) LuigiMorepophad iMarcailgl 15
accept abl e performance. Fbwever t hese above M.SE receivers can only

e oA postS M AN ST A gRaBlo o e
deci si on q8| aBfEE\LE‘hJournalson Selected Area in Communications, Vol.7, No.1, January
1989 pp 122-129. In this RENATO's system, a new CIR (channel impulse
response) estimate is obtained from each received burst, which is used to
drive the coefficients of the matched filter (MF). The channel variations during
the transmission can be compensated by the adaptation loops by adjusting
15 the MF coefficients, the Viterbi processor parameters and the signal phase.
During the adaptation, gradient algorithms are used to minimise the mean
square error as suggest by Ungerboeck. We can see that two independent
adaptation functions: the CIR variation tracking and phase variati;m tracking
are adopted. The CIR tracking is implemented by adjusting the MF
20 coefficients and the Viterbi processor parameters, and the phase adaptation is

performed immediately before the Viterbi processor in order to minimise the

overall loop delay.



"20 prohibitive to the applications of decision-directed phase-Iock-|oop
(PLL) to track the large frequency offset. To increase the frequency
tracki ng range, MLSE with tentative decision conmbined with PLL is al so
adopted in Serizawa, et al., "Carrier phase synchronous type maxi num

| i kel i hood decoder”, US 4 patent 5311523, May 10, 1994. This does not
contain a |long delay, and shows good trackgng performance when SNR i s high.
However, in such a phase |ock | oop, when the tentative decision is not
correct, the problemof error propagation result, this is especially so in
the I ow SNR condition. To 5 solve the problemof error propagation of

tentative decigjian r-surviyvar. processi PSP) t.echniq e ar extenswely
studied n ar AroRande aboyE GRS raGdiE A oycaably et oSy, i n
Serizawa above and Khalid A Harried, and Gordon L. Stuber, An ada tive
truncated M SPeries@anee where ihe prrarablgsesygare i gt the baginning of the DEEE', it
Transaction on Vehi cul ar Technol ogy, Vol.45, 10 No.1, February, 1996 pp
41-50. The i ntseems/te bentessrusieful am G&Wstyetemns mhuereuﬁtajpneanmls&'s inrsthe middle
strai ghtforward: whenever the inconplete know edge of sone quantities

prevents us fiopthe Bt Mdraevér, Bs bidaptationtgraosd dire8 DbVRIUsHCincreadetheci se
and predictable from we 15 use estimates of those quantities based on the

data sequegee g um.«gq)fa%dwwsabaﬁg OB L a1 bl drfPapbaa, !

any partlcul ar I'S correct i'gh pr
nor mal operat ondi tions t he cor ondi ng esti.mat e eval uat.ed
Usi g the. cor facRToNaRg baR ek elUeaby PSSR A R Rhd . TN, SomiistFatie
survivor is correct \bn?'r t he besé% we 20 extended using the best data
sequence avai [SYBIEE'¢ W patens 524 thRrmid 1R9%proposadaimproved gepaiveress of
our tenporary ignorance as to which survivor is the best. \Wen per-survivor
processi ng ( PSRucture lioi TDMA systems tomompergate fdr delnBEt, frequaheyicfisebadd| ay i s
introduced into the PLL as sane as in 5 tentative decision nethods, at
the sanme tinethé Bgused CIRVaARAGR! TR CIR estimate is assumed to be constant for the
10  whole burst. The modified Ling receiver structure includes: the phase is

corrected before matched filter (a big loop adaptation compared to the

RENATO'’s small loop adaptation); the adaptation of the MF coefficients and

VA parameters are not adopted; several frequency offset estimation methods

are proposed. This modified structure possess much lower complexity and

15  acceptable performance.

However, these above MLSE receivers can only compensate for small
frequency offset which cause distortion of the channel on burst-by-burst basis.
This is because MLSE may introduce a quite long decision delay, which is

20 prohibitive to the applications of decision-directed phase-lock-loop (PLL) to
track the large frequency offset. To increase the frequency tracking range,
MLSE with tentative decision combined with PLL is also adopted in Serizawa,

et al., “Carrier phase synchronous type maximum likelihood decoder”, US



"avoided. It is worthwhile noting that in the Ungerboeck's M.SE receiver,
RENATO s 5 receiver, and Ling's invention, besides a quite | ong decision
del ay caused by the Viterbi processor, extra delay is introduced into the
PLL in RENATO s receiver and Ling's invention, which further narrow the
frequency tracking range of the PLL. In these receivers, the detected phase
error in the PLL is conputed by conparing ahe signal sanple at the Viterb
processor input with 10 a replica of the sanme signal sanple based on the
decision output and the CIR Therefore, the extra delay caused by signal
reconstruction is introduced into the PLL, which [imts the allowable
carrier frequency offset ranges that can be conpensated. Therefore, RENATO
and Unger boeclpatenti5dt 1683eMayr 19, 390¢. ddvis daes nehepntainna long delayqartcy

of fset, which causes 15 distortions within each received signal on a

bur st - by- bur stshbesigoodi tnackireg perfgrreancepwbenSNR $Ehighc diloweyerain sochya
several frequency offset nmethod are proposed to i nprove the accuracy and

stability of ?ph@séy&lﬂaibﬁ,twhrﬁeﬁluhe teitativd dedision is not 66366t e plobkshaifed a
bi g-1 oop architecture (the phase 20 retotation was performed prior to the

mat ched i1t eighor BGhddiemirbsifitnAdl WSbberdily 86 i 6] SNRIGRAibST TRY

utilising the pha or calculate asis o e defected data has

a remarkably | a del t in the_cont I herefore, it.is

"mose! bl €5 o SAMEINR PrOYshY SRR BERERRPE S tartife APEBRNES SO 5 shase
tracking. Nanely, the circuit has di sadvant aqes that a frequency tracking
range becones PFesasshiRSRiechniqug are extensivgly studied in a1t ferjabcarfiegat i on i s
remarkably long. 5 Although the MLSE receiver adopting tentative decision
and conbi ned whahnelrandrtiatatastinatipn, qg. limSgtizawadtiove armhi§ealid As HRRfRed,
performance is not so satisfied especially in the low SNR due to error

propagation. WherGa=ioRIL Siaber “Ahdaptive truntated MLSE reesivebictiJapanesa! |
del ay as sanme as the M.SE receiver tentative decision, have nuch | arger

tracking ra“%e%%aﬁ'ugﬁthEénLﬁ r"%E@E'?Béjf‘s%\fc%%ﬂﬁ\?%lﬂ&ulhp?Fgﬁr}fﬁléﬁhv ot Ver,

PSP MLSE receivers are charac erised very conp
| mplement aht ORe. ¥ Ebrualy, 1988 pp 41-50.

The intuitive rational for PSP technique used in MLSE is straightforward:
whenever the incomplete knowledge of some quantities prevents us from
calculating a particular transition metric in a precise and predictable from, we
15  use estimates of those quantities based on the data sequence associated with
the survivor leading to that transition. If any particular survivor is correct (an
event of high probability under normal operating conditions), the
corresponding estimates are evaluated using the correct data seduence.
Since at each stage we do not know which survivor is correct (or the best), we
20 extended using the best data sequence available (which is the sequence
associated to it), regardless of our temporary ignorance as to which survivor is
the best. When per-survivor processing (PSP) technique is used combined

with MLSE, no decision delay is introduced into the PLL as same as in



"state nunber of the Viterbi processor is also doubled, i.e., besides the
survivor netrics for N states) the phase for N states are required to be
stored in the each step of Viterbi processing. In addition, fromthe

vi ewpoi nt of the 15 PLL tracking perfornmance) PSP techni que which adopts
LMS algorithmto track the carrier phase) is equivalent to a first-order
PLL. As we know the extensively adopted sesond-order PLL has nmuch better
tracki ng performance than the first-order PLL. 20 Therefore, in a high-rate
i ndoor wireless conmunication system where there may be a | arge frequency
of fset caused by either a Doppl er frequency shift or a frequency difference

between a tra er r C il at it l d .be
extrenely advgéﬁrﬁpgg %8?%@%&%@1%&‘ ﬁt ?%bﬁgﬁ éh%ﬁ%r@t‘lpt%pe%pﬂ 'Q
structure capabl e of providing large carrier frequency offset corrpensatl on
and accurate ja(ypiﬂe channel / data estimation, while overcom ng the

shortcom ngs of the prior art. 5 Sunmary of the Invention In general terns
the present invention provides a wireless burst conmunications receiver
especially for high rate indoor applications which utilises a fine

f r equency/ phadtes asgrthwitileomotingothiat incthierigngerboesle's WILSE receilér, RENATOG=0uUS] y
conbined with a | arge range coarse frequency/ phase of fset process. The fine

frequency 5ragkidider unaths%vefmeﬁraéyaeya%ﬁu@l Id%mdd H&bk%ﬂg geguence
estimation (M.SE) equaliser in conbination wth a dual node phase | oop

nput OL“?OE%%Sﬁ‘?f?ﬁﬁﬁ%%&?“aé&aﬂ%é'ﬁi%éntrwﬁm&;ﬁ%?"ﬁi' ﬁ&@gﬂﬁ@ e
pti on' bt v SR YR AL BingHEImKoRERM. U1IEY et AATTCHY ther GSANSIEY T9RLAG 1y ¢ he
phase detector input is swtched to t he known preanble and non del ayed M.SE

i nput to al | ovangeobireskLl obkthesegeceiversi, theade@@tecdmh@sefeﬁot nethe Rid; isst t he
phase of the incomng signal to correspond with the known 20 preanble. One

i nput i s thencewiputéd By icomparghy signal samplé ptitheo¥itédbéphdcBBsdoinbatwvith t he
processing delay required for it to process the first signal
10  areplica of the same signal sample based on the decision output and the
CIR. Therefore, the extra delay caused by signal reconstruction is introduced
into the PLL, which limits the allowable carrier frequency offset ranges that
can be compensated. Therefore, RENATO and Ungerboeck’s MLSE

receivers only consider small carrier frequency offset, which causes

15  distortions within each received signal on a burst-by-burst basis.

In the Ling’s improved MLSE receiver, although several frequency offset
method are proposed to improve the accuracy and stability of the~system, the
PLL delay further increases as it adopted a big-loop architecture (the phase

20 retotation was performed prior to the matched filter). The circuit for adjusting
the regenerated carrier by utilising the phase error calculated on the basis of
the detected data has a remarkably large delay time in the control loop,

therefore, it is impossible to attain a good characteristics in the frequency and



"sanples. The other input is switched to a delayed MLSE i nput) the del ay 8
corresponding to the processing delay of the MLSE. The PLL can then correct
for changes in carrier frequency/ phase during the burst. In particular, the
present invention provides a phase lock Ioop (PLL) circuit for 5 receiving
a burst signal including a repeated preanbl e sequence and a data sequence,
the circuit conprising a nmaximum |ikelihoog sequence estinmator (M.SE) and
means for determ ning the phase difference between a signal at the output
of the MLSE and a correspondi ng del ayed signal at the input of the MSE,
and phase rotating neans for rotating the phase of said burst signal 10
dependent on said phase difference, the output of said neans being coupl ed
Lo the M.SE i RBaEe Wacking: NemeNp e et BasHisadyeniagns thal 4 tPaVERCYar r anged
to determne the phase difference between a non-del ayed signal at the MSE
i nput and a strackingpasgetbesomasuemarkablymarrow = timegeguireghfrtbat has
several advantages including reducing the PLL acquisition tinme. By

conbi ni ng t hi symtchronisationde remad@ablolange frequency of said estimation and
correction function, there is provided a w de range frequency offset
estimation and correction function with |ow inplenentation conplexity and
cost conpared with other MLSE type receiver structures. 20 In particular)

t he i nventigon ' r L Ve [ Y means
For i1 erent FANPYfTie frs Feceiiertiotgi e tRelsiin aFEafEned Win
sequence with,a responding sanpl e. of a seco ai [ eanbl e sequence,
nmeans for det é'??wﬁfri-rr&saa BHE%%"QBEP&O%W @Hgﬁe&%gggagﬁ?'pr%?ﬂ%eaﬁs&%i ference
and which angle is indicatjve of said estimate, a PLL having a m xer which
receives a si gatisfiechespaciirinthe dowSNR gye te Qur afopagatien. n\R’héft?aSalﬁﬁpa
phase 5 detector, the phase detector arranged to determ ne the phase

di f f erence betbased MLSE gecgivers, ahichucgruobiain alsmall Gilayiad sammas dsep MLEBHE(Qg
del ayed signal at the MLSE input, the PLL further having m xer input neans

whi ch is arrangesivérateRtAivedRcisiom tHiventiush tHrger rackiRg ramge and M@dHIBEtdro
adj ust the frequency of the received signal which the mXxer outputs to the

M.SE, saiqy BER performance at the low SNR. However, PSP MLSE receivers are
characterised by a very high complexity in the implémentation. First, if the
state number of the Viterbi processor is also doubled, i.e., besides the
survivor metrics for N states, the phase for N states are required to be stored
in the each step of Viterbi processing. In addition, from the viewpoint of the

15  PLL tracking performance, PSP technique which adopts LMS algorithm to
track the carrier phase, is equivalent to a first-order PLL. As we know the

extensively adopted second-order PLL has much better tracking performance

than the first-order PLL.

20 Therefore, in a high-rate indoor wireless communication system where there
may be a large frequency offset caused by either a Doppler frequency shift or
a frequency difference between a transmitter and receiver’s local oscillator, it

would be extremely advantageous to provide an alternative MLSE receiver



10 rotating signal being dependent on said phase difference, wherein the
phase detector is arranged to be switchable between said M.SE out put and a
trai ni ng sequence nenory) and between said M.SE del ayed i nput and a non

del ayed MLSE input. 15 The invention also provides a phase error detector
whi ch further reduces PLL | oop delay and inproves phase tracking
performance. In particular the present invention provides a phase detector
havi ng an i nput coupled to the output of a maximum i kelihood sequence
estimator (ML.SE) 20 and a second input coupled to the input of said MSE,

t he detector conprising delay neans for delaying the second input signal by
a delay tine corresgondi n%tto th_eF%r ocessi n el ay of ]the IVL’EE% and
processi ng ne&HYCHIe £A5a08; ¢f Rieviding laEde ﬁ%"%ﬁ €augNeY effeefcompengationiand
first and del ayed 10 second inputs, the processing neans arranged to

det er ni ne t he acoutgte joipt ghannebiatsnestinaation, whilegpvgraoming the shestsemingspof by
the first input, said part corresponding to the phase difference. 5

Enbodi ment s ofthé beior atent i on present a M.SE type receiver structure that

i ntegrates various estimtion nmethods in an opti numway and adaptive nanner
for high-rate indoor wreless comunications. Skilfully utilising the
preanbl e sequence (CAZAC sequence) in the beginning of the burst) a sinple
and hi gh agcur, f gg@@@_gﬁjﬁﬁgt estimator is adopted. Then a 10
snall-loopgstég@é@@éi h 85 integration of MLSE and PLL is proposed.
It is proven that the receiver structure can be optim sed if Ungerboeck's
M.SE is utilised and conbined with the proposed dual node PLL. The residual
frequency error and phase error are renoved by applying a 15 m xed

dat a- ai ded andn gepeal termp thecpregemLinvention prayidesph wirelassriirstiet ect or net hod
is proposed which introduces nuch smal |l er phase | ock | oop delay to inprove
t he tracki ng penimunieatiensfeceiverspecially forchigh ratedrddbriappicatierss which

resi dual frequency error and phase noise in two steps. First, the data

ai ded PLL is qingdes fil friquent/Mhabs saRBRMIPAINS Broctls whitiiss zero 20

deci sion delay. This step conpletes the initialisation of the PLL and help
the 10 advantageously combined with a large range coarse frequency/phase offset

process. The fine frequency tracking function or apparatus uses a maximum-
likelihood sequence estimation (MLSE) equaliser in combination with a dual
mode phase lock loop (PLL). The PLL comprises a phase detector with a
switchable input, one input option from the output of the MLSE or a memory

15 component containing a copy of the expected preamble sequence. The
second input option between a delayed and a non-delayed input of the MLSE.
Initially the phase detector input is switched to the known preamble and non-
delayed MLSE input to allow the phase lock loop to initialise and éffective|y
adjust the phase of the incoming signal to correspond with the known

20 preamble. One input is then switched from memory to the output of the MLSE
following the processing delay required for it to process the first signal

samples. The other input is switched to a delayed MLSE input, the delay



"PLL enter into the lock-state fromthe pull-in state. Then the PLL is
swtched to the decision-directed node, the decision value fromthe out put
of the MLSE 11 is feedback to the phase detector, the detected phase
error passes through a second-order |loop filter and drives the NCO The
output of NCOis used to correct the phase of the received signal. In the
deci sion-directed nodel, the |loop delay isgnainly determ ned by the

deci sion delay inherent in the MLSE. 5 An advantage of enbodi nents of the
present invention is that such a receiver structure trades off accurate
conpensation for w de range frequency of fset and | ow i npl enent ati on
conplexity, as conpared to other E type receiver structures. This is
achi eved by u§PHESPARAIpg i@ éhe 9TQ9P5§'HQ @éﬁfﬂh@ MhSkc Tihe Ebh@@ﬁé@eﬂor coar se
frequency offset estimation and initiation of the PLL. Unlike many prior
art M.SE r eceicomes) forchadges int carcér fraguemayéphasenduringitite busret. PSP whi ch
requires |ots of hardware, and instead overcones the problemof potentially
| arge of fset by bypassi ng deci sion delay by switching PLL to 15 known
preanble initially to get coarse frequency and hence avoid problem of |arge

frequency of f ‘Fr?gaﬁ%la?' l%%Bﬁf‘ﬁﬁehFoﬁ pRoVides g@ﬁ%agéq&m bLtP?il) cif¥uit for

utilising Unger oeck’s un |tened M_.SE we can Crease t exity of

Nor cover . e’ PN PUE S Yiupoo Lrintled @“%é*‘ﬂ@l%%?fiﬁ%ﬁbc%‘i 398 1

proposed dual - node PLL 12 The ro osed new e.e r detector used in
the PLL furt h&PIWeRGe AbesCifdyit ?iP_'D ri$ipg %éﬂ%&"&ﬁﬁ&ﬁ%%ﬁ&eﬂ%ﬂ%%ﬁmator
tracki ng performance. The above receiver structure inprovenents are

advant ageous!| yMtSE)iansdmeans tfor determinting ther ghase difference betlwgen &f signal at
estimati on and correction functions. The present invention also provides an
estimator for tistebetplit of e MLSBSandrat coradspondingedeisyed sigehl asthechputef thet h a

recei ved burst signal having a repeated
MLSE, and phase rotating means for rotating the phase of said burst signal
10 dependent on said phase difference, the output of said means being coupled
to the MLSE input, wherein the phase determining means is further arranged

to determine the phase difference between a non-delayed signal at the MLSE

input and a stored preamble sequence signal.

15  This arrangement has several advantages including reducing the PLL
acquisition time. By combining this with a large range coarse frequency of
said estimation and correction function, there is provided a wide range
frequency offset estimation and correction function with low implementation
complexity and cost compared with other MLSE type receiver structures.

20
In particular, the invention provides a receiver having the above PLL together

with means for differentially multiplying a sample of a first said preambie



" training sequence; the estimator conprising neans for differentially 10
multiplying a sanple of a first said sequence with a correspondi ng sanpl e
of a second said sequence and neans for determ ning a phase rotation angle
dependent on said difference and which angle is indicative of said
estimate. Preferably the sanples of each said training sequence are
statistically 15 independent, and wherein ghe estimtor further conprises
means for averaging said differences for a nunber of sanples of said first
and second sequences. Preferably said sequences are Pseudo Random or
Constant Anplitude Zero 20 Auto-Correl ation sequences. Preferably said
phase angl e determ ni ng nmeans conpri ses a c tangent, function applied to
Sai 0 dif T er endEaUENaAR WG COTTRSPANEINGSMP IR 3 SpEaIR, said\Preamble seRence,
conprising neans for differentially nultiplying a sanple of a first said
sequence wi t hmeans fos determinipg saphase whationsacgla dlependeston saiddifference f or
determ ning a phase rotation angl e dependent on said difference and which
angl e i s 5 i n@ndavhick apblesisiindieativeref eaid edtimate cPebhaviy 4 neixemihich shifts
t he phase of said received signal by said phase rotation angle. Preferably
the phase shi fb@divEPARIArESatMLNEOhBRMG 8% iAPui E0Bled BHERMINE, S 4 phase
rotation output and which generates a correction frequency 10 dependent
upon sai d put i i ] i i i i A

Fepeat od spmbaPiedht i bhdss BefBct aridrided™ B detbififie 466 phiasd Brferpfis

i ndependent when using.cerntain | ].- uences (e.qg. PN qr AC)

whi ch al | ows PSPW%?F F%ﬂﬂflﬂ} aPP‘Q@Qf&f?%%W@@? a@@rﬁ ﬁgﬁ'%s.’p%&dl'o'?gsge\!@y?- known,
15 Pseudo Random Ph&ﬁﬁnd Const ant AWEIitude Zero Auto-Correl ation (CAZAL)
sequences pr ovignal ahthe M&SH isputiithe PhL{ugbeibavieg sisersinaut meapsawhjch is

i ndependent. This is because each sequence in the preanble is normally
chosen or desiagraadeddo pocvids a notating-dighad tothe sdxerdn rexdelota adjogtehei es. Wt h
repeat ed sequences, this statistically independent property (within each 20

sequence of thRqaBhLy 6f tHerREBIVBY signal WhicH theeinh@F louBbuts téhd MBHE) said

(frequency
10  rotating signal being dependent on said phase difference, wherein the phase
detector is arranged to be switchable between said MLSE output and a

training sequence memory, and between said MLSE delayed input and a non-

delayed MLSE input.

15  The invention aiso provides a phase error detector which further reduces PLL

loop delay and improves phase tracking performance.

In particular the present invention provides a phase detector haQing an input
coupled to the output of a maximum likelihood sequence estimator (MLSE)
20 and a second input coupled to the input of said MLSE, the detector
comprising delay means for delaying the second input signal by a delay time
corresponding to the processing delay of the MLSE, and processing means

arranged to determine the phase difference between the first and delayed



" sel ective) comunication channel on the quality of a frequency estimate to
be substantially reduced by the conbi ned process of differential

mul tiplication and averagi ng. The averagi ng process renoves the products
whi ch have 14 statistically independent synbols while retaining only

t hose which has identical synbols corresponding to the repeated sequences.
As the estimator exploits the use of preanil es with periodic sequences or 5
synbol s, the estimtion performance of this technique is particularly
robust against frequency sel ective channel. Due to the feedforward nature
of the frequency corrector, the inplenentation is highly suited for burst
node nodem design. I n a burst node transm ssion system the frequency

of fset is ass&REONd dnmds; HaPregassing pegnsuara te datewaing lbreimagifary
frequency 10 offset of many individually received packets can however be
di fferent. Theadf of ¢then resuitjlof dividipgethey sesondrinputdby ehei firetl inpuimsaite part
preanbl e of each packet can be used to cancel the frequency offset of that
packet. Conpaceftebpordingtatie phadu diffetence. a feedforward estimator allows
frequency offset to be estimated very reliably in a single-shot fashion.
The estimator is then shut 15 off during the remaining packet since it is
not required to track any residual frequency offset since it is assuned to
be invariant. \Wilst these various aspects of the invention are

Fecei ver ot ruErTREIESEs of Pinf B BBsER o PRSI heRher BRjERRS Mat 1.
di agr am bl ock_(%f the considered transmtt{er's baseband struyct rcta,. Fig. 21is
Lhe data st rulltesites Varqus:Rptiatemmetnads isiqn oaimum way and #dantise ock of

the considered receiver's baseband structure. Fig .4 |Is the block of coarse
frequency of f s@nngsfomkigbrateringooswirglesg commugications Sikiifubutiising e and
t wo- node PPL.
preamble sequence (CAZAC sequence) in the beginning of the burst, a
simple and high accuracy frequency offset estimator is adopted. Then a
10  small-loop structure based on the integration of MLSE and PLL is proposed.
It is proven that the receiver structure can be optimised if Ungerboeck'’s

MLSE is utilised and combined with the proposed dual mode PLL.

The residual frequency error and phase error are removed by applying a

15 mixed data-aided and decision-directed PLL, and a new phase error detector
method is proposed which introduces much smaller phase lock loop delay to
improve the tracking performance of the PLL. This dual-mode PLL removes
the residual frequency error and phase noise in two steps. First, the data-
aided PLL is adopted by utilising the preamble sequence, which has zero

20 decision delay. This step completes the initialisation of the PLL and help the
PLL enter into the lock-state from the pull-in state. Then the PLL is switched

to the decision-directed mode, the decision value from the output of the MLSE



"Fig. 6 shows BER v SNR for prior art and inventive MLSE 5 Fig. 7 shows BER
v SNR for prior art and inventive receiver architectures. Table 1 : CAZAC
sequence Detail ed description of the Preferred Enbodi nents 10 The baseband
function blocks of a transmtter are schematically depicted in Fig. 1. The
core of the baseband transmtter is the differential PSK mapping and the
conplex filter shaping. The channel nodel ,s also included in this figure.
The high data rate WPAN and WLAN systens in indoor environment are

| ow-mobility systens. Therefore, generally the channel can be considered 15
as a frequency-selective and time-invarying fading channel for each burst
transm ssion. This nmeans that once the CIR (channel inpul se response) is
esti mated, it lisfeedpaciky the ma&%@etﬁﬁtﬂréhg eeted phasgareor fasges threugh &
WPAN system (see | EEE802. 15.3) are shown in Fig. 2. A physical |ayer
preanbl e i s addeohderderdoom filterandchdavemtneoGQ. oThe dutpat of NGO d8 ysed tdhns
related to 20 synchroni sation, carrier-offset recovery) and signha

equal i sati on. chirectthegsise ofans redeived signhl. i Il the Riicisisis-dpéctadsnedelathe
sequence of 16 synbols called a CAZAC sequence, which denonstrates a

t ant | 3 10+ | : hal |
be donot ed hs' R0 87 JEMRY ISR bF e HaRRIch deidl et in Ny ence

shal | havesa conpl ex val ue representing the i nphase and quadrature
conponent s*of a QPSK-type sequence, as shown in Table 1. 5 Fig. 3 is a

bl ock di agram of baseband recei ver ich is enployed to recoyer the
moaul at ed dat AN ARNARBge ] EaAENSAl B8 RpeRNt INEe i Suaina trediver

sequence oversanpled 4 tines. Thereafter, the digitised conplex sanples are
appl i ed to thetrbctuse trades ioffadcurate @ompansatian for wideoweoge freiquency offset t hi s
circuit as well known in the art, a conplex correlation is perforned

between 10 thanddowiimpleraamaties camplexitypaylcompaeed te athelr MILSE tyarddetrer
sequence stored in nenory device. This correlation is to be conputed upon

the recepti ongpf,cRRcd) THI %_ta&ii@ib?@f begin ithe pREpetaFef the preamibiiec

synchroni sation and an estinate | R. "According to the preferred
enbodi Mgy t QSqE&E&} for coarse frequency offset estimation and initiation of the PLL.

Unlike many prior art MLSE receivers, embodiments of the invention do not
use PSP which requires lots of hardware, and instead overcomes the problem
of potentially large offset by bypassing decision delay by switching PLL to

15  known preamble initially to get coarse frequency and hence avoid problem of

large frequency offset and slow response in typical PSP architectures.

By utilising Ungerboeck’s unwhitened MLSE we can decrease the complexity
of the Viterbi processor and improve the BER performance of the system.
20 Moreover, we can optimise the receiver structure by combining this with the

proposed dual-mode PLL.



synchroni sation and timng are acconplished by searching the conplex 15
correlation for the peak magni tude. Upon |ocation of the synchronisation
signal pattern, a CIR estimate are perforned in accordance with well known
channel sounding procedures. It will be appreciated by those skilled in the
art that the correlation yields a conplex result carrying both anplitude
and phase information and represents a soupdi ng of channel. 20 Based on the
estimated timng and burst synchronisation, the preanble sequence is
downsanpl ed to synbol rate and input to the frequency offset circuit. Wth
obt ai ned frequency offset estinate the phase of the received 17 signal
is rotated to _correct a | ar ge fre ncy, error i me,

recei ved si gnal es%ﬁ?ﬁPé@ @PLN %MMSPﬁénﬂiﬁé’gﬁﬂWahW %cregse&t e
synbol rate and input to the natched filter. 5 Preferably the frequency

of fset esti matRldnlogpdiatay aed improves the phese drasingtrerfasntapsedescri bed i n
applicant's co-pending application SG 200203670.5, the contents of which
are hereby incorporated. A schematic of this estimator is shown in Fig. 4.
10 The frequency offset is coarsely estimted by nodifying Cox's nethod

proposed for GHa\hisow I@Eb-f/ewlstrﬁéf"u'ﬁé ﬂf Riv@nerits @?é(ad\"lé?ﬂbgééuélf] %GHfH'Yféﬂ and

timng synchronization for Trans. Conmun

Cepot i ti onoul (T HRIEI '°“"ﬁ“§y°r937f5 ﬁsﬁ?%@f@ﬁ%%ﬁgﬂﬁﬁt@‘% 2 &ﬁeﬁrﬁﬁnf%“a o

and 15 frequency of fset estimation. This nethod allows a Iarge acqui sition
range for the carrier frequency offset. In the present enbodinent,
utilising the _unique property of CAZAC sequence, a nodified nmethod is used.
Conpared to t HdeopiegeRkinvestionasa pioyides: anestimgtor fog dgtermining|amegstimates)
correlator to derive the frequency offset. 20 A conplex signal synbol ak)
bel ongi ng t o af fidqaencyloffisebassodiated veitis aireceided \brirstesigoatiasing amepeated
channel characterized by inpul se response h(t) (this

training sequence; the estimator comprising means for differentially

10  multiplying a sample of a first said sequence with a corresponding sample of a
second said sequence and means for determining a phase rotation angle

dependent on said difference and which angle is indicative of said estimate.

Preferably the samples of each said training sequence are statistically
15 independent, and wherein the estimator further comprises means for
averaging said differences for a number of samples of said first and second

sequences.

Preferably said sequences are Pseudo Random or Constant Amplitude Zero

20 Auto-Correlation sequences.

Preferably said phase angle determining means comprises an arc tangent

function applied to said difference.



“filter represents the cascade of the transmtter filter, the physical
channel , and 18 the receiver filter). The conpl ex envel ope of the

recei ved signal can be expressed by a discrete nmodel, L rk = ~(2~r~fk+~) ~
~dk- '"f' nk (~ ) 5 =0 where nk denotes the equival ent baseband white
Gaussi an noi se with power spectrum N~I2, independent of the data sequence.
{h(n)} is the CR which is obtained by chggnel estimator, and o f denotes
the frequency offset 10 normalised to the synbol rate. The frequency offset
estimator exploits the property of the periodic CAZAC sequence, and a
correlation is perforned according to the symbol rate, 15 32 ~ rkrk le -
~2a~f 1632 ~ ~_~ ~W-~k-W--is-a (2 ? k~o i to In the foll ow ng

properties of TREE O&z/R1Q R WPI regeiensy d COFpetor CPH\P”ﬁF@an‘ﬁP@”%e&QI’ence
made up of the repetition of 16 CAZAC synbols, i.e. 20 ck = ¢~ 16 .

Secondl y, CAzAdffesenfinliycembiltiplyingeai aaanmesajuawc&rs!mﬁald hesquengeodwitly clai ¢
correlation property, i.e.; 1la, 0nl ~n2 32 ~Ck | ~k-18-~ k=0 1 nl= n2
25 19 Mor eomerrespmmding sannptel of se deBoryd saghséquinte; theawsefor determipingases

we have E~~ | hn~ ~ 2 =1 (no conpl ex power nornalisation is needed) and
hence the fol bAMsEOrGt@MGH | Atibja Sdepinient don Ssaid Kditference %ﬁ‘\'d' wifct 2o
10 The estimated frequency offset can be represented as) _ ~g ~ ~k-~

rkrk-18 2xg X If4idative of said estimate and a frequency shifter which shlfts the phase of

said received signal by said phase rotation angle.

Preferably the phase shifter comprises an NCO having an input coupled to
said phase rotation output and which generates a correction frequency

10  dependent upon said output and which is mixed with said received signals.

The repeated symbols within a sequence can be treated as statistically
independent when using certain well-known sequences (e.g. PN or CAZAC)
which allows for an improved frequency offset estimate. As is well-known,
15 Pseudo Random (PN) and Constant Amplitude Zero Auto-Correlation
(CAZAL) sequences provide that samples within a sequence are statistically
independent. This is because each sequence in the preamble is normally
chosen or designed to possess noise-like or pseudo-random propérties. With
repeated sequences, this statistically independent property (within each
20 sequence of the entire preamble) allows the effect of a multipath (frequency-
selective) communication channel on the quality of a frequency estimate to be
substantially reduced by the combined process of differential multiplication

and averaging. The averaging process removes the products which have



" (5) (4) In Cox nethod, consider two repeated training synbols which are
identical to each other at the receiver except for a phase shift caused by
the carrier frequency offset. If the conjugate of the first synbol is

mul tiplied by the 20 second (delay tinme Td later), the frequency offset can
be estimated by sone operations. The estimted range depends on delay tine
Td The effect of channel fading should bejsgancell ed) therefore, the
normal i zer is needed. In the nodified nmethod according to the present

enbodi ment, the property of 25 CAZAC sequence is used) and delay tine is
fixed at the Iength of each sequence (16) (the estimated nornmal i sed

frequency offset is up .t The 20 effect ,of chapne|l fading is
cancel | ed sucétfisticallyy 'PQ&QGW"& ’ﬁYﬂ)pﬁﬁ é{‘l}’élﬁadﬁta'mﬂgcﬁnh’edh‘é%%e\é’hlche has
i npl ementation conplexity. This is explained in nore detail in the above

referred co- pitenticgl symbole Lorresponding tathe repaated seqhendes. second

enbodi nent, an M.SE equaliser is utilised in conjunction with the estimated
CIR to recover the data sequence. There are two cl assic MSE equali ser,
Forney's I\/LSE recei ver and Unger boeck's unwhitened M.SE - see previous

) .
ref er ences. | terﬁtﬁnétd?”'é!ﬁl&&”ﬂiesh§ecﬁf Oﬁoper a«?f@vniﬂ Péﬁ?}dl\é’@ ue'ﬁ%éé Brses

the SNR of the I nput, a sanpler ng a e sy rate,

caicutati o) PRl eERRE PR RhACHS B EoANfe ggnﬁag@egg%vgg&t gic

output. In Forney's M.SE, the receiver c i Sts i tened nmat ched
filter, i.e., agaist fIea4ency seleqtiye| hanp aetﬁoafna&%warmeawmf the
whi tens the noise, a synbol rate sanpler, and a conventional Viterbi 15
processor to frequemw Moresstereribe iopiemaritation |is Fighlyepguited etogi berst mode
whitening of the noise is essential because the conventional Viterbi

processor reqmodesn designodm aebmtmmwmnmﬁisslm:wéme tisafrebaendeoffset is
statistically independent. 20 Al though Ungerboeck's M.SE has a | ower

tcaorrp:vﬁ)élE tS yhagggﬂgﬁea LBE infafBRetHiSLGNGItVE8Ach P8B8I0YE DackBt. SThE fR&fiRg t he
10 offset of many individually received packets can however be different.
Therefore a single frequency estimate determined from the preamble of each
packet can be used to cancel the frequency offset of that packet. Compared
to feedback architecture, a feedforward estimator allows frequency offset to
be estimated very reliably in a single-shot fashion. The estimator is then shut

15  off during the remaining packet since it is not required to track any residual

frequency offset since it is assumed to be invariant.

Whilst these various aspects of the invention are advantageously combined,
they can also be implemented independently in receiver structures.
20

Brief description of the drawings

Fig. 1 is the diagram block of the considered transmitter's baseband structure.

Fig. 2 is the data structure of a WPAN system.



“essential difference in the inplenentation for TDVA systens where adaptive
equaliser is required, and the matched filter and whitening matched filter
have 21 sane conpl exity when inplenented by LMS (| east-nmeans-square) or
RLS (recursive-least-square) algorithm Hence Ungerboeck's M.SE has only
slight conplexity advantage. Furthernore, Forney's MLSE is nore attractive
in the application since it adopts conventhynal Viterbi algorithm However,
this 5 is not true for the i ndoor WAPN systens. In an indoor wreless burst
conmuni cation systemover a quasi tine-invarying fading channel, the
preanbl e sequence is utilised to obtain quite accurate CIR estimate for
each burst, which is constant for the whole burst. Hence the 10
coefficients dfigtdhis therdiag@m blockof the ceesidarad feceiver's pagsbangt strugturest ) .
Whereas, the whitening filter converts the original overall CIRto a

m ni mum phase Figptisthertlegionbecase Sreqeracy pffset estimatot.r ated in its first
several sanples. In the considered system the whitening filter design
possesses NuclFidi % kethedptegration metiod ot MLSEearid as-mddecEPgat a i s or gani sed
in bursts, 15 each one containing a preanble sequence for timng, frequency

of fset and Chfga% sﬁ&h&'@%f?)rsNero Gér &2 aRA iNVERtREATEES Sequence is too

short for the pl1cation recursive adaptation algorithnms |ike LMS or

RLS al gori t.hng., i t . Whi Lng filter coeffijcient

Ther ef or e, ;‘5an@i'éjgieaﬁ%gﬁ%pc%tfﬁgﬁr'%érig% E@'%&%ﬁ?cﬂygrc%@ﬁﬁgﬁui%ﬁ'i mat i on
IS necessary. I}%n% 20_nethods well known in art either require matrix

i nversion or tiaPl&d; e S&QAHNORa| ker equation, which introduce high
conplexity into Forney's receiver. Therefore Ungerboeck's MSE, which does
not need a whitening filter, substantially reduces the inplenentation

conpl exity. 22 In Forney and Ungerboeck's MLSE, it wll be appreciated by

t hose skil | ed Detaiidted@sdrigtioatofthe PiefeereecEmbbliperdtdF) provi des the
absolutely largest SNR, the elimnation of ISI by a subsequent whitening

filter di mnishes the SNR

10  The baseband function blocks of a transmitter are schematically depicted in
Fig. 1. The core of the baseband transmitter is the differential PSK mapping
and the complex filter shaping. The channel model is also included in this
figure. The high data rate WPAN and WLAN systems in indoor environment
are low-mobility systems. Therefore, generally the channel can be considered

15  as a frequency-selective and time-invarying fading channel for each burst
transmission. This means that once the CIR (¢channel impulse response) is
estimated, it is suitable for the whole packet. The data structure of a WPAN
system (see IEEE802.15.3) are shown in Fig. 2. A physical layer preamble is
added before the message payload to aid receiver algorithms related to

20 synchronisation, carrier-offset recovery, and signal equalisation. The
preamble consists of multiple periods of a special sequence of 16 symbols
called a CAZAC sequence, which demonstrates a constant amplitude zero

auto-correlation property. The CAZAC sequence shall be denoted as {co,



"5 Therefore, Ungerboeck's MLSE is identical to the Forney's MLSE if there
is no ISl at the MF output. In the presence of ISI, ISI at the M output
has not essential influence on the error performance of the Ungerboeck's
M.SE, whereas ISl affects the error performance of the Forney's M.SE

t hrough the |l oss of SNR Moreover, through sinulations it has been
denonstrated that 10 Ungerboeck's M.SE and Jts reduced-conplexity format
(DFSE: deci sion feedback sequence esti matg1) can achi eve better BER
performance than Forney's MLSE and DFSE, which is shown in Figure 6.
Actually, this can be easily understood, the whitening filter is of
infinite length in general, but an FIR inplenentation is generally required
in practice, Mi-omsﬁBEé@htmeB‘t,@s@ﬁHﬁCAM sequenaenshalidtaveca cenlee at
the whitening filter output not true in general. Consequently, the

i nper f ecti on oAludreprbsdntimgrtpefinphiase ares qgad @turessonipoments of MCIESKAgp&OFSE
performance degradation. As previously discussed, enbodi nents of the
present invenigealleAsE & §IRGHISFh 7hbl@01.presenting a M.SE type receiver
structure that integrates various estimation algorithnms in an opti num way
and adaptive manner for high-rate i ndoor wrel ess comrunications.
Therefore, it is preferred to use Ungerboeck's M.SE receiver, which can
optim se the system i opl ntatio nd the BER. 23 performance., \& wil |
obe that the S35 Blpckiiaam Bha Barebet EapiveriiB i3 SPRY e oiResver
denonstrated in the third enmbodiment. In accordance with the second
enbodi nent, i thepwdiiated data. The mreeivesdedigitisad samples pee theoparaplexsignal
Unger boeck's MLSE equal i ser, hence each synbol is nmade up of 2 sanples 5 in
t he out put of sehaenes ohexsampledd. tinhesieVhereaftee, thamigitseubcompiex samples i s
sufficient to provide datal/phase detection (which result in the mnimsed

conpl exity forrdiabpliéd tPIRCEHEOEYnchrénisatidh 8hE tiftiRg #eSdvenPLRcli W this t he
best sanple per synbol according to the preferred Synchronisation circuit.

10 The fr eque%ﬁgggéé&%lﬂgﬁ@gﬂ ﬁ\%%r\’ eéjcérh? 'cdr?él&dtﬁcgf ﬁfﬂéﬁo?ﬂferde&étﬁ@ew th

the estimated owever, e resli requency error and

VLSE i 5 bl oyt eGVeiLeamBIER o % GRMPIEX [HRc8 BFEVG PIRAEReSE0ES TRd

out put by M.SE equaliser is feedback to a phase |lock |oop (PLL) to
conpensat e f orih Mamanry desdee]uhhisiqosglatianisde bercampuigd apensthetreeeptianeelef or e,
in accordance with the third enbodi nent, a novel integration of

Unger boeck' s IelaBh bamst siyhaliand will be used to provide both synchronisation and an

estimate of the CIR. According to the preferred embodiment, the burst
synchronisation and timing are accomplished by searching the complex

15  correlation for the peak magnitude. Upon location of the synchronisation
signal pattern, a CIR estimate are performed in accordance with well known
channel sounding procedures. It will be appreciated by those skilled in the art
that the correlation yields a complex result carrying both amplitudé and phase
information and represents a sounding of channel.

20
Based on the estimated timing and burst synchronisation, the preamble
sequence is downsampled to symbol rate and input to the frequency offset

circuit. With obtained frequency offset estimate, the phase of the received



" proposed. After the frequency correction, the received signal can
approxi mately be represented as: 20rk = ~.id~ ~ ~ak_ n -~ rtk ~6) n=o0 24
where ~k represents the phase error due to residual frequency error and
phase noise. In this enbodi nent, a dual - node phase-lock loop is utilised to
renove the residual frequency error and phase noise. In accordance with
this enbodi nent, the preanble sequence is i1fully utilised, the
Unger boeck's 5 MLSE equal i ser and phase error detector are optimally
i ntegrated. The | oop delay of PLL is mnimsed by trading off the
I npl ement ati on conpl exity and the acquisition speed and tracking
performance of the PLL. The carrier recovery circuit with data-aided and
deci si on- di r ecigngl i trtatad toj ecorast aRplRrgedraqugncy esrorTHd the spme tireithe phase
rotator at the kth epoch) x(k) is expressed as ~(k) = rke-,ie(k) ( where 8
(k) is the carreceivegisipml samplesharendovensarapleddram dihe dxsiyhibal cate(tdl@®) for 15
the phase rotation of the received signal. The detected phase error, which
i ncludes the eiyhtisdl satefarthinpat fd theanatcheaditency of f set and phase of f set,
can be expressed as, 20 ($) Wiere E can be approxi mated as the residual
phase error because of the follow ng conditions. First Ungerboeck's M.SE is
adopted, in which the matched filter acconplishes the phase equalisation
(i.e. soig ageal l.ue, P .. k1 denotes
it ocor rel & diretirabRate figuueBel BTSR SmAtan AT correntinF RUGEA Ph e
than the interference path power ( ~ so ~ > F~~=~ ~ s~ ~  which can be net
in most cases.Method desslibad inapplicanks sospendiag ppligation $@t200203640i5 ths
out put passes

contents of which are hereby incorporated. A schematic of this estimator is

shown in Fig. 4.

10  The frequency offset is coarsely estimated by modifying Cox’s method
proposed for OFDM system T.M. Schmidl and D.C.Cox, “Robust frequency
and timing synchronization for OFDM”, IEEE Trans. Commun., Vol. 45, No.12,
pp1613-1621, December 1997. This uses one unique symbol which has a
repetition within half a symbol period to obtain the burst synchronisation and

15 frequency offset estimation. This method allows a large acquisition range for
the carrier frequency offset. In the present embodiment, utilising the unique
property of CAZAC sequence, a modified method is used. Compared to the
original method, this method requires a fixed length (16) correlatdr to derive
the frequency offset.

20
A complex signal symbol ai, belonging to an M-ary alphabet, is transmitted
over a complex linear channel characterized by impulse response h(t) (this

filter represents the cascade of the transmitter filter, the physical channel, and



"through a signal reconstruction nodule, and then is used to detect the
phase error. The phase error detector of the enbodinent results in | ess
accurate detection; however this loss is trivial conpared with the

advant ages generated. 10 In conventional schenes, the signal reconstruction
require both the precursor and postcursor signal, and extra delay of two
times of channel nenory is introduced. Mrgpver, in the decision-directed
node, postcursor decision outputs are not available. In addition, the nore
precursor and postcurcor decision output are used, the | arger high
probability of error propagation. 15 Therefore, using the proposed schene,
the loop delay is mnimzed and fast acquisiti sPeed can be obtai ned by
PLL. Moreover the W@'Yﬂf?ﬂ r CamPR B %%%Qgg'@s aegivedssignalganckaml exity,
the loop delay is mnimsed, and fast acquisition speed can be obtai ned by
PLL. 20 In thexprassedibyea disicretatmodsli ng t he known preanbl e sequence as the
feedback, which result in zero | oop del ay except the delay introduced by
the loop filter, the initialisation of tthe PLL can be efficiently
acconpl i shed, and the 26 phas r n be quickly acquired. The PLL
enters into lock state frommleﬁ?’%féfétﬁfwkaﬂg‘ﬁﬁrt time. Actually, {his is
a very effgcient PLL training stage. APrer the preanble sequence is

recei ved and data segnment is comng, the PLL is switched to the
decision-directed node. In the data segnent, the 5 correspondi ng phase

detection function can b resse E(k) ~ ==~ a~, =.E(k. . a) where
r(k-d) denot odmete ”#g@B&?Eeﬁztﬁch&“é"ag?ﬁ%s%"ﬁH@'F&é@éﬁféﬁﬂ% W'tﬁmr
denotes the decision delay in the M.SE equaliser. In this decision directed
10 node, the Bpectumdtd2: ndepgndant eftherdataseguanee.cfh(p)} iathe Edipydrichises
for it. The tracking range depends on the |oop delay d, and the larger d
resul ts in thebtainedbychannekestinatangnd Alideabtasahetfferudacy offset del ay i n
the MLSE equaliser |limts the carrier tracking performance. After the phase

det ecti onqot hpoRRERKEER the'symiil gam! Wﬁ%%uéﬂi&y%@btté%ﬁnia@@rpeﬁpﬁofté {Heer and

derives the required phase to drive the N These two function bl ocks can

be expressed X AP = iodi CAZA s & ~ 0 %ﬁ%*
represents coﬂ\F/ocﬁu i%fntgF%{gglgpé&t?on ggéﬂigcedghg%%or{ﬂé@%%pp i erd
response. The set of t.he | o filter f(k) is nost crucial to the
peﬂo or?nance Op%cor%?ng tthe sym88I ra'te, (k) i's nos uel

15 15
1 a6 1 .
15 7 > rirho1g = e2"AS 5 > 2D hmilnack-mich_16-n2 ()
. k=0 kz0 nl nl

In the following, two properties of the CAZAC sequence will be used. First,
the preamble sequence made up of the repetition of 16 CAZAC symbols, i.e.
20 cx=cx16. Secondly, CAZAC éequence is a special PN sequence which has

a good cyclic correlation property, i.e.;

15
1 0 nl#n2
35 2 Ck-n1Ck_18-ng =
52 wg " " { 1 nl=n2 (3)

25



the PLL. A second order PLL is adopted in this enbodi nent, and the transfer
function of its digital |oop can be represented as: 27 -i F(x) = xW- 1
xz (11) The loop filter coefficients K1) KZ can be cal cul ated according to
the tracking 5 performance of PLL and noi se bandw dth. The nethod to set K~
and K2 is well known in the art, and does not require additional discussion
here. If the PLL can efficiently conpensaa for the phase error caused by
resi dual frequency error) phase offset and phase fitter, the input to the
M_SE can be 10 expressed as L x~ - rke ie" _ ~ 8n~k-n + n,~ (12) r~-L 15
evidently the input signal to M.SE equaliser is only the ISl - corrupted
signal. Using Unger-broeck's M.SE, the desired data ak can be estimated. It
is well known in the art that the decision delay introduced by M.SE
equaliser will significantly narrow the tracking range of the PLL

t heref ore an Rloredvar withia/eomalisss-Rayeighdading negn'm nwosticases weyhave
proposed. The present enbodi nent can achieve the sanme or slightly better

per formance tharn h§1tlémiqir(ﬁo RS plEpOwEE RothigiisdtibA iS ABBIEALAME RENCE tHd ect or
is used. Moreover) only 1/ N inplenmentation conplexity and cost i s needed,

here N denote : Viterbi processor. 28 In standard PSP,
the PLL is i n@"é@ﬁ'ﬁ{eﬁ@r{]fé%@@al gorithmitself. Therefore) for each
state of Viterbi algorithm one PLL is needed. However, in the enbodi nent,
t he phaseqs rotated outside of MLSE, and the decision 5 output of MSE is
used for phase error detector (therefore only one detector), therefore,

only one PLL is needed. It wel | kg@m.lion the art that Ungerboec&)s M_SE

operates directly on the 332"k %-16=
k=0

10  The estimated frequency offset can be represented as,

arg {315 2%9-0 "k"r:—le}
27 x 16 (5)

Af=

15

In Cox method, consider two repeated training symbols which are identical to
each other at the receiver except for a phase shift caused by the carrier
frequency offset. If the conjugate of the first symbol is multiplied by the
20 second (delay time Ty later), the frequency offset can be estimated by some
operations. The estimated range depends on delay time 7y, The effect of

channel fading should be cancelled, therefore, the normalizer is needed.

In the modified method according to the present embodiment, the property of
25 CAZAC sequence is used, and delay time is fixed at the length of each

sequence (16) (the estimated normalised frequency offset is up to 0.06). The



" discrete output of the matched filter, and the nodified Viterbi al gorithm
(VA) is 10 adopted. The state of VAis I~k-i = (ak-L~ ak-L+i) . . , ak_i)
(13) the maximum likelihood (M) estimation is obtained by maxim sing the
metric 15 given by rk(/zk) = rk-i(~k-1) 'f' ~(~k-1VKk) where ~, (pk_~ ) pk)
Is called branch nmetric. When PSP technique is used to recover the carrier,
associated wth the state transition ~k ~ o5 k+~ the branch netrics becone
20L ~~k _"~ ~k-El') _ ~ ak 21'k8 ~B~' - 8pak - 2 ~ 8m(Ek-mtn~I 29 5
where rk denotes the received signal after frequency corrector) and ak
denotes the decision of ak. Bis the estimted phase error, which is
derived by the PSP net hod and adapted by the LM algorlthn1 Usi ng PSP

t echni que, a, € @gtrpfuévamphfa@w l%cpﬂeg guseessiuiphtsibrameeving aé«ﬁnage: ex
~-KlI'I mrk&e ~~'"~} (16) where K~ is a constant. Conparing (16) with (10),
we can see t hathi¢chvlBecreabesl thesinepjemeatatitn camplexity.i This isrexphaimdd immbhed,
except that the second 10 conponent in (16) is the phase error In{rk eke

ek} is the |G@thlﬁlh'th@l’ab@f/eTr@l%rrfeurw—p@tﬁdiﬁgaBbhcat'Biﬁ above di scussion on the
PSP- based MLSE receiver indicates that a PLL is needed for each state of

Viterbi processor. Mreover, besides the survivor 15 nmetrics for each
state, the phase netric for each state are required to be stored. Hence the

or asent i rvontr aneoriRnGR Wil Bp Sexotd ERBBUARN, SRRSO enlalEie Lrbd i

conpl exity of the present invention | only 1/ N of the PSP based M.SE 20
recei ver. As PQ”JI'('HSW with;the esimated SL@ te %CQMWWQ datasequensgasihese age

vari ation, and the
two classic MLSE equaliser, Forney's MLSE receiver and Ungerboeck'’s

unwhitened MLSE - see previous references. Ungerboeck’s MLSE consists
of a matched filter which maximises the SNR of the Viterbi input, a sampler
10  operating at the symbol rate, and a modified Viterbi processor (which needn’t
square operation in metric calculation) for estimating the information
sequence from the sampler output. In Forney’'s MLSE, the receiver consists
of a whitened matched filter, i.e., a matched filter followed by a transversal
filter that whitens the noise, a symbol rate sampler, and a conventional Viterbi
15  processor to perform ML sequence estimation. In Forney'’s receiver,
whitening of the noise is essential because the conventional Viterbi processor
requires that noise components of successive samples be statistically

independent.

20  Although Ungerboeck’'s MLSE has a lower complexity, Forney's MLSE is
more extensively employed. This is because the two MLSEs have no
essential difference in the implementation for TDMA systems where adaptive

equaliser is required, and the matched filter and whitening matched filter have



second order PLL has nmuch faster and w de tracking performance than the
first order PLL especially in the presence of residual frequency error.

Usi ng 30 the same systemarchitecture, the BER conparison of PSP receiver
and the present invention is shown in Fig. 7, which clearly indicates that
t he present invention can achieve equivalent or slightly better performance
than PSP receiver. The enmbodi ments of the,present invention are optimally
conbined 5 by trading off the tracking range, conplexity and perfornmance.
The invention is applicable to the receiver of high-rate w rel ess indoor
comuni cations, especially in wireless indoors conmunications systens which
enpl oy tine-division hQurst transn ssion, mherg the rate of change of 10 CIR
i s slower thatAMBcopRiexityhan implementgd pyiMS {leagihmeanssauarelordRRAC
sequence el enentVal usl+j ~,i+ii+jc31l+j-1+jcs-1ljcTI+ Cg_1 Ji+jcia

. -cl | 14 ci zci @eqursive+pastsaqyare) algocttbnn.lvéenceAngmbeecldsIMLLSEpaeng circuit
for receiving a burst signal including a repeated preanbl e sequence and a

dat a sequenceslighb eomiplexitytadvantagesi FgthermnrorgpRomeyls MKSH ismdressttractivee
estimator (ML.SE) and neans for determ ning the phase difference between a

signal at thenqHbRippliCdtidnéndé %é‘oﬁ@rfti%ﬁﬁWﬁér’B%@%‘riﬂgﬁdl-ﬁd r ﬁ‘ﬁc'jsthe

I nput of the M.SE; phase rotating ans for rotating the ase of sai

burst sig Ldg?@?p’g’%{}hg%@ébngﬁﬁﬁé{eﬁ ence, t he out put of said neans

bei ng cou I'nput’; t he phase determ ning neans is
further arranged to determ ne the phase difference between a non-del ayed
signal at the M.SE i nput and a

In an indoor wireless burst communication system over a quasi time-invarying
fading channel, the preamble sequence is utilised to obtain quite accurate CIR
estimate for each burst, which is constant for the whole burst. Hence the

10  coefficients of the matched filter can be easily set up as hyr = h*(-0).
Whereas, the whitening filter converts the original overall CIR to a minimum-
phase impulse response whose energy is concentrated in its first several
samples. In the considered system, the whitening filter design possesses
much higher complexity. First, the transmitted data is organised in bursts,

15 each one containing a preamble sequence for timing, frequency offset and
channel estimation. In most cases the preamble sequence is too short for
the application of recursive adaptation algorithms like LMS or RLS algorithms
for adjustment of the whitening filter coefficients. Therefore, a cldsed-form
calculation using the result of channel estimation is necessary. Many

20 methods well known in art either require matrix inversion or the solving of
Yule-Walker equation, which introduce high complexity into Forney's receiver.
Therefore Ungerboeck’s MLSE, which does not need a whitening filter,

substantially reduces the implementation complexity.



stored preanbl e sequence signal. 15 2. A circuit according to claim1
wherein the phase determ ning neans is arranged to determ ne the phase

di fference between said preanble nenory and said non-del ayed M.SE i nput
when said signal is carrying said preanble sequence; and wherein said phase
determ ning neans is arranged to determ ne the phase difference between
said M.SE out put and sai d del ayed 20 NLS%d nput when said signal is
carrying said data sequence. 33 3. Acircuit according to claim1 or 2
wherein said MLSE is an Ungerbroeck's type MLSE. 4. A circuit according to
any preceding claimwherein the phase 5 determ ning neans conpri ses a phase
detector and a switching neans; the phase detector having a first input
switchably coupled to the M.SE i nput and a del ay neans coupled to the M.SE
i nput, the delay nmeans for delaying the MLSE i nput signal by a delay tine
cor r espondi ndntfeoroéyeapd dingssboeckie MBS K fit whidhavagtreciated by thasskillegin
switchably coupled to the 10 MLSE output and a preanbl e nenory neans which

stores sai d phearithat freomatshedsileniMF) prodess thwalemne pkafgetd SNR Othe
determ ne the phase difference between the first and second inputs, the

processing MeAffingfiBORY byt SG5UdHIERP whRNINGATHER WiinkHels tRE S di ng t he

second i nput by I rst I"nput; ald par orresponding to the phase

di fference. i ' di : ' ' rein the phase
ot ati ng deandelefibrithdeRoRRk Nk is WRRRATR R drfolt MSE ihee e e
coupl ed bet e Eas det.ect or out put Id mxer. 20 34 6. A
recei ver fo\r,\ﬁ§E€£s{F\¢ilﬁ %'?B'dﬁr slf'%g? grege Cﬁ&fﬁgﬁﬂéﬁﬂt ﬁh@dggt%@p'ﬁrmte
sequence and a data sequence; the receiver conprising a PLL circuit
essential influence on the error performance of the Ungerboeck’s MLSE,
whereas IS| affects the error performance of the Forney’s MLSE through the
loss of SNR. Moreover, through simulations it has been demonstrated that
10 Ungerboeck's MLSE and its reduced-complexity format (DFSE: decision
feedback sequence estimate) can achieve better BER performance than
Forney's MLSE and DFSE, which is shown in Figure 6. Actually, this can be
easily understood, the whitening filter is of infinite length in general, but an
FIR implementation is generally required in practice, which makes the
15  assumption of a minimum phase response at the whitening filter output not

true in general. Consequently, the imperfection of the whitening filter design

causes Forney's MLSE and DFSE performance degradation.

As previously discussed, embodiments of the present invention are directed at
20 presenting a MLSE type receiver structure that integrates various estimation

algorithms in an optimum way and adaptive manner for high-rate indoor

wireless communications. Therefore, it is preferred to use Ungerboeck’s

MLSE receiver, which can optimise the system implementation and the BER



“according to any preceding claim 5 7. A receiver according to claimé
further conprising a preanble frequency offset estimtor having: neans for
differentially multiplying a sanple of a first said preanble sequence wth
a correspondi ng sanpl e of a second said preanbl e sequence; neans for

determ ning a phase rotation angl e dependent on said 10 difference and

whi ch angle is indicative of said estinmat 8. A receiver according to
claim7 further conprising a frequency shifter which shifts the phase of
said received signal by said phase rotation angle. 15 9. A carrier recovery
architecture for receiving a burst signal including a repeated training
sequence and a data sequence; the architecture conprising:. a PLL,Wﬁvin a
mi xer whi ch r PeEPYBaNGE-SVEWl ,searthwge %tw#@v aﬁagamg Uhaprhagcks Mhe

m xer, and a phase detector, the phase detector arranged to determ ne the
phase di ff er ewilkbé fartkerdemaensfrated i thenthingdt@robodimante Invaseom@ianaa avith the
correspondi ng del ayed signal at the MSE input ; 35 the PLL further

havi ng m xer gagond erbogimbnt; in bperationNTdspacad matcheddilted isihdoptediignal to
the m xer in order to adjust the frequency of the received signal which the

m xer outputs %@@ Sﬁ? tH LMo HINE MsdRE £ d
phase di ffere@g;e}tgfe ereint @J%ﬁggeﬁ%’%ez%tor ){rgsgpgangedugg’?ge%ﬁéh
swi t ch-abl e betyeen i S n inin equenc Ly, .and
bet ween sai d WL%E@ %6@{/&&%ﬁE#Héﬁﬁtﬁﬁn%ﬂa’&&%gfg}? %1@%‘% Qﬁffatg%g&b@ﬁnase
detector having_ _an input coupled to the output of a maxi mum 10 |i kel i hood
sequence est i fdffigient M%V'%Ea@/mﬁ?tﬁﬁmﬁ?\%w&ﬁIr@ﬂ”it')"tbﬁe'nlr\'mlfﬁdof said
M.SE; the detector conprising: delay neans for delaying the second input
signal by a debmplexityfor\iterds provgisagr)t dt istbereforecdasinaplaita pigk die bast M_SE;
processi ng nmeans arranged to determ ne the phase difference 15 between the
first and del gzmglespeosyinboimdcdrdihg to theoprsfeirad syremanivationghduito det er m ne

the imagi nary part of the

10  The frequency error of the received signal is coarsely corrected with the
estimated frequency offset, however, the residual frequency error and phase
error still exist. After the frequency corrector, the Ungerboeck’s MLSE is
employed for data estimation. At the same time, estimated data output by
MLSE equaliser is feedback to a phase lock loop (PLL) to compensate for the

15  residual frequency error and phase jitter. Therefore, in accordance with the
third embodiment, a novel integration of Ungerboeck’'s MLSE and PLL is
proposed. After the frequency correction, the received signal can

approximately be represented as:

20 L
ry =€) hnag-n + 0k (6)

n=0



"result of dividing the second input by the first input; said part
corresponding to the phase difference. 36 11. A detector according to
claim9 further conprising switching nmeans arranged to switch said second
input to said M.SE input (non-delayed) and to switch said first input to a
sequence nenory neans. .A;,.As?. AL9. A ALL.Ar.As.A A . AA
.AsL. As_. A9. A9. A% A% As. A. A9. AL. AsL. As . .AL. As. Al
. AH. ABhY". A~. As. A" . r. A{ 2. Ay(y. Af 1+, u. 1} bl eC#oL, ¢
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20 Ck (8)
Where € can be approximated as the residual phase error because of the
following conditions. First Ungerboeck’s MLSE is adopted, in which the

matched filter accomplishes the phase equalisation (i.e. sq is a real value,



V] c)‘a\/J calcalcalcalcalcalcalcalca',| Z5v ]+4] ;Mrt}xsnidrYkfal W]
Ul cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca
UV] ca] caV] cal] ca] ca] ca] ca] ca] ca] cal caV]ca t\

R16| zupj e [ Vkf a\ W] ca] ca] ca] caV] ca] ca] ca] ca] cal] ca] ca] ca] calU] ca] cal] ca] cal
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where {s;i =-L, ...,L} denotes autocorrelation of the CIR); secondly the main
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10%<& () - § 108cé&hyentional 8ebeinés.-the eadible datdlmodeigion output passes

VBi K- K 1109%& ()- /109%& ()- - 109%& ()- SY+10%& ()- ,)!10%& ()- @ @

10%<& () - $ l@fretigh)a sico;ﬁaWe&oMstZudtiori rRoddlRY@Ad ther-is used to detect the phase

- 10%08 () - Ls10%08 () - 1

10

15

20

<10<10< 810%& ()- L610%& () -
error. The phase error detector of the embodiment results in less accurate

detection; however this loss is trivial compared with the advantages

generated.

In conventional schemes, the signal reconstruction require both the precursor
and postcursor signal, and extra delay of two times of channel memory is
introduced. Moreover, in the decision-directed mode, postcursor decision
outputs are not available. In addition, the more precursor and postcurcor
decision output are used, the larger high probability of error propagation.
Therefore, using the proposed scheme, the loop delay is minimized and fast
acquisition speed can be obtained by PLL. Moreover, this phase error
detector possesses much smaller complexity, the loop delay is minimised,

and fast acquisition speed can be obtained by PLL.

In the data-aided PLL utilising the known preamble sequence as the
feedback, which result in zero loop delay except the delay introduced by the

loop filter, the initialisation of the PLL can be efficiently accomplished, and the

a] cali<y _bwzX}xsnid_ZU] ca]ca]ca
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blocks can be expressed as:
0(k) = 6(k — 1) + {e(k)} * {f (k)} (10)

20 where * represents convolutional operation and f(k) denotes the loop filter
response. The setup of the loop filter f(k) is most crucial to the performance of
the PLL. A second order PLL is adopted in this embodiment, and the transfer

function of its digital loop can be represented as:
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L
T = rke'-w" = Z 8nGk--n + Nk (12)

n=-—L

15 evidently the input signal to MLSE equaliser is only the IS! — corrupted signal.

Using Unger-broeck’s MLSE, the desired data ax can be estimated.

It is well known in the art that the decision delay introduced by MLSE
equaliser will significantly narrow the tracking range of the PLL, therefore an
20 alternative to PSP-technique based carrier recovery is proposed. The present
embodiment can achieve the same or slightly better performance than
standard PSP technique when the same frequency corrector is used.
Moreover, only 1/N implementation complexity and cost is needed, here N

denotes the state number of Viterbi processor.



10%0% () - FL0%0& () - gXXYZYYY52Z2Zi K- KL' 10%0% () - $f 109%0% () - L" 109%0% () -

10908 ()-s"10%0& ()- FF10%0& ()- 109%0& ()-zzZ[a[[[[+\i K- K L610%& () - 3410%0

& ()-"110%08 ()-L/ T 10%08 ()-"-f 10%08 ()- LI +10%08 () - @

1090& () -\ t\\\\\\]Z]i K L610%0& ()-s910%& ()- s FL0%& () -

Y10%<& ()-100100100L: 10%08& ()-Ly8 10%0& ()-Z]]]! ~mh~AA_i K-Ks 310%<& (-
T109%<& () - S10%& () - SF10%& ()-S5 10%& () - 10%& () - SE10%& () - _

N ai KK /1 10%& () - - 10%& () - Y+10%<& ()

) F10%<& () -s' 10%<& ()-s$10%& ()-s"y

10%& () - a5a8aaa! b" b#b$bi UK /1 10%& () -10<10<10< :f 10%& ()- " f810%& ()-

96 109%& ()- 410%& ()- 1y10%<& ()- $b' bpbbbcQeccf HF LGLO%@R ()- L-

109@& ()-Ls109%@& ()- ~l!109@@& ()-L 109%@& ()- 109%@& () -

Ys10%@& () - cc+dl ddd$edE* LGLO%GE () & 10%@& ()- 9*310%@& ()-!s$! 10983& () - 9S

MLOY%@E' () - L&t 1D stghdayd MISR) H@PLL-is WWMB@@ME alfurighnn)itsefO@D 10@D

10@@ S5! 10%@8& () - ! S5! 10%& () - &010%@& () - F. " 10%@& ()- efjfifffaBasSL

10%*& ()-!t° ﬂ%?éf&ré Xoﬁéé’&ﬁ&a(é of VidikalgoritY&fe PL14&Peeded. However, in
10%& () -fffggggs~?asa

33355:&%3&2'&#0{“%@%3%? Wi nidsa sipiate hsiod pt Yoo i 94deIBY, o ()

10%& ()-hiciiijii]j 0% - 10%
109% & () - 10%‘19% WﬂeéE /&%}J %}&EFF;%W%&%@E’ %Gfﬁ?{a@ erzlygpg(ﬂq;gctpy
910% u& ()- YI!10% u& ()-L&L0% u& ()-9310% u& ()-kk@!!| ngndEbCL 9&S
10% ug& () - 91tharatore,) only onesRid: is)nesdegh 0% ug () - LZ" 10% u& () -9

GL0% u&' () -gmmLnYnnndEbCL 9&610% u& ()- 3 10% u& () -
9/ 9g10% u& ()-9s-10% u& ()-&F+z 10% u& ()-)10% u& ()- n, o| o} o~oooopbCL
910%g& ()- 10%g& ()-10%g& ()- 10-u

"~ ltis well known in the art that Ungerboeck’s MLSE operates directly on the

discrete output of the matched filter, and the modified Viterbi algorithm (VA) is

10 adopted. The state of VA is

Mk-—1 = (ak—L: Qk—L+41)°** sak—l) (1 3)

the maximum likelihood (ML) estimation is obtained by maximising the metric
16 given by
Tr(pr) = Te-1(pr-1) + Mete—1, 2£) (14)

where A(px-1, pk) is called branch metric. When PSP technique is used to
recover the carrier, associated with the state transition pi -, pixs th; branch
metrics become
20 L
A(ux = prs1) = Re [&k (2rke'j0" - 80ax — 2 Z 8mak-m)] (15)

m=]
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obtained, and the desired phase error is

Bie1 = s + KaIm{riage 90} (16)

where K, is a constant. Comparing (16) with (10), we can see that LMS
method is equivalent to the first order PLL method, except that the second
10 component in (16) is the phase error Im{rx &e?*} is the loop filter of the first-

order PLL.

The above discussion on the PSP-based MLSE receiver indicates that a PLL
is needed for each state of Viterbi processor. Moreover, besides the survivor
15  metrics for each state, the phase metric for each state are required to be
stored. Hence the required storage is also doubled. Whereas only one PLL is
needed in the present invention. If there are N states for Viterbi processor, the
complexity of the present invention is only 1/N of the PSP based MLSE
receiver.
20
As is known a first order PLL can only track the phase step variation, and the
second order PLL has much faster and wide tracking performance than the

first order PLL especially in the presence of residual frequency error. Using
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the same system architecture, the BER comparison of PSP receiver and the

present invention is shown in Fig. 7, which clearly indicates that the present
invention can achieve equivalent or slightly better performance than PSP
receiver. The embodiments of the present invention are optimally combined

5 by trading off the tracking range, complexity and performance.

The invention is applicable to the receiver of high-rate wireless indoor
communications, especially in wireless indoors communications systems
which employ time-division burst transmission, where the rate of change of

10 CIR is slower than the burst duration.



'S @ 10810%@ ()-!$y 10%@@ ()- Fs10%@& ()- 10 10 10 : S109%& () -

10% ()-,| ZdE_@ 10, 10%g () - 910%@ ()- L(ﬁm@z ()-Lf: 103&'/?)9 e

| Lt 10%@&' ()-L 10%@ ()-5v }"?_@ 10& 10%@ ()- 9+10%G ()-

9" 109 () -39 1004 () -!1" 10%H#& ()-11 10% & ()- ]+Z[\]dYNCL 10 10@10@
10@mLO%@E () - &610%@&' () - | 410%@& () -, 2S109%@& ()- 0"10%@& ()-] ; dEYNCL 10

9g109G& ()-Y3"1094& ()- Of: 10%& ()- LLg 1094°& ()-°  10%&
! - - 0%7& ()-3
109%T& ()-M dEYNCL 10 @ 10%T& ()-'- 109%& ()- F"1090& ()- )
10998 ()~ O 100G& ()- \dB4CL 0 o ()- F'109%& ()-s 10%W& ()-&Fz

" Table 1: CAZAC sequence

CAZAC sequence element | Value
o 1+)
a 1+j
02 14j
cs i 1+j
cs -1-+j
cs -1-j
s 1
cy 14j
cs -1-j
9 1+j
€0 - -1-j
11 1+j
12 . 1-j
c1s -1-j

o -1+j
as 145
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CLAIMS

1. A phase lock loop (PLL) circuit for receiving a burst signal including a

repeated preamble sequence and a data sequence; the circuit comprising:

5 a maximum likelihood sequence estimator (MLSE) and means for
determining the phase difference between a signal at the output of the MLSE

and a corresponding delayed signal at the input of the MLSE;

phase rotating means for rotating the phase of said burst signal
dependent on said phase difference, the output of said means being coupled

10 to the MLSE input;

wherein the phase determining means is further arranged to determine
the phase difference between a non-delayed signal at the MLSE input and a

stored preamble sequence signal.

15 2. A circuit according to claim 1 wherein the phase determining means is
arranged to determine the phase difference between said preamble memory
and said non-delayed MLSE input when said signal is carrying said preamble
sequence; and wherein said phase determining means is arranged to
determine the phase difference between said MLSE output and said delayed

20 MLSE input when said signal is carrying said data sequence.



1096} & ()-18 1096} & ()-K 7 8 1096} & ()-8 1096} & ()-s109%} & ()-u] CCL 10K8
1096} & ()-K 7 8 1098} & ()-K8 1096} & ()-K 7 8 109%} & ()-8 1098} & () - x ?CL
108 1096} & ()-8 109B} & ()-K 7 8 1096} & ()-8 1096} & ()-K 7 8 109&} & () -} FCL
10K 7 8 1096} & ()-8 109} & ()-K 7 8

33
3. A circuit according to claim 1 or 2 wherein said MLSE is an
Ungerbroeck’s type MLSE.
4, A circuit according to any preceding claim wherein the phase

5 determining means comprises a phase detector and a switching means;

the phase detector having a first input switchably coupled to the MLSE

input and a delay means coupled to the MLSE input, the delay means for
delaying the MLSE input signal by a delay time corresponding to the
processing delay of the MLSE; and a second input switchably coupled to the

10  MLSE output and a preamble memory means which stores said preamble

sequence signal,

processing means arranged to determine the phase difference
between the first and second inputs, the processing means arranged to
determine the imaginary part of dividing the second input by the first input;

15 said part corresponding to the phase difference.

5. A circuit according to any preceding claim wherein the phase rotating
means comprises a mixer; and a second order filter and a NCO are coupled

between the phase detector output and said mixer.

20
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6. A receiver for receiving a burst signal including a repeated preamble
sequence and a data sequence; the receiver comprising a PLL circuit

according to any preceding claim.

5 7. A receiver according to claim 6 further comprising a preamble

frequency offset estimator having:

means for differentially multiplying a sample of a first said preamble

sequence with a corresponding sample of a second said preamble sequence;

means for determining a phase rotation angle dependent on said

10 difference and which angie is indicative of said estimate.

8. A receiver according to claim 7 further comprising a frequency shifter

which shifts the phase of said received signal by said phase rotation angle.

15 9. A carrier recovery architecture for receiving a burst signal including a

repeated training sequence and a data sequence; the architecture comprising:

a PLL having a mixer which receives a signal, an MLSE having an
input coupled to the mixer, and a phase detector, the phase detector arranged
to determine the phase difference between a signal at an output of the MLSE

20 and a corresponding delayed signal at the MLSE input ;
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signal which the mixer outputs to the MLSE, said rotating signal being

dependent on said phase difference;

5 wherein the phase detector is arranged to be switch-able between said
MLSE output and a training sequence memory, and between said MLSE

delayed input and a non-delayed MLSE input.

10. A phase detector having an input coupled to the output of a maximum
10 likelihood sequence estimator (MLSE) and a second input coupled to the input

of said MLSE; the detector comprising:

delay means for delaying the second input signal by a delay time

corresponding to the processing delay of the MLSE;

processing means arranged to determine the phase difference

15  between the first and delayed second inputs;

the processing means arranged to determine the imaginary part of the
result of dividing the second input by the first input; said part corresponding to

the phase difference.
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