;e3eX4| H6TX| k- 7 FE B 2005 1 High Rate Receiver Field of the Invention
The present invention relates to wreless burst comrunications r?c’% Eqro
especially for high-rate indoor applications. The invention particu @
relates to MLSE based joint carrier, channel, timng and data estimation
recei vers. Background of the Invention 10 In tinme-division burst

communi cation systens intersynbol interference (1SI) and noise, along with
errors in the carrier phase and the sanple timing, are the

i npedi nents to reliable data reception. Realising reliable gyﬂlwmﬂlﬂmmmm st
conmmuni cations involves the follow ng key techniques: effici :
equal i sation to conbat the severe ISl caused by frequency-sel ect'i®¢&*f adi ng
channel ; carriRigh Ra®% Reteiverconpensate for the frequency offset and phase
noi se; tim ng recovery to conpensate for timng offset and (Mﬁ@’:ﬂmm“mmm
estimation for efficient equalisation. 20 It will be appreci

skilled in the art that the equalisers can be classified as |i negjg:+

equal i ser, decLsi nf eeld back equalisers (DFE), and maxi mum|li kel i hood
sequence esti n&’iﬁ—{ﬂ@:@@—lﬂ” aliser. Anong them MLSE utilising Viterbi

algorithmis considered an optimal equaliser. - 7 F EB 2005 2 There is a
huge anount of work on joint carrier, channel and data estimation for TDVA
systens. Early in 1974, Ungerboeck proposed a adaptive receiver structure

in Gottfried Uhhepbessarit iﬁvnmipnimhatwtd wireless leirstrapmimuaications réesivérscarri er

nodul at ed data transm ssion systens”, |EEE Trans. on Conm, Vol. com 22,
No. S, May 1974egpedf 0phighlhite mdbd?té;YpIR}%‘tlbﬁ”gt'ﬁﬁ?e Fh%hh@rﬁ aHidt'Hé‘rQﬁ refdtagnel
and dat a. Based on the Ungerboeck's concept, R D.'avella et al proposed a

el Yer o7k SER R TaPte bente! A BT labivers .

Background of the Invention

10
In time-division burst communication systems intersymbol interference (I1SI)
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 IS| 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.



10 ILEEE Journal on Sel ected Area in Comruni cations, Vol.7, No.1, January
1989 pp 122-129. In this RENATO s system a new CIR (channel |npulse
response) estimate i s obtained from each received burst, which is7usdd2i0b
drive the coefficients of the matched filter (MF). The channel variati ons
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, gradié%t al gorithnms 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 M- 20 coefficients and the Viterbi processor paraneters, and
the phase adaptation is perforned i mediately before the Viterbi processor

in order to m Theisk 4 REgevpictnt of Rk 8aljeint carrrér':cH:arﬁte?Qﬂé datd A the

above CIR tracking coul d noti ceably inprove the system per formance

user bl i com Si R s, %fﬁ?ﬂ'&%@t‘gg’r@g A0 et b R e
ona. o' sol vestHeara L GRHfE hiobdek) Adabiie RikITAM lshoad Tecosr o

provi ding carrier frequency offset corrpensatr on in a TDVA comuni cati on
systent, US pafefiier spaBgated dsip transmisgion pysteord dlBEE pans @i Cemen.y Vol.
structure for TDVA systens to conpensate for carrier frequency offset and

the caused Cl Reomr22tNoS, MEyel IR ppsd24+886. Thisjpintlyesktinsates caaiet tming, or
the 10 whol e burst. The nodified Ling receiver structure i ncl udes: the

phase is correghgshdleiner atdRBdsed dr theclingérboesk’ b%hcaerart BUagdliLared to
the RENATO s smal| |oop adaptation); the adaptation of the M- coefficients

and VA par anet SAVSAC f-

nmet hods are prgro} %8 #ﬁcsewﬁu%i@gteuééﬁ%&c%’urg pos@é}sig@ R&E&n@é@@&:{%ﬁgm ty
and 15 ac-cepta erformnce, t hese ceivers can only
conpensat e for 'RQ ?W&qu’éﬁ&ﬁs&%m%rr%‘l’?'\ﬁ%ﬁgéﬁ]%@ﬂg'tai Qhileiradiochannel
on burst-by- burst basis. This is because MLSE may introduce a quite |ong
deci si on d& ay|ERlhiJournal opdSelectedAteaia Gammumicationscdol brNo.df January

deci sion-di rected phase-lock-loop (PLL) to track the | arge frequency

et oy 588 P15 RSty RO ctmnes MOC G et
phase synchrongisponkBPesfa@iBIdut&inkl fopd eder Pe&ived birst, which i€ uSeftd005 4
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 variation 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.



patent 5311523, May 10, 1994. This does not contain a |ong delay, and shows
good tracking performance when SNR i s high. However, in such a pha?qg#P%hE
| oop, en the tentative decision is not correct, the problem of %efr
propagation result, this is especially so in the low SNR condition. To 5
sol ve the problem of error propagation of tentative decision, per-survivor
processi ng (PSP) technique are extensively gtudied in art for joint
carrier, channel and data estimation, e.g. Pn Serizawa above and Khalid A
Harried, and Gordon L. Stuber, "An adaptive truncated MSE receiver for
Japanese personal digital cellular", |EEE Transaction on Vehi cul ar

Technol ogy, Vol.45, 10 No.l1l, February, 1996 pp 41-50. The intuitive
rational for P#Mhosghrihg@doveddR traokisEcouldsnatiseghblyfimpravelthadyestemer t he

i nconpl ete knowl edge of sonme quantities prevents us fromcalculating a
particul ar traperformancewhereithe prgarablessecarticpriedt tHeadginhihgrof the bilbstuige
estimates of those quantities based on the data sequence associated with

the survivor | eadiiigto ISe Iddatusef@ns iGSMsystdme Wheh@tid SraMbIeYs M MR midkil
correct (an event of high probability under nornmal operating conditions),

8o SRS, P i B B

Since at each stage we do not survi-v ebest),

we 20 extengded usingd.the best data, sequence gvail gble, ichis the
sequence asgocipﬁ%eof’%ﬂ'bg an%; St%@%?’ﬂlt@@}r%leﬂhﬁ-"ﬂ% -ar'@et nchappa@tys

whi ch survivor _is the best. Wen per-survivor processing (PSP) technique is
used conbi ned ¥@%Providing cavien sisiasieony eFset,carapensationn edT DMAcomenwriitation
same as in - 7 FEB 2005 5 tentative decision nethods, at the sane tine,
the error propaystenuh USpatent 8245611, Sep. My 1 99$ plaposetlidignproaéd irécditer

Unger boeck's MLSE receiver, RENATO s 5 receiver, and Ling's invention,

besi des a qui t etluefige dGCTOMNsEREMS 16 rRatd Rt QdrfisH e SRt anfxtra
delay is introduced into the L in RENATO s receiver aﬁ%qﬁ%- S | n\%lﬁti on,

which Turher WK ESUADEIACRUESEY THETSH B 9098 e o o ABR e
A S TR S MG B TR S

extra del ay caused by signal reconstruction is introduced into the PLL,
which linits tRerrarteshRefPee matehast filterdq g inopoadapatiomogepatdchto then be
conpensat ed. Therefore, RENATO and Unger boeck's M.SE receivers only

consi der smal | RENATE's §émalfisolcdaftatien); thdhdhpraivh s tHEME sbefiticpfsand t hi n
each received signal on a burst-by-burst basis. In the Ling's inproved M.SE

iver, alth f |
receiver, althyugpaceNaterd afd SR e® Je'i/%?e”g?élgﬁ%ﬂgzroﬁsgg 8&9ﬁ§ﬁior5 thethBioVve

the accuracy and stability of the system l'ay tfurther 1ncreases

. q q i i ' .
per or med pri 0" BRASSSR cTHie e bl BORRs up BN 2P iRS Y ac
regenerateg. carrier BV utilising the phase error calculated on the basis of
the detect &y d8P%EHE ea”?'@‘?fﬂ?ﬁ!?%-y large delay time in the control |oop,

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

However, these above MLSE receivers can only compensate for smalll
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



- 7 F E B 2005 6 phase tracking. Nanely, the circuit has di sadvant ages t hat
a frequency tracking range becones remarkably narrow, a tinme required for

t he synsnroni sation is remarkably long. 5 Al though the M.SE recef VefEB 2005
adopting tentative decision and conbined with the PLL has a quite | arge
tracking range, its BER performance is not so satisfied especially in the

| ow SNR due to error propagation. \Wereas PSPbased M.SE receivers, which
can obtain a small delay as sanme as the M.SE receiver tentative deci sion,
have nuch | arger tracking range and nmuch better 10 BER performance at the

| ow SNR. However, PSP M.SE receivers are characterised by a very high
conplexity in the inplenentation. First, if the state nunber of the Viterbi
processor is alPatertddl @3, May. 10,594d cEhis ldees uot icootaimatlong defay; ahdst at es,
the phase for N states are required to be stored in the each step of

Viterbi processhows doodttdeking perforraantd auheneSMRI isthigh. HB®eler, Bk subk acki ng
performance) PSP techni que which adopts LMS algorithmto track the carrier

phase, is equi \pﬁlﬂa%étloéié)lo%ﬁ‘; ?h%gﬁé@&ﬁtaﬁ%de@%’dﬁﬁsww?ﬁ@@t?ﬁ‘éﬁ 'léﬁ‘ﬁ'%fe

adopt ed second-order PLL better tracking perfornance an t

first-order PL ' i gh-r [ Wi SS muni cati on
Syst em whor e t ek PrObRR Y fsultint B il so0H % ol SHFE 33ufig, 1o

Doppl er freguency shift a frequency difference between a transmtter and
recei ver's goczﬁ‘f’x’(‘?stg?lqrgg{?m of ?"abemyasét'@m Briptive,docifiong BBUSUNKIYT ovi de
an alternative M.SE receiver - 7 FEB 2005 7 structure capabl e of

provi di ng | ar g®recassing (ReRyieshoigusraresxtensiyen stidied irnad facjoint azerigroi nt
channel /data estimation, while overcom ng the shortcom ngs of the prior

art. 5 Summary chanthéleariddatat éstimatiorgengrialSdrizatm ABtaeims RRGlid AY eRirhieq,
provi des a wirel ess burst comunications receiver especially for high rate

I ndoor appl i cagharGomdnah Stubkt SAR a”t‘iafgiti% trfurn%gfr%{‘m’@@l%%%i\/%?tf&nfé JHasand
'y conmbined with a

n
tracki ng process which is 10 advant agéous ( I'arge Tange
or appar atus. uBeo Sidel SFT VIERRS el Se VSR RE et hRSEa bl sor
i n conbi natlon,w dual e ph | ock I oop (PLL). The PLL conprises a
phase det eiéor {H:%)r’s'mé@glﬁfﬂﬁ‘ﬁ)t one input option fromthe output of
the MLSE or a menory 15 conponent containing a copy of the expected

preanbl e sequence. The second input option between a del ayed and a
non-del ayed i nput of the MLSE. Initially the phase detector input is

swi t ched to t h&@heriotuitiver ratiohhlefor P$ PntesoiialqueassddIREMLBBUS straigHtiopwatdie phase
|l ock loop to initialise and effectively adjust the phase of the incom ng

fSIr gnmalrretrgr ; 0{ gﬁ?ﬁgégﬁqﬂyﬁpn%?ﬁpg@\l&ﬂg%&ﬂee%rﬁe qHBRtifidPPlevetitd (€ o t ched

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 sequence.
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



followi ng the processing delay required for it to process the first signal
sanpl es~ The other input is switched to a del ayed M.SE i nput, th?7$ﬁ§?éﬂ -
7 FC B\EOOS 8 corresponding to the processing delay of the M.SE. [P
can then correct for changes in carrier frequency/ phase during the burst.
In particular, the present invention provides a phase |ock |oop (PLL)
circuit for 5 receiving a burst signal inclgding a repeated preanble
sequence and a data sequence, the circuit cOnprising a maxi mum | i kel i hood
sequence estimator (M.SE) and neans 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 M.SE) and phase rotating neans for rotating the
phase of said B%E@E'Vgid@ﬁwlommﬁﬁ%@éthe samedinte, theseratipropagation, ist he

out put of said neans being coupled to the M.SE input, wherein the phase
det er mi ni ng med@vyeoided.f urther arranged to deternmine the phase difference
bet ween a non-del ayed signal at the MLSE i nput and a stored preanble
sequence signal. 15 This arrangenent has several advantages i ncl udi ng
reduci ng the PLL acquisition time. By conmbining this with a | arge range

o ovi ded o wi Ao AR ORIy ARG DR MESE Thbler RATATRRY i on

with lowinple at ity. and cqst co red with other M.SE type
recei ver S{T}I‘? uc?%‘?%gé']’ %@dﬁﬁﬁ@ﬁ%\f%ﬁﬁogr ,ge?ﬁss ia,.ﬂ).ﬁ%alpgg decisiorydelay Gasisen
havi ng t he abo:{e %L together with nmeans for differentially miltiplying a
sampl e of a fi 3§ VESIR| Aieeassor.extra delay isinroggosd inte dbe Bt snRENATO's
correspondi ng sanple of a second said preanbl e sequence, neans for

determ ning a peceieerandtingis inghtion)epeol émthermasaivil th fréquiemsetrasidnyghi ch
angle is indicative of said estimate, a PLL having a m xer which receives a

signal , an M Skarge bhtheaPLL.nMitheseyBt&idets thd 8efdct ph '
detector, the phase detector arranged to determ ne t%eﬁsﬁg@gp@@?eéé%lcse

b i ; ' del d.

o gnal at the o LEYarby eoRitarfly theRidteEsatie AL Rl VERRrRRcRYRERB e 1 <
dt I t at | i |t h i i d t dj t th

requency 3 "t ReePledol B iR sl emoin betdian Timcpubbn pHcaM ie sai

10 rotating si I;%%i&n dependent on said phase difference, wherein the

phase det ect orgirﬁg ﬂg’é@t tB@ exfragiglay navsed by signahrecoindtrvti8ih suinfrotueed a

traini ng sequence nenory, and between said M.SE del ayed i nput and a non

del ayed M.SE i int@the PELTWhidhlineits tmlalwvmblebavﬁdﬁfecﬁldhbﬁ%ﬁséf Figedehget or
whi ch further reduces PLL | oop delay and i nproves phase tracking

perf or mance. | capaetdorpensatée Whé#‘eﬂf@ﬁe,iREN}SlTbOéhd)UﬁﬁE ﬁﬂ’sghﬁéﬁ det ect or
1 NOO

havi ng an i nput coupled to the output of a maxi mnum | ike sequence

(R o o 1 kSRS VAP AR S oS R < DT
Sr ggg?gi ;5@@;@@(&%88&%%% L8 Pe%e'?vre%csﬁaﬁélncgn g%u?!t—t?;-bbrg? bg/gigl.z’ and

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



arranged to determ ne the phase difference between the first and del ayed

l - 7 F.E B 2005 10 second inputs, the processing nmeans arranged.{Orgg 2005
deternink the i mgi nary part of the result of dividing the second input by
the first input, said part corresponding to the phase difference. 5

Enbodi ments of the invention present a MLSE type receiver structure that

i ntegrates various estimtion nmethods in an_opti mumway and adaptive manner
for high-rate indoor wireless conmunications. Skilfully utilising the
preanbl e sequence (CA7~C sequence) in the beginning of the burst, a sinple
and high accuracy frequency offset estimator is adopted. Then a 10

smal | -l oop structure based on the integration of M.SE and PLL is proposed.
It is proven tRA@sereaGking; Namedy, the ciieeit bas disadypntagesdbiat 4 fieqgentypeck’ s
M.SE is utilised and conbined with the proposed dual node PLL. The residual
frequency err ortraghingoizange ooconesareenankablyatartyw,aptilng reguired Somtinged

dat a- ai ded and deci sion-directed PLL) and a new phase error detector nethod
i s proposed whisghchrohiszdionds remarkabReldngt phase | ock | oop delay to inprove
the tracking performance of the PLL. This dual -node PLL renoves the

resi dual frequency error and phase noise in tw steps. First, the dataai ded
PLL is adopted by utilising the preanbl e sequence, which has zero 20

the PLL ent2r ANBUBRIhERTSERLEHTE: Atk M Heshlod andiomimed i | <
switched to th? dﬁikﬁ%?n-dire ted node, the decision value fromthe output
of the M.SE S ay'te 1arge tf @ngeoits B Rp Rasermanes isongt ate

det ect ed phase error passes through a second-order loop filter and drives

the NCO The osepsfiecdespetialiysintbedow SN duedo artar prbpagatidn. t Whereas PSR
signal. In the decision-directed nodel, the |loop delay is mainly determ ned

by the deci si obadet! MLSEheceintrsi wm&ﬁcMS&ai@a@ﬁnﬂdaéI@}/%esé?ﬁe B8R IMESES
of the present invention is that such a receiver strucfure trades off

accurat e conpers@ivértehfitivel ARidiendeave ROLR fPﬂgPP%gﬁhgqaﬂgé Ad. much better

i npl enentation conplexity, as conpared to ot ype“recei ver

structuresqn Thingg i I h r r t r eanbl e CAZAC 10

sequence Py c%@eﬁ?%%ﬁ%@%@w’éa ﬁ?@f"ggﬁ' WM%‘?&%’%\‘P%@?M PLL.

Unl i ke many pri gr art . MLSE recei vers, enbodi nents of the invention do not

use PSP whi ch PRRAGESS %adﬁ%éw@vmpleém'n thet implemeatatione & itstef theobl em

of potentially |arge offset bg/.tbypassi ng deci sion delay by switching PLL to
|

15 known pr eanBtate ngmbeiiafghe vitgehi processer is algoatoupled d.ehebesides/iied pr obl em
of large frequency offset and sl ow response in typical PSP architectures.
By utilising Usgeivioentrics Jomistetesdthd Sasecfor ANstdess 8RS quited e mel f3iddy/
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



of the Viterbi processor and inprove the BER performance of the system 20
Moreover, we can optimse the receiver structure by conbining this vgggh e
proposed}dual-node PLL. "1 - 7 FEf3 2005 12 The proposed neM/pthe error
detector used in the PLL further decreases the PLL | oop delay and inproves
t he phase tracking performance. The above receiver structure inprovenents
are advant ageously conbined 5 wth the follgmﬁng coarse frequency offset
estimation and correction functions. The present invention also provides an
estimator for determ ning an estimate of frequency of fset associated with a
recei ved burst signal having a repeated training sequence; the estimtor

conprising neans for differenfially 10 nultiplying a sanple of a first said
sequence with gﬁ%ﬁqr@mﬁlq}a} Bréﬁ\‘ﬂ\'(@g afg%C@E&iﬁ@%ﬂ@ysvggabmpansatmaad
for determ ning a phase rotation angle dependent on said difference and

whi ch angl e i s 30¢4ratateint channelidataesiimatien, whitsf everobinind thessimgrtasminfys exich
said training sequence are statistically 15 independent, and wherein the
estimator furtHbke pcionprti ses 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-Correlation
sequences. Preferably said phase angl e determ ning neans conprises an arc
tangent fungti i i i fference. - 7 FE B 2005 13 There is

al so provi dgd ?qrﬁ@%\éﬁfwe?ﬂ?’?ﬁ%ur conprising nmeans for differentially
multiplying a sanple of a first said sequence with a correspondi ng sanpl e
of a second said sequence; neans for determ ning a phase rotation angle
dependent on said difference and which angle is 5 indicative of said

esti mate and a !hg8HEEH d9rmastha piesant ENeBtON provides pMredessfburst d r ecei ved
signal by said phase rotation angle. Preferably the phase shifter conprises
an NCO havi ng @emmpnicationpteativer espediafipdschighirats indootaMticatibls WHIGH
generates a correction frequency 10 dependent upon said out put and which is

mixed with sai diiisseh ipé fRdienc/phbae dshRRAloRhRNIRNiRg Prddiisd s ence

can be treated as statistically independent when using Certain we known

sequences . g I I iLopraved freguency of fset
cotimate. AQ ' 2dvBntiocbteh dortiined il 2ligl Ton @R baRs M anch PR o feche
Zero Auto- Corr %lrc%és%p 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 effectively
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



(CAZAL) sequences provide that sanples wthin a sequence are statistically
i ndependent. This is because each sequence in the preanble is nocrpaFER 2005
chosen desi gned to possess noi se-1ike or pseudo-random properties. Wth
repeat ed sequences, this statistically independent property (wthin each 20
sequence of the entire preanble) allows the effect of a nultipath
(frequencysel ective) comruni cati on channel gn the quality of a frequency
estimate to be substantially reduced by the conbi ned process of
differential nmultiplication and averagi ng. The averagi ng process renoves

t he products which have "1- 7F EB 2005 14 statistically independent
synbol s while retaining only those which has identical synbols

cor r espondi ng FB”?ﬁBOF‘g'ﬂ@éPéﬂe PErfRStRsksdelay of the M SEralbe Pdkgasi thent he use
of preanbles with periodic sequences or 5 synbols, the estimation

per f or mance of COAeEst faschanges in samier fiequeney/phasddstingdfse betstf r equency

sel ective channel. Due to the feedforward nature of the frequency
corrector, the inplenmentation is highly suited for burst node nodem desi gn.
In a burst node transm ssion system the frequency offset is assuned to be

i nvariant thr ol hariculche ?r‘e@eh@ﬁwvréaﬁbﬁtpro\ﬁass %}[ i e%p%kr?]%pg{lil_fl_ tcg%hit%{‘g

individually received packets can however be di Si ng

frequency esti det i p h cket can _ be used
to cancel the | RenEe o Bl ot T LoD FRBRAE ra SRRl BE6TGhet AR ¥ 0B

architecture, a_feedf ort\f\{ard estinmatar. al | ows ,freqtﬁ‘gﬁg offset to be

esti mated very SPRIPAHENENCICWE RYMPISiNG: asmaKmyHm @Qq ispatence estimator

shut 15 off during the remaining packet since it is not required to track
any resi dual f(M&%&ﬁ@n%m@@s for determining the phaed differeace hedweenta sighal at

t hese various aspects of the invention are advantageously conbi ned, they

can al so be inﬁ\aaoutplué@fth&jMMSE:landIa}/cdrrespexrﬂingedelaf/édlﬁstgﬁaﬁlat thDinBut 8f the
description of the drawings Fig. 1 is the diagram block of the considered

transnmitter's WHiSDased phaeetrotftinghndang fbf rétae %ﬁég‘-ﬁa’ q
system ' ~ - 7 FEa 2005 15 Fi g.g 3 is the di aggam Iog'lli'l %ﬁgfﬂceguggtng}ﬁﬁ?r ed

of st est | ot orPopan §F beEEphERtreres e SUREA Sjseli e Pl Sites

PPL. Fig. 6 sh B SNR,f O rigr art and.,inventive MLSE 5 Fig. 7 shows
BER v SNR for &%Eﬁﬁtéﬂ?&‘tﬁ b@ lrﬂ@'?eePbe\gwgﬁerg}lelngtrag@mé%furtnﬁﬂagrqnged
CAZAC sequence Detail ed description of the Preferred Enbodi nents 10 The
baseband f unct fbAelsrBinethss phase diferenaschetimesnsa henetslayed sigdepatthedLEE
Fig. 1. The core of the baseband transmtter is the differential PSK

mappi ng and t hinptibaptexstbred preashisipiseguembe sigmannel nodel is al so incl uded
inthis figure. The high data rate WPAN and WLAN systens in indoor
environnment are lownobility systens. Therefore, generally the channel can
be considered 15 as a frequency-sel ective and tine-invarying fadi ng channel
for each burst transm ssion. This neans that once the CIR (channel inpul se
response) 15 e¥hi hént } : : at a
structure of a$%§rﬁrf§bset”é%?ﬂ(@%ﬁ%‘ﬁ%s%%‘fﬂ?@%@%é’ﬁ%w ﬁ{q:’fh}hlglzlg A
glhéz'”cflh rrLa?glr%?cé\geltﬂgh?mﬁe? By LB HhAGhg tRishih Bargetan RN hgqgler?cyr of O Ve

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 preamble



20 synchroni sation, carrier-offset recovery, and signal equalisation. The
preanble)consists of multiple periods of a special sequence of 16 ;SYpBohH
cal | ed @ CAZAC sequence, which denonstrates a constant anplitude zero
auto-correl ati on property. The CAZAC sequence shall be denoted as ~co, .
- 7 FEB 2005 16 c~...,c~5}. Each elenent, c;, of the CAZAC sequence shal
have a conpl ex val ue representing the in phgse and quadrature conponents of
a QPSK-type sequence, as shown in Table 1. Fig. 3 is a block diagramof a
baseband receiver which is enployed to recover the nodul ated data. The
received digitised sanples are the conpl ex signal sequence oversanpled 4
times. Thereafter, the digitised conplex sanples are applied to the burst
synchr oni sat i orF€IHENES Mt FeEBsRINAIRY sampie of a serprd shidcRieambie wetjuererwn
in the art, a conplex correlation is perfornmed between 10 the received
sanpl es and a doeegnefordgieiminingfa phaseretatibh angleqiepereient onasid diffeesnge/
device. This correlation is to be conputed upon the reception of each burst

signal and wi | landewhishdarigte ¥ indlcdtivé of baiglyewtiniats] & FLiLoWaaRg adfixes Whidd e of
the CIR According to the preferred enbodi nent, the burst synchronisation

and timng are regsioe®hisidies, B MISE FaLing AMPEPEBLSEd 18 tﬁé’fﬂi?é;ataha% Er‘i’ésé he
gna a R

peak magni tude. Upon | ocation of the syfnchronisation si pattern,
estimate arge p i i nel undi ng

o ocedur ce. 01 CrTion e Brage Belititortnded f do e fiatERe dfbRRRT o
correlation yields a conplex.result c i.ng_.poth anplitude and phase

i nf ormati on an%‘*ﬁ%ﬁ?%é‘eﬁ%@é‘tQB‘LRHPHBOG‘{&%J\R%%E@N QG°§§§%QP‘BH91C’I¢EQY@§’H nat ed
timng and burst synchronisation, the preanble sequence is downsanpled to
synbol rate ané'gﬂ%at theoMLSE inpaitydbe BLLourther havingunixer inNpuh nudzres wieidh is
frequency offset estimate, the phase of the received - 7 FEB 2005 17

signal is rotarewngeddopredte amptatirgsighalequhe eyixer indsrdefto hiigsstee ti ne,
t he recei ved signal sanples are downsanpled fromthe 4x synbol rate to 2x

nbol | It f
symbol rate anﬁeql]éhgy E)ﬂtHé”'t‘éc@We@@@né”Wﬁ'@ﬁ the "ﬁ*ﬁe&fgéﬁ‘{?ﬁattﬁg ME?%E%W

of fset estimation an orrection is achieved by t escr

applicant' ggco } i i : ontents of i ch
are her eby$? ncgé}ggﬁ%'? géfgp Ebgﬁﬁeﬁhd?ﬁ(t)ﬁ ﬂ%ﬁ’%%@?é%ﬁ%&ﬁ "%'}Fdﬁ)ﬁ‘ li%ﬁ F\il'—glnacj’.e 4,
oroposed Tor OEBINEY/SR aenoRr el SR betwash Sadngl B PdARBy and
timng synchroni zation for OFDM', | EEE Trans. Conmun., Vol. 45, No.12,
ppl613- 1621, DEaHNMEFequerce memonsard betveen gaid MuSEdelayed mpuband a non-

repetition within half a synbol period to obtain the burst synchronisation
and delayed MLSE input.

15 The invention also 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 having 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



15 frequency offset estimation. This nethod allows a | arge acquisition
range f the carrier frequency offset. In the present enbodi nent,
utilising the unique property of CAZAC sequence, a nodified net hod? i FEBu iy .
Conpared to the original nethod, this nmethod requires a fixed |length (16)
correlator to derive the frequency offset. 20 A conpl ex signal synbol ak,
bel onging to an Mary al phabet, is transmtfed over a conplex |linear
channel characterized by inpul se response th) (this filter represents the
cascade of the transmtter filter, the physical channel, and "' ~- 7TFE
8 2005 18 the receiver filter). The conpl ex envel ope of the received signal
can be expressed by a discrete nodel, L rk = ej(2a~fk+~) ~ak_n -E- nk (1) 5
,~=0 where nk &&98%@3‘”?%5,éﬁ@iﬂfépﬁﬁ'n%d@@m@rmgﬁd tGadstermainen the émaginary
power spectrum N~I 2, independent of the data sequence. {h(n)} is the CR
whi ch is obtai st of theaesselt efsdividingthe ssetondf ingahdlyethet fisstfinpatiesuiy part
of fset 10 nornmalised to the synbol rate. The frequency offset estimator

expl oits the proopeispyndingttoehePhaedidifdrdidé sequence, and a correlation is

performed accordirig to the synbol rate, 15 32 ~"~~"rkTle - e a~ref.is 32 ~
~ ~ jznl hn2~k-nl ~~-1s-n2 (2) k=0 k=0 nl n2 In the follow ng, two properties
of the CAZAC sequence will be used. First, the preanbl e sequence made up of

the repetition of 16 CAZAC synbols, i.e. 20 ck = ¢~ 16 . Secondly, CAZAC

oroperty, i oo, HaboAmds SEMERVERNbRAGHRS 181 SBRns Yeceiertifurdthel - ¢ o
2005 19 Moreover,, vm'tth a.normati sed Ra Beigh fadi ng channel, in nost cases
we have E~~ | HHegrates vagioys, gsting P’éin% QA? Imar eRIMsM el and adaptive) and
hence the following relation is obtained, 515 _ ~ rkT*- - ~2all f ~18
manner for high-rate indoor wireless communications. Skilfully utilising the

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.
Itis 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



k 1832 k=0 10 The estimated frequency offset can be represented as, Qf -
arg { ~~Tk~ O rkT k-i8 2~r x 16 15 (5) (4) In Cox nethod, consider K& 2005
repeated/trai ning 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 multiplied by the 20 second (delay tine Td
| ater), the frequency offset can be estinatﬁ by sone operations. The
estimated range depends on delay tinme Td, The effect of channel fading
shoul d be cancelled, therefore, the normalizer is needed. In the nodified
met hod according to the present enbodi nent, the property of 25 . CAZAC
sequence is used, and delay tine is fixed at the |ength of each sequence
(16) (the esti dﬁtf%‘iﬂhﬁsakrfﬁ|t¥§@aase setrgier the fdetactedphase error pepsesrtngough a- 7
FEB 2005 20 effect of channel fading is cancelled successfully just by a
nmovi ng aver age,sesendtordecioepditterand drivesdhe NGOi dihecautpLitaf NCO Bhised ®
explained in nore detail in the above referred co-pending application. 5 In

accordance wi t foarfeet $ee phaseobthd ieslivedasignd! Sth esslabtisn-difedted Mard the
conjunction with the estimated CIR to recover the data sequence. There are

two classic M $5opaumly i§ehainhaidte 'mewtqj}é'h%@r%dgérigﬁ dBRf) AR P e f sk,

unwhi tened MLSE - see previous referen oec consists of a
mat ched fil ger which maxi m ses the SNR of the Viterbi input, a sanpler 10
operating at the synbol rate, and a nodified Viterbi processor (which
needn't square pperation in netric calcylation) for estimating the )

i nf or mati on se(ﬁfgr?é@aﬂf@ﬁ ofem ﬁﬂ‘ﬁl‘%}m@gmﬁj?fes?ﬁt IyeRtgn is habsuch ageceiver
recei ver consists of a whitened matched filter, i.e., a matched filter

fol l onwed by a tstrugtirerteadesfoff aecurateacompensation foe wide sangefregudrdy offdet
sanpl er, and a conventional Viterbi 15 processor to perform M. sequence

estimation. | n afarioeyimplemeatation cotplegity, i eSmpaediei dthet MLSESEPEI rebeiver
because the conventional Viterbi processor requires that noi se conponents

f . MRt v
of successive suRlREsPEhistighbRieved b&%élﬁ’@ﬁ'@eﬂr‘&?@?yé%P%gﬂ% CAZAC. | y

Unger boeck' s M.SE has a | ower conplexXity,” Forne E I's nore ex _
Pl ment at Con SPOr TR0 e e e B S BB R ket P PET. B
the matched filter and whitening matched filter have
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.



- 7'F E B 2005 21 sane conplexity when inplenmented by LM

(I east - nfans-squar e) or RLS (recursive-least-square) algorithm Hence

Unger boetk' s MLSE has only slight conplexity advantage. Furthernprefgs 2005
Forney's MLSE is nore attractive in the application since it adopts
conventional Viterbi algorithm However, this 5 is not true for the indoor
WAPN systens. In an indoor wreless burst chnuni cati on system over a quasi
time-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 of the matched filter can be easily set up
as hMF = h*( t). Wuereas, the whitening filter converts the original

overal | CIR to ENePHInesegnevephassieger ge@&waﬂﬁoébe &hérfyrthes decreasas the ed
inits first several sanples. In the considered system the whitening
filter design pRslskopedelayandtimgherescthemasiettyacking pérforntendg,ansni tted data
is organised in bursts, 15 each one containing a preanble sequence for
timng, frequency offset and channel estinmation. In nbst cases the preanble
sequence is too short for the application of recursive adaptation

al gorithns |ikerddVip i ' j iteni.

filter coeffi cﬂant s.&fleh%%f\?rr%?}rugmg o@égé\?e?;’?émﬁ{%%%bgg{]@hgﬁg%\&g&)ﬁ%ﬂggsuI t
of channel gsti ' ' c Many . 2Q net hods. wel |  known.in_art.
gither r equ?’r e \'{rﬁrgi {r}%'} 0?|§W@%S$cgq}g%¥l‘egf.§gn§¥) p&ﬁ%e%l,mqs}mnea%p%@c ﬁ{ncijﬁf)&

whi ch i ntroduce high conplexity into Forney's receiver. Therefore

Unger boeck' s MLSE, which does not need a whitening filter, substantially
reduces the inplenmentation conplexity. - 7 FEB 2005 22 In Forney and
Unger boeck' s MIS® prasewt inveptionmisepravidas by estiowtorsfor Idetermininighan astimisbat
the matched filter (MF) provides the absolutely |argest SNR, the

el i m nation of df$teduenay Dffsetassstiateli wighianeckivetasursi SiyRAERSANG E cﬁiéﬂ%t
Ther ef ore, Unger boeck’ syl\/LSE is identical to the Forneflbs I\/LSEan { eree(?s

no ISl at the "tﬁirﬂngLgequbﬂc%,hetr@ eéé’tﬂﬁﬁ“ogf doﬁhc%riéi tﬁﬁeeefjge f@og@ﬁg@%@

not essential influénce on the error performan 0 nge

wher eas | Sknaff : e f f.ormance of the Forney's M.SE through the
| oss of SNIIQQF) anﬁ'glgélgb‘!b?%%éﬁ)é%ggér@%tas[ql%ﬁgqlrl?n%a\glt SHPTHFSRER f%?@ﬂp%n%fta 10
Unger boeck' s M_SE and ai&éls reduced-c | exi t(%/ format (DFSE:. deci sion
feedback sequeEEORL S tﬁ%qu@Qﬁea%hC’ e f@re etarminiag ra mh@seeratation angle
Forney's MLSE and DFSE, which is shown in Figure 6. Actually, this can be
easi | y under st §egendeet omsaigrifigrenicetand whicbfarighé isninticatiea gf baidrestienateal |
but an FIR inplenentation is generally required in practice, which nakes
the 15 assunption of a m ni mum phase response at the whitening filter

out put not true in general. Consequently, the inperfection of the whitening

filter design FRURAEDI7OIE Voo MeSEoR e i Said AdiAMER REAULRAL AR IlhsibBily

previ ously di scussed, “enbodil nent present ron are direc

20 ti i . St tyre that,int { es i
st mat 1 on' 31 gui emael R g s i SRt LR IRARPTRES Fiksns: ot
i ndoor wirel ess conmuni ca Hl%%%g Therefore, it is preferred to use

, It to
Unger boeck' s MP¥RIGAQ 5S¢ RGESc %BFM‘A%@HW@%@@&'%F%@M gecend

and the BER
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.



- 7-FEB 2005 23 performance. W will see that the optimality of adopting
Ungerboeck’s MLSE wi || be further denpbnstrated in the third embodi ngnic &095
accordante with the second enbodi nent, in operation, T/2-spaced matcheg
filter is adopted in Ungerboeck's M.SE equal i ser, hence each synbol is nade
up of 2 sanples 5 in the output of the matched filter. However, one sanple
per data synbol is sufficient to provide datil phase detection (which result
in the mnimsed conplexity for Viterbi processor). It is therefore
desirable to pick the best sanple per synmbol according to the preferred
synchroni sation circuit. 10 The frequency error of the received signal is
coarsely correg{ ed with the estimted frequency offset, however, the

resi dual frequ €er$ ofISONPTRKEEE & riBpaugnayl eexiestor mareprising Mmaeanserfoy
corrector, the Ungerboeck's M.SE is enployed for data estimation. At the
sane time, estidif@rentialy amsltinlyingbya MeBBEpkquel i sefirsts daiddiseqence awithase

| ock I oop (PLL) to conpensate for the 15 residual frequency error and phase

fitter. Theref moerespondingosataplecofnatdecohd ddid is@qaehest meahs far de¥thining a
i ntegration of Ungerboeck's M.SE and PLL is proposed. After the freque%cy

correction, th ej [ OX| | W; r as;. .20.7.
e Loa L | Ipreseerotation s 88PoRRAI Bh)SHE HTRTRASE R WikhoBuarL e
phase errorzdug,t:Q.¢.6S] n reor and phase noise ..In this

Crbodi ment . Sa. duipefisabrdala LEAHHR"GH B frabudicy SRRSE yiehsbits e PRaseuaty
frequency error EPEI hasae .noi se. I.B ccordance wth this enbodi nent, the
preanbl e” sequefif eNE ISP'QT‘?@%??' iPhage reldiop e oeck' s 5 MLSE equal i ser
and phase error detector are optimally integrated. The | oop delay of PLL is
mnimsed by trading off the inplenentation conplexity and the acquisition
speed and tracking performance of the PLL. The carrier recovery circuit

with dat a- ai defPrefedablycthei pitasti skiftee dompiizeBlan INCOhaRYAN hptk BSUBIR tolhe
out put of the phase rotator at the kth epoch, x(k) is expressed as x(lc) -

Tke ie(k) (7) whir 9hAsekotafioh Nutpat ramy meraieg%ﬁé}@téé]?a '}%ﬁ%’citiSﬁ' fr%ﬁiﬂéﬁ&’

oscillator (NCO for 15 the phase rotation of e received signal.
detected phgseqgheRtentiBdil'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 properties. 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



includes the effects of phase fitter, frequency offset and phase offset,
can be pressed as, 20 ($) Were E can be approxi mated as the residual
phase eﬁ(or because of the follow ng conditions. First Ungerboeck's! IVE 82005
adopted, in which the matched filter acconplishes the phase equalisation

(i.e..so is a real value, ' ~- 7 F E B 2005 25 where {s;,i =-L, ...,L}
denotes autocorrelation of the CIR); second{ the main path power is nuch
hi gher than the interference path power ( ~$0 ~ > ~~~ ~ ~'s; ~ ,which can

be net in nost cases. 5 In conventional schenes, the preanble data or
deci si on out put passes through a signal reconstruction nodule, and then is
used to detect the phase error. The phase error detector of the enbodi nent
results in | esStatitiGaty eindepeaderin symbads ewhileni eethioig ianly r thosel wiictpahas!
wi th the advantages generated. 10 In conventional schenes, the signal
reconstruction id@ra:tina?eymbois ¢dreegpoadingsior therdppatedasgsences.gnal , and extra
delay of two tines of channel nenory is introduced. Moreover, in the
deci si on-di rect ed node, postcursor decision outputs are not available. In
addition, the nore precursor and postcurcor decision output are used, the

| ar ger high pr id | o7 oy re, using the

pr ogos ed gc hg@@ﬁﬁebﬁg@%iﬁégégg tﬁ?ﬁ'&%‘i &z)gg rea%rﬁblgggéﬂig)&ﬁﬁogh ?8&“%’5&%05%
be obt ai ned:b . over, this ase errar, detector possesses much

smal | er conpl giﬂ’t"'%@% %%B’hﬂtéqu}peﬁgrrﬁﬁﬂ?%iga[s E?ﬁgnl%‘g IsaRaticylarlyoipbsisted
can be obt ai ned bY PI?L. 20 In the data-aided PLL utilising the known
preanbl e sequed®@BNSS Traguiansy srlertivenahamnnele e to the deediooward elatyreeat t

the delay introduced by the loop filter, the initialisation of the PLL can

be efficientlyfieguengy i eireattomnthe mplemerttafiok B Ry 2iiteldaser ®urst neede be
qui ckly acquired. The PLL enters into lock state frompullin state in a

short tine. Acmadeny)desiyrs Ina Bumtnyods friaﬁismﬁﬁsi&\-byétéﬁfi,Qhé%e?ﬁf'é%@ygﬁ@e?is

t he preanbl e sequence is received and data segnent”is comng, th

o e i ng Spseaka bdl kel MiSeonoh bhen JRbavBa PENa THE fequency

correspondi ng phase detection function®can be expressed

d~ ~ = E(k d r -d enotes the. recovered data, out put by the M.SE

equal i ser, 1%ndbg¥%gr9 téﬁéﬁtyhimﬂ%@y@ﬁ%rfeﬁgwgs ipﬁcgﬁté vRREheweXer e . diffaranti s

deci si on di reciﬁdEﬁ]fO nmode, the PLL tracks the variation of the phase error

and conpensat ed "PEOf& @ 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

156 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 drawinas

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

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



The tracki ng range depends on the | oop delay d, and the larger d results in
the narrower tracking range. Therefore, the decision delay in the NHSEEBZNE
equaliser limts the carrier tracking performance. After the phase
detection, the detected error signal passes through the |oop 15 filter and
derives the required phase to drive the NCO These two function bl ocks can
be expressed as: B(k) = 6(k - 1) + ~E(k)~ *1 f(k)} (10) 20 where *
represents convol uti onal operation and f(k) denotes the loop filter
response. The setup of the loop filter f(k) is nbost crucial to the
performance of the PLL. A second order PLL is adopted in this enbodi nent,
and the transfer, function of its digital |oop can be represented as: - 7
F E a 2005 27 H{)3is thediagtam block f the cpnsiderachigseiversdrasebant fsticures K-,
K2 can be cal cul ated according to the tracking 5 perfornmance of PLL and

noi se bandwi dt HFig Thés the blodk ob ceatserecaremci(dffiset estirhatorown in the art, and
does not require additional discussion here. If the PLL can efficiently

conpensat e for Rige5 phiesntygratiore mesiest BYMLSH SvdtwdnssHeEppy._ error, phase
of fset and phase fitter, the input to the ML.SE can be 10 expressed as L ~k

= rke ~Bk = ~ Figks ghawglggﬁg)SNR.fbpagéﬁ gﬁgﬂgq}&é‘mggmggeut signal to MLSE

equaliser is only the | - corrupte broeck's M.SE,

t he desiredgda td Bt Jt LS |1 known in the art that the
deci si on de ayﬁ%’?}r( Sﬁg\&%ﬁ@%ﬁ f§ﬁ8f?ﬁ %’5ranaﬁrl“(e’é'i"ﬁrf???'&ﬁh?'ICJI"”tHQW%%v t he
tracki ng range.rof tge_ 8 herefore an 20 alternative to PSP-technique
based carrier @(%Q/ ry Wéﬁme The present enbodi nent can achi eve the
same or slightly better performance than standard PSP techni que when the
sane frequency corrector is used. Mreover,- only 11N inplenentation
conplexity and cost is needed, here N denotes the state nunber of Viterbi
processor.  ? Detdildt-Be2f{iflioRdhflthe Prefed@ddEMBBdinidies PLL is included into
the MLSE algorithmitself. Therefore, tfor each state of Viterbi algorithm
one PLL is needed. However, in the enbodi nent, the phase is rotated outside
of MLSE, and the decision 5 output of MLSE is used for phase error detector

(thereforei@nl i@ HasdBhAG Ghétion 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 afrequency-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,



therefore, only one PLL is needed. It is well known in the art that

Unger boeck's MLSE operates directly on the discrete output of the Fr?t hed
filter, And the nodified Viterbi algorithm (VA) is 10 adopted. The!dttd &%y
VAis ~k-i = (ak-L~ ak-Li-i s ~. . ~d~-i) (1 the maxi mumlikelihood (M)
estimation is obtained by maximsing the netric 15 given by rk(~k) =

rk-i (~~-i1) + a(~k-n ~~) (14) where ~, (~k_~,, k) is called branch netric.
When PSP technique is used to . recover the carrier, associated with the
state transition ~k .~ N, k+1 the branch nmetrics becone 20 z ~(hk -3 ~k+i) =
Re & 2rke ~B" - soak - 2 ~ s,"~ak_"~ (15) n¥i - z DES 2005 29 5 where

rk denotes the receivyed signal after frequency corrector, and ak denotes.

t he decision ofC1ak'.C1s§ E@Chr?ée'@%t,@@@%&&%éﬁe@ugn%sw haveigroomplexy t he
PSP nmet hod and adapted by the LMs algorithm Using PSP techni que, ak can be
obt ai ned, and tMeluejefiresentsigatbe inphase asd Buairatu@kcomponerits lofleeQPSK-fypeher e
K~ is a constant. Conparing (16) with (10), we can see that LM5S nethod is
equi val ent to tsequehcstasisewn M Tabkthod, except that the second 10
conponent in (16) is the phase error In{rk"ake ~ek} is the loop filter of
the first order PLL. The above discussion on the PSP-based M.SE receiver
indicates that a PLL is needed for each state of Viterbi processor.

For each’ stat e e bk etedram obg baskPant egiivar iiEh s gl iooiedouet <
fhore are N st MEEEHAGHES: T Greses I0lRed SARDR ekiars U1 comelepisigeslt
invention is only 1IN of the PSP based MLSE receiver. As is known a first
order PLL can &BRyenegexetsanpied$dineespTharaadter dhe digitised eosypiomnsamptisr PLL
has much faster and wi de tracking performance than the first order PLL
especi al |y in the apphettetheobunsesyrshrbnisation andtinging ecovesy @Bcuit. In this
circuit as well known in the art, a complex correlation is performed between
10  the received samples and a complex replica of the preamble sequence stored
in memory device. This correlation is to be computed upon the reception of
each burst signal and 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 amplitude 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



- 7 FES 2005 30 the sanme system architecture, the BER conparison of PSP
+ecei veryand the present invention is shown in Fig. 7, which clearyeg 2005
i ndicates that the present invention can achieve equivalent or slightly
better performance than PSP receiver. The enbodi nents of the present
invention are optimally conmbined 5 by trading off the tracking range,
conplexity and performance. The invention igs, applicable to the receiver of
hi gh-rate w rel ess i ndoor comuni cations, especially in wireless indoors
comuni cati ons systens which enploy tine-division burst transm ssion, where
the rate of change of 10 CIR is slower than the burst duration. T ~~8
2005 31 Table 1. CAZAC sequence CAZAC sequence

. el ement Val uecp?[glff%l'sirqtja@giltﬁ cosrect any darge-frequsngy esror~Atthe sprietime, the
Jc111+JQ12Z~1 3 . -1-~. cla-1+4) QL5 ~1+] - 7 FEB 2005 32 CLAIM5 1. A phase

| ock | oop (PLL)eegivedisigradsampies aiendownsampledsiamdhe drslyodichgate toepeat ed
preanbl e sequence and a data sequence; the circuit conprising: 5 a maxi num
| i kel i hood seqsyniml eatei ared impuf id_tBe) matothedeites. f or det er mi ni ng the phase

di fference between a signal at the output of the MLSE and a correspondi ng
del ayed signal at the input of the M.SE, phase rotating neans for rotating
t he phase of said burst signal dependent on said phase difference) the

out put of sgid i : i . wherein e,phase
det or i ni ngomedne o 2oping heetiRbr Rase eqmafor Rt cofiiian b i P ik

bet ween a non-delt%gd Si ﬁgal .at _the NLSE inl_ng’;l and a stored preanble
sequence si gnalmeiiBdslesgrped i ppplicants gorRending pRPIiRatioN2 2002036 7P dke
determ ning nmeans is arranged to determ ne the phase difference between

sai d preanbl e FORANS ghwhigh areerebyiingasponatesi: Argolrematierofdhiscestinatal isi s
carrying said preanbl e sequence; and wherein said phase determ ni ng neans
is arranged tosbewarinifig. 4.he phase difference between said M.SE out put and
sai d del ayed 20 MLSE i nput when said signal is carrying said data sequence.

10 The frequency offset is coarsely estimated by modifying Cox’s method
proposed for OFDM system T.M. Schmidi and D.C.Cox, “Robust frequency
and timing synchroniiation 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

156 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) correlator to derive
the frequency offset.

20
A complex signal symbol a, 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



- 7 FEB 2005 33 3. Acircuit according to claim1 or 2 wherein said MLSE is
.an Ungerfroeck's type MLSE. 4. Acircuit according to any precedipg ﬁg?b&k
-wherein the phase 5 determ ning nmeans conpri ses a phase detector and

sw tchi ng means; the phase detector having a first input sw tchably coupled
to the MLSE input and a del ay neans coupled to the MLSE input, the del ay
nmeans for delaying the MLSE i nput signal byt delay tine corresponding to

t he processing delay of the MLSE; and a second i nput switchably coupled to
the 10 MLSE out put and a preanble nenory neans which stores said preanble
sequence, signal; processing neans arranged to determ ne the phase

O ined vo. e e Teddiierafer, B CSGHANhRRBAS of S HRRELSLEA TRAS by
the first input; 15 said tt corresponding to the phase difference. 5. A
circuit accord®Xgiesse W%%@@éﬁﬁr{ﬂoa&ai m wherei n the phase rotating means

conprises a mxer; and a second order filter and a NCO are coupl ed between

the phase detector output and said mxer - 7 FEB Z005 34 6. A

20
recei ver for receiving a-burst_sSi@hokss) di ng repeat ed preanble
sequence and a data sequence’® t—ﬁ’l’e recei ve H’bad‘ﬁ'pf"ia"é‘i ng a PLL circuit - (1)
according t®» any preceding claim 5 7.  ASfeceiver according to claim®é

further conprising a preanble frequency offset estimator having: means for
differentially multiplying a sanple of a first said preanble sequence with

ot of i aPond] HEAgT, Achbic eI ASHChINEARD i REBuTREEN A Rith Yower

determ ning a phase rotation’ ependent on sal rence
whi ch angl e is_jndi.catiV id estimpate., 8. A receiver according to,
olam 7 furt no PSRN, MachRleBibt e fata Sealiante AN 8 TR kiR &
sai d recei ved sj ganal B ﬁai d phase rotatjon angle.
obtained }//c annel estimator, and A f denotes the frequency offset
10  normalised to the symbol rate. The frequency offset estimator exploits the
property of the periodic CAZAC sequence, and a correlation is performed

according to the symbol rate,

_ 5 | S
1 ioxAf1e 1 . . .
18 32 kz:o Tkrh-15 = €270S 16'3—2‘ ZZ Z b1 b2 Cl—n1Ck_16-n2 (2)
. K= . ] k=0 nl n2

In the following, two properties of the CAZAC sequence will be used. First,
the preamble séquence made up of the repetition of 16 CAZAC symbols, i.e.
.20 ck= ck-_1 6 . Secondly, CAZAC éequence is a special PN sequen.ce which has

a good cyclic correlation property, i.e.;

18 0 nltn
70 2 Ck=—n1Ckm16n2 = '
32k§0 ' " {1n1=n2 : _ (3)

25



15 9: A carrier recovery architecture for receiving a burst signal
4 ncl udi a repeated training sequence and a data sequence; the _ 7 Fgp 2005
architecture conprising: a PLL having a m xer which receives a signal, an
M_SE havi ng an input coupled to the m xer, and a phase detector, the phase
detector arranged to determ ne the phase di fference between a si gnal at an
out put of the M.SE 20 and a correspondi ng ogl ayed signal at the MSE i nput
; - 7 FEB 2005 35 the PLL further having m xer input nmeans which is
arranged to provide a rotating signal to the mxer in order to adjust the
frequency of the received signal which the m xer outputs to the M.SE, said
rotating signal being 5 dependent on said phase difference; wherein the
phase detector is arranged to be swi tch-able between said MLSE out put and a
trai ni ng sequepgce nenor and between sai el ayed i nput and a
non- del ayed M. YPPAYR “ythﬁ:[@"ﬁ@"%dl\ﬁ Jﬂ?" &A@rﬁ@t Mestgases weabave

. AL. AY9. A. Ahf . Aay9 Fuy9. A . Ay9. A&S. A&; fQ. A%A N .A .Ay. A . Aaf,. A@ -

. A&Ny. Ay" . AC9. Bab| Anl2 ASNBe corrﬂ@x po[rvetJD&nnallsatton is needed) and hence the
zupkf a\ V\]ca] cal ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] c”a] ca] ca] cflliowd fethtdrald gisthlica! M -vU6
Ecl c} xsnid_Z] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] caj ca] ca] ca] ca] ca] ca] ca] ca] ca! cCY; <I K4~bYG D F
}xsni-d_Z] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] cajga] cal
SHE"" # $s$$590/s YREEKEN 8E&E&EE r)i2eanrs w mhc” Y] ] ca] ca] ca] ca] cal ga] cal ¢
a] ca] ca] ca] c”a] ca] ca] ca]. caﬂ%oa’]’ Q] ca] cal]-ca] ca] ca] ca] ca] ca] ca] ca] ce@ga] cal
-cal +++,i,,-0...9/_0b0111<22 44" 5p555J666666: 7} xsnid_Z]]] ca]ca] ca] c&a] ca]c
a] ca] ca] ca] ca] ca] ca] ca] caj] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] calcalca]calc
alcalcal: 77779e9995: : ; ; | <<<<<==
°X9999@Tmmes}lmm$djfrz]q]t¢w off$etadardizd oerireséntade) 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! +BgBBBCC1DWDDEREEEEF
VF~FFF%H JuLyLLLL
MAMVNOGPP} xsni d_Z]]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c$a] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! PPQ Q QQORRRS_Sx SSS%Jr UVW/ WiIVWV
WAKAXXXZNZn[- [\ { vgl gb] X] ] ca] g3l g] < a] ca] ca] ca] ca] ca] caj ca] cal ca] ca
] ca] ca] ca] c”a] ca] ca] ca] cafea ]cal-cal\\]h]]]]~[" "y 5]1—
abb8bbb$c*c3c7c: ccccececec| wgkd” Yl gB’fX]]] ‘cal] ca
UV] caV] cal] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
calcalc"a]'®a] ca]ca] ca
cdbddd<e[ e| eeeeef fffffffFggggggggggggh~wgj e_ ZUI gb] X] ca] cay ca] ca

In Cox method, conS|der two repeated training symbols WhICh are identical to
each other at the receiver except for a phase shift caused by the carrler.
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 debends on delay time Ty, ":I‘he effect of

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

In the modlfled method according to the present embodlment 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
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- 109&' () - 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
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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*(-t).
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 closed-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.
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10%& ()-QA g @%?&3?&”9%83%%8&%‘&&35 is identical to the Forney's MLSE if there is no
IS! at the MF output. In the presence of 1SI, I1SI at the MF output has not
essential influence on the error performance of the Ungerboeck’s MLSE,
whereas |S| 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
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sample per symbol according to the preferred synchronisation circuit.

10  The frequency error of the received signal is coarsely corrected with the
estimated frequency offset, hoWever, the residuel 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 equaiiser 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 | .
e = CJ¢” Z hnak—n + g . (6)

n=0
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remove the residual frequency error and phase noise. In accordance with this
embodiment, the preamble sequence is skilfully utilised, the Ungerboeck’s
5 MLSE equaliser and phase error detector are optimélly integrated. The loop

delay of PLL is minimised by trading off the implementation complexity and

the acquisition speed and tracking performance of the PLL.

The carrier recovery Circuit with data-aided and decision-directed mode PLL is
10 shown in Figure 5. The output of the phase rotator at the kth epoch, x(k) is
expressed as

z(k) = rge?®) | | (7)

where 0 (k) is the carrier phase from the numerical control oscillator (NCO) for .
15 the phase rotation of the received signal. The detected phase error, which
includes the effects of phase jitter, frequency offset and phase offset, can be
expressed as,
t) 1 [28]

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. s is a real value,
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where {s;i = -L, ...,L} denotes autocorrelation of the CIR); secondly the main
path power is much higher than the interference path power (Isol>

g lsi | ,which can be met in most cases.

5 In conventional schemes, the preamble data or decision output passes
through a signal reconstruction module, and then is used to detect the phase
error. The phase error detector of the embodiment results in less accurate
detection; however this loss is trivial compared with the advantages

generated.

10 In conventional schemes, the signal reconstruction require both the precursor
and postcursor signal, and extra delay of two times of channel rﬁemory 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.

15 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.

20  Inthe 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
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phase error can be quickly acquired. The PLL enters into lock state from pull-
in state in a short time. Actually, this is a very efficient PLL training stage.
After the preamble sequence is received and data segment is coming, the

PLL is switched to the decision-directed mode. In the data segment, the

-5 corresponding phase detection function can be expressed as

-d ,
e(k) ~Im [:;EI’: — di] = ¢(k —d) | - (9)

wheré r(k-d) denotes the recovered data output by the MLSE equaliser, and d
denotes the dlecision delay in the MLSE equaliser. In this decision directed
10 mode, -the PLL tracks the variation of the phase error and compe_nsates for it.
The tracking range depends on the loop delay d, and the larger d results in
the narrower tracking range. Therefore, the decision delay in the MLSE
- equaliser limits the carrier tracking performance.
After the phase detection, the detected error signal passes through the loop
15 filter and derives the required phase to drive the NCO. These two function

blocks can be expressed as:

O(k) = 6(k — 1) + {e(k)} * {£ (k)} a (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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o, K :
PO =Kt (11)

The loop filter coefficients K1, Kz can be calculated according to the tracking
performance of PLL and noise bandwidth. The method to set K4 and K is well

known in the art, and does not require additional discussion here.

If the PLL can efficiently compensate for the phase error caused by residual
frequency error, phase offset and phase jitter, the input to the MLSE can be
expreésed as

L

. Ty = rke—jo" = Z Il +ng (12)

‘n=-L

evidently the input signal to MLSE equaliser is only the 1SI — corrupted sig'nal.

Using Unger-broeck’s MLSE, the desired data a, 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
alternative to PSP-technique based carrier recovery is pfop’osed. The present
embodiment can achieve the same or slightly better performance than
standard PSP technique when the same frequency cofrector is used.
Moreover,.- only 1/N implementation complexity and cost is needed, here N

denotes the state number of Viterbi processor.
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In standard PSP, the PLL is included into the MLSE algorithm itself.
Therefore, for each state of Viterbi algorithm, one PLL is needed. However, in
the embodiment, the phase is rotated outside of MLSE, and the decision

5 output of MLSE is used for phase error detector (therefore only one detector),

therefore, only one PLL is needed.

It is 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

PR oy

the maximum likelihood (ML) estimation is obtained by maximising the metric
15  given by
Cr(pr) = Tr-1(pr—1) + Aek—1, k) (14)

where X(p.1, p) is called branch metric. When PSP technique is used to -
recover the carrier, associated with the state transition i , i+ tHe branch
'metrics. become

- 20 ' - o L -

A(x = tk+1) = Re [&k (2rke“jo’° — soar — 2 Z smak'_m)J (15)

m=l
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where r denotes the received signal after frequency corrector, and 4, denotes
the decision of a. 6 is the estimated phase error, which is derived by the PSP
method and adapted by the LMS algorithm. Using PSP technique, 4 can be

obtained, and the desired phase error is

ki1 = O + K1Im{riaxe™ é."} ' _ (16)

where K is a constant. Comparing (16) with (10), we can see that LMS
method is equivalent to the first order PLL met'hod, except that the second
component in (16) is the phase error Im{r, axe™} is the loop filter of the first-

order PLL.

The above discussioh on the PSP-based MLSE receiver indicétes thata PLL
is needed for each state of Viterbi processor. Moreover, besides the survivor
metrics for each state, the phase metric for. each state are required to be
stored. Hence the required storage is also doubled. Whereas ohly 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.

As is known a first order PLL can only track the phase step vafiation, 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 PISI;’ 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.
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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 memou;y
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.
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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 angle 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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the PLL further having mixer input means which is arranged to provide
a rotating signal to the mixer in order to adjust the frequency of the received
signal which the mixer outputs to the MLSE, said rotating signal being

5 dependent on said phase difference;

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.



