1 METHOD AND SYSTEM FOR COMMUNI CATI ON I N A MULTI PLE ACCESS NETWORK
RELATED APPLI CATI ONS 5 This application clains benefit of and
is a continuation-in-part of co-pending international application No.
PCT/ AUO3/ 00502 entitled "Filter Structure for Iterative Signal
Processing”, filed 29 April 2003, now 03/ 094037, which takes

priority froEPHED ANRSYRTEMFORTBONMMERICAPIONIRIA MUINPIPLIESARTESS
filed 2 10 May 2002 also entitled "Filter Structure for Iterative

Si gnal Processing” and further clai NEB¥W@RH from Australian
Provi si onal Patent Application No. 2003903826, filed 24 July 2003,
entitled "An OFDM Recei ver Structure". The specifications of and,

I nt er nat i oRELATED ARPLICATIONS are incorporated herein by reference
intheir entirety and for all purposes. 15 FIELD OF | NVENTI ON
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the present invention. The inventor has identified the follow ng
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|cu!ar the present invention relates to improved multiple access
20 communications. In one form, the invention relates to an improved signal
processing method and apparatus for a multiple access communication system.
It will be convenient to hereinafter describe the invention in relation to the use of
an iterative method of determining the reception of a signal in a multi user packet
based wireless OFDM (Orthogonal Frequency Division Multiplexing)
25 communication system, however, it should be appreciated that the present
invention may not be limited to that use, only. By way of further example, in
other forms the present invention may relate to recursive filtering for joint iterative
decoding in a variety of systems and functions such as linear multiple access
channel decoders, iterative equalisation, iterative joint channel estimation and
30 detection/decoding, iterative space-time processing, iterative multi user

interference cancellation and iterative demodulation.



10 communi cated. This is a technol ogy where nmany sinmultaneously
active users share the sane systemresources in an organi sed manner.

I n nost cases, sharing resources in a nultiple access system neans
that if nore than one user is active, then all active users interfere
wi th each other. Traditionally, such interference has been consi dered
to be part of the inevitable noise that corrupts 15transm ssions.
Such interference increases wth the nunber of active users and thus,
t he perf oRFFMWMIERMMTty in terms of how many users (capacity) that
can share the resources sinmultaneously becones |imted. 20
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Where nultiple users share commobn communi cations resources, access to
channel resources may be addressed by a multiple access schene,
comonl y executed by a nedium access control (MAC) protocol. Channel
resources such as avail abl e bandw dt h age typically strictly limted
in awreless 5 environnent. It is thefefore desirable to use these
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20 reliability information based on the input from the detector. Information is then
exchanged in an iterative fashion until there are no further improvements. This
decoding strategy may increase capacity significantly, getting very close to
theoretical capacity limits at a complexity level within reach of practical
implementation. However, an optimal multiuser detector is prohibitively complex

25  for practical implementation, as the inherent complexity grows exponentially with
the number of active users. Instead, linear multiuser detection based on linear
filtering may be applied, where the corresponding complexity only grows linearly

with the number of active users. The inventor has identified that for practical
reasons related art linear filters for iterative joint multiuser decoding are based on

30 the received signal and the most recent information from the decoders as input to

the filter. These filters have been designed based on various optimality criteria.
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avai l abl e tinme, frequency and space diversity (the latter may be
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20 incom ng signal is essential for effective decoding of that

signal. In many packet based applications a special preanble is
inserted by the transmtter at the start of every packet transmtted
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15 antenna diversity", |EEE Vehicul ar Technol ogy Conference, Vol. 2,
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sequentially in most forms of communication. In EP 1387544 the cyclic prefix, in

the form of a guard interval as a cyclic continuation of the last part of the active

symbol, is employed to time synchronise the receiver instead of a preamble. In

30 EP 1387544 a two step time synchronisation approach is disclosed, namely a
pre-FFT and post-FFT fime synchronisation algorithm. These are

complementary techniques and may be used together. The pre-FFT technigue




30a second signal processing neans for receiving the estimted signal
output of the first linear iterative filter and providing a further
received signal 10 estinmate to the input of the first signa
processi ng neans in a succeedi ng iterat&on cycle of the decoding
circuit. In another formthe present invention provides a

met hod, apl@@ﬁﬁ%i@of@“ﬂe‘mﬁéﬁ@h_@?re@@é‘“&l?bﬁﬁh’i BPplidy & fiRY H&éﬁliéﬁ?&%@of the
network by iterativel é recei ving Snul ti user signals conprising:
det er m ni n@FPMi p¥mbelst ofhisi ignarhieved nay estiing thaedefalyt in tixer'delay and

Second set cor oGz ABSRbeT HEMEMRGERE dAbAGA e mucle wiika e ¥an fom
const r ai nt s/highdit tees Edpistl. SEie olitpst oRahe esirbRROEIS; thdR HlRYVed LBBgtdIE auto-

second set of signal estimates as input to the step of determ nin

the fir3t ERAression;fien cosprising asrecuesyeatningterinenwse Resposse AR) | fdtgstto
once. b2 TAr f.0 e SESN 4 Nt p L.des
Iterative (rjgtgen?]\i/rge} #otrabgfaa eei \E?F]rgggrr% feﬁ userdcgé/sgsng@hép%g%bgﬁng%ﬁ?gond
first signélterprgbyssayngf sroopieedt if Gig detf &R BETEHA i theat agsitedatb discard
signal estimat FS forg}he nul ti yser sjgnals based on |inear channel

const r ai nt $3MPes outsidle; gt Ay rePRMIM Siete S9aRy ralrpsARIR!Y e cyclic prefix
ecel ving &atibh! SHobRhvep! EP 4387586 LIRS Yo ANy UEHPUHIEH Makks® 660U o
channe Stral nts;

set of signal estinates based on non-[inear con
20wherdl n stheasingnsignpl and swit mgadihpnpoaetetsfoaties oamianiarevyl shpadetsd In

iret sl gnil Ros et R DOWparl. e SoRHLds cAYS | beratt Bring, B1e. Tming

I n yet anoa&icidted MithBeRDEBENSyrhbYIEBUrRIA RS NIsliee ddtethfical | ve
si gnal processing arrangenment having: 25one or nore pairs of first

and second signal processing conponents, the
In US 6,327,314 (Cimini, Jr. et al) the problem of tracking the radio

15 channel in a hostile propagation environment is addressed for wireless
communications systems using OFDM and one or more antennae for reception.
The solution disclosed by Cimini Jr. employs decoder and demodulator
outcomes to generate a training or, reference signal, to drive the estimation of
the channel for use in decoding the next symbol. The decoding, demodulation
20 and channei estimation loops run according to the paradigm that the channel
estimate may use all outcomes up to and including the symbol to be decoded.
Each OFDM symbol is decoded once. The raw channel estimate is obtained by
multiplying the received OF DM symbol with the training symbols. These training
symbols may be from a decoding step. The raw channel estimate,
25 corresponding to one OFDM symbol, is stored in a database. Each time a new
OFDM symbol is to be processed all raw estimates in the database are
employed to yield the channel estimate at the processing wavefront. In this
disclosure the raw channel estimates are stored and a smoothing step is
executed every time the data base is accessed, which entails a relative degree of

30 complexity.



pairs of conponents being in iterative configuration, each of the
first signal processing conponents having as input one or nore

recei ved signals dependent upon one or nore transmtted signals,
wherein for each said signal processing conponent pair the output of
said first signal processing conponent is an 30 estimate of a

charact eri sti c | {ge SEERtPLRUARSSI Al) Bk BlaHIGh FaAPRKIRN R ERSRe!

and one or nore previous input signals received by said first signal
processi né canpurstia | pinagatios igmpironmensaiisl alwo espdedsed dercowdeless

signal pr ing... 11 copnponent t rovi des a further estinate of
sad- el e PERTPERGHS DRIEEF §hind PERER R5% o” sroteaibwdit Il s Rghlan
processi ngheamharebrovided iaukiBuisciefuraldugpmrs sesanstiséanml US 6,327,314
proce35|ng conponents of respective pairs are input to each said

d

first Bi gh¥impiecdleary Aipciasind enprocessing|fiovapnd galding & bagkward eaayirsign
Iteratl Ontéﬁ%’{h%&essm _TAd b%&k\géroafét%h&% fR g, %@Egrbtf detYSHthARSh,
provi des a net hod, apﬁaratus and system of conminicati g 1n a

mul tipl e decediagrekiveidnney estirmatidn, el in the deiwdrd ge€liMn) dck tesprocessing
conpri si n%: 10a Sa%ﬁ Fll recei ver input sjgnal; ) b) add the

i nput  si gRAMMEAESIHIMJhe £ of B RIS SUBNISRAld reelpiegee Maiatm
sanpl e esLIHéﬂES?d td%c@&‘lhﬁre{,?s’?éhé RRRKE Vaarm! c'&\ﬂ@%.h%ﬁ?‘é are man @her
determ ne an informati o it estimate fromthe sanple ypot%eswy or
storate itypes ohfrdrCrasystambi thagsdo nestesipiet ;MU Sdhaeling rierge &oft Output

updat ed recei ved packet s e estimate fromithe sanple hypothesis .
or updat PRGOS ST 85 AL o8I of FupbapByelrehblotaat BEG. oredver, fi inich
subtract UpgaHghetadaitel ¢o epbidt@igthin om t he sanpl e hypothesis to
determ ne a nolse hypothesis and provide the noise hypothesis as the

receiver input signal; 200repeat steps a) to e) until at |east one or
more conplete H‘Fl%%raﬁer by Czylwik, A., entitled "Synchronization for systems with

15  antenna diversity", IEEE Vehicular Technology Conference, Vol. 2, 19-22 Sep.
1999, pp 728-732 the time and frequency synchronisation of a receiver is
considered. In order to successfully decode a packet the receiver must
determine the packet time of arrival. Errors in this estimate may result in signal
power loss or failures in the synchronisation of high layer structures such as error

20  control coding and FFT windows. Another parameter to be estimated is residual
frequency offset. This parameter must be accurately estimated and its effect
removed or countered if the packet is to be decoded. Errors in this estimate may
result in demodulator failure and subsequent packet decode failure. When a
receiver has two antennae there is a possibility to employ these two signals to

25 improve estimation of time and frequency offsets. As disclosed in Czylwik,
conventional techniques for single antenna exist involving the calculation and
subsequent combination of two components. [n this paper fwo main methods
are proposed for time and frequency offset estimation. In the first, one antenna
is selected, based on received power strength, and conventional techniques are

30 applied to only that signal. In the second method disclosed by Czylwik, first and
second conventional components are computed for each antenna. The two first

components from each antenna are added. The two second components from



are accunulated in the information bit estimates |ist. In
yet another formthe present invention provides a nethod, apparatus
and system of communicating in a nultiple access network by
iteratively 25providinga sanple estimatgs list in an OFDM recei ver

conpri si ng: a) sanple a receiver™input signal;
determ ne aapRekednrzeamel SR | THE ?egdlﬁl{q 5h@sSRHERheN trre% H@r'ivéri?lBHrally as
si gnal ; c) store the packet sa e estl mate; determ ne

packet sanp |féstr@4mbsﬁ@mobcwpadmtn gThlehephm of weig htlmgmaqh mmaommn‘toedo

I et _s |.e esti e)det er e an
backet - sanfruBlily RRFSSS, RS RGO oo i Pheidh "Redtuid 1Y’ Bhen
packet sanpbeesparii®ahi®nna is also disclosed Rflgkgiviikie THR i@@r@fﬂ)h@h%éﬁé‘@h)ﬁo
stored packet sanple estimate with the updated packet sanple

estimat®. BeROwRbattearibananyr of the her pwesalsnreins @:ﬁppflo\ﬁtkﬂ@‘;t}‘lgaof the
hod, t e access
et sk oy PR RO Y P TR R cBelly b oot

network by 1ter g a pac bit estimtes
list in an OFDM receiver conprising: a)determ ne a packet

sanpl e hypothesis by adding a receiver input with a selected

previ ousl y st or@8Y pdiskessisAnpf ede@imeise; deniegslefbisniaie kapwledge in this

informati ogydifiefdh! T8 Gud¥a 45 EQRNPH EoMBREEE the invention. It should not be

10  taken as an admission that any of the material forms a part of the prior art base
or the common general knowledge in the relevant art in Ausiralia, the United
States of America or elsewhere on or before the priority date of the disclosure

and claims herein.
15 SUNMARY OF INVENTION

It is an object of the present invention {o overcome or mitigate at least one

of the disadvantages of related art systems.

20 In one form the present invention provides an iterative decoding circuit for
a wireless muitiuser communications receiver comprising:

a first signal processing means for receiving at least one received signal,
said first signal processing means comprising at least two linear iterative filters
such that:

25 the first linear iterative filter provides an estimate of a selected received
signal to an estimated signal output and;

a second linear iterative filter provides estimates of at least one other
received signal, delayed by one iteration cycle, to an input of said first linear
iterative filter;

30 a second signal processing means for receiving the estimated signal

output of the first linear iterative filter and providing a further received signal



sanpl e hypothesis with one or nore of a hard decoding techni que and a
soft decodi ng technique c)storing the information bit estimate with
one or nore previously determned information bit estimates;
15d)repeating steps a) to c) until a co | et e packet is accumul at ed.
In yet another formthe present invention provides a mnethod,

appar at us gaiflatey 36 etﬁboi;wpﬁ?l?[)ﬁf“ eCHEdtNEghfl BroBdlsking ﬂwé’aﬁf&effﬁ delineEdding

I ncl udi ng det erm ni ng hybri d OFDM r écei ved pacKet sanple estinate

conpr i si nigeradiomsyciedidhe slgcadingraircdidbnai n channel application received
sanple estimate w fr en d i n..channel . application receijv

sl o oot mat 0 ShbheP o W AR TRy i DRSSt iRb oS et
estinmate bysteMPPEdohPNANEAIRRPANE AP aetes®hetvadrk By iteFiVies) extdiving

cyclic prefix; 25an OFDM tail portion, and; an OFDM guard peri od,

and wHer eMilt HeemgignalpcormdisiN@quency domai n sanpl e estimate is
mapped to corr . . f s ' . : :
30an OFDM payl gg%?'@g}{gé)g;m %?ét #ﬁg@rﬁ%t%sgr t%%%éqﬁ?@s%]eﬁ |I vai%g ?g%d
provi des antméhocharambaoastrmingnd syst em of communi cating in an OFDM
mul tiple accesa net wor k conpri gjerfor m ngnrtul ti-user

sing. .13 ,
interference c ‘ﬁ*@éﬁnfr}"ﬂ%avﬁﬁcé’ﬁdé@ﬁ%f Piopal aRilfpRieRPases| AyNENHASS extve!
receiver EcﬂnétFa‘?ﬁt@tdn\beth)é ﬁr@ﬁ%%'ft\é?sﬁ]inﬁpéétﬁnét%st he sanpling | evel so as
e ere

to allowt receiver to dif trate a desired packet from an

obserMhat i on of paviding dhEesecorsl sefmdl sighalt ketimetssi aer inpupuo. thel stepeof
another f oL L iend IRSRY s A bshiidgles @ method, apparatus
repeating the above steps at least once.

In a further form the present invention provides an iterative receiver for
receiving multi user signals comprising:

15 a first signal processing component for determining a first set of signal
estimates for the muiti user signals based on linear channel constraints;

a second signal processing component for receiving the first set of signal
estimates and determining a second set of signal estimates based on non-linear
channel constraints;

20 wherein the signal processing components are operatively connected so
as to provide the second set of signal estimates as input to the first signal
processing component in a succeeding iteration cycle.

In yet another form the present invention provides an iterative signal
processing arrangement having:

25 one or more pairs of first and second signal processing components, the
pairs of components being in iterative configuration, each of the first signal
processing components having as input one or more received signals dependent
upon one or more transmitted signals, wherein for each said signal processing
component pair the output of said first signal processing component is an

30 estimate of a characteristic of a selected transmitted signal based on the current
and one or more previous input signals received by said first signal processing

component, which is input to said corresponding second signal processing




and system of conmmunicating in a multiple access conmuni cation

networ k by synchroni zi ng packets arriving at a receiver conprising:
recei ving a packet input signal; determ ning a correl ation
signal corresponding to the packet inpuﬁ signal; 10processing the
input and correlation signals such that 5 | east one of the i nput

si gnal andcémﬁoﬁéﬁﬁﬁb@bhﬁm& §7a@ktheét EstinhAth &F Qid selected ﬁ'@ﬁ&ﬁﬂba' # to
decision statistic by combining a power conponent of processe
correl ati ofhespybpat O\f\nsﬁhi SCpUWE BighahprInessingf CQmBOImmicmwtpu@m‘ aiE said
si gnal ; 15p redet ernmined t.h

conait | on_ SrOrREY G BRRSuhd do Tl Br PseBellis PRlrS et Tt g gch Sac

tinme. first sigralyigrocessih§ esorhesriBritd ef palP sanrt gbﬂqua%c@é@&lhge@erétlon
nmet hod, apparatus and system of comunicating by tracking tine

varying ch@fels in a nultiple 20 access packet based communication

net wor k conpri si ng: a) initializing a channel estimate
reference based on an initial channel estinmate in a received packet
preanbl e; In still b))othﬁddcbnnmghe eesdratrineéntezst providey afreetioge dpﬁsr‘aius

on a packet cg at a s%/‘ ? channel estimate in a coded portion of
current an@"@l$YSHTMoPT rEYBMYBIEAHBIgHT £ JPHibBes ;access netg\prlf e@édﬁfﬁ@\fely

step b) at ddhg Ekél%%‘ﬁ&ﬁ’r‘?{'rt\ packet data synbols.

yet anot herr for“ﬁthe present 1n entl%n provi des a net hod, apparat us
and syl em of c@)mmnsamplnengr@:@tmmuﬁtsngmalii me varyi ng channel

i mpai rments in l e acces cket based ni.catj o

network, where & annn(]iﬁﬁ Hlﬁérlﬂ"ha?éf@ P& @HFﬂ‘j?mPf'Qf ?tﬂﬁedé?ﬁﬂ‘o’@d
frequency pidkeetamiple sbtiialesttb Mt@hlingta pAXkePshmbhypdtfiesis:
a)initializing a set of channel inpairnent estinates based on initial

pilot and prean®l e syetBBNe aclinfagnation ditresfienatedreradketsample hypothesis

e RS R DRGSR SO | Se3, Pracess 1o the

determisne a setd)Sof detanminiet as WpdRited®sétdPéd® Hacket sample estimate from the
sample hypothesis for updating the plurality of prior stored estimates;

e) subtract the updated sample estimate from the sample hypothesis
to determine a noise hypothesis and provide the noise hypothesis as the receiver
input signal;

20 ) repeat steps a) to e) until at least one or more complete packets

are accumulated in the information bit estimates list.

In yet another form the present invention provides a method, apparatus
and system of communicating in a multiple access network by iteratively
25  providing a sample estimates list in an OFDM receiver comprising:
a) sample a receiver input signal;

b) determine a packet sample estimate from the sampled receiver

input signal;
c) store the packet sample estimate;
30 d) determine a packet sample hypothesis by adding the receiver input

with a selected previously stored packet sample estimate;



c)updating the set of channel inpairnent estinmates with the

determ ned set of synbol estimates and recei ved packet; d)repeating
steps b) and c¢). 10 In still another formthe present

i nvention provides a nethod, apparatus §nd system of conmunicating in
a nmultiple access network by tinme vary| ng channel estimation in a

receiver for regei Vdé&rﬁitﬂi‘émdpﬂﬁfedoﬁédﬂ@t%arrﬁﬂ’é’f’lééilﬁltaf&by B@@&)dmg and re-
estimati ng a frequency offset based on information included in a
8

recei ved paok@issirreawseling the PaCk@)SWfBéWDﬂI?S& recei ved signal

et vt o ugi ngll nf of R Pane SRt areviovy shorBh e, SR uh

20d) trangfeonpddted pagkepdensiedstinegeof the received signal into the
frequency domain such that the sanple sequence includes OFDM synbol s

and i M erveni ni! &k pnether dpimdie present Ené§nt¢5€r pmwﬁeﬁgaaﬂaﬁwuawgaratus
operati on, ﬁ@ hstgﬁ%”%ff' annPc%% e‘i*}%uﬁﬁ eeféEo%‘éQ ﬁé‘m&:{?ﬁ' b StdrdRtly

and receiVv pac genera ng a transm ssion e Sequence
usi ng t heprteddidg Iagoacéteulrif(smammml if estimatesnist im amé)FrI:iMeeu@demhﬁmSmg
pr eanbl e; ansformn he transm ﬁ\eﬁon sanpl e sequence

into the frequ@hcy EI% e a pac of sample hypatesty bn&ddindep feReiyer input
channel eﬁﬁth@ééieeédgﬁaabng %téreerga%ﬁet y&ﬂ sgeﬁmbe sequence and the
transm ssi on sanple equenc in t reque omal n; i)
repeatl ng stepb) e) detehnine BH information bit estlmate by decoding the packet
sample hypothesis with one or more of a hard decoding technique and a soft
decoding technique
c) storing the information bit estimate with one or more previously
determined information bit estimates;

15 d) repeating steps a) to ¢) until a complete packet is accumulated.

In yet another form the present invention provides a method, apparatus
and system of communicating in a multiple access network including determining
a hybrid OFDM received packet sample estimate comprising:

20 multiplexing a time domain channel application received sample estimate
with a frequency domain channel application received sample estimate, such that
the multiplexed time domain sample estimate is mapped to correspond to one or
more of:

an OFDM signal cyclic prefix;
25 an OFDM tail portion, and;
an OFDM guard pericd,
and wherein the multiplexed frequency domain sample estimate is
mapped to correspond to one or more of;
an OFDM signal preamble and;

30 an OFDM payload data symbol.

In another form the present invention provides a method, apparatus and

system of communicating in an OFDM multiple access network comprising:




In a preferred enbodi nent, the conbining operation of step h), which
updates the determ ned channel estimate, is perfornmed by dividing the

recei ved sanpl e sequence and the transm ssion sanpl e sequence in
the frequency 5 domai n. In a furgﬁer formthe present
i nvention provides a nethod, apparatus d system of conmunicating in

a mul tiple accepsrBphiNg tulVuddrBtet RN A c&ACHING Wﬁﬁ:iﬂi EhbA8kd Qg%pting a

receiver for receiving transmtted packets, where t receiver
retrieves SOk pasdSIFdDN rreneiser bridenativelyirgneive aighals ah Sfeosamptihg level so

retrieved al t he frequer denmin, conprisjng; a) .

det er ni ne §¥g§ta}"|%>‘?’t %\e YRIVET ﬁ% %Bﬁitec%ﬁﬁﬂfgg@a&kegv?r@o?” é’?ﬁ?eﬁﬁ“@g of
derived framigteffersiiersignal at the recdNerdgp @ M ne a matrix of frequency
dormai n recei ved OFDM synbol s; 15c) determ ne an intermnedi ate channel

esti mat® nat ri x!lbyehanether yerg theoresam isyamiinn peavides Bymethwd, apparatus

nter mod afnd ey P ERhg R o liele sscesfip b ehRel B bryar, by

of the trasyaigosigiMggbackets ariving at a receiver cofprig@ig:or m a snoot hi ng
operation on both internediate matrices 20conpri sing 2 di nmensional

filtering; recejying aRaKPhiBPYhegBRkNnel estimate by dividing the
g . TURES divi ot n |
Tatri x| nnCtefinilRg 8 cBRidiattont tibial e resBRALING o hE bBERE: 1B XTbnal

det ernithi ng an pracessiadithedn@2snand icerrefatipnasignalg sweh ghasatni@ast onpréfiRe
other functions. sth $H f or egan‘g] e, éab@% u@.e val ue of the training
synbol mat {PX) 2ghai an e corfelalen FanzhaienEteredy m t he present

invention provigegrmini®y RodecidiBRastatist B\V']g:]pﬁib?ﬁiﬁg‘ &Bo%m%é@{én?g); tRe

a nultiple access network by estimating offsets 301n a receiver

recei vi ng Piogaseed codretaiionesignat wifpr aspower spmpenenhiohdéha pratessedinput
recei ved kg synbols; 16 b) determne a matrix of
conj ugat ed” data synbol s wherein the data synbols conprise one or nore

of predbl e, tradminage angbiesid tmkegivey Yok predetermined thFIshdR} BHRHINEN BF
2 dinensional  Fourier transformpmatrix conprised of the received
symbol matedasiien slatistic @s@recaveddrakghaetyatmeol matrix; 5d)
filter the Fourier transformmatrix;
In yet another form the present invention provides a method, apparatus
and system of communicating by tracking time varying channels in a multiple
20  access packet based communication network comprising:
a) initializing a channel estimate reference based on an initial channel
estimate in a received packet preamble;
b) updating the channel estimate reference based on a packet data
symbol channel estimate in a coded portion of the current and all prior received
25 data symbols;

c) repeating step b) at the arrival of subsequent packet data symbols.

In yet another form the present invention provides a method, apparatus

and system of communicating by estimating time varying channel impairments in

30 a multiple access packet based communication network, where channel
impairments comprise channel variation, signal frequency offset and signal time

offset, comprising:



e) determne tinme and frequency offsets by |ocating peak power
occurrences wthin the filtered Fourier transform In a particular
enbodi nent, the above steps a) to e) for estimating offsets 10 may be
used effectively as a neans of channel 1&sti mati on. For exanple, in

t he above described formof the invention which provides

conmmuni cation Ry estiif@iziritdal sdtEoiVeiatiid irBaRARnt IdTRAatde BhSed (diinitial
step c) of updating the set of channel inpairnment estimates with the
det er m negilgieandbpresyntiie lsyaboinickeledniad arreceived pagkeket may conpri se

t he above stepsg,a) for estimating offsets., 15 . ln.a.
further  embod, Rent , PEAEMBE2 el i e tBmprises ikfigfsing the
esti mat or sgbof et impainPent estimaiesmarhitasradeilaid packeito sieterafine a set
channel estinmates with the determ ned set of synbol estimates. 20In

yet a 9 ur ohERNSBi Ykl geiésaies: i nvention provides a method, apparatus
and system of gﬁmﬂéﬁgﬁﬁgggth'en i Tkt Ll eﬁ‘?ﬁﬁﬁﬁirrﬂ?ﬁ%ﬂ@%@gn\ﬁﬁt 'th&8

net wor k by synchroni'zi ng recelved signal in"a nu enna

recei ver detgrmisgéchget of symbol estimatesyr ared sgdehgdapadckeei ved si gnal
observation at each of a pluraljt f.antennae 25 with a known signal
preanble to prgbide“ﬁmﬁgégsﬁﬁﬁél%ﬁgp)sequence; determne a power
signal of each received signal sequence; conbi ne the

determ ned power signals in accordance with a tinme averaged wei ghting
basedl®n esti mated antenna signal strength for each antenna;
30determne a tinme of arrival for the received signal in accordance
wth a predeterm ned threshold condition. 17 I n enbodi nents of

the present inyegii @noiHéerfsrﬂq&h@ﬁﬁégéﬁdin@eﬁmmw&ﬁdég BOMBMAdY, AHpatatus
conprising: a conputer usabl e nedi um havi ng conputer readabl e program

code and 8B@siséemr efagabineuUNgalingmine ¢l enwiibiedpectssn netark nipyitione fuarying
computer -yt Bulth eBsEe e RE TeCaRY Hai P BEHIES SporPhng
wi t hi16 sai d cogpudstimatisgbbefregdeney foffsepardsednongirtfenatRin ackledepinas
di scl osed hereinp.
received packet preamble;
b) correcting a received signal using the estimated frequency offset;
c) determining a channel estimate using information included in the
received packet preamble;

20 d)} transforming a sample sequence of the received signal into the
frequency domain such that the sample sequence includes OFDM symbols and
intervening cyclic prefixes;

e) performing a decoding operation which comprises processing the
determined channel estimate and received packet;

25 f) generating a transmission sample sequence using the decoding resuits
and information in the received packet preamble;

g) transforming the transmission sample sequence into the frequency
domain;
h) updating the determined channel estimate by combining the received

30 sample sequence and the fransmission sample sequence in the frequency
domain:

I} repeating steps e) to h).



10O her aspects and preferred aspects are disclosed in the
specification and / or defined in the appended clains, formng a part
of the description of the invention. The present invention

provi des an inproved or enhanced wirel e§§ i nk between two _
comuni cating devices, for exanple, an I'EEE 802.1la Access 15 Poi nt

to an | EEE 802. 11a Station or between two nodes in a wreless nesh.
The present invention | eads to enhanced key perfornance indicators

for point to polm@ prefeged remedgimardntiee cpowdming daperatian eofastdp h), which

reliabilit This, LS hi.eved, b dvanced signal propgcessi.n .

t echni quesxpﬂaﬁéﬁzh? qu?%%nlﬁaggpgég&t %%”P%%(?eg‘?ﬁ?rﬂg‘?q?ré}ﬁiv'g'gﬁetéﬁdfaﬁ%f"ed
Synchr oni sgainpie Eegabhsatan (kBaradmiEsionMBaEIR RddueRp! iRl ti iRy uRhey
Mul ti pl e Recel ver Antennae. 25 As woul d be understood by the

per son ki iP@@IN.n the art, in addition, techniques that exploit

mul ti pl e antennas for transm ssion nmay be enpl oyed to provide

el ectronically generated directional antennas in an adaptive manner.

The fol | owi ng abvartdigersfosheefpresentiaventsepiovidesecatrmatiod 3aSpaat@d and
rejection of .interference, Significantly increased receiver
sensiti vi t%YSt@Wg?ﬁr $QrEBWNIGRINA P eh BRHLRIB RFSERR Setwerks Ry i, vaining gfsannel

Sel f confi Qé’tfrﬁ%t?&ﬂir?fa %Wfo?%%@fv@ érapsmitte%og%ngf&%tﬁr SHers 1 B8 oeiver

interference eftfectively 1gnores or cts sign at” are not
emanatfithg fetiengsh OFviesyiroeels i foomas rebeivedrsigmal and gainsforafs thd esteeted

5 source. Rejecting these signals.increases the probability that a
si gnal naysﬂbb&éé%?h\ﬁegeﬂkj?%‘go'@?%PQ”W'&@QP ncreasing the reliability

of the link anday @@t@%meeatrﬁé’triS(fothQﬁi%tsﬁn%dl_@%?nﬁr%%ﬁa&%yénz@%S{e&gingétigs

dropped packets. Interferers have a spatial signature as
t he recei véTiedeiem a éegodes; substantial |y deternined by their

position. I_bwevl?)rdetgmihg & Rl%%I]I)P !318 fré&l?énc;[yr onrﬁg?ntrggéﬁ/ea%Dﬁlrgymnt%ls;
15 c) determine an intermediate channel estimate matrix by multiplying the
OFDM symbol matrix by the conjugate of the training symbol matrix;
d) determine an intermediate matrix of training weights comprising the
absolute value of the training symbol matrix;
e) perform a smoothing operation on both intermediate matrices
20 comprising 2 dimensional filtering;
f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.

In embodiments of the invention, the step d) determining an intermediate
25 matrix of training weights may comprise other functions such as, for example,

(absolute value of the training symbol matrix)>.

In still another form the present invention provides a method, apparatus
and system of communicating in a multiple access network by estimating offsets
30 in areceiver for receiving transmitted packets, comprising:

a) determine a matrix of received OFDM symbols;



10col | ocated coul d produce a simlar spatial signature and it is also
possi ble that collocated transmtters could produce different spati al
si gnat ures. Significantly, increasing the receiver sensitivity
means that the receiver nay operate a Jower SNR

(Signal -to-Noi se-Rati o) point which produces many 15 benefits. Since

the received pPRYR{et&inikb| ﬁhmbHB( F IEH]j ud’@féd b@at%“@.grﬁﬁéfsuWh)ér&ﬂcﬂféefi’iata
has been reduced, the path | oss may be I ncr eased I ncreasing t

di stance bynhelsrconisccons oemose of pm@ferv@lmr@m pytimaiedeysmbaist he

range. Alternatiy t he pres L.nventi.on tr

to be decr ease‘Ld) 9%@"?{’1‘% & g‘ﬁf‘ﬁﬁé'ﬁﬁ?' Egurﬁ%r H? fﬁ\é\ﬁ %?ﬁgr%cg}gﬁﬁ%éq ﬁg\fﬁe
recei ver geRidd S@lrﬁb’olahﬁﬂxmﬂﬁlle@wtth@ﬁe tesjagaaaiynisol mestviks ed per
bit and accordi nﬂ , It may be possible to transmt a higher nunber

of i nformationdb te;ftb@FO@aﬁstransﬁfafmcmatslynbo| This increases the data
rate. Robustne 1.n 0 e

di scl osed 25 héfe&%eﬁgl dgmﬁ)éeaéggt ﬁeaxeﬁ%}ﬁtéﬁﬁpac Otcg(rﬁﬁg ggg p?\ger
extrene ractoraivasvathiv thia filtered - curief adasfondy | ncreasi ng robust ness,
a nore reliable Iink may be created ensuring a better user experience
and increased throughput through | ess re-transm ssions and fewer
dropped packet % LERDe) fr tirfgoffset
required at i n@t%Ip%%m%(pnagr%lrﬁgﬂﬁ%rﬁgqthﬁaé@Fg&gggt ?:e i %staﬁﬁéﬁo S
By welh0 of mayareplised ieffdctely @e qamerausmirndnannebesﬁreati@“f Eosanprlneie in the

5comuni cations, | ink ar I ven w t.h and w thout the use of th

Poi 1 -t o- PR deRSARBR oG Tbror HEE dPuSiliRn | WOBH: PisHieesTsempigation by

Rel at ed Agdtira @i Oine! V9 SRarff 9RpaRREntK thBeAss ¢ &f LipdBangthe set of
channel impairment estimates with the determined set of symbol estimates and

received packet may comprise the above steps a) to e) for estimating offsets.

15
In a further embodiment, the above method may be used as the channel
estimator as required herein, in as much as updating the set of channel
estimates with the determined set of symbol estimates.
20 In yet a further form the present invention provides a method, apparatus

and system of communicating in a multiple access packet communication
network by synchronizing a received signal in a multi antenna receiver
comprising:
correlating a received signal observation at each of a plurality of antennae
25 with a known signal preamble to provide a received signal sequence;
determine a power signal of each received signal sequence;
combine the determined power signals in accordance with a time
averaged weighting based on estimated antenna signal strength for each
antenna;
30 determine a time of arrival for the received signal in accordance with a

predetermined threshold condition.




1. 0WO0. 1W Maxi nrum Dat a Rate 500Kbps 5Mops The present
invention al so provides inproved channel tracking capabilities.
Channel tracking technology refers to the adaptation of the receiver,
10 when the channel changes rapidly over the duration of a single
packet. Typically, the channel estinate ?hat is used to decode a

recei ved packet |4 ersRidhBhReds ftﬁ@@réé@‘fi’”in%ﬁﬁ’cﬁﬁ?l\?ﬂgﬁfg ngglli(d%oa'é\t cGhpter

packet. This estinate may be used to decode t et.
However, i pragianrprodticheorapiésiogbet ween the transnmitter and receiver

is great enough, th hannel, experienced at the 15 beqginning of the

packet is substarﬁqniqlﬁ?r drd &y %'UW EW'FH&OWU??%?%%I%V%%% e and
rendering thepakansadalsis sysRing cbdé eiitlied 8h salttnRatlim ol dsmprRekSlting in
resulting in decoding errors. There are other processes that manifest

t hems el es@aBitiple r aghassc RammdINieationyinegverkersaitlecerapuier . pmigeam product
i ncl ude m é&%’ﬁ&ﬂg' between the Transmt and Receive Radi o processing
resulting rn residual frequency offsets 20and msalignnents in the

time and frequecmypalnchsadsisat tode Withins gdid f cemplitero uBdbled rhé@inaT for
and receive radi,o devices that match perfectly. The advanced

si gnal pr oR®EYMiRY e mathed steps axdisplpaedhersitvention all ows a
receiver circuit to build a progressive Channel Estimte that tracks
the 25 changes in the channel over the duration of a packet. The

benef it0 of appl Pihey sspehisGrahpeferfedakpadstare hisiagyd inghé Beeaiithiidryand

to communi cat e, under. hj gh_nobi | i condiitions and under |arger
m smat chesf B%Hﬁﬁ@ﬁgt'ﬂet rﬁ'ﬁ%‘?ﬁ‘{e‘id\él?'méc rpeng z?dP@”pngé%Qieﬁ riptign Raghe
of exanpl gnvéytidreal performance neasures of 20 a sanple

comuni cations link are given with and without the use of the Channel
Tracki ng t echnolerypreserd ipveséon provides iaonimpswedr oviedbanced evifedesntiek

cancel | " hlh it aRual BRRNF alcalTEr ZABRBEL ot DERE S000PE e
packet15st rRsintitcesn IEBM 8U2heTa Biich drbdtween two nodes in a wireless mesh. The
present invention leads to enhanced key performance indicators for point to point
links, namely, range, power, data rate and reliability. This is achieved by
advanced signal processing techniques in the following areas to improve
performance
20 ) Decoding
Synchronisation
Equalisation
Channel Estimation

Full Exploitation of Multiple Receiver Antennae.

25
As would be understood by the person skilled in the art, in addition,
techniques that exploit multiple antennas for transmission may be employed to
provide electronically generated directional antennas in an adaptive manner.
The following advantages stem from the present invention.
30 . Spatial rejection of interference,

Significantly increased receiver sensitivity,

Significantly increased robustness fo fading, and



mul tiuser system or nultipath transm ssions (reflections) fromthe
sane transmtter, or nultiple transmt antenna in the case of a
device equipped with nultiple transmt antenna . In all wreless
comuni cations systens, nmultiple 10 actip,ve transmtters share the
wirel ess nedium This sharing may be done in a coordinated attenpt in

i nfrastructure net weefsaigdiatiofll dFntdhabaedRgs mediuminto time and
o

frequency slots or in an uhcoordi nated attenpt in an-hoc networks by
all active transmtters contesting for the right to use the nmedi um

Bot h schenes |iJyut. the use of.the nmediumt wel | defined. freguen
and 1 e wher e Spatigh fecti LS TaiRte atefvdy el ol SRDA Al
when two Gr@nll dri@iting) fduethe ame (GRRise 49 tHE ecurfsmit SNBoihit @F Ustaeest
at the same tine. The Interference Cancelling technol ogy 1 ncludes

t echni Juesouieg: bBeipsting thase pignatmintgeasasatherppiiabilidy st a signal may be

20I nterf egg odWnithdat \IL' BrsRANY $n MELYRE 'thd PLRAHARY S 1R AHE Gla REESe the

Over head vance si ghal processi ng
throughput to lower retransmissions and dropped packets. Interferers have a

spatial signature as measured at the receive antenna that is substantially
determined by their position. However, it is possible that transmitters that are not
10  collocated could produce a similar spatial signature and it is also possible that

collocated transmitters could produce different spatial signatures.

Significantly, increasing the receiver sensitivity means that the receiver

may operate a lower SNR (Signal-to-Noise-Ratio) point which produces many

15 benefits. Since the received power at which the signal may be successfully
decoded has been reduced, the path loss may be increased by increasing the
distance between the receiver and transmitter thereby increasing the range.
Alternatively, the present invention allows the transmit power to be decreased

and still a link may be maintained. Increasing the receiver sensitivity also means

20 that less power is required per bit and accordingly, it may be possible to transmit
a higher number of information bits per constellation symbol. This increases the

data rate.

Robustness to fading provided by the inventive techniques disclosed

25 herein may decrease the amount of packet errors due to extreme radio channel
variations or fades. By increasing robustness, a more reliable link may be
created ensuring a better user experience and increased throughput through less

re-transmissions and fewer dropped packets.

30 The use of multiple antennas for transmit and receive functions allows the

rejection of interference from outside the direction of interest. This functionality is



25Further benefits of the Interference Cancellation technol ogi es of
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beginning of the packet is substantially different from that at the end of a packet
rendering the channel estimate incorrect for the end of the packet resuiting in
decoding errors. There are other processes that manifest themselves as the
radio channel changing over the packet. These include mismatches between the
Transmit and Receive Radio processing resulting in residual frequency offsets
20 and misalignments in the time and frequency synchronisation. It is difficult to

buiid transmit and receive radio devices that match perfectly.

The advanced signal processing techniques of the present invention

allows a receiver circuit to build a progressive Channel Estimate that tracks the

25 changes in the channel over the duration of a packet. The benefit of applying
such Channel Tracking technology is the ability to communicate under high
mobility conditions and under larger mismatches between the transmit and

receive radio processing. By way of example, typical performance measures of



5 planning. The only requirenment is that no device may be isol ated,
in a radio range sense, fromthe core network. Al configurations
nmeeting this criterion may be possible. If nmultiple paths between
devi ces exist in the network, dynanmc é@ute 10 determ nation may

sel ect a new route when the current rotte is blocked or congestion is
best avoi degmplBoRiLSichiions HaVhegNea vith 8% dithble ddteoNBeV®ORdnnel
may rearrange its routing tables to exclude that device fromall

rout es andrdckiy eocheaogyt h t hrough the network thus creating a

robust, setf—heatng(andthereforewere reliable “cth

route determ nation conti nuou sﬁf'%ﬁgﬂﬁﬁfﬁtﬁgﬂﬁet WDET?S@B VSE'[ i on

changes alf84n& M8bilifpDPI T e refoyahirnodes. & kmimgP networ ks

in accordance with enbodi nentls of the present invention offer a

sinple solution to provide a high bandwidth Iink over a wi de area.

Due to easy flexible installations, low infrastructure costs and a

nigh rate,  2or &rPasEReR: mYenfien &Y, B iieslieies it Canep e r afoing the

excel |&nt rdrat | bf @ama ¥estBERNinterference fromt aadi%@b Ofhefepin “eafrieOstahdard”
e

t he conmmuni cations field which best utilize t enefits of the
t echnol oglefersofio etidogmissians of simdaprraskat stigdies ofioRawiheredigers in a

identifie € t bj lti-.h j r Fi
vl 11 - nop AsS” Nat ST Of RN L afinitslinsndfe Rl LRt B TestRe
Base St at transm@ePMoBasdiisle drdteeait waterPa pr theesssy of a3device equifped with
foll ow ng d?s ri bes each of the abqgve.i iﬂentifi ed gs%gil ications in .
turn. O hBWMERS TRsMib AOGRAR al 4o BeWEPaSSt tPRMURESAIOPE W3R BYliRle
enbodjdrent, s ' : i | Vi i i -
Rl of Net SalfE rENSES Shbrc IREHirEREs UL Yiic shafthg indf b ddPin 2
of novi ngceerdindted atfehipt indnregirugiuey heerke dly- ditfiding ithe wireless medium
bi -directiognal _high _bandw dth, communi cati on, bot tween the mobjle
ont it oo 0B GG HERRERE ABtS.AF Rb o iicpRRinghR RS s ofn ks
Routers apg 41l agtde WhaisenifiefsV teRtesEng ek ithedrightt tb LesUihar neiiact IBYiS
to a wi deband 10 backbone network. A fixed network nmay be used to
connect techames liméttaeuss ofibe nardiumeto; swetitisfingd fradyiency @nddiree where

net S. h t .. PO n nhysi t.i.ng i
ot her & i 0 Pl iR ES RSt Reh PP ELE PR oEEr WRHE WediyBRb RS
Wi rel ess inadverentipychieséi kediser twhidnee fldpuareyt at shadapmet dnighei The
environnment in terns_of link quality using, for exanple, data .
communi catieffRrense nededenfdlings %ﬁﬁ’?‘&'% u’H&gﬁdﬁoo@WC?hél%ﬁ‘[sdeOCESS'"SJ
skilled i ! resent invention provide a
conpeti tif&gﬁﬂ&/u%%ttg%e re 'Eﬁ@?g’f”cﬁ ﬁ%ragwm ti-hop Radi o Networks in
that the inproved nAbglistiipnand range, as noted above, |eading to a

nor e ficient network.is proyjded. Relative to related art Private
Co cati ons  Net %%?IEBE(%%*'%W% of the present invention provide
Range
Network Throughput

Reduced Control Overhead

25 Further benefits of the Interference Cancellation technologies of the
present invention resolve collisions between two or more transmitters from the
same standard fransmitting at the same time on the same frequency. This has
numerous advantages. Firstly, when collisions occur, all transmitted packets are
received correctly increasing throughput and reliabilty by decreasing

30 retransmissions and dropping packets. Secondly, by removing the requirement




20 significant inprovenents in Data Rate, Range, Mdbility and cost of
Net wor k as noted above. Secondly, a Fixed Milti-hop Radio
Networks is provided by installing Wreless Routers at fixed user

| ocations with Iinks available to one og,nore 25 w deband backbone
connections. The only requirenent is th ? all routers nust be able to
forma lin ARS S Q@@(ﬁ% i

is no needh}a((t)(r?dnggg%g{a\?g base g?gﬁgoi Q%Rfl gurati on%Qﬁ%hl}ﬁﬁ? rt]%-e?gﬁ%unt
range is not treffigi thet be b garalledsmrr G@madiu'memEVMImasiedﬁoMmaWQI this

Net\/\orkforr;&afle %m EYBY nfrflstrucgturé cost s utfoni

provi di ng &Wi YA saraw" KUY AR IPTBRTGUE BSIGNJIoR: 85 MGAURBFK Riafting
is reliabl gnd eastheycdmnafed-labstegdetdmpeld Retworkd such as il tm rmfzeﬂ
the present invention enables all decoder out cones to be enpl oyed
(decodér ole@iks rapesenasatedceppayss i adjoirinaoffises. and able to be
conbined) in the receiver filter structure providing inproved
estimate determ nation. The nunber of users that nay be supported is

greatly increaskd.the Basd iwbéer lthe advsidcadaeysand ointerfainy ausers mdvhit
systens the esent i nvention does not require prohibitively |arge

matrices t@°LUEdingyEs wdiferent rbandatgs e dhte daﬁeéfgrerr@&@a{zéellas@m sirHelnEe may
superior tgy

f eedback syrr%nﬁ’t %?%3‘%@%‘6%'@9%3@?’%@'%% eco!jl}%‘g\’%a%thw?%r g?lﬁorﬁe Ne{) s
Enbodiifent theof ablee tq»rereatet hymm&seenoartbebm@mrg isigrezl$ etherel®; enabling
cancel | ati 09%_[1% V\/nere egl ous estimates of the nmulti user received
signal s ar'® ?P%ﬁ:?@ #B5ANt he received signal to cancel the
interference they cause. Accordingly, these enbodi nents do not suffer
t he di sadvant ages and conplexities of using tree search net hodol ogi es
for multiuser stghiabgswmayhbeoisisdlvedcins she d?lwamqmllcﬁyaagmrmngondanbe with

t hrough a The t.invention,advant enabl es
15decodi ng&hggggi%ﬁ%s%f Q} 3{%%%& Hl:"@&faf‘ng%& tr%%li'"?rgq: aH¥ Wprp Orpetwork
Cor r edi5i orsighaln Begerh&Ad SmUBiBIies 1154 benefiter 6Wr HNEbole ¢8 fcSAILEEH WF ehe
provides for significantly inproved synbol estimates, resulting in

superi or iMefelbdiagRacksts. rdyeisal qHariiative MSASAreAES audpidingr & network
significa S i f. t

nvent | on DueHpO Snd VSR pleisoBf Fredriad, Bl in ARKEL Rt ipte =
mul ti userfolewspti on. Enbodi ments of the present invention

advant ageousl y use decoder outcones as training synbols rather than
only using denodul at or out cones. Advant ageously, receiver

coefficignts Tor beamform NgT gp 8 SFRECRIER Wt r‘lﬂrlérsehf ﬁ'ﬁ@ﬂhéﬁ er
e o

interactilon. Al so the use of er _outcones to i|lnprove annel

esti mat eg HEirbogkpatccur at e est | MAtMiops of 25 t he requZ(]Mﬂ)pbeam‘ orm ng

coeff?ﬁ Ats—Hn—acecordance—w-t-h-enbodinment s—of t he present
on

i nven srmot hi ng of channel estimate taps is perfornmed in the

f requency domaithamuiihb tacéc}‘irﬂﬁo#y‘ BFe ifents4 jtﬁ@%r&@eﬁtﬁh%ntzon allows

enbodi nents of the prese I nventlon all ow deco
t han once seiecied tfamhpbssibly aljtwirdess depiceditogct as wbsters;tfemaxblngspackets

i mproved resultl ncr eased receiver. 305en5|t|V| .25
Fur o - sdGHH oBe Shyy Iohinotneg mgs SOREM el neurcke rhis weRNS Hiatdheugh
appar ent ft\'iv@fﬂé\h%sdﬁb?'dcﬁfieéﬁﬁé elaBhicARerg! g{@rﬁblgeﬁ%é}éﬂé %rset"c'ﬁ‘ﬁ‘ﬁtéﬁhediatte
shoul d _be understood that the detailed description and speci f

exanpPes, deviges thadiineay badinkedsierfosm 2radioi § tlsetmeenht@enmtbemtbay may
o 11 oat iR RERls 4 RO SRl R dng Jaed e tB bt AT prrASdiate

beconme appatent to those skilled in the art fromthis detailed
description. BRI EF DESCRI PTI ON OF THE DRAW NGS

Depending on the particular network dynamics, the multi-hop technology

30 may employ dynamic route determination techniques to build and maintain the



10 Further disclosure, inprovenents, advantages, features and
aspects of the present invention nmay be better understood by those
skilled in the relevant art by reference to the follow ng description
of preferred enbodi nents taken in conj g?cti on with the acconpanying
drawi ngs, which are given by way of 15iTlustration only, and thus are

not |imtiaglifed FdiRingCiaBRsOf MuUNEhBp &&Wbrits MR MarfNBehd¥itdhh @Bims of
Figure 1 illustrates a related art nultiple access wrel ess

communi caflewhiliyy selahilitp @rdpestobinfraplidetvig.es an exanpl e of a MAC
failure in a related w rel ess communication systeminvolving an
access collision; Figure 3 depicts self interference in WLAN

network of a rFlexitaityds bchietet esdughassl Rl Insairie Mat requires minimal
Fi gure 4 depl cts a generic Iterative recelver structure I n accor dance

with a 25PRNAYY. erhEdPR¥rEdUreEENt IS thRiphe Weviagemayabe isajatesh iR yasfadie
del f . F e e Ston 1S
ot 1 user "SRt o RS ARHAG ) SRR e GRS N Eripgion mey

decoder wbelpossibesar nul tiuser estimation in accordance with a first
enbodi nent; 30Figure 8 depicts the recursive filter A(1,n)in
accordance with a first 01-1) enbodinent for n = 1 the input signal

is 1 while formmifipid Mifs HBREn | devices e%BH in 4Re nehNor}EiAgﬂgeﬁn%Orol\%e

depicts Bit Error te versus users after 10 iterations,
= 5 dB i ndefecmirgdiooemayt selact iar sewerdudei when ;the currerfti guite i8 letheks o

typical related art  single pass.OFDMreceiver high,level_ strycture;

S gure 100799sria st SYOTREn LB o T 1 R vice s (5 BE SRR o Bevinek

hi gh may rearrange its routing tables to exclude that device from all routes and find a
new path through the network thus creating a robust, self healing (and therefore
more reliable network). Dynamic route determination continuously adapts to

15 network configuration changes allowing for mobile network nodes.

Multi-hop networks in accordance with embodiments of the present
invention offer a simple solution to provide a high bandwidth link over a wide
area. Due to easy flexible installations, low infrastructure costs and a high rate,

20  reliable link, multi-hop networks generally offer excellent return on investment.

Four areas of application in the communications field which best utilize the
benefits of the technologies of embodiments of the present invention have been
identified by the inventor as

25 . Mobile Multi-hop Radio Networks
Fixed Multi-hop Radio Networks
IEEE 802.11a Access Point Chipsets
802.16 Base Stations
OFDM Baseband Receiver Co-processor
30




| evel structure of figure 10 in accordance with a second enbodi nent
to facilitate iterative receiver technologies; Figure 12 shows a OFDM
Soft/Hard Decode and Re-transmit structure for use in Iterative

Recei ve structure in accordance with a §§cond enbodi ment; 10Figure 13
shows a Hybrid Re-transmt in accordancé with a second enbodi nent;

Figure 14 shows TaeHalswiRgcasirridtd d3en\brinkeadisovicotieRifd §Bb%dfﬁi’n§ in turn,

Decode and Re-transmt structure in accordance with a seco .
enbodi ment Otepigapriicaioss iy alssdiandlié éote thase Rehldgies of embodmnts of

Soft/ Hard %%%?HF%ggﬂﬁﬁg-tranSMt structure in accordance with a

second enb 'gure 16 shows a structure for tinme domain
channel application process in accordance with a second enbodi ment;
Figure 17 shows _a structure for frequency donai n channel application

process? i n accofdgiheeaviMorile Mulivhep dRediai Networkarrpuiess gifeetives realdine
Ex I k-] o [ Layes.. a

ngoc?g}t) eg"%f‘ﬁ%@?@r ltonaq;e%@ 5?%5&@9%?@3519355{%5%%9%ﬁg)\l\\//?d;a s cost-

wi r el ess neffectivienbiedipentiahahbigh barsbtidtid compainiedtiapr bogssetwvdem the mobile

d .t h f d enbodi t f th resent _j nvention;
25F gur e 2BNGR,80] bebkcen FXENAETUPI3CRTH 8¢ IoRiecrlitiese WiiglesseRavtars

art; Fi gt 8izdbdl Wwhird sahfse & r%@i%iogvi{he}@gtﬁéjr %ri)r?%d'ttfeﬁﬁs to a wideband

synchroni sati on deci sion; Figure 2 ws triangl e
coef f il enbbackboneanetewsh.vé fiked netwonk may dedasexk tavicohnectt toi oter networks

enbodi nment t he inyentijon; . Fiqure, 23 shows an exanple o
21 11 or oo Gt s | & toer privele et SGH EhAR ScsyRdo pover and a
enbodi nment pipfsi¢dlemoOMBRG it no other FhBasteuctdre %”ré@l(ji%cﬁ 8 edeh Udireless
frequency domain_of a related art radio channel; 2 _
router. The wireless routers may be fixed or mobile. The routers adapt to their
environment in terms of link quality using, for example, data communications
15 methods as would be understood by the person skilled in the art. Embodiments
of the present invention provide a competitive advantage relative to other Multi-
hop Radio Networks in that the improved mobility and range, as noted above,
leading to a more efficient network is provided. Relative to related art Private
Communications Networks, embodiments of the present invention provide
20  significant improvements in Data Rate, Range, Mobility and cost of Network as

noted above.

Secondly, a Fixed Multi-hop Radio Networks is provided by installing

Wireless Routers at fixed user locations with links available to one or more

25 wideband backbone connections. The only requirement is that all routers must
be able to form a link (direct or hopped) back to a backbone connection. There

is no need for expensive base station configurations and ultimate range is not
limited by signal strength. The Fixed Multi-hop radio Network forms a flexible,

low infrastructure cost solution in providing a high bandwidth connection to a

30  Wide Area Network that is reliable, easily managed and self healing.



Figure 25 represents the frequency donmain of figure 24 after receiver
phase and frequency offset correction; Figure 26 represents an
error pattern for a related art processing of a receiver; 5Figure 27
represents a radi o channel estimte aL%gr snoot hi ng across OFDM
synbol s in accordance with a fourth enbodi nent of the invention;

Figure 28 repregaRbingrd, ehé PredarittiBEnicH efabledraln deabdgst sBRbniels fohse
I nvention using perfect training synbols; Fi gure 29

repr esent §MplovRs (driiosiet Hafe@nes ArEnsipeeh ACEIREN Ak itesationsand 1@ble to be

dat abase i cordanc ' u e i .t he. inventi 0N
o oare: g0 cPaBERA I ot oedva ANl SRR R hroflaid Crb iRy Whimate
rel at ed agktermination. FTigsihembér o$ ussrsGhBVhRy i buspdrtapisrdrebtlyiioréased.
structure in accordance with a fifth enbodi nent of the invention;

15Fi g e Barticilaly agvardagecis. dor exarsplgnieCrhieystempiha peasenbiaenton
b . . it ) j A

S e o BEs RN SPRtdiy AL Ao 0 T 3Bhgd A Blif bl

channel pRaseiveopedspoadia{s sopeive twathat of the eglakskeatieilia o ftHeggoalitdDf

20Figure 34 is representation aof a sypchronisation netric¢ of, a
sub- car 1 Hie dRetRaBeETRBb PTOH S8 BY AL tIpeRcid i BRoaraiion: '
the inventiiibdiments HEIHY b@%ﬁ%ﬂﬁr@r@%a%&éi&?i@é%%r@@ cancellatibf

W rel ess networ s a si gnhal received at a network device conprises
conpoHent where preuidusaestimatesr eirtbei muldrsser Thesiged sipyeie are subiractgd dicrh

noi se, adg together resulting in,the.received signal. Ipn _so ases
onl y ono. B (RELEsEERhh SAPee s FLUTTRAPRGNES BUsRechrRg NG, (ese
transm tt emboldim@itsi dé 6l Sdufieh thet fieadGiises SeNcapprRxitReest Lsihgatre@
net wor k access point, several of the received conponents are of

i nt er est . SeACh| MREOdieaes Her prabuses sighals Hehish hupuld geegssitale exploring
many paths through a given tree. The present invention advantageously enables

15 decoding of each user's signal according to their Forward Error Correction
encoding. This use of strong error control code structure provides for
significantly improved symbol estimates, resulting in superior interference
estimates. This in turn allows support for significantly higher numbers of users.
Embodiments of the present invention do not require synchronised users to

20 enable improved multi user reception. Embodiments of the present invention
advantageously use decoder outcomes as training symbols rather than only
using demodulator outcomes.  Advantageously, receiver coefficients for
beamforming may be determined without transmitter interaction. Also the use of
decoder outcomes to improve channel estimates allows accurate estimation of

25 the required beamforming coefficients. In accordance with embodiments of the
present invention, smoothing of channel estimate taps is performed in the
frequency domain as well as the time domain. Further to this, embodiments of

the present invention allow decoding of symbols more than once as a channel
estimate corresponding to its interval is improved resulting in increased receiver

30 sensitivity.




conponents in the received signal inhibits the accurate estinmation of
any given transmtted signal of interest. In accordance with

enbodi nents of the present invention a system and nethods and
apparatus for processing a received siggsl conpri sing one or nore
recei ved signal conponents fromdiffere transmtters is 5disclosed
herein. The profgafendsdopli el AypiicabilileSofl thd hereBBRENANCHIIRC il Sbecome
processing of a wireless transceiver 190 as illustrated in figures

19a and 19BppaNeet Reo therdelqiled clesTriplivt givesrhdratredteat dtbv@ver it tshplilg) be

is an anal Vi t, Lnterfaces,hetween the digital signal .. .
processi ngaggﬁp@gogjé}nﬁ'%tﬁﬁ%de lt&% (H%,C”P;[J, na?r?&’e ?W’i%?é%ﬁ’ﬁ%fng'ﬁ pflicatiag
transcei veprefémed esrbodinepte of GhaMberitiods R8dilod NGRAPVES fissirifon only,
received signal suitable for driving analogue to di'gital converters.

In tranksni 8iNABA¥ANQUSyshangrme@ang iEagdionsi wihinhthes isgitil andrscope of the
itation; : t | i i : .
Fesponsi bl DUpRrOR ol Sre, appareny KB SRR MIERLGE bD ths diailec

to recoverdésaipdiont ted i nformation estimates fromthe received signal

i f packet(s) are deened to exist. A canoni cal baseband receiver
processor Rx is shown in figure 19b. The received signals for each
antenna ar grREPIDESCRASTION BiF ?ME@R@W?Q?SH equency 20Crcuit IC
These signals are then filtered 302 by filters 302a, 302b to renove
any oulQ of band interference. The filtered signals 303 are then
conmbined with the current Received Signal ti mates 306, inplenenting
an int erferencellg%%fﬁ%rep'ﬁﬁto%w'f'm‘?(f?Y%ﬂg@%él.a VEBL9eY, f?%@fﬁ%lggﬁf%?ﬂﬁ%% of
cancel | atip@ predeheindBAticre MEEe iHdtes | GRIRISIEOAMYNPIBLE diNiddNp heCRldamt
si gnal pertaitﬁi@n to all pacKets 25 except for the packét oi‘f'

i nterest. am®ypgirenceftoithe dokewingsdasesiptioe ob dewafdssed emtodgnente taken in

Interfere . I p i Packet Processor 313.
The Si ngl é@é@i@@ﬂp&@@egﬁ%r5‘5&@%%&@%‘?&%’@@3'5?%{’@%%5 e}%e@l"\?@di’g i &’ﬁéﬂ of
as deltisveritasthationhenliynkad flens aee ncaliatlingto e gBebe &f 304 prasbRiRkRIERS,
an estimate 30 of. %_he transmtted information bits 314 and an
estimte ANYRVRiERe ved synbol s 306 for the packet of interest.

These synbols, along with the channel estimates for the packet of
interest, are then fed back to the interference cancellation 29

modul e 304. | n fsguee ¢ dkedrates issrgiateticant enlltiplesarmbsbagikelens ycobfreunication
transmtted nbol estinates to the interference cancell ation nodul e
304. The SYAB® Packet Processor 313 may contain advanced or

convenpi onal SSiigales 2PMOERAtE CEN AN RAe JNE WA iféiﬁﬁé_ib”é%fa%é@’\fi?eless
rejection performance of the receiver will be better it the Single
Packet Prc®©sysgniceionsystieghingabing gn aTeesmigligonpertaining to

S O oo i, 3132REks SR MRIGMRLMRECH WLAR HBRWER 6P A" 05Red art
wireless communication system;
Figure 4 depicts a generic iterative receiver structure in accordance with a
25  first embodiment;
Figure 5 depicts the transmission system model for coded CDMA;
Figure 6 depicts a canonical iterative multiuser decoder;
Figure 7 depicts an iterative multiuser decoder with linear multiuser

estimation in accordance with a first embodiment;
30 Figure 8 depicts the recursive filter A{”in accordance with a first

Al
embodiment for n = 1 the input signal is r while for » > the input signal is x,

1

and



10Techni ques that inprove the robustness of the synchronisation and
channel estimation enployed in decoder 310 are described herein. The
synchroni sati on uses all antenna signals in its operation. The
channel estinmation nakes use of the deggder outcones to inprove the
channel estimation accuracy. 15New packets are found by a searcher in
the interferenggygancabpisls B ERFURSeIMsud NBeReMSEY jtbRRRL] ARREE, /
an internedi ate signal generated in the nodule 304. This interned ate
si gnal i sNpived dBdoiagsaraangaavitma fivgt anlkkodigeniiat ed recei ved signal for

ypot hesi s s nbB T RS hiENreted Ft3iiE npls BF D tgialas won e
renoved fgpoetdee;t he received signal |eaving behind only the random

noi se. In applications sensitive to | atency the_feedback )
| oops, 5 bot h i nkigwee Ifollegratge evrdadatiababthessinglecrpssn@h R receiver high

estimatio 4 Qr ' .
ot er ter e SuaB 8P antt g Hdedaireyia edla BRERiment g fasiitate
t he packetteraive retaiv@RBihhelegédssyst ens the preferred choice for the

I i nbol ] di i f
Loop rates 1 e RSPl b heod e s et erence
packet baggd i@ﬁé}%‘ﬁ\l@@@d&ﬂlé élh?cglgl%r iﬁ%%f)?&rf&%%ﬁ'[)é%’elaeﬁ% %ﬂﬁbo@i‘?mentf- of

performed at the packet rate additional packet-base ni ques

t he Sithgl e Packiggur®r ¢ edwovs 21 Bivarid Hestchmsnill. inTaeswdapchnvitiues se8ond
| ever age t&@ Xt ragsi gnal processing gain avail abl e when consi deri ng
| ong sequElPEEBFsynbols. In either case, lists of current estinates

of the quantitFrpr@asssRobsaeaRd Dddie! MEHLNRUCMIETSE OFBY SO HRE

the Single Packet Processor 313 are required. A controller )
det er m ni Rgcane endidekansing stpichaenp agcedanay wilhsa seeond embedimenti t h

Gener al real i hEE 1sh0at e Sot PRbefE Y FEMIpAkREE b HPof sdHard
filtet® | DesotdbhdRetranetitisteictureas ctbeiaate withod egtoies emdodiment;

information and, as the filter structure converges, the output of the
decoders al so EEWRI§Ehwrasieisturg foy ineceemain ehpmngl anplieafianepeacess

The 1ineaf, fiddr&asePith Q‘%é&ht";‘#ﬁ‘f’dd‘ ¢eding circuit nmeans nay be

structured I n accordance wt east dne predeterm ned 15recursive
expressi on. Figuréd\m7 showat & atructurehior ffréquemcgedomairnthanmmélr spplication

nmbodi t discl d in.ist | oj t .the f t hat i nf ti
ot ovi dod BPCERE B BEUEREcT Bilhin Erea e BRPYRIGA b |y correl at ed over

i teragg ons, i.pigurd 18'&ndws in EQUMbICbRE Phsicalc@F DN trdcdket Physical layer
20provi des new informati on. As the structure converges, the output "of
t he Format and an associated Multiplexer mapping;

Figures 19a and 19b show a wireless modem incorporating a baseband
receiver processor in accordance with preferred embodiments of the present
invention;

25 Figure 20 illustrates a packet structure in accordance with related art;

Figure 21 illustrates an example related art time synchronisation decision;

Figure 22 shows triangle filter coefficients for a receiver filter in
accordance with a third embodiment of the invention;

Figure 23 shows an example of a filtered decision statistic in accordance

30  with a third embodiment of the invention;
Figure 24 represents an actual frequency domain of a related art radio

channel;



decoders al so converges and eventual |y becones conpletely correl at ed.
The disclosed filter design is based on a technique to use all
available information fromall previous iterations. This inplies that
the filter grows linearly 25 in size by factor equal to the nunber
of users. This is clearly inpractical. us, the disclosed filter
design makes it i I e AN A

recursive feedbz@%%féq E%Fsr?iszlel'?tgr@ngu%c%ﬁtﬁemlsbﬁ?ﬁadtf%%,ga% ?ﬂtae‘i'up"e%ﬂ@r
requiring phageoanafetueney offstHeosiegtionif the filter remins the sane.
In order to achieve is, the filters in.the structur y be .

desi gned accor d‘:ﬁb'”? tF?@rgﬁrgéﬁ%ie@@reg?ﬁfeégsfﬁbﬁsr‘ﬂ%ﬁel%vg'g RIgFes$ing ofs2
Rel at ed stidgetvweres, having | ower conplexity inplenentations, are

obt ai ned by nodifying _the specific filters used in the structure. The
gener al® r ecur si Vigusg rdictenresemsveviedio charmell estirnaigaatien amoothing Ladioss

rocor ding ©6 DM SysbBISifERERRHER AT Rt BfbRmE s orghe ilVvPRs: ol e
di scl osed hereilfigure 28 rdpgresemteunsioreorf pattem Ry stfousthue@bbaiment of the
iterative Si 8na| rocessij Erggfdl sclosed hereinis not limted to

mul tiuser 'H¥ERRAN 6%NI HEFfeRblalRingsEBbeIRy ect |y applied within systens
and functional i SARE e :
appl i cations 10|flgr8§e ?tbertregf? ve eﬁé&f\#gé qbocr:]t? I erasﬁﬁ]vagéjozi n n(pﬁér?r?g?"ate
est i nddi ondatadaske treatdondd ecwidh mgiourth emaltodimespatihetinoentimocessi ng,

and iterative nodul at.i on. In a d aspect of, the first ,
enbodi nent, an i’QHFedlsﬁv'é A} Gramnie égéélp%ﬁap? JRERRt Ehagrerdance with
general |y remntééigir € 4 as 10 having one or nore pairs of first 15 and
second signal processing conponents 1, 2, the pairs of conponents

bei ng in iteratfigarecdhfis gor@t Ddh syedoh sub-cahvéerf inadrix sirgetate jr acedance
conponent s, :havi I of .e received signals dependent

upon one é'lwlﬂﬂér@&téﬁ?\éﬂﬁé&‘éggﬁeg'%g&o%erei n for each said signal
procedsi ng conprigers 3pdkra ré&sreduhiatibn df Gdrthel ipotler (aeHpAitudy) ARRTSA REb-
conponent 1 is an estimate of a characteristic of a 20 sel ected
transnit t S@rEeGARY HMevePalHeselting dim apalicatioroet adifte qspkadimest of the
signal s regelyrg-by said first signal processing conponent 1, which
is input to said’correspondi ng second signal processing conponent 2

that provides d&ifurt B8risest representbtisai of skdmudl ephdgeansmetpendiag oteakhe
to the outvg)ut of said secand si gqng% processi ng conponent 2, the

out puts of aa\fq_fog%ir%orgégraﬁg aifigh rocessing 25conponents of
respegpi ve pal rﬁ?@rrees‘%j P8 rebReftiticiabfaldynehrotiHiin ﬁéﬂfdgﬁgh%b-carrier

components of all said pairs in a succeedi'ng i1teration cy

I n a furt leed QEP&t symibot ineadcordanaendithl arfiftit embbdiment o they mventionl
processi ng arrangenent 10 according to that described above wherein
said first signal 30 processing conponent 1 conprises at |east two

linear it OETANED DORSCRIPTIONI N a first of said linear iterative
filters outputs an estinate of a selected characteristic of a

sel ected one or said transmtted signals to said second signal
Procesgi Ngysiem Overview

In wireless networks a signal received at a network device comprises
components from all active transmitters. These components, along with noise,
add together resulting in the received signal. In some cases, only one of these

30 components, corresponding to a specific transmitter, is of interest. In other
cases, such as a reception at a network access point, several of the received

components are of interest. In either case the presence of the other signal



conponent 2, and a second of said iterative filters having the sane
inputs as said first linear iterative filter provides an estimte of
a characteristic of a selected of one or nmore transnmtted signals and
t hen del ays by one iteration cycle salg estimate and outputs said

del ayed estinmate to an input of said flrst S5linear iterative filter.
This firskoREBAEHIREALhE %déﬁ&“ggﬂaﬁlﬁhlbﬁg%é aakirafk &&tirAdton of fany ?Nen
conmuni cati on system describ a generic linear channel e

recei ved Yagsmitiest sighal afipteresto Im aecwréeécaaﬁth@ﬂbl@@mn@eaf e present

vt oht g TERREs B et AR 6008 A dhatdu S P pRe e & Bl ke Fiane
the trans abmﬁﬁgln@@mabrsmo@ I‘&fei\!é@fﬂﬁgﬁﬁld@infip@r@#tﬁfr@ﬁﬁ@ﬁbfeht heveriess is

i nposed on the signals. These other constraints are independent of

t he | |51ea¢|3§lﬂ$§ﬂmrﬁms Thepreegsypg tyricallyesidesta frbasabsrigeressiveal
receiver f i

ubj eot t BrOSERS RO B8ehS BanSholR! oo &5 sl Biliiog fof WARldh,

plr ohi bi ti Waé)RammrFIr@qe.[efrmy Trraﬂfscelvvexdhtambteda&ewmmci it @ asdloghds df&mce
alternatiye, enerjc iteratiye receiyer structure conpr S t
Separat e Mﬁaﬁ 29SS pSuisp e oy SRR PIAGESPIMGHATORRIRIT L FnlAG
opti mal f(' aﬁ@hﬁa%ggﬂeﬁ?& e tFé]f‘sc'eP)é‘?an FRRNRENOAR 18 ABIFRIS
i gnoring all constraints. Only preferably these estimates are
shuf f1Gkd dgwnemvm'ts thg raceivedisipnal suitalpe dorddrivingranaldgoe de digital
(de-interleave and, used. as uts to the second c onent .2 whi.ch
(st heCOMATRP BSrRaTE bt bbreasitey st iss Bemainal for itition
const r ai ngBthel HH6RKag the |inear channel constraints. These estimtes

are in turn, preferably shuffled back into the original order
25(interl eaved), undoing the pre-determ ned reordering, and used as

inputs to the

The opti mal dedGhoSFORRE Nt 2 poeRte T A b b any
channtg Cpaatet@anti shés tofdenentransmitedl infdrimatiby estinpitexfrdm themreteived
conpl exity, 30 c? nponent design.itself can be constrained to be

| i near, I%'SB?HgP%kﬁ ) iahe deegiegieiettocessi ng conponent. The design
of this Iinear si gnal processing conmponent, given selected inputs, is
the main subject of this disclosure with respect to the 33 first
enbodi ment. FoA damenfoal base‘tr@djmehriepp'rmnessbhaxﬁﬂ; sbowanhadiureehdb.| Ths

in the linear sjgnal, proce nponent r signal pracessin
component FEEVEd S1aGHs et P 3MEBRB ahe At lschas: g By ahe Hady Efkdiuensy
part af chunmé rmeé@fsﬂjrra%daﬁeomaﬁ RHeESRB0P LY RS SOR S BUPHBHemdye
The function of | i near signal processing conponent 1 is to

separate ang @u’e@ﬁ bﬁ;nct interiarenced The jitared signalstHisr arei thea coetingg with the

sum of al PureatRG e SR ERu ket SOF iR R BIR oM MeERelehd L0 5
the |i neagarsdefiaidbn AIirtiod S04y [deampp nieadintdriétedcenaneslldtyembealel 3Gd
signals and one or nore estimates of the transmtted signals

provi ded BynaVesrae %%@@mn@@e&w&h@ﬁecgveq“ﬁ@r@bpﬁﬁemmg ol packels
Si gnajg prog ﬁ?kﬁ%&?@ﬂ@?&ftmﬁerﬁt ﬁ%eeééélié‘%to‘?arﬂ%re%?% tﬁ%h%%%%ﬂed bX

transmtte ar si rocessi ng

1 conpri s%dtn@tﬂa Intaferéndd €ancelldtbohitpus 809 tcb aei*mgyled%ck@s PacscemsprUS
estimtes of the selected transmtted signal based on inputs of one
or nore of the input signals to the |linear signal processing
component .t heTR e FackBt Prddesbr 514 idfieste MURRIMOINO RS RIREST AN
20tinme period of the iterative cyc t e out put the sec
filter detigivededpy the Interference Canceilation module 304 and produces an estimate

30  of the transmitted information bits 314 and an estimate of the received symbols
306 for the packet of interest. These symbols, along with the channel estimates

for the packet of interest, are then fed back {o the interference cancellation



one processing tinme period of the iterative cycle. The second
filter provides as output estinmates of one or nore of the other
transmtted signals (interfering with the selected transmtted
signal) based on 25 inputs of one or nDQ? of the input signals to the
| i near signal processing conponent, and“the output of the second
filter del gy n { ki i i 1 wehle.
The. out put T et F o e o naoar UOR rhPLE edfmeh

pr ocessi ngSyBhpbesiiinatesdo tistintedenrease caneslmtionbodduerdd. ar e
illustrative, and not nmeant to be restrictive of the scope of the
enbodi ment. Suggestions and descriptions of other enbodi nents may be

i ncluded but t h¥jesidgla®adket PrddesbbRs €8 nidy édiRamCadVaneBY igdGohianticial
or alternatjvely features of the enbodi mrent’ may be shown 5in the

fi gur es® bubingls PaRketd teahwinyas. t Hee Bdiiser bxerfergnce rejectiompieformance of

enbodi ment 4 L LNO: bl I imtors.,.(MJ

Ui tabl ot SIS TEEEREE BTl HEhBRir g S gkl HFlocB S TR B il S0y,
speci fi c appthrigué®pedhiniritetol Solthratisation diecihardl cefimatibherd kepds e
in a transm ssion systemfor coded 10 CDVA is provi ded. However, as
stated pr eW%@fé’F%ﬂ%‘éﬁgﬁrﬁiﬁglﬁr*’@%ﬁt Precasspi 13and the princi pl es
reveal ed are useful in many other areas of the comrunications field.
Thus the enbodi nent provi ded should not be considered as limting in
any wald 15The Seeuwiifiesatiadimpruviettesobhstness btte symhiahisaticnoasd

ool yer o o et B2fiaRan BriRitvl 6 4ecadks S ite JeRcHRe R IO TS LABE T ons
as requi r esyndNednishtiorPni98d 8| BhtenhBYigHRs 'H'?F?Qoﬁé%ti%ﬁ?ﬁﬁ@&é?ﬁfe@bgﬂmtégon

di scl osure 'such as that contained herein has directed correlation
practical nekeedse ahthedatodpirauitanss & inprioverthe cbapnglsstitnadion accuracy.
perform ng the functions described. Furthernore the disclosure

provi ded herein would be readily understood by those skilled in the

art. Tme di scl oNewepdckesigR foliad by Pessenesi theestetferdite @ricefation
readily transl ate the theoretical configurations of elenents

di scl osed MefBERGht bhe searaher nvestigaips assintymegliate sigraigensrajed in the
| mprove t %oﬁﬁl%fﬁﬂa?ﬁigé@em%‘?@% g@%gisathggébéiblg{j)g@ nal Kﬁﬁﬁfﬁ‘f@y@%{@ed

application areas sone een deéscr pr evi ou
that will reeededigretdotat eimently detectEdi macketoandriznieférsed b andatbidor

applicatign to any comyunication._ syst described by a generic |inear
channel  moBEPSRIE SIGEMN ASH SPORLPTS AT HHRSSTHiSER CABPSTeiR @ eeBpved o
descrizped {hy récéi%&!@}q?%i Ay béMRd ohAPeE Lhadnshagal s plus noi se.

There could be nultiple recei'ved observabl es pertaining to the sane
synbol internal, ie, the received signal can be a vector of received
observabl es, %ﬁ applications sensitive to latency the feedback loops, both inside 310 for
decoder outcome assisted channel estimation, and between 304, 310 and 312
for multi packet interference cancellation may be executed at a rate higher than
25  the packet rate. In OFDM based systems the preferred choice for the loop rates
is the OF DM symbol rate with decoding and interference cancellation occurring

at the OFDM symbol rate.

In applications where packet based decoding and interference
30 cancellation may be performed at the packet rate additional packet-based

techniques for the Single Packet Processor 313 are disclosed. These techniques



+n( 1) where a total K signals are transmtted, Skis the

wei ghting factors for signal xk and n is a noise vector. 5Here, the
set of weighting factors, si1,s2,..., sK represents a set of |inear
constraints inposed on the transmtted ai ghals. Other constraints
coul d possi bly have been inposed on thg signals xi,such as error
control enseqhge thé@ﬁfﬁ‘@ﬂgnéﬁ&'o‘&@sﬁhﬁ gaﬂ“@@eﬁla%ﬁé"ﬁlheﬁ %ﬁ%iﬂ@hﬂ@ fory €

i ndependent fromthe |Iinéar constrarnts I nposed by t I'I near

channel . seéquences of Byatmis.i nal receiver structure fi nds the estimates
of the transmtted signals, subject to all the inposed constraints.
Thi s approach is prohibitively conplex for nost practical cases of

interest. As am aith&r&rle Vsts of cOfBAT e@nmét@%&tﬂt?«@ quaRBtiasasset WEtWEEN
conprises of two separate cor’rgonents see Figure 4). The 15 first
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est i mat esusilidgcect only to all the other constraints, ignoring the

| i near channel constraints. These estimtes are in turn, provided as
inputs to the first conponent 1 in the following iteration cycle. 20
The optinal de felr ept n h i
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"interfering"” signals, based on the received signal which is a

wei ght ed baremEs gampletaly rﬁqrteé@tegu gridie Hreafe§liensbet] they nuulfiusen deeoading
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di scl e edrdmirsive exprdssicgxpl oit the fact that 30i nformati on provided
by the decoders is initially only marginally correl ated over
iterations, i.e., inthe first fewiterations, each iteration

provi des new i F\B%Hﬁﬁét% in. tﬁ@ thJ%?dg ﬁlcﬁsfﬁrgtférﬁt%dnq\%ﬁ{ gi%clo[%egq'?e‘?gmqe

a technique to use avai abeln rrratlon rom al revi o
iterationk ekplait thqalfa@tsthdhanfdrmatlbnl prewidpdo by ﬂhendacdadersn&smztmil?yoraly
factor equal to the 5

t
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over |terat|ons w thout requiring a growng filter. The size of the
filter redecoderstsasconyergeeand event ¥ ibgnomes lsasrpleisty cowelatadear
iterative filters, where the first linear filter provides an estimte
of the desired signal based

The disclosed filter design is based on a technique to use all available

information from all previous iterations. This implies that the filter grows linearly

25 in size by a factor equal to the number of users. This is clearly impractical.
Thus, the disclosed filter design makes it possible to use all the available
information through recursive feedback of the filter output over iterations, without
requiring a growing filter. The size of the filter remains the same. In order to
achieve this, the filters in the structure may be designed according to the

30  recursive expressions derived herein.




10 on the received signal, the nost current estimtes of all user
signals from signal processing conponent 2, and the output of the
second linear filter which is a vector of estimates of all user
signals based on all previous inputs to ﬁlgnal processing conponent
1. The two linear filters are shown expP|C|tIy in Figure 8. 15The

linear iterati veeéiatbaersirmegppﬁmﬁg at Gl b@orﬂﬁ@xﬁ?eqlmPPe?ﬁ(ﬁtwtgﬂoﬁé‘e are
| i near m ni num nean squared error criterion, accord
recursive ORpiReGiynmogdyingethe Rpeeiio filters slsedbtodihmatrudpm| eEhe geneyal

whor e an 1 [erAe TR, HOVEVEG. & Bt c GRbE R Bl e dlers.

Exanpl es otheseclvages) itisat ingisduanchiltste é@tda@i@é@otacbbmuﬁgrdtot @bp?ck}ﬁ.ately
foll owi ng:  Decoding of coded transm ssion in a |inear

access %ys?tﬁﬂfe”t strategies usingdbgddingtp'es dise@sad thesgisn ssi on over an
inter-synbol interference 25channel. Joint channel estimation and
det ecti on/ decodi ng of coded transm ssion over unknown channel s.

Decodi ng of spaChetrerarshog éiltetingustmicisedor iterative signal prdmgmgngls@fosed

coded transm Ssion th or der modul ati on for mat

St om NbaBRISR ISPt inited T BaseR Seslor S aboCuimepmeisahin
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const r'tH nt afes al(b&ratrmdaeqdalﬁgatuoner atténadivy pasnf noclertnel nsestimation  and

i nformatiop_he n_the indi |dua decoders. For turho codes, these
const rai nt SeBEIOFRBeadRa) Fomlie sBare TR basIg0. s terative demodUiaton.
turbo-equalisation they are the channel code and the nenory of the
inter-synbol interference channel. For nultiuser decoding, there
10are const rai niisaduead @sprst afithe fﬂsé -efohedimenhaamdkerative sigralt prochssing

frameuor k TaTeamelr R Hsneri ikt ATk TELEM B Bl ghes, s 7 st
sui tablge fand veeorabsigaal prekessing ehaidneatsny] 2 i e eairkofdeefsifientsSbeing in
di scl osed._ We consider a two-input |inear m ninmum mean squared error

( LMVBE) esit§AHYSCo lérﬁflpﬂs%@f%fé@fmﬁf FFhiSH et PregessingecoBpPReRts dipving as
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nd g S

based on t receive S|gna uccessive outpu provide

by the er rslgnatenwmre;ndube edehoshid sigva r pralcksging \dopsoriang rpadin thes oufPluit of

appr oach 'ssaiﬂré.tvgbsgl 8%cessing component 1 is an estimate of a characteristic of a

20 selected transmitted signal based on the current and one or more previous
signals received by said first signal processing component 1, which is input to
said corresponding second signal processing component 2 that provides a
further estimate of said selected transmitted signal to the output of said second
signal processing component 2, the outputs of all said second signal processing

25 components of respective pairs are input to each said first signal processing

components of all said pairs in a succeeding iteration cycle.

In a further aspect of the first embodiment, the iterative signal processing
arrangement 10 according to that described above wherein said first signal

30 processing component 1 comprises at least two linear iterative filters wherein a
first of said linear iterative filters outputs an estimate of a selected characteristic

of a selected one or said transmitted signals to said second signal processing



20an observation that these estimtes are | oosely correlated during

initial iterations. Notation: Pn is the space of probability
n-vectors (length n non-negative vectors that sumto 1). For random
vectors x and y, E[x] is the expect atlgg varx = E[ xsx] and

covx = < X, x> = E[xxs . Likew se cov(x,y)= <x,y> = 25E ky* ].

¢ consi d@meBﬁe%r QSQnH':—P%@Eoﬁ‘ﬂf"df'éélinfﬁéﬁé?cﬁfésﬂlfé@tt%ﬁr@ tHf»;l gafn% @pu'tésﬁé

k,k=1.2,... encodes its binary information sequence bk [I] using a
rate R cogaidCfirstolinmasditerative e Itﬁﬁdp@vme@aay S@hﬂ]éf&:@fdﬂt charactenstsc of a
38 out put _f r..of Pai 1

interl eavgafe%ﬁé‘ai;oﬁopgtﬁrrkheﬁ?é/ F@Wﬁ%&ﬁ‘%’%@ E}b‘%{bdgﬁﬂ}’g W]é)ne iteration

quat er nar gydloassd sltifat&k eynddotRbEKeaigl @é]éi(ed?@@ﬁhfél'é a6 ig@Ninpt of {shld Arst
/Rh. }, IVI ng sequences of nodul ated code synbols rk kb where i =1

2, .5. lingariteratiee B{gfbol tine i ndex. W 5choose QPSK only for
simplicity and note that different code constraints and synbol mnaps
across users are possible in general. At synbol tinme i, each
user transnmitsThiscHist Ierﬂﬂimmhentm& mhtphdeditfbomppficaﬂonvwd bnyf@mmahicbition

-chip spreading,se %@B , #{] . W nodel the_ use of
spr eadi ngS¥EGTEHRIRIPRAY % gHC hoear Faamns! medst (e @&?a'egy%w at the
duration Pﬁwl ut 88 khd 9e %"r Rl @é?c’illbeﬂf K \[’élbh%%r éme&eﬂﬂgeﬁ'%né?ﬂﬂed St?nals

i denti cal strlbute over users an conceptual ease
user s1@r epbpgnixibe syhHohsehiod ed:igl‘ut'rr@wﬁautmrsmeeremtsmdse‘u ofelindgrt cennstralnts

Covel . ThEROSEE RS BRESHBR eBNalse GlbeT Fahsr ol ol AoSsRy Rave been
15chi p rrahﬁﬂibs]‘édl bR1RE St v athes8CitfEr Ebhdtrdtts ! indikpBRderdt dfthe linear

=1, 2, :
constralnts imposed by the linear channel.

15 The optimal receiver structure finds the estimates of the transmitted
signals, subject o all the imposed constraints. This approach is prohibitively
complex for most practical cases of interest. As an alternative, a generic iterative
receiver structure comprises of two separate components (see Figure 4). The
first component 1 finds the optimal estimates, only subject to the linear channel

20  constraints, ignoring all other constraints. Only preferably these estimates are
shuffled by reordering according to a pre-determined order {de-interleaved) and
used as inputs to the second component 2 which finds the optimal estimates
subject only to all the other constraints, ignoring the linear channel constrainis.
These estimates are in turn, preferably shuffled back into the original order

25 (interleaved), undoing the pre-determined reordering, and used as inputs to the

first component 1 in the succeeding iteration cycle.

The optimal design of the first component 1, enforcing the linear channel

constraints is often also prohibitively complex. To [imit complexity, the

30 component design itself can be constrained to be linear, leading to a linear signal
processing component. The design of this linear signal processing component,

given selected inputs, is the main subject of this disclosure with respect to the




rii]=s[i]x[i]+(2) where S[i] = (s,kl,s2B...,sk kp, is a NxK
matrix with the spreadi ng sequence for user k as colum k . The
synbol O represents the set of conplex nunbers. The vector 4] E QL(
has el enents xk[i] and the vector n[i]E 3" is a 20sanpled circularly
symretric i.i.d. Gaussian noise process, with covn[i]= ry2l. The

synbol Q r apseFRBdimeRe FoF thd fRIRNIhG RsPRHIALRE fﬁé’t’@ﬁggﬁdin’f‘erﬂ-lie@ﬁ?he

Henceforth, it is not required to identify specific sy Interva
and t hese liPRRceignall Ipreressivia teampement] atrersigisad, precessingnec@npererd 1,

2517 = (x + - to indicate del etion of .user k. fr S or .
N e cur o, Sarrportid xa cophartpl O IEEltra @ o The reMeilR! it df g s is
t he turbo- mfén@ﬁmgstgqgﬁdnﬁr@g&gmgl dorasdnartl2t | pl e- access system wher e
for each user, we treat the error control code as one constraint 39

and the nul tiuser channel (2) as the other constraint, results in the

canoni cal recei Yﬁé faR SR 6'r; tﬁeﬂ{neléir %nggl gé@e&sfﬁg}(ﬁrﬁé@rﬁ%ﬁg} o {dfarate =

mul tiuser APP takes an 1 np and .
probabi | i t selscteld(tkamsnitted aigne dromk oftlarinterfefing alrsndraitted digndl®ebased on

revious iteration n,- ..ci(kn- [i] E Pl 21 is the extrinsic )
Br obabi | i t edﬁgﬁw%&ﬂg'@i veiyich e wraim‘]@%i srewig/hihgnitiedgigial gs«lesgribed
The set Q4 \;é;e set of all possible nmodul ated synbols at the
transmtter. The nultiuser APP calcul ates the updated extrinsic
probati@ ity vector p[i] for user k. After appropriate
de-interl eavin t he ]tO e@tﬁri.nsics rr are used as priors for

g

i ndependent APP i gial Pregessing oneft Jqats Rge (Hr mere

i nterl eavi iegkivielcsigralsidhel 6% BF bHeCELtPRAME o ShP tiaPsmitdd sigR8ls, provided
subsequent iteration. The marginalisation in the multiuser "APP

requires shimiENabRresassing cempsnenkry Thovauimdnf el lir%?afilai;ynaia!rbxlzg&ing
have been ile i_Nnj asi.c ar.chitecture.
Consi der t(f%{erﬂ‘?%r(?:%ﬁv‘l\gﬁrg Aﬂ?{}ﬁ%ﬂeg&gﬁ%%g%lcﬁ&ﬁaﬁ?@ﬂ?q Sl'ﬂ'%‘r'l’le is a bank of

lineart5filters AV , one for each user. The coefficients of these

filter may be re- X . . .
4 'Fhe linear signal processing component 1 comprises two linear filters.

The first filter provides as output estimates of the selected transmitted signal
based on inputs of one or more of the input signals to the linear signal
processing component, the output of this first filter delayed by one processing
20 time period of the iterative cycle, and the output of the second filter delayed by

one processing time period of the iterative cycle.

The second filter provides as output estimates of one or more of the other
transmitted signals (interfering with the selected transmitted signal) based on
25 inputs of one or more of the input signals to the linear signal processing
component, and the output of the second filter delayed by one processing time
period of the iterative cycle.
The output of the first filter is the output of the linear signal processing
component.
30
Specific embodiments of the first embodiment will now be described in

some further detail with reference to and as illustrated in the accompanying



conputed every iteration. For the first iteration, n =1, the input

to AT is just r For subsequent iterations n=2,3,..., the input to the
filter for user k is r and a set 20of signal estimates for all the
ot her users fromprevious iterations, gjr :kl# k, me M , where Mc
{1, 2, ,nh -1} is a set defining the nenory order of the iteration.

Typl caI | YflgﬂrefsheTheéééﬁiﬂﬂdﬁne%—aénm&étratl\@ ta'ﬂu@lur%t r'h@ﬁﬁﬂ{d lée'\”estrf;cﬂve of

n -2} has been considered [2]. 25The o, utput of the filter A(k
an updat emaseaﬁmec@foﬁhesemb@déeerﬂm) iggertiorr are pdeskringoosdet other

synbol for Th ti ) t o
onto the 8@§W?ntﬁy r@%& $ "ﬂi{e%%‘ﬁgf{@ggy%@g Egnﬂb%?%h dST %
The resul hecwmpatuegsiguids G sitahalivdly faRGleRr&f thS enbalifers ey &:%shown
priors_for individual APP decoding of the code C. These APP decoders
can ou putn thedigsirenbut pRistascribed it thexsraciiialiopr obabi I ities qgr (both
approaches have been investigated in the literature). The sequence of
probability vectors cir is in turn mapped back onto the signal space
by a symnbol - wi $hisf embbdioment isRMscred dgipg diakby multivsercedtimbators (MUES)

vectors pS, .1 ssum ng that '472 S Gaussiagn 5 distributed

known nmeapti \Fé[rli%?r\%%PEﬁP m@rgtafecra@wﬁee gredert gf SReg ycaﬂon of
condi ti Oan tque in the ﬁ‘l—ﬁdf&?'th RAR Y a%?’(ﬁﬁasb% Iﬂ“EbF'%édéd
usef ul genera rarrevvor the eri vat ion of ers 10Lemma 1

10 CDMA is provided. However, as stated previously the structure of the filter and
the principles revealed are useful in many other areas of the communications
field. Thus the embodiment provided should not be considered as limiting in any

way.

15 The specification includes theoretical considerations expressed in an
appropriately precise fashion and uses mathematical analysis to prove the
correctness of the approach using assumptions as required. Not all proofs of
theorems used are provided herein. A disclosure such as that contained herein
has directed correlation fo practical devices and configurations of filter elements

20 of performing the functions described. Furthermore the disclosure provided
herein would be readily understood by those skilled in the art. The disclosure is
such that a person skilled in the art can readily translate the theoretical
configurations of elements disclosed herein into a variety of devices to solve
problems or improve the performance of devices and algorithm in a variety of

25 application areas some of which have been described previously and that will be

described herein.

This embodiment is intended for application to any communication system

described by a generic linear channel model. The received signal at the input to

30 the receiver is described by a weighted sum of the transmitted signals plus noise.
There could be multiple received observables pertaining to the same symbol

internal, ie, the received signal can be a vector of received observables,




Suppose that for a paraneter x we have the vector observation c=
(atbt)t, the concatenation of two vector observations a and b. The

LSE estimate of x = Kx, a)(a, a)+ mb - (b, a)(a, a)l a) given c is
15(3) where nme(< X, b > -< x, a >< a, a §51< a,b >X< b, b >-<b, a><
a, a>1<a,b >1 W see that (3) can bé witten as = ga +mFa - b),
where 20mr(< x,b > - < x, a><a, a><%a, b>X b, b>- <b, a><

a, a>1<a, b>Y1l (4) Fr=Dbsxarw< a, a >-1 (5) (1)
g =< X, a >< a, a >1 25(6) So fart in the literature, |inear

desi gned based ot FeebR, SBTRIG AL TRt Sl RCHRRIPU siEsTS o
synbol eStjs.igﬂEPpsc %Bdtrsz %P‘t"?ggﬁéét&g' users 41). After n iterations, we

have howeveér a sequenc such estimates avail able, nanely 41 {ic(;
), 1V),...14")} together with r. It has been observed that the
estimates are not strongly correlated during the initial iterations
[2]. 5 ConsHees, theesdtodfl weightingefautossvely, def i nesreventsl asedfof linear
observabl es as input to the filter Auk, Irn=1
constraints imposed on the transmitted signals. Other constraints could possibly

have been imposed on the signals x,,x,,...x,such as error control encoding,

channel fading etc. These other constraints are independent from the linear
constraints imposed by the linear channel.
10
The optimal receiver structure finds the estimates of the transmitted
signals, subject to all the imposed constraints. This approach is prohibitively
complex for most practical cases of interest. As an alternative, a generic iterative
receiver structure comprises of two separate components (see Figure 4). The
15 first component 1 finds the optimal estimates, only subject to the linear channel
constraints, ignoring all other constraints. These estimates are inputs to the
second component 2 which finds the optimal estimates subject only to all the
other constraints, ignoring the linear channel constraints. These estimates are in
turn, provided as inputs to the first component 1 in the following iteration cycle.
20
The optimal design of the first component 1, enforcing the linear channel
constraints is often also prohibitively complex. To limit complexity, the
component 1 design itself can be constrained to be linear, leading to a linear
filter. The design of this linear filter, given selected inputs to the filter, is
25 disclosed herein. The function of the filter is to separate a selected signal from
other “interfering” signals, based on the received signal which is a weighted sum
of all transmitted signal as described in (1). All the references provided in this
specification are incorporated herein by reference and for all purposes. An
innovation in the fiter design disclosed herein is to exploit the fact that
30 information provided by the decoders is initially only marginally correlated over

iterations, i.e., in the first few iterations, each iteration provides new information.
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The disclosed filter design is based on a technique to use all available

information from all previous iterations.

This implies that the filter grows linearly in size by a factor equal o the
number of users. This is clearly impractical. Thus, the disclosed filter design
makes it possible to use all the available information through recursive feedback
of the filter output over iterations, without requiring a growing filter. The size of
the filter remains the same. The filter design is based on two linear iterative
filters, where the first linear filter provides an estimate of the desired signal based
on the received signal, the most current estimates of all user signals from signal
processing component 2, and the output of the second linear filter which is a
vector of estimates of all user sighals based on all previous inputs fo signal

processing component 1. The two linear filters are shown explicitly in Figure 8.

The linear iterative filters may appropriately be designed based on the
linear minimum mean squared error criterion, according to the recursive

expressions derived therein.

This embodiment applies {o any system described by such a generic
linear channel model, and where an iterative receiver as described above, is to
be applied. Examples of such applications include (but are not limited to) the
following:

* Decoding of coded transmission in a linear multiple access system.

o Decoding of coded transmission over an inter-symbol interference

channel.

e Joint channel estimation and detection/decoding of coded transmission

over unknown channels.

* Decoding of space-time coded transmission.

* Decoding of coded transmission with higher order modulation formats.

In the following, the design is demonstrated for multiuser decoding for a

general linear multiple access system.




Di rect applicati onoft heLMVBSEcriterionresultsin gk")=<xk,cr>< cr,c(k")
>-1. It is clear however that gk") grows in dinension with n which is
| npractical . I nspired by recursive Bayesian estinmation (RBE)
[3], we can prove the 10 foll ow ng theoremthat solves this

di nensionality problemby giving a recursive formfromgk") (subject
to certain constraints on the input signal). Theorem 1 Make the

foll ow ng assunptions, 15Al: The received signal r =Sx+n, is

descri bed accor dyaigm doge) indeitisisar Decoding Example

The basic principle behind turbo decoding is to decode independently with

o respect to the various constraints imposed on the received signal. The overall
constraint is accommodated by iteratively passing extrinsic information between

the individual decoders. For turbo codes, these constraints are the parallel
concatenated codes. For turbo-equalisation they are the channel code and the
memory of the inter-symbol interference channel. For multiuser decoding, there

10 are constraints due to the multiple-access channel and due to the individual

users' encoders,

In this embodiment, a theoretical framework for the derivation of linear

multiuser estimators (MUEs) suitable for use as part of an iterative multiuser

15 decoder is disclosed. We consider a two-input linear minimum mean squared
error (LMMSE) estimator which inspires our main result, the derivation of a
recursive Bayesian estimator. The proposed estimator yields estimates based

on the received signal and all the successive outputs provided by the error
control code decoders over all previous iterations. This approach is motivated by

20  an observation that these estimates are loosely correlated during initial iterations.

Notation: P" is the space of probability n-vectors (length » non-negative

vectors that sum to 1). For random vectors x and y, E[x] is the expectation,
varx = E[x*x] and covx = <x,x> = E[xx:l Likewise cov{x,y)= <xy> =

25 Elxy']
We consider the K-use linear multiple-access system of Figure 5. User

k,k=1.2,... K encodes its binary information sequence 5,[/] using a rate R code

C, to produce the coded binary sequence 4, [1].

30 Consider transmission of 2L code bits per user. Each user independently

permutes their encoded sequence with an interleaver z,. Denote the sequence



is circularly symetric conplex Gaussian with covn =0-21, and 0-2 and

s are known. A2: The interl eaved code synbol estimates of the
interfering users (n) com ng out out of the single user APP decoders
can be witten as Z,Y) = 4") +it) 20 re it) is uncorrelated with x

and al so uncorrelated over tinme and itérations, but not over users at

a given i bafdfifm the‘?nteﬂeﬁver’ of tseP if Q& &‘J iy ?n§L<1%h' )ofl iRfdrichviad

g 19. Define @ =<, th el ements determ rfed as shown above.

Let 4"0 beods pR&d) atré rethoniEsiey nflpp@acomi8 thé Eﬁaié%@ ﬁ%dé@‘itﬁ 1@led

X, 25 given 4") i §°gi ven by the output "4") of the recursive filter

shown i n E?QQ&k lgnEhecHtﬁ’%%ﬁ:?t Jrft ghe giﬁr}@t@ N2 4§IVI 0@) se dérﬁe@ of

+MA N (n- ers i ef‘gur
fol lows:  Modnlatdh Sote(ynBotd)x, fi H M«Pler}é' 2F2( | tL_ls\{Héts9mb91 tlmeV\ﬁﬁﬁbQ) hyve

with the recursive update equAtions or n = fr-yi Wr o

)1-1 rg) cho&ée.(!li’sﬁ)orhyrf@r )sTmthmt\Qﬁ@nd rid&é“théic) dﬂefer@(dféﬁe?hoﬂstlﬁﬁfbeand

initial conditions with )70) 4) = are m(;) = sik(SSlI +
0-210-1 , swrkal &@ps@@swwaﬁm pp@ﬁlble Eﬁl%ﬁl@ﬁm 23 = si k(SSE +S-k-
, 11712) —St(SSI + 0.21)-1Sr

At symbol time i, each user transmits s, [i]x, [i], the multiplication of x,[i]

with the real N -chip spreading sequence, sk[i]e {-1,}¥ . We model the use of

10 spreading sequences with period much longer than the data symbol duration by
letting each element of s, [i] be independent and identical distributed over users
and time. For conceptual ease only, users are symbol synchronised, transmit
over an additive white Gaussian noise (AWGN) channel, and are received at the

same power level. These assumptions however are not required. Write the

15 chip-match filtered received vector r|i]e0” at symbol time i=1.2,...,L as

r[i]=s[illi]+ nli] (2

where Sli]=(s,[i] 5,[i]...5,[i]), is a NxK matrix with the spreading

sequence for user £ as column k£. The symbol 0 represents the set of complex
numbers. The vector x[i]e 0¥ has elements x, [i] and the vector n[i]e0” is a

20 sampled circularly symmetric i.i.d. Gaussian noise process, with covn[i]=oc’I

The symbol O represents the set of possible modulated symbols, e.g. QPSK.

Henceforth, it is not required to identify specific symbol intervals and these

indices will be omitted. For later use, we define S; =(s,,s,,....8,.;,5,-5¢ ) and

25 (x,,xz, S N S - ) to indicate deletion of user £ from S or x.

Recursive Filter from Multiuser Estimation
Application of the turbo-principle to the coded linear multiple-access

system, where for each user, we treat the error control code as one constraint




for n = 2 Conputer sinulations have been used to eval uate the
proposed 15 techni que. For the purposes of sinmulation, each user used
the maxi num free distance 4 state convol utional code naturally mapped
onto QPSK. Each user is therefore tranag%tti ng 1 bit per channel use.
Bi nary spreadi ng sequences with N = 8 e generated i.i.d. at each
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i nproved parallel interference cancellation of [2]. RBE is the

broposed T ecur Shx &), an 3l AL Ao SAN G o FAC QL Iy HEYERSic

begi ns for smal’l” nunbers 0 users ‘at thesrnglte-user

S ngt o Susdroopaltieg ) ofE KB I =140 i attElee e SBious, fergtion
2 L oparyonin TP e SRR BT s g 5
L. Sl Atk S g s Y B0 Wi
ot ai ent PEPERTane TanriRg TR raeh ABPoeAio BN M BHete extrnsic
decodi ng. r}rrB'bébiii%J tv@btdf'sgﬁ‘) Peoeniser e hi SAREY éfpr@b‘rtié%lét Eelcig%trﬂ‘ce)‘ébﬁg, the

singl e user decoders In to accel erate convergence an

SUpponrp gré%&ﬁs'r%ﬁ%i ??‘;ﬂsarve%Bﬁ]seﬁﬁdrgW@ﬁnﬁ@Péﬁ@éﬁt%Pﬁ’(béc?dir%eﬁ tﬁlﬁc%%ﬂg C by

enbodi nent | bed ere there are a nunber o

ol zat GRTAT” BT S e AT e AP hSes " B, Sivarts prers
| terati velpyr e gLNSe i HePatfin. t TReSRERIMAIGHIBHah tﬁé'rﬁ%ﬁugﬁneAF’@Cﬁéq‘(%s

to differentiate a desired packet fromwan observation of

i nt er f er enggnragbh icsdeawspré‘f g8phsat IoRRSLAGRplERIBY iteMRRAs have been
solutions are as follows: 15 An overall systemsolution - Iterative

Recei ver Jirop6sed whilé séfaining Aslsamenisic atdmiteeuraspect - Sanpl es
Estimates list. Additional solution aspect - Information Bit

EstimdPes |ist. Additional solution aspect - Miltiplexing of
T "o Saeney iggug, ShaRISlydPabl Ay omTHL ARt T tRre 3 o e o
recei vi ng liRERMAReRk als, cnamsl ehetY UsBE fTold evéMdients of these filter may be re-
computed every iteration. For the first iteration, n=1, the input to AY is just r.
For subsequent iterations »=2,3,..., the input to the filter for user & is r and a set
20 of signal estimates for all the other users from previous iterations,
(2 k'#k,me M), where M < {1,2,...n-1} is a set defining the memory order
of the iteration. Typically in the literature, M = {n—1}, although recently M =

{n—1,n—2} has been considered [2].

25 The output of the filter A is an updated sequence of estimates ¥ of

the corresponding code symbol for user k. These estimates are mapped from

the signal space onto the probability vector space using a symbol-wise mapping
T:0 - P9 The resulting sequence of probability vectors p{" are used as priors

for individual APP decoding of the code C. These APP decoders can output



a)sanple a receiver input signal consisting of signals fromone or
nore antenna; 25b)add the input signal with one of a plurality of
prior stored received packet sanple estinates to determ ne a packet
sanpl e hypot hesi s; c) determne an information bit estinate
fromthe sanple hypotheS|s for storage 40n an information bit
estimates | determ ne an.u da g cei ved ack sa | e
ot i mat o FItBR ARSISA P! BHBi Wéeb% ppifly ARREoBtE en
prior stored estimates, subtra t th pdat ed s

estimte frrV@ﬁi*@@f@déaﬁB? @feﬁ?%?)ne@% 5@8“@@%P %"HBN@@W? flot h‘ééﬂ durn
and provide the noise hypothesis as the receiver input signal,;

r epeat stemap@)i bacle)oniatthe signpkapecerty 6 simbel- Mﬁﬁprf@m@w@aékelf%—m

5are accu Iat in the jnformation bit timates |i ,

anothor adHBCEI: Ho SBEHIICRHDEAVREINS pPay Bssmng Pt Sad e sk

providing a sarrple estimates list in an OFDM rgce Eg)qqq*g i:llfr%%wthe
k :

f ol I owt ngdisireRuted nyitla @CM%éF@@F @'bed‘tar@l“@ﬁalxk : g d
packet sa I e estimat receiver input si gnal
c) store mpRRlgice e‘s’et ‘?’lc('?ﬁ h8fmedh: d) deternmine a

packet sarrpl e hypot hesi s by addi ng the receiver input 15 with a

sel ected previously stored packet sanple estimate; e)

determ ne an uiﬁbatfeﬂb\pmgkeasus/awpweddsmmmtpeowesl@cumfubganaral framework
retransm ssion nodel ling_ the cket sanpl e hypot hesi s;

updat e th%’@@?é’@f‘@@t'%@8"’W§I1§%$tor ed packet sanple estimate with the
updat1eéj packet s%rml ql estimate.

Suppose that for a parameter x we have the vectfor observation
c=(a’'b’)’, the concatenation of two vector observations a and b. The LSE

esfimate of x

¥ = (x,a)(a,a)"a+mlp —(b,a)(a,a)"a) gven s
15 (3)

where
- _ -1
= (< xb>—<xa><aa>"<ab >)(< b,b>—-<ba><aa>"'<ab >)

We see that (3) can be written as ¥ = ga + m(Fa —b), where

20 m=(< xnb>—<x,a><aa>"<ab >X< b,b>-<b,a><aa>"'<ab >)_1
(4)
F=<b,a><a,a>"
(5)
g=<x,a><aa>"
25 (6)

So far in the literature, linear filters A? for multiuser estimation in iterative

decoding have been designed based on the received signal r and the most

current code symbol estimates of the interfering users £”. After » iterations,

we have however a sequence of such estimates available, namely




20 In yet anot her aspect the second enbodi nent provides a
system and nmet hod of providing a packet information bit estimates
list in an OFDM receiver conprising the follow ng: a)
determ ne a packet sanple hypothesis by4{T1ddi ng a receiver input 25
with a selected previously stored packet sanple estimate;

determ ne apwi phor ti cadi c

hypot hesi s Q ﬁ‘ Ong*@ go{rﬂeetro t?ha Hgﬁ ﬁagégg |°%%eﬂ%41ﬁ‘%aﬁie §§th’n§t%gp4r? not
decoding t i nformation bit
estimate wgﬁﬁﬁ%lge%%gre[aé%?gug? &T%ﬁﬁqaq%géc}et er gfned i nformation bit

esti mat es; Consider th@l)‘olﬁoapmgaremgswelgp:bfm)edt\mrsi))nwftdﬂsewatxlﬁq)hsﬁrmut
packet is accumyl at qq 45 In still another aspect, the second
enbodi nment %W@é @a:system and net hod of determ ning a hybrid OFDM
recei ved packet sanple estinmate conprising the step of: multiplexing

a time domain channeF appl ’¢ation received sanple estimate 5 with a
frequengy domai pech eh \appl i cation received sanple estimte, sum
that the nultiplexed| ti mel demgi,n sanple estimate is napped to
correspond to one or|(®i’e of; an OFDM signal cyclic prefix; an OFDM
tail portion, and; 10an CFDIVI guard peri od, wherein the

mul tipl exed freQirenty appbeaticwanploé eshemat EMMSEap peitetion cormesajpond in

to one or e of; an CF al reanbl e and; an payl oad dat a
synbol . 15”‘8’5 =< X,,¢C (,ﬁ >< cff”p!\ﬁﬁ SN Re Cear however that A(’[?M grov%f/s in dimension

with » which is impractical.
Inspired by recursive Bayesian estimation (RBE) [3], we can prove the

10  following theorem that solves this dimensionality problem by giving a recursive

form from A% (subject to certain constraints on the input signal).

Theorem 1
Make the following assumptions,

15 A1: The received signal r = Sx+n, is described according to (2) where n

is circularly symmetric complex Gaussian with covn =01, and o’and s are

known.

A2: The interleaved code symbol estimates of the interfering users %\
coming out of the single user APP decoders can be written as (" = x{" + ("
20  where G,‘(") is uncorrelated with x and also uncorrelated over fime and iterations,
but not over users at a given fteration, ie. <x, %" >=0,<%" %™ >=0 for
n#m and <P, P (”) >=qy.
Define Q" =< 3¢ > with elements determined as shown above.
Let ¢ be according to (7). Under A1 and A2, the LMMSE estimate of x,

25  given ¢{” is given by the output ¥ of the recursive filter shown in Figure 8.

The update for the estimate is



I n anot her aspect the second enbodi nent provides an iterative sanple
estimation nmethod for OFDM packet based network comuni cation

conprising the foll ow ng steps: a) selecting either the

wi ndowed mat ched recei ved sanpl es or t 20noi se hypot hesis as the

i nput signal; b) adding an errpt packet estimate to a sanples
estimate |ist Gant. aJ-(mmjgnf.angt) sig(n:pl e estinmates; C)

sel ecting one of sai'd | Htriess d) adding said
packet sanples estimate to said input signal to create 25 a packet
recei ved sanpl es hypot hesi s; e) decoding and re-transm ssi on

nodel | i ng of sdihe fileek et thedigery etk deffdcas fyffporshesi s to create a new
packet received sanples estimate and new information bit estinates;
updating said |m<f1b£m('i)€1m@§"t‘) eiwi"’r)at e list with newinformation bit
30esti mat es; g)subt ractl ng said new packet sanples estinmate fromsaid
packetgreceive )ﬁqgrt @si sv\p(ﬁ» ¢reate a noi se hypothesis; and
46 h) up ‘atl gsa{r | es éstlmatellst entry with sai d new

packet sanpl esmﬁﬁtthg&g@urs%lupwtgeéygﬂ%%y%5t4erat ed at |east once
for each packet. urther aspect the second enbodi ment

provides an itergtiv . n net hod according to the
previous par agr“ézgh—Wﬁer mhg ] LE(ETW Eer conpri ses: i) soft
decodi ng said sel ected et sa stfimate to create soft encoded
bits and new pa¥fet WiF ﬁf&h’ri’éfﬁ“” “’“8; é[ﬁ’dWé’"’ jor reinsertion into

said information bit estimates |ist; 10soft nodul ating said soft
encoded bits t HEPeat Q' Prewdi'tted synbol estimat e:

10 The initial conditions with % =0 and x¥ =0 are m{’ = s;(SS’ +021)"1,
MP =SL(SS' +0°1) " for n=landw® =si(8S' +1)'S_, W =8L(sS' +o1)"'S.

forn=2,

Computer simulations have been used to evaluate the proposed
15 technique. For the purposes of simulation, each user used the maximum free
distance 4 state convolutional code naturally mapped onto QPSK. Each user is
therefore transmitting 1 bit per channel use. Binary spreading sequences with
N =8 were generated i.i.d. at each symbol for each user. Transmission is chip
synchronous and all users are received at the same power level.
20
Indicative simulation results are shown in Figure 9. Three curves are
shown. PIC is the parallel interference cancellation method of [4]. IPIC is the
improved parallel interference cancellation of [2]. RBE is the proposed recursive
Bayesian estimation technique. Each of the curves begins for small numbers of
25 users at the single-user BER near 10, As each receiver fails to converge, its
curve deviates from single-user. For PIC, this occurs at K/N=1.125. For IPIC,
the limit is 1.625 and for RBE 1.875. The performance benefit of IPIC over PIC

is reported in [2]. The recursive Bayesian technique supports even higher loads.



k) constructing the tine domain channel estimate from said packet

recei ved sanpl es hypothesis and said transmtted synbol estinates;

| )constructing the packet transmt sarrpl e estimate fromsaid 15
transmtted synbol estinate; ﬁgnvol ving said tine packet
transmt sanple estimate with said time domain channel estimate to
create the|d am ﬂﬂﬂ%r%&ﬂéﬂé@'m@@éﬂgaﬁgné Qe é’rﬁglleﬁaMtéﬁsF%tabgeékﬁywrﬁﬂﬁjat
in parallel with steps k) d m; constructing t
frequency &Brﬁaﬁlﬁpmﬁm%éﬁl& aame loadassaing the rpak!ak;eer ABPei ved

sanpl es hypothesis and said transmtted synbol estinates; 0)

mul tiplying said frequency domai n channel estimate with sai d

transnitted synDekceséd metsif it coapiiatiidioteficent YasirsivetMer for use in
estimates; then ID)constructing the frequency domai n channel applied

recei vell sHaistivg neiiiuseiidecoding. tﬁlélsrftbtekéses tlrteeeme*e Ristenopf ewtplteelires;the
and 25q) ”“Efnﬁ@ ﬁé(érn@eéclb%ré QTR c‘éﬂﬁa %@él&ﬁcgeegglﬁﬁé &%ggﬁﬁnﬁggfer

estimate e frequency omai n anne

estimate fladsei nsertion into said sarrpl es estl mate |ist, wherein
steps n) to p) are repeated for each OFDM synbol in a packet.

In still another aspect, the second enbodi nent provides an iterative

30 sanple esti nWlihOPefgﬁéHE%dtcﬁﬁ Qf<di Re gﬁhf s%%ﬂ@r&ﬂgoﬁﬁfe\ﬁlt%sdés%nbed

t he precedi ng paragra vvherel step e urther conpris
r) hartd dewbdisniherei ai"eselrmmlmf pﬁaskemif s aohltienssifferad evhioh dakatue fltan dhe

oncd L5 BOF NI L BIGHEE PR S L ok A5 O
nodul at i ngre%@wér@i’d ﬂe%@@@%c@n‘vé%l% 3 %@ﬁ'ﬁeesé’mbr R feliel b@&u@ﬁé’%wer to

esti mat e; t) constructing the tinme domal n Thannel estimte
from sai d giHferentiate cetlogited papkaisTompan lebsesvatind afaknl intedararicet @ollision)

catimat o 1P EReEte roasivan boBE TtRCt O Ui e KBy bonvol vi ng s d
time packet transwitAgfavell Sgtémmiotutidt-b eaitile Receiver Structure itself.

* Additional solution aspect - Samples Estimates list.

e Additional solution aspect — Information Bit Estimates list.

= Additional solution aspect — Multiplexing of Time/Frequency

Domain Channel Application Sample Estimates.

20
In one aspect, the second embodiment provides a system and method of
receiving OFDM packets comprising the following:
a) sample a receiver input signal consisting of signals from one or
more antenna;
25 b) add the input signal with one of a plurality of prior stored received

packet sample estimates to determine a packet sample hypothesis;
C) determine an information bit estimate from the sample hypothesis
for storage in an information bit estimates list;
d) determine an updated received packet sample estimate from the
30 sample hypothesis for updating the plurality of prior stored estimates;



time dormain channel estimate to create the tine domain channel
applied received sanples estimate; and in parallel with steps t) and
u); w)constructing the frequency domai n channel estinmate from said
packet received sanples hypothesis and,gsaid transmtted synbol
estimates; 15x)rmultiplying said frequency donmain channel estimte

Wi th said trangyi tt edpg¥epl GsddtERiefdio e‘éfiﬁ@'t@fﬁéﬁ?ﬁ?é shfpRl ‘H?ﬁ'othe&s

synbol estinmates; then constructin frequency” domai n
channel a@@ﬂe@mmam@w Byrgihesis mduanIdefth@mptseehxmﬂk@ls aa the veapiver
symbol i gcjl and z)nmultiplexing the tine domain channel applied
recei ved %D%I aﬁ’Oestl mate for reinsertion into said |ist.

Wth referencefto flrgbéaissté@staﬁtés‘a) Ut dtAbaSVe MY oPIrAGiESc@hplets packets
receiver signal processing tec ues in accordance with the second

enbodi fen@re aseEmniated in f@@tlpﬁ@wm@té@@@é esfgateyish Har d Qut put Decode
222 Encode 224 Soft Modul ate 230 Hard Mdul ate 226 30Acqui sition
204 WMatched Filter 202 Sum 208 48

In another aspect, the second embodiment provides a system and method

of providing a sample estimates list in an OFDM receiver comprising the
following:
10 a) sample a receiver input signal;

b) determine a packet sample estimate from the sampled receiver
input signal;

c) store the packet sample estimate;

d) determine a packet sample hypothesis by adding the receiver input

15 with a selected previously stored packet sample estimate;

e) determine an updated packet sample estimate by decoding and re-
transmission modelling the packet sample hypothesis;

f) update the selected previously stored packet sample estimate with
the updated packet sample estimate.

20

In yet another aspect the second embodiment provides a system and
method of providing a packet information bit estimates list in an OFDM receiver
comprising the following:

a) determine a packet sample hypothesis by adding a receiver input

25  with a selected previously stored packet sample estimate;

b) determine an information bit estimate by decoding the packet
sample hypothesis with one or more of a hard decoding technique and a soft
decoding technique

C) storing the information bit estimate with one or more previously

30 determined information bit estimates;

d) repeating steps a) to ¢) until a complete packet is accumulated.




Subtract 212 Convol ve 236 Multiply 240 Tinme to Frequency Conversion
(dependant on system standard) 5 234 Ti me Domai n Channel

Esti mat or

10

15

20

25

30

232 Frequency Donai n Channel Estinmator 238
45

in still another aspect, the second embodiment provides a system and
method of determining a hybrid OFDM received packet sample estimate
comprising the step of:

multiplexing a time domain channel application received sample estimate
with a frequency domain channel application received sample estimate, such that
the multiplexed time domain sample estimate is mapped to correspond to one or
more of:

an OFDM signal cyclic prefix;

an OFDM tail portion, and;

an OFDM guard period,

wherein the multiplexed frequency domain sample estimate is mapped to
correspond to one or more of;

an OFDM signal preamble and;

an OFDM payload data symbol.

[In another aspect the second embodiment provides an iterative sample
estimation method for OFDM packet based network communication comprising
the following steps:

a) selecting either the windowed matched received samples or the
noise hypothesis as the input signal;

b) adding an empty packet estimate to a samples estimate list
containing packet sample estimates;

c) selecting one of said list entries;

d) adding said packet samples estimate to said input signal to create
a packet received samples hypothesis:

e) decoding and re-transmission modelling of said packet received
samples hypothesis to create a new packet received samples estimate and new
information bit estimates;

f) updating said information bit estimate list with new information bit
estimates;

Q) subtracting said new packet samples estimate from said packet

received samples hypothesis to create a noise hypothesis; and



Ti me, Frequency Domain Miltiplex 220 Sanpl es Estimate Li st

(i ncluding associ ated Controller) 206 10 I nformation Bit Estinmates
Li st (including associated Controller) 213 Table 1 and Table 2
provi de a key for the nunmber signals 328 process in each figure and
the reference nunbers in the text. 15

10

15

20
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h) updating said samples estimate list entry with said new packet
samples estimate;

all said steps being iterated at least once for each packet.

In a further aspect the second embodiment provides an iterative sample
estimation method according to the previous paragraph wherein step e) further
comprises:

i) soft decoding said selected packet sample estimate to create soft
encoded bits and new packet information bit estimates for reinsertion into said
information bit estimates list;

I} soft modulating said soft encoded bits to create a transmitted
symbol estimate;

k) constructing the time domain channel estimate from said packet
received samples hypothesis and said transmitted symbol estimates;

) constructing the packet transmit sample estimate from said
transmitted symbol estimate;

m) convolving said time packet transmit sample estimate with said
time domain channel estimate to create the time domain channel applied
received samples estimate; and in parallel with steps k) and m);

n) constructing the frequency domain channel estimate from said
packet received samples hypothesis and said transmitted symbol estimates;

0) multiplying said frequency domain channel estimate with said
transmitted symbol estimates to create packet received symbol estimates; then

P) constructing the frequency domain channel applied received
samples estimate from the packet received symbol estimates; and

a) multiplexing the time domain channel applied received samples
estimate with the frequency domain channel applied received samples estimate
for reinsertion into said samples estimate list, wherein steps n) to p) are repeated
for each OFDM symbol in a packet.

In still another aspect, the second embodiment provides an iterative
sample estimation method according to the paragraph previous to the preceding

paragraph wherein step ) further comprises:



20 49 "Sr i vo2, Received Sanples ler / CO Wndowed Matched
Recei ved Sanples ;96 / 00 & Enpty Sanple Estimates .. - illS
47
r hard decoding said selected packet sample estimate to create hard

10

15

20

25

30

encoded bits and new packet information bit estimates for reinsertion into said
information bit estimates list;

s) hard modulating said hard encoded bits to create a transmitted
symbol estimate;

t) constructing the time domain channel estimate from said packet
received samples hypothesis and said transmitted symbol estimates;

u) constructing the packet transmit sample estimate from said
transmitted symbol estimate;

v) convolving said time packet transmit sample estimate with said
time domain channel estimate to create the time domain channel applied
received samples estimate; and in parallel with steps t) and u);

w) constructing the frequency domain channel estimate from said
packet received samples hypothesis and said transmitted symbol estimates;

X) multiplying said frequency domain channel estimate with said
transmitted symbol estimates to create packet received symbol estimates; then

Y) constructing the frequency domain channel applied received
samples estimate from the packet received symbol estimates; and

z) multiplexing the time domain channel applied received samples

estimate for reinsertion into said list.

With reference to figures 10 to 18, the following blocks are used for
receiver signal processing fechniques in accordance with the second
embodiment;

° OFDM Soft Output Decode 288

. OFDM Hard Output Decode 222

. Encode 224

° Soft Modulate 230

. Hard Modulate 226

. Acquisition 204

) Matched Filter 202

. Sum 208



Prey ions Packet Received .Sanples Eitnnalie 110 Packet Received

Sanpt es Hypot heses

New Packet Information ail Es tintates 114 New

Par ket Received Sanples Earimte 116 N oise Hypotheiis 118
Compl et ed Packet Information Bit Esti npges 19

5 234

10 ¢

Subtract 212
Convolve 236
Multiply 240

Time to Frequency Conversion (dependant on system standard)

Time Domain Channel Estimator 232

Frequency Domain Channel Estimator 238

Time, Frequency Domain Multiplex 220

Samples Estimate List (including associated Controller) 206

Information Bit Estimates List (including associated Controller) 213

Table 1 and Table 2 provide a key for the number signals and process in

each figure and the reference numbers in the text.

15

20
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Table 2: Fundional Blocks

HA Di Nn:

The second embodiment of the invention is adapted for a Packet based
OFDM WLAN system (eg. IEEE 802.11a, IEEE 802.11g). A typical receiver for

such a system performs processing tasks in accordance with figure 10. The

5 input fo the system is a complex, oversampled baseband received signal 1002

for each attached antenna. The signal received on each antenna is passed

through a band limiting filter 202 which is then followed by a packet detection and



1: (410 - Su: A Act 211:171,-reatton El: iulaws bin 01-131-1 Soft/ Hard
Decodt irJ 2 25ort,,rlL:t 1216- Tinme '"'"lorttain CiAntw
Applicatittr, 2 ISFr),- Frequetx!.. Dettain Cliartoel "ttpit.:atinn i
j :1201,11:11: - Time, Ftrtittt-rcv Dor%gl)ttt Muttirk-, OFD:tt f iarci
Quttut Des-e-tk: IN. Encode 226 111, Erit Md tegatv 1t7,0 22';

SIS 1, SO FASERYL (RBlegon kB! 200, T Ak Bl
Li no- Jr COorelarmnimene Fofeilpeemaychigd diiter mn@rirtae gigotalsl 18041 : Garce a packet is
acquired it is decoded using either hard or soft decoding techniques and passed

on to a higher processing layer (eg. MAC). The typical receiver structure figure

5 10 may be modified to an iterative structure that provides interference cancelling

at the sample level.
Iterative Receiver Structure & Function

10 The input to the receiver is the oversampled digital I/Q baseband samples
from each antenna connected to the receiver called the Received Samples 1002.
The Received Samples 1002 are windowed over time and passed through a filter
202 matched to the pulse shape in order to produce windowed matched received
samples 1004. This constitutes the Noise Hypothesis 116 for the first iteration
15 (n=1). For all proceeding iterations (n>1), the Noise Hypothesis 116 is provided
by the feedback of the interference signal. This is depicted in Figure 11 by the n

conditioned switch SW,,.

An iteration of the receiver is a single execution of each of the following
20 processes:
. Attempt to acquire a new Packet in the Noise Hypothesis 116 using
the Acquisition 204 process.
. If a new packet is found, add empty entries 1006 to the Samples
Estimate List 206 and Information Bit Estimates List 213. Each entry in the
25 Samples Estimates List 206 has a corresponding entry in the Information Bit
Estimate List 213.
. Determine, from the evolution of both Samples and Information Bit

estimates list, Completed Packets {y,...y,}, in the Information Bit Estimates List
206.

30 o Release to higher layer (MAC) then Remove Completed Packets
{y,...y,} from the Information Bit Estimates List 213.



- - - Table 2: Functional Blocks The second enbodi nment of the

I nvention is adapted for a Packet based OFDM WLAN system (eg. | EEE
802. 11a, | EEE 802.11g). A typical receiver for such a system perforns
processi ng tasks in accordance with figzre 10. The 5 input to the
systemis a conplex, over sarrpl ed basebafid received signal 1002 for

h attached t
Chr ough a bandoli m LR FEAPIS6S Wi (& Then Fa aed by o5 TRty

detecti on| @nepsS1l synchronisation (Acquisition) processing block 204.
This Acquisition block uses one or nore of the matched filter antenna
si gnal s 1004. @nce é‘oeimztlael?actl@técchﬂfﬁh&@lampiess?simaidédsttwﬁrtg fériocess.

hard or soft decodl ques .and sed on . to a hi her ocessin
layer (eg. MACP. Th %?Qghe #’é@@pg@ﬁ@%&g@pg{eﬂl %’P"E ﬁrg?teogOS
modi fi ff‘ngele%[bd bSERt! A/ Groth T S A1 8 BstiffRY 'L@ﬁszde‘{oefﬁeeﬂﬁ%%%ypothesis

cancel
116 to produce the Packet Received Samples Hypothesis 110.

o Generate new Packet Received Samples Estimate 114 and new
information bit estimates 112 for the selected packet & from the Packet
Received Samples Hypothesis 110 using OFDM Soft/Hard Decode and Re-

10  fransmit process 210.

. Update the selected packets’ k previous information bit estimates
in the Information Bit Estimates List 213 with the New Information Bit Estimates
112.

. Update the selected packets’ & previous Samples Estimate in the

15 Samples Estimate List 206 with the New Packet Received Samples Estimate
114.

. Subtract 212 the New Packet Received Samples Estimate 114

from the Packet Received Samples Hypothesis 110 to produce the Noise

Hypothesis 116.

20
lterations are continually performed until all packets have been released
from the Information Bit Estimates List 213. Once this state has been reached,
the lists 206, 213 are cleared, the time window is updated and the entire process
repeated.
25

lterative Interference Cancelling

Interference cancelling at the sample level requires the generation of New

Packet Received Samples Estimate 114 for each antenna using the OFDM

30 Soft/Hard Decode and Re-transmit 210 process for every Packet found by the
Acquisition 204 process. Each packet's New Packet Received Samples
Estimate 114 are stored in the Samples Estimate List 206. The interference



at the sanple level. Iterative Receiver Structure & Function 10The

i nput to the receiver is the oversanpled digital 1/Q baseband sanpl es
fromeach antenna connected to the receiver called the Received

Sanpl es 1002. The Received Sanpl es 1002 ﬁre wi ndowed over tinme and
passed through a filter 202 matched to ? e pul se shape in order to
roduce w r | o

Roi se. typor hoar g ShePafe GRS 1naRERLE kel AdKS 200 REENCHpRS Pdthet
pr oceedi ngReceivatli Sammw]ﬁstlm:ﬁe NEBsto HippoNoes é-{ypmesas pt t&ilkfdreb the

t he feedbagk rf nce si Th|s S ed jn Figure
11°by e NOUBIRITastiis QW R gt 210 process ipRileg tFo it Agceived
receiver iSamph wp@tr@s%:mﬂm%r 8dcitaftinph, tﬂ@e?\%'\n}P‘éfck'@t REcHeS
Attenpt_to _acquire a new Packet in the Noise Hypothesis 116 using the

Acqui si& i olstinatepd dé gweduced by thevBgititiaed D@oﬂem R@dkna@erptt)z'l@npnqcess

00 TSN AT LS RSB Y o

cor r espondjergeraty rah lupddﬂ@dlmbgéna{yp@me%ist HE. 1 mhe New Pdcket Received
Determ ne, fromthe evolution of both Sanples and Information Bit

esti mat es Padplescsafinatediparraleo Uged to ylpd]ate thaqsﬁﬁwlqeslfétln@fce bist 206.
Esti mat es A5 0. f

Conpl et ed ta%tli\let S Fyﬁgﬁ%ls%afﬁ Esotr]#b%a B g%ﬁl@ tPon E%’gg}{‘. e esst 5 Ia est
213. "R éﬁnnated&‘nmihbum IMCthet ﬁre{\l)ously pydedsstdopadket) peagidiag Iteratwe
Estimat e el e cket in the Sanples Estinmate Li .

206 to Pr b@i@!ﬁfence ancem Zgigut"ﬁe Thrfpvisles pagianhieglc e 9@ﬁ‘cga§ﬁﬂ gis
Estimate cBEs 5 sel ected packet k fromthe Sanples Estimate List

206 to the Noi se Hypothesis 116 to produce the Packet Received

Sanpl es Hypot hesis 110.

Samples Estimate List

15
The Samples Estimate List 206 contains the New Packet Received
Samples Estimate 114 as generated by the OFDM Soft/Hard Decode and Re-
transmit process 210 for each receive antenna for each Packet found by the
Acquisition 204 process.
20

For each iteration, a packet to iterate (k) is selected from the Samples
Estimate List 204. The selection & can be based on numerous metrics e.g.,
sorted signal power, the minimum number of processing cycles performed, order
of arrival. This selection is depicted by the & controlled switch SWy in Figure 11,

25 where k is the current selected packet.
Information Bit Estimates List
The Information Bit Estimates List 213 contains the latest New Packet

30 Information Bit Estimates 112 as generated by the OFDM Soft/Hard Decode and
Re-transmit 215 process for each Packet found by the Acquisition 204 process.



Gener ate new Packet Received Sanples Estimate 114 and new i nformation
bit estimates 112 for the sel ected packet k fromthe Packet Received
Sanpl es Hypot hesis 110 usi ng OFDM Soft/l—lard Decode and Re- 10transmt
process 210. Update the sel ected pacﬁg k previous information bit
estimates in the Information Bit Estimites List 213 with the New

I nformation Bi t=Jent tdrBli&S pdddes an op Spondém%erélé'é?ses@bﬁﬁﬁ@@dﬁﬁﬁﬁﬁfa%on

k previous Sanples Estimate i n the 'es Estimate List 206 wt
t he New P&ikkstirraiesi h@dtoshzgpeebyEss (empt MA;QM Thesoboncacnf vitiieh phekdlsvare

Packet Rec Sarrp stinma e 114 fro e Pac el | es
oot hes! COPHE . DY RUBRGNSE gy e &, S33A “hadkei®h) s SHTBNER
are conti mgghiate l&%’(fZQBWHIeré)&arﬂ\pié' thi Aaed fayae bhead ohﬁh@iééﬁﬁ's ELenas
the Information Bit Estinmates List 213. Once this state has been

reached, slgnal ipawerpdibe muagberr of dlasatians, peﬁ@rmetﬂreamd AW ersol saatdeted

and the e SPr d C

't or 1 or cReekashc AR reRATRES tndn BoMbalil R ol Pk, "kl ipan
of New Paerheadt tl?en:eanged afiammirked st fat@dse vk fh@ im@mtaﬁt BitEstingtey List
t he OFDM %3 Soft/Hard Decode and Re-transmit 210 process for every
Packet fodnia: by the Acquisition 204 process. Each packet's New Packet
Recei ved Sanples Estinmate 114 are stored in the Sanples Estinate List
206. The interference 53 cancelling structure requires that each
packetO Adds 208or eacPrpmkeUaccRacddeﬂweFe@Eth@ainﬂicﬁb ths tSamples FXintate

210 pr oce bt PO RS IMELTVHEERE B ERUEEIS bebaal of I SoEHieh of FROHGEd

each ante Receiyad §xd GyR MOQUas
by the So ??k%ﬁ@&%ﬁ’&ég@a I%e%t;r a)ygmct 2115\%;?@%%?3 af Fer?{:#h?epli e

Subtractedy212 {iomd fig d?@dfrﬁble‘f@d?@'aﬁﬁgt Iﬁ%’i‘ma%oﬁmi@@%ﬁﬁia%e§lﬁ Fegture of

generate an updat ed Noi se Hypothesis 116. The New Packet Recel ved

Sanpl es Egid metstiveliccaneradtaftueerd tat Ltﬁdafﬁzﬁ‘,l&elﬂg Pachit ERedSiteéd® finples
Li st 206. The Noi se Hypothesis 116 is then fed back through the

syst el ( rrEﬁtJ@atehéMarﬁmn sobtaciedeiren tbenieisputyrnthesisthi® prew adesityis
processed é%é&é%‘ﬂ éncgftg%io : goﬁ&.ﬁg%"n r\(;e‘js Hﬂo%ﬁh&fsereﬁ%v‘é@.”ce' ling. Figure

11 provi des a graphical reference h1's process anpl es Estimate
List 15
Hybrid Re-transmission
20 The Hybrid Re-transmission 215 process is depicted in Figure 12 and

Figure 13. It uses both Time Domain Channel Application 216 and Frequency
Domain Channel Application 218 processes to generate a New Packet Received
Samples Estimate 114. Both processes use the Packet Received Samples
Hypothesis 110 for each antenna and Packet Transmit Symbol Estimates 119 to

25 create Channel Applied Received Samples Estimate 120, 122 for each receive
antenna. The Time Domain Channel Application 216 process produces a Time
Domain Channel Applied Received Samples Estimate 120. The Frequency
Domain Channel Application 218 process produces a Frequency Domain
Channel Applied Received Samples Estimate 122. The Channel Applied

30 Received Samples Estimate 120, 122 are then multiplexed 220 together to form
the New Packet Received Samples Estimate 113 for each antenna. Each of
these processes is described in further detail below.




The Sanpl es Estimate List 206 contains the New Packet Received

Sanpl es Estimte 114 as generated by the OFDM Soft/Hard Decode and
Retransmt process 210 for each receive antenna for each Packet found
by the Acquisition 204 process. 20 For gch iteration, a packet to
iterate (k) is selected fromthe Sanpl eS Estimate List 204. The

sel ection k canThfe ltRsAdirPChAHABI APPIiEREIGhGFDEA). . sorted signal
power, the m ni mum nunber of processing cycles perfornmed, order of

arrival. This selection is depicted by the k controlled switch SW in

Figure 11, 25 Ko [ rent lecte cket . .lnformation Bit
st mmtes Ui ot e Tirfe!Sorafh, GRENT AbcaoT 248 Pliss it P RypaRaBl'n
cont ai ns tAguratigst TieWirRe dkehaB0ChahesineétiraaoBi2B2EsbdiBées ik Bdmain
gener at ed the OFDM Soft/Hard Decode and Re-transmt 215 process

b . i . .
for each P@éﬂ@lﬂelf Estianaly, 130 fac gackirereivecantepnacesisy they Packet Trargimit

: . . ‘ : | | | .
Bt st et LOSEESHBRIRTRES Fidth e OF O SiRal P RESUE ri e PR sIaR 214
packets argrocespl @ee Figunaded bgnceVRguat i15) andrehei Patket RaecbivedcBaimple

[ he S | Est i Li 206. F le, this [ Yy b
based on | HUPeeESISs| RULH SReheirieanhl THEMLPIUBTRY R TBE COMVPTuamans daen
per f or med &%@ueéé"%epa[%ﬁ?tgg@ﬁ%\ ’iegaﬁﬁé%.el:_%HmE@%%Z”ﬁ%g%} ?Eﬁete qfe?cktbpq'?ansmit

conpared to a target val ue. packets that mneet arget are
mar ked OF or Syrsbehkestifatas 1h@ |TrifeoPaskaétohraBsmitESammigseEstimate 2323.ant0Fone

each pack acquived there i ntry in poth the Sanpl es Estinmate .
et 506 anatEib Chanar it fonttal 20 £ paett dofihng, s ipenTineaduicaby PaRd ofa
conpl et ed hackehvoive d88i ploResHYtol Peodube the "Tilnet TEH&N ﬂ@gﬁé&‘d tRBcEWYG
in Figure 11, where {yl1 ...y,,,} is the list of Conpleted Packet

| nf or mat i opamplesEsstimatess 204of eachigptasma. the iterative receiver
structure is that the packet's Packet Received Sanples 15Estinmate 114
remai n subtracted fromthe Noi se Hypothesis 116 even after it is

rel eadéd and i tBregquenheyDohaiy Cizinnet Applidation (FDXCA) r enoved.

The Frequency Domain Channel Application 218 process is further

expanded in Figure 17. The Frequency Domain Channel Estimator 238

produces a Frequency Domain Channel Estimate 134 for each antenna using the

20  Packet Transmit Symbol Estimates 119 from the OFDM Soft/Hard Decode and

Re-modulate 214 process and the Packet Received Sampie Hypothesis 110 for

each antenna. The Packet Transmit Symbol Estimates 119 are then multiplied,

one OFDM symbol at a time, by the Frequency Domain Channel Estimate 134

via the Multiply 240 process to produce the Packet Received Symbol Estimates

25 136. The Packet Received Symbol Estimates 136 are then converted into the

Frequency Domain Channel Applied Received Samples Estimate 122 using the
Frequency-To-Time process 234,

Time, Frequency Domain Channel Application Multiplexing (MUX)
30
Referring now to Figure 13, the Multiplexing 220 process takes the Time
Domain Channel Applied Received Samples Estimate 120 and the Frequency



Hybrid Re-transm ssion 20The Hybrid Re-transm ssion 215 process is
depicted in Figure 12 and Figure 13. It uses both Tinme Domai n Channel
Application 216 and Frequency Donai n Channel Application 218
processes to generate a New Packet Rec fgved Sanpl es Estimate 114.
Bot h processes use the Packet Received Sanpl es Hypothesis 110 for

each ant emugnainCHZAHER NP -ﬁréfﬂ‘ﬂécbw%ﬂ@é}h?%%tﬂfﬁﬁﬁé Oah@ rditiSIEREd them

Channel plied Received Sanples Estimte 120, 122 for each receive
ant enna. teinte MmeduceayhriddevaPacketReerived SapiieeEstipatailités a
Ti me Domai n Channel Applied Received Sanples Estimate 120. The
Frequency Domai n Channel Application 218 process produces a Frequency

Domai n Channel ORI edodeiatby edclsamp! esichstasraiheséd 2 usedhan Chisisna&econd
Applied 30 Received Sanples Estinmate 120, 122 are then rnultipl exed

220 t oyet RELOLEMER; ﬁpﬁﬁ@ow\ﬁmn%lek@tcmbé@reffé@togeﬁfﬁb@tsmggwmtleteﬁfgem@
h
P B, JERED el ESARIGRISER bR BPARIDRL 1id WhahRY AR Bbha

Domai n Chamitelg Alpils, daereomre Hailpraictes beginhing lzew erpacidéd iNewi Backet

Coannol EREPRIER SADPIe: Euats, Lib: Slewsbaahiid e Ve SRR EaRmate 114

Transni t &ﬁ@@é reihd 1% M SALh 1 E M @fatré'f@f% BRPHR PRSGuency

Re- nmodul ate 214 process (see Figure 14 an Igure 15
Recei 1&d Q@mane Ehapondledppliad Réanivesh darapieenhatimatee 1|2|2equﬂmyemalnmg

Ti me Conver5| t.hen produces a et, Transm.t St

135" ust ng R B Bbe Nk SHeRE! R plicre BRleb ettt ¥ R Tkl he
Transmit $and! leﬂémlmé@néﬂﬁ pphed TREBeiledesarelan edtinkstei Mroe UAO this
for each antenna are then Ilnearl y convol ved via the Convol ve 236

process t 8Mppdinert th@éewafeplgén@@rnpmﬂh%@yd&@r@fé@ agdnigil ceoriang whtte

120 for e annel Application (FDCA)
The Frequg(r%(u:’y %%Cﬁneﬁm%% ca |on 18 process is further

expanted in Figure 17. The Frequency Domai n Channel Estinmator 238
produces a Frequenc annel Estimate 134 for e h ant enna

usi ng the 20 PRBIEEETHER mL{” ¥ dnarRing s eRAwA 1B f% he OFDM
Soft/ Hard Decode and Re-nodul ate 214 process and the Packet Received
Sanmpl e Hypothesis 110 for each antenna. The Packet Transmt Synbol
Estimates 119 BreferteshArad of Apipdidatione OFDM synbol at a time, by the
Frequency Donai n Channel Estimate 134 via the Multiply 240 process to
produce the Packet Received Synbol Estimates 25 136. The Packet

Receiaged SynboThE&spref@tas atefs afeappiRatiéR Moerthedsddiind ERbIIREME BE the
Donmai n Channel Applied Received Sanples Estimte 122 using t

t he
FrequencyPrRSETt ifvaitionesre DEDM Tiegaivers deplemey Worisied WHAnFEE 802.11a,
Appl i cati @E%bﬁﬂqlg,eﬁ@@ 048 artd HI&@TLAN Wireless Local Area Network (WLAN)

standards. However, the invention disclosed is useable in any packed based
OFDM communications system as would be understood by the person skilled in
25 theart.

With reference to figures 19 to 23 a third embodiment is described which
stems from the realization that reducing the distortions in one or more of the raw
signals arriving at a receiver used to provide a decision statistic leads to an

30 overall improvement in the decision statistic itself. Furthermore, appropriate
selection of the means of reducing these distortions leads to a more reliable

determination of packet arrival time.




Domai n Channel Applied Received Sanples Estimate 122 and mnul ti pl exes
them together to produce a hybrid New Packet Received Sanpl es
Estimate 114. OFDM nodul ati on schene such as those used in this
second 5 enbodi ment, conmonly enpl oy a gﬁgl ic prefix to combat
multi-path interference. Also, due to ti di spersion characteristics

of both the radirpoﬁ@%gggét tﬁe%ﬁa@%dddﬁnbhﬂgr&}idés%znethbera%daé dratusStor

at the beginning and end of the New Packet Received Sanples Estimate
114. New Pe@retunkaiisioyiedaSanpipss sEsessrepbonmuaicaion espeorti by syochtosizing

OFDM porti f.the.si | are taken.fromthe Frequency 10 Domai n
Channel Apﬁ??lgeéség@éﬁg/gﬁgéed YESCER Y e 122, The remini ng sanpl es

in the New PackeiceRatsh\edkSanplesighat i mate 114 are taken fromthe
Time Domai n Channel Applied Received Sanples Estimate 120. In this
enbodi Ment t hoséeleaniiling acomsiativa sigral opeespopdiegita the packatinpdrsignals

f the New Pack i . i ]
o e, New PackSlodBeGRb XA RTAE c5LTEN St e Mptarbeol of e
Appl i cat i oimpRPdigealdraf ther estrelati@s sighakbsel filieaéd.on for the second

enbodi ment of the present invention are OFDM receivers that nay be
used with | EEE @eigiMMiNg peggcigon stafistic) iyreombsning snpawer seppanent of the

W rel ess L&%%lesfécg%oh@éfﬁhksigﬁ%ﬁgﬁghﬁgwmﬁﬂgwBf tﬁ@ﬁ)ré@éfs%%ﬁi fBut

di scl osed s useable in any nmuni cati ons system
as woulCd bsigoalder st ood by the person skilled in 25the art. Wth

reference to figures 19 ta 23 t hi.rd enbodi t i.s cri bed whi.ch
tems Trom the TORMESA RANE Rufmediten By 4 RESSRSTERel dREshACLHEon of
nore of t hpelduwigibl BRIIEtA RS aicREival fhickeESiVal timeed to provide a
decision statistic leads to an 30 overall inprovenent in the decision

statistic itself. Furthernore, appropriate selection of the nmeans of

backet arrival THrobestite (6F A b8 oB0LE i ORR SnfieTiabal s is
provi dés apartdrhed dyd orppaf a Useritdy weighned Gtk Neavimy 2a Nidahb@le® impulse

access comuni cation network by sfynchr oni zi ng packets arriving at _a
recei ver CERPPIES.fyFoot &digedicaging figekeHanama wiidgmafiltersadiarming winpdew

correl ati gfyesi gpal, EQ%E@'%%OM élﬂaﬁﬂﬁinﬁa%ﬁéoﬁnﬁl r. ST R bredtetermined
processing the 1 nput and correlation sigrals such that at |®dst one

of the i nphteshiofthatordition henagorbe| ahé onf stlgnalecisienf i dtatstied;crossing  the

predetermined threshold or a maximum of the decision statistic occurring above

20  the predetermined threshold. The determination of the correlation signal may be

performed every Kth sample of a sampled packet input signal, where K is an

integer greater than or equal to 1. The third embodiment of the present invention

is described in more detail below.
25 Power averaging mask for FFT window synchronisation

Synchronisation of packets transmitted, especially over wireless media, is
ordinarily achieved by employing a preamble comprised of several repetitions of
the same signal and correlating the received signal with a delayed version of

30 itself. The delay may be chosen to equal the duration of the repeated signal
component defining the preamble. The output power of this correlation process

is then usually normalised against the average power in the received signal. The



determ ning a decision statistic by conbining a power conponent of
the processed correlation signal with a power conponent of the
processed i nput 10signal; nom nate a point in tinme given by a
predet erm ned threshold condition of t decision statistic as a
recei ved packet arrival time. The procéssing of at |east one of the
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preambl e and the radio channel . An exanple would be a root Taised
cosi ne fi mehod d}aSathaaﬂiiuah@'nﬁaﬁaﬁqrg to\ amowommwcatlmesygmethabwses a
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applications and that the synchroni sation of treate

as a filteension pfitdslifdmalge contgimpdated. tTre dai\agns equal to the repetition size of
30 the preamble. The normalisation is achieved by dividing by the sliding window

averaged power of the received signal. In this third embodiment it is particularly

advantageous to provide a receiver with the following functions:




25 proposes to use raw correlator outputs as a preferred filter

input. The use of a centre weighted (or other) filter on the
correlator outputs prior to power calculation is used as a neasure of
the arrival timng of a packet. Threshoé%testi ng of the nornalised
power of the received signal correlated™ i th a del ayed versi on of
itself is also ematg %ﬁ@orr@lﬁoﬂ&tﬁ&its‘ s equal to the repetition
size of 30 the preanble. The normalisation is achieved by dividing by
t he sliding w ndemntrawsialied deregedfiienerefecadly adriahgular filtémwhichshas an

third enmbo rtr cul arly advant ageous to provide a
receiver mngg‘ﬁretnkgnélg def functions: 59 Filtering of raw
correl ator outputs; Centre weighted averaged filter, preferably

a triangular filter which has an efficient inplenentation; 5The above
al | ows & or basi Tige aab@e saiIiOWSpCﬁd:mtbaermg hza degisioninpaift crorthel ma®imum of

out put power ra her thnafrr ssrngleadrngto etter
char act er i S¥{¥'8 o?“tﬁéﬂ KUIWE] Fﬁ‘thﬁ aave| r%dék@t CERSSHE! %%‘?’69 to better

| oss/i nef f iiedraB@Yisatlbie oﬁ‘ hiaReC iRy fﬂa%oﬂaﬁa&%‘mfdr%%@sréﬁ%éérﬁe iency.

technol ogy for packet data transm’ssions ere a repetitive prea
i s depl oyethe dhdét@mbﬂqumcmay dempris@t & meogivendeahhaogy gof cpacket data

adaptive desiagn of filter form ai nst e s istics,of the r
channel . ATEIANSROREMIGTE,S BHPoLETRE SHTPIF SrspTitho HBEMEIcoRGERe? data
appl i e® t otirfingoamd allewitg fok aeeameueargh%rsrriér%rm@@raﬂnstt rtﬁél%rambew the
are made using a waveformstructure that has a preanble

parti cul arragigpenarsigbdei fically the preambl e may be forned by one or
nore repetitions of a base signal. The functional device enbodying
the technol ogy preferably resides in the baseband receiver processor
20 Rx of a ge 90, as previously discussed and, in
this errbodrrrgn'ﬁ@i ﬂi ?ﬁ@ g&%kﬁ ary formof a wireless nnden1190 as
shown in figure 19 The relative logical |ocation of the baseband
receiver Rx is shown in figure 19 as the "Baseband Rx". 25In nore

det ai 112 | n packEie hiEh & Hneat | lednelpgyendPriies tioni Ag Reint he  point

arrival ﬁrﬁ’rﬂﬁl‘&%ﬁgh? IJHERAﬁ gnnef'ér'ls%?érpﬁs 56 Tha® uil: a KR c%r@ ggy%ture

timngis erm ne e renai ni ng typrca
beari ng) pbat ihansa gfreainble af ke tpantigul&re typet. erSpeuifitaligi the preamide may be

know edge f th acket structur Therefore wi thout accurate .
det er m natPBREGDY GBS 0k Kere; [SRETABR A 8rPera SigAl. e functional device

embodying the technology preferably resides in the baseband receiver processor
20  Rxof a general receiver 190, as previously discussed and, in this embodiment, in
the exemplary form of a wireless modem 190 as shown in figure 19. The relative
logical location of the baseband receiver Rx is shown in figure 19 as the

“Baseband Rx".

25 In more detail, in packet based communications systems the timing of the
arrival of a packet is determined at the receiver 190. Once this timing is
determined the alignment of the remaining (typically data bearing) portions of the
packet may be determined using a-prior knowledge of the packet structure.
Therefore without accurate determination of the packet time packet errors may

30  be prevalent. A common technique employed is to transmit a preamble at the
start of the packet transmission that has a special structure permitting efficient

arrival time determination at the receiver 190. This structure requires the



30 be prevalent. A comon technique enployed is to transmt a
preanble at the start of the packet transm ssion that has a speci al
structure permtting efficient arrival tinme determnation at the
receiver 190. This structure requires %ﬁ 60 repetition of a short
signal several tinmes in the preanble. e structure of a typical

packet is shauwdni & E'%r@s@ﬁawgéﬁ@rai Bty PCtHAbbdniME. | The afieRtfd of a

several tinmes at the beginning of the transm ssion. The conventi onal
ti me synchyiealspadkeh is ediamingire figover @lawbere e Syoei Waid (SW) dimaepeated
a del ayed_ver may..be set to the length of

the Sync %Y%’%Lﬁﬁ‘egﬁéﬂi%ﬁ?%'f‘ﬁﬂgo?ﬁftﬁ%ﬁ" i SS}O%e set to the nunber of

SWrepeti tionsThe)cdriverEowdletimd @yﬁcﬁ;@nrsﬁt@hl i@@hhl@guefﬁﬂrﬂim@'fsetﬁe geeéived
sanple_(or every Kth sanple where K is_snall, 4).

recei v%d Simgi @ntbeaqd@lﬁ&@d vergipm of itself. }Thﬁéielammeo/obe §mah9dﬁﬂ®ﬂ]t0féhe
time | W};B% drd péhJNhe cgJﬁglangelre&gﬁseq rS&Je aéétoib dﬂleuﬁuﬂnﬁe of_sW

conpared e power ence
to form ar@l:mﬂnsn@r(i_strammstmme.l prids Icoredsation éxdeplisnentedresirglshmple (or
every K" sample where K is small, e.g. 4). If the received sample sequence is

{re1, ry riv1, vz, ... } then the correlator output at time i is

i+N{L~1)

10 P = er

JU N
J=it

This correlation value is compared with the power in the observed

sequence

FN(L-D)
*
g; = er ¥y

T
J=i

to form a decision statistic |p,2,/0”,.2. The arrival time i is chosen when this

15 mettic exceeds a threshoid.

The inventor has identified that any noise present in the received
sequence r; is amplified by the squaring process and may cause the
synchronisation technique fo pick the incorrect arrival time. Rather than waiting

20  for the statistic to cross a threshold, the algorithm may be adjusted to select the
maximum statistic by including a small amount of decision delay. This maximum
is chosen from those statistics above the threshold. A number of statistics

crossing a given threshold is shown in figure 21.
25 Preferred Method

In this method according to the third embodiment of the invention the
inventor exploits the profile of the autocorrelation of the preamble in order to

mitigate the negative effects of noise of the time synchronisation performance.

30 This may be achieved by filtering the sequences p, and o by a centre



The inventor has identified that any noi se present in the received
sequence ri is anplified by the squaring process and may cause the
synchroni sati on technique to pick the incorrect arrival tinme. Rather
than waiting 20 for the statistic to Cgpss a t hreshol d, the

al gorithm may be adjusted to select the maxi mnum statistic by

i ncl udi ng @effdd |GWRERS fiMer daGHE! 1ABL RS Ster @hﬁglm‘bﬁymd the Ba5&8uent
fromthose statistics above the threshold. A nunber of statistics
crossi ng asqiareyg ehthesiesiugnices §erovecisian fstafistie geheratBir efry neiseMpriesedce

In this ng a i e, thigd enbodi nent_of. the jinvention the
nvent or oM Ber BERRE sOPaleblSey iletiniTBASH FB Sainon: THK ek Rl OFe
in order t@esfyhéedasgainsie thegatioverrektiont fraperiidd & @e tgteakibl® but in a
synchraoni sati on performance. 30 This may be achieved by filtering the

sequencks Preferregempogdiss # iargle fikeghesanlpved.pass filter. Note that
this filter is applied prior to the subsequent squaring of the
sequences for decision statistic generation. Any noi se presence wl |
be better supprskiedgley fifiel thessi ag iprpuse trespons ithat. isTheariguldrein mafure,

be designed agai nst, t he autocorrel ation properties_of the preanble
but in a 5%9%?@4“&@%% P@at%(tm)&fdh%(@ﬁme@tw) 8RN Fed. A
triangle filter has;an inpul se response that is triangular in nature,
specifically theg < icients (taps) of the (discrete tinme) filter

are f _ ,N2 10as shdwn in figure 22. If the filter described above is

_ _ it bed ab
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the filter, since it is now closer to the maxi num as seen by

i nspect i orfigpfre f2Puniec@d belbeer ifigictheofhrédiold Vrossin@ secHriqud @8 benefited
reduced therefore 15 enhanci ngi'[tbot h the maxi rum and t hreshol d
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nore reliably recovered. o o
defined by a threshold on the decision statistic.

By accurately estimating the arrival time of the preamble (and therefore

the packet), the number of packet decoding failures may be significantly reduced.

25  Apart from improving the chance of recovering the data payload this has flow on
effects to the network users since both network control and data packets are now

more reliably recovered.

With reference to figures 24 to 31 a fourth embodiment of the present
30 invention is described in which the solution offered stems from the realization

that receiver sensitivity may be improved by improving channel estimates using



Wth reference to figures 24 to 31 a fourth enbodi nent of the present
30i nvention is described in which the solution offered stens fromthe
realization that receiver sensitivity may be inproved by inproving

channel estinmates using 62 synbol esthgat es fromthe encoded portion
of a packet and iteratively updating thése channel estimtes based on

recently EeeBblestiniata sumhak aieeal pabh BRESackdt fandt ahtASpetidatihg

the fourth” enbodi nent resides in transform ng each received data
synbol tothdse fchegoeneptimeias hasedenabrasenty faseiwse defa tsymb@ channel

snmoot hed channel  estinptes for.i ved de i hg. . . .
Advant ageSuanges: n2 KIS oL b af B ST Bentireidse i degrsfrming
decoded meaéh réediveathdatalyyniddl ab fheé regushandehastol aribte ty relyaEzobf time
decodi ng synbol n, updating the channel estimate for symnbol n,

updat ithg SR@otthelanneh estinatast for froproyefsisIcoding. (by ti me domai n

snmoot hing fromthe new channel estimate for synmbol n), decoding
synbol n-1, updating channel estimte n-1. I n accordance
with a fourth Anbadiageotslyhm theefenmth embediment, paoki CERMa syebbb chagnble

t f t Ki ti j h l's i ket b 5 .
ommn cafPeerey SR ShILPAEbEINNG @ chaelERap 16 ioh gV ach AnAgroding
estimate c I T i i yed
ot boer vedl RoERe toRalag 8 it Wl RERS nBE) (ARG KECchAR
estintl e estimatnder bumbdl onlahyatiket doatasn ssmbaethirghdrone | the snéwackarinel
S ooors, PeShat B o Bpoth] HERbeBR e R £ - BRELE e

packet data synbols. The net hod preferably conprises storing
t he channel estinmate reference in a channel estinmate data base at the
recei ver. The Heeecaidpres withm jourtnprbsdimentdhefeaenignveeligiplaides a

upciat i ng. 58 L, TRleoor SRk S AU Bp RPEOG £” RoBlef Based

snmootfed channelicativin syateamcehgrigiee. The nethod al so preferably
conprises for each suybsequent received data synbol within step b),

pi pel i ni ng _theakt ep@'@'z r%_&l}%"ﬂ@ir?gj",’“"?%%lﬁ?f&f%ﬁ@ bagrf 9%@&'1’&‘_@* ?'%‘é“”d
channe! esiifBfeuderl Rl Mcblietliackef bigimgep of FEC decoding. 30
63 nethods to track the time varying nature of the radi o channel and
its effect on bhe tupdatirig thed changmell esiimitet referaneé drased Tonu s, packedtd=da

o0 575" bl e Bkt BSOSk o BER o B S eviows
OFDM =3 gnﬁgceﬁ}é‘d@tgr@ﬁ]tjcﬁs;di scl osed and the fact that
c) repeating step b) at the arrival of subsequent packet data symbols.
The method preferably comprises storing the channel estimate reference
in a channel estimate data base at the receiver. The method preferably
comprises transforming the packet data symbol channel estimates to the
25 frequency domain prior to updating the stored channel estimate reference to
provide a time smoothed channel estimate reference. The method also
preferably comprises for each subsequent received data symbol within step b),
pipelining the steps of demodulating, modulating, and updating the channel
estimate reference with the further step of FEC decoding.
30
In the current state of the art, high mobility high bandwidth transmission of

information is limited by the inability of receiver processing fechniques or



5 these OFDM signals are error control coded. Thus high nobility,

hi gh bandwi dth data transm ssion is pernmtted. Additionally, the

techni que al so benefits fixed communication radio networks by

i nproving receiver sensitivity. Speci flt_r??l ly, the fourth enbodi nent

has been achi eved by devel oping an algorithmthat permts the
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performance analysis 1s al
embodiment permits the effective decoding of OFDM packets in rapidly varying

radio environments. Thus it offers benefits in terms of supporting increased
mobility at increased spectral efficiencies. It achieves this without increasing the
30 implementation complexity, or latency, while simultaneously increasing receiver
sensitivity. In this regard, it has potential in both high mobility and in fixed

wireless networks. Those practiced in the art will recognise that this embodiment



20 presented. Field of Application Thi s technol ogy applies
to a point to point comrunications |link where 25 transm ssions are
made using coded Othogonal Frequency Division Miultiplex (OFDM. In
general, coded OFDM transni ssions are égrm&d by 1. forward
error correction (FEC) encoding, over e (OFDM) synbol duration, the

i nf or mat i gihybbé SaphiB8o any wideZbak® &R aReteHRIVS PRt sRbiNa 3PHASH
FEC codi ng over one OFDM synbol may be bl ock coded or the coding may

conti nue aodedynguhanpiek nerial siyiteioks thetpreterredFembegitbent alsdve. Some

i hni ilahle. Th i i) | o)
coding on SEHAPIEDR i rdfioB T mRBiets e ARSI R cOF R r
enbodi mentpyitilardardim@nal devi ce enbodyi ng the 5 technol ogy

preferably resides in the baseband receiver processor Rx of a
recei ver 190 in the exenplary formof a wirel ess nodem 190 as shown

in figure 19. I\B%Hﬁgg%&gs{hﬁgﬁéﬁﬁéglse 03019'1@8%(8;0@%%1 baseband recei ver

Rx is shown in Tigur atency and OFDM

Synbol based Procesgergiveasiphnel and datd epaftstibn hassrdby analiigloddtionges
systens it is inportant to inplenent the receiver processing with as

littl e del ay betweefra iepraved Wsindsdataiaiged echniuete decodi ng of the

bits contained in the signal as possible.. This is inport j nce 1

the turn-around t% f%feq’&&kﬁa&mag'agéwg NQgss r@égﬁgﬁséa?@{'laﬁ \ﬁé’rml?‘ﬁs
the negwork perfornaAgkling relédddVbmeel sthestnad Tharhel Sdthnaied Yb¥ RARBLed
typically forces the use of per OFDM synbol processing. That is, when

a new OFDM Synbol s #@eedingf signal arrives the Baseband Rx shoul d

rel ease an OFDM s ols worth of informatjon hits. The del ay bet )
Lhe T nformat i on dhabReRGER My GsEes UG ChaaR eRIRFSSBTodnd IEDE
outcones of decodi ngHahpeRYSPRAte LTS b‘é@e?&eéé‘rﬁae@fﬁﬁ%or%fde%aﬁ,%l&ﬁw

Synbol s durati on. DM Channel Estinmation in Mbile Environnents 25In

nobi | e radi o conmunPeadictiurs of yhhenel fomeCEMB tectiep FEDNnSs/mbol loop
typically require the use of accurate channel estinmation nethods in
t he bbseband based processing.

¢ Consequent low latency, high bandwidth high mobility data.
In this fourth embodiment a baseband digital receiver technology that
enables the effective reception of high data rate signals from a mobile device
travelling at high speed is disclosed. A brief performance analysis is also

20 presented.
Field of Application

This technology applies to a point to point communications link where
25 transmissions are made using coded Orthogonal Frequency Division Multiplex
(OFDM). In general, coded OFDM transmissions are formed by
1. forward error correction {(FEC) encoding, over one (OFDM) symbol
duration, the information bits, then
2. conventional OF DM modulation.
30 The FEC coding over one OFDM symbol may be block coded or the
coding may continue across multiple OFDM symbols but per OFDM symbol



receiver. The channel to be estimated is a nultipath fadi ng channel

i nduced by notion and reflections in the field. Anong other uses, the
channel estimate is enployed to drive the FEC decoder, a critical
aspect of the receiver. In the case 30 OFDM nodul at ed signal s the
channel is normally nmeasured in the fre% ency domain, after the

recei ved sigilind dscHf@iesSiueeHs YRvdigbe. OFaM; %l\ﬁclé’rlcwﬁli%ﬁﬂgi?iﬂ%:%diggrbn

nobi | e conmuni cati ons systens the channel over gnal
travel s chiiedesDM symbolsdo amgrovief parfiemasicecl e speed i s hi gh enough,
t he channel may change during the reception of a packet. In related
art receiver techniques it is assuned that the nultipath fading

channel is invaaéapfthower thife das@imeahé NUnEiénANgedtt BSHbaRgOe
of the channel at the start of the packet. In nost 5standards (e.g.
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is exploited. The channel estinmate changes from OFDM Synbol to OF
Synbol . The’ 8% e rBaseoamdd® nent al so exploits the fact that the OFDM
synbol is encoded, enabling the use of decoded data as training
information for the channel estimator. The statistics of the way that
t he cHéinnel 15 lcatenggsand OF DM Sy nainol bhasedProgessing dlaapsexpl oi t ed

her e. An estimate of the channel in the frequency domain is
obtai ned. The inventor defines the CEDB as a Channel Estimate Data
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the frequency di mension (across 20 sub-carriers), but not in't
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channel and data estinmation. 25 Ref ) ) ,
performance. In OFDM modulated systems this requirement typically forces the
use of per OFDM symbol processing. That is, when a new OFDM Symbols
worth of signal arrives the Baseband Rx should release an OFDM symbols worth
of information bits. The delay between the information enabling the decoding of
20 an OFDM Symbol and the outcomes of decoding the Symbol must be of the

order of a few OFDM Symbols duration.
OFDM Channel Estimation in Mobile Environments

25 In mobile radio communications systems coherent receiver designs
typically require the use of accurate channel estimation methods in the baseband
receiver. The channel to be estimated is a multipath fading channel induced by
motion and reflections in the field. Among other uses, the channel estimate is
employed to drive the FEC decoder, a critical aspect of the receiver. In the case

30 of OFDM modulated signals the channel is normally measured in the frequency
domain, after the received signal has been sliced up into OFDM Symbol sized

pieces. In mobile communications systems the channel over which the signal



Function 1 Estimate Tine and Frequency O fsets based on Preanble 2
Initialise CEDB based on Preanble 3 For Each OFDM Synbol (n=1:N)
3.1 Transform Rx OFDM Synbol into Frequency Domain (apply FFT) 3.2
Correct Rx OFDM Synbol for Tine and Frgguency offsets 67 3.3
Generate Channel Estimate for OFDM Sy | n by prediction from CEDB

3.4

10

15

20

25

travels changes with time and, if the vehicle speed is high enough, the channel
may change during the reception of a packet. In related art receiver techniques it
is assumed that the multipath fading channel is invariant over the packet
enabling the one-off estimation of the channel at the start of the packet. In most
standards (e.g. IEEE 802.11a) a preamble is transmitted at the start of a packet
for exactly this purpose.

Preferred Method

In this method according to a fourth embodiment the partitioning of the
received signal for OFDM to provide a convenient boundary for tracking time
varying channels is exploited. The channel estimate changes from OFDM
Symbol to OFDM Symbol. The preferred embodiment also exploits the fact that
the OFDM symbol is encoded, enabling the use of decoded data as training
information for the channel estimator. The statistics of the way that the channel

changes with time and frequency are also exploited here.

An estimate of the channel in the frequency domain is obtained. The
inventor defines the CEDB as a Channel Estimate Data Base containing channel
estimates for each OFDM symbol, smoothed in the frequency dimension (across
sub-carriers), but not in the time dimension. The method comprises the following
steps, as set out below, for a packet with N OFDM symbols. Steps required for
OFDM window synchronization occur prior to the processing shown here. The
inner loop (3.4) is of length, L, OFDM Symbols and enables iterative channel and

data estimation.

Ref Function

1 Estimate Time and Frequency Offsets based on Preamble

2 Initialise CEDB based on Preamble

3 For Each OFDM Symbol (n=1:N) {

3.1 Transform Rx OFDM Symbol into Frequency Domain (apply FFT)
3.2 Correct Rx OFDM Symbol for Time and Frequency offsets




For Each recent OFDM Synbol (men:-1:n-L) { 3.4.1 Denodul at e OFDM
Synbol m using Channel Estinmate 3.4.2 FEC Decode OFDM Synbol
(outcones also released to upper layer) 3.4.3 Cenerate Training by
renodul ati ng FEC Decoder CQutcones 3. 4. 467 Updat e CEDB using Trai ni ng
and Corrected Rx OFDM Synbol 3.4.5

10
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3.3 Generate Channel Estimate for OFDM Symbol n by prediction from
CEDB
3.4 For Each recent OFDM Symbol (m=n:-1:n-L) {
3.4.1 Demodulate OFDM Symbol m using Channel Estimate
3.4.2 FEC Decode OFDM Symbol (outcomes also released to upper
layer)
3.4.3 Generate Training by remodulating FEC Decoder Outcomes
3.44 Update CEDB using Training and Corrected Rx OFDM Symbol
3.4.5 Generate Channel Estimate for OFDM Symbol m-1 from CEDB
}
}

The channel prediction (step 3.3 above) and generate channel estimate (step
3.4.5 above) both apply CEDB time domain smoothing across OFDM symbols in
their implementation. The strength of the smoothing (across Sub-Carrier and
OFDM Symbol dimensions) are independently controlled by a process not

described here.

Advantageously, the fourth embodiment provides:

1. lterative Channel and Data Estimation whereby the initial estimates
(resembling those that would be obtained conventionally) are improved (step 3.4)
using data aided techniques.

2. Frequency Domain Smoothing stored across OFDM Symbols
enabling release of time smoothed channel estimates for improved decoding
(steps 2, 3.4.4).

3. Decoder outcomes drive channel estimates stored in CEDB (steps
3.4.3,34.4).

4. Prediction of Channel from CEDB to start up loop based processing
(step 3.3).

Parallelism may be exploited for implementation purposes by two

processes running in parallel comprising.




Generate Channel Estimate for OFDM Synbol m1 from CEDB } }

The channel prediction (step 3.3 above) and generate channel estinmate
(step 3.4.5 above) both apply CEDB tine domain snoot hing across OFDM
synbols in their inplenmentation. The sgéength of the snoothing
(across Sub-Carrier and 5 OFDM Synbol di'mensi ons) are independently

control led by a proaeﬁﬁ;dn@uoﬂes{ﬁédmsﬂom%@ cheMAaT églﬁﬁé't%ﬁ/’sté (steps
fourth enbodi nent provide . Iterative Channel and ta

Esti mat i oR-4hed 863 3hé & ﬁl‘k Phlangst | rrat es 10(resenbli ng t hose that
woul d be obt ai Q_ed C?%@BEE&Q% (¥t)ep63r.2.2 nproved (step 3.4)

5 While Process 1 is working on OFDM Symbol n, Process 2 is working on
OFDM symbol n-2. This offset requires the predictor in Ref 3.3 to look ahead
one extra OFDM symbol.

The benefits obtained by use of this embodiment’s technology are now
10  described.

Complexity
By exploiting pipelining of the FEC decoder function the most difficult
aspect of the receiver device is fully exploited while maintaining a highly adaptive

15  capability in terms of the propagation environment.

Sensitivity
By accurately estimating the channel, the performance of the decoder
stage may be significantly improved (typically in excess of 1 dB increase in
20  receiver sensitivity). This has been found to be the case even for time-invariant
channels and is realized by exploiting data symbols for training purposes. In the
case where mobility exists the ability of the receiver to track the channel in time
allows the receiver to operate effectively where conventional systems may fail.
At the same time, the benefits of iterative (mulii-visit) estimation of the data

25 symbols are realized.

Latency
By employing per OFDM symbol processing and pipelining the FEC
decoder the inventor has obtained the earliest possible release of high quality
30 data estimates. Therefore the receiver operates without increasing latency
relative to conventional techniques. It should be noted that conventional

techniques may fail in high speed mobile conditions.Performance Analysis




usi ng data ai ded techni ques. 2. Frequency Donai n Snoot hi ng
stored across OFDM Synbol s enabling rel ease of tinme snoot hed channel
estimates for inproved decoding (steps 2, 3.4.4). 153. Decoder

out cones drive channel estinmates storeds4in CEDB (steps 3.4.3, 3.4.4).
4. Prediction of Channel from CEDB to st%E?t up | oop based processing
(step 3.3). Paral l elismmay be exploited for

I npl enent ati on Purposes by two 20processes running in parallel

conpri si ng. this section denwedamats of thenstidé saridonhamnk! cestimmates that are

estimation teps 3.4.1. 3.4 3 4.4 & 3. and. 2.
FEC Docod %%fa?f%ﬁs 58Sy vl TP albiecd i 168, Brobiodke o SeiemREgRRSSing
n, ProcesstedhhRjuesrdfegotdePFr DM Xttholited-of thd momrﬁﬂﬁfééﬁoﬁé%ﬁhk L8&d iM¢he
predictor in Ref 3.3 to | ook ahead one extra CFDNIsy

The berfef | ©XropleATREMOBY indhe dable edvenbodi ment ' s technol ogy are now
10descri bed. Conplexity By exploiting pipelining of the FEC
decoder function the nost difficult aspect of the receiver device is
fully exploited while maintaining a highly adaptive 15capability in

terms of the propagation environment. Sensitivity By accurately
estimating the channel, the perfor mance of the decoder stage may be
significantly inproved (typicatty Tmexgess of 1B Tncrease—™n
Quantity Value Unit
Bandwidth 16.0 MHz
Carrier Freqency 5.0 GHz
Number SubCarriers 256 SubCarriers
OFDM Symbol Duration 16 us
OFDM Symbols Per Packet | 38 OFDM Symbols
Mobile Unit Velocity 30 ms”
CoherenceFrequency 3.0 MHz
Bits Per SubCarrier 2 Bits
Pilot SubCarrier Spacing 32 SubCarriers
Eb/No 8.0 dB
FEC Rate 172
FEC Memory 5
Derived
Channel Coherence | 48.0 SubCarriers
Frequency
Channel Coherence Time 62.5 OFDM Symbols
Packet Length 640.0 us
Doppler Frequency 0.5 kHz
10 The actual radio channel (measured after FFT application in the receiver)

is shown in Figure 24. The rapid phase rotations in the Phase plot result from

FFT window misalignment and residual intermediate frequency in the down-



20 receiver sensitivity). This has been found to be the case even for
time-invariant channels and is realized by exploiting data synbols
for training purposes. In the case where nobility exists the ability
of the receiver to track the channel iQOtine all ows the receiver to
operate effectively where conventional Systens nmay fail. At the sane

time, the cBﬁF@fsidrﬁst@ﬁd Mhesatdry sofﬁ’f}éaﬂz\rgﬂidj irﬁ%ﬁté@?b@@éﬂ@&véﬁﬁt@ﬁét@s

25synbol s are realized. Latenc npl oyi ng pe

y
processi n§oknef phess parangeterte apgaNndy disd eempkosatedeior dhemagn ehswnhed by

Ther of or e ST 8P BRUP, o isERR ARt BoTo it ol i Fi B, RofSiney s
t o convenfigoratepresdits ehesctubl rasiioohshrize coatedtiiain estmvarid @nstity and
techniques may fail in high speed nobile conditions. Performance

Anal ys?s Issghbwnt hete &icarwmssaienérufprecst Anecokietliveanti tomaraeiver is to
esti mat es a[:&?rlat gsgm%?és@lﬁagﬁé&ggggﬁmgﬁ ional, idealised and the

proposed recei ver proce ni ques are provided. The
attributes of the communications link used in the 5 exanple are shown
in the table below. Quantity Value Unit Bandwi dth 16.0 MHz Carrier
Fregency 5.0 GHz

Conventional Processing
10
In conventional processing the radio channel is estimated based on the
preamble only. The main restriction with this approach is that the radio channel
(after correction) must be invariant across the frame. As shown in figure 25 this
is not the case since there is a phase change at around OFDM symbol 30 in
15 some of the sub-carriers. It is therefore expected that decoder failures starting at
around OFDM Symbol 30 of the packet will occur. This is indeed the case as

shown in figure 26,

Preferred Method (Perfect Training Symbols)
20
Figure 28 shows the performance of the proposed system is shown with the
possibility of decoder failures for training symbol generation eliminated. The
decoder outcomes for data recovery are still recorded hence the errors in figure
28. This represents the best possible case for data aided radio channel
25 estimation. It is possible to compare this result with that obtained using decoder
outcomes for training in the following section. Note that the number of errors has

dramatically reduced relative to the conventional technique.

Preferred Method

30 In this section the performance of the proposed method is evaluated. The
CEDB is shown in figure 29 and represents a good estimate of the radio channel
even though smoothing across OFDM symbols has not been employed. The




Nunber SubCarriers 256 SubCarriers OFDM Synbol Duration 16 us OFDM
Synbol s Per Packet 38 OFDM Synbols Mobile Unit Velocity 30 ns-i
CoherenceFrequency 3.0 MHz Bits Per SubCarrier 2 Bits Pilot
SubCarrier Spacing 71

10

15

20

25

30

smoothing across sub-carriers is however evident. Once the smoothing across
OFDM symbols is employed a very good match to the actual radio channel is
observed, as shown in figure 28. As can be seen in figure 28 and figure 29 the
error obtained using the proposed method results in the same error pattern as
the idealised method. The error performance is vastly superior to the

conventional method as shown in figure 26.

With reference to figures 30 to 34 a fifth embodiment is described, which
stems from the realization that receiver sensitivity may be improved by use of the
outputs of a receiver's decoder as additional pilot or training symbols and
updating these iteratively with each symbol received for the recalculation of a
channel estimate, and frequency and time offsets as they vary throughout a

packet.

In one aspect the fifth embodiment provides a system and method of
communicating in a multiple access packet based network by estimating time
varying channel impairments, where channel impairments comprise channel
variation, signal frequency offset and signal time offset, comprising:

a) initializing a set of channel impairment estimates based on initial
pilot and preamble symbols included in a received packet:

b) performing a decoder operation which comprises processing the
set of channel impairment estimates and the received packet to determine a set
of transmit symbol estimates;

C) updating the set of channel impairment estimates through use of
the determined set of symbol estimates and received packet:;

d) repeating steps b) and c).

In another aspect the fifth embodiment provides a system and method of
communicating in a multiple access network by time varying channel estimation
in a receiver for receiving transmitted packets, comprising:

a) estimating a frequency offset based on information included in a
received packet preamble;

b) correcting a received signal using the estimated frequency offset;



32 SubCarriers Eb/No 8.0 dB FEC Rate 1/2 FEC Menory 5 Derived
Channel Coherence Frequency 48.0 SubCarriers Channel Coherence Tine

10

15

20

25

30

72

c) determining a channel estimate using information included in the
received packet preamble;

d) transforming a sample sequence of the received signal into the
frequency domain such that the sample sequence includes OFDM symbols and
intervening cyclic prefixes;

e) performing a decoding operation which comprises processing the
determined channel estimate and received packet;

f} generating a transmission sample sequence using the decoding results
and information in the received packet preamble;

g) ftransforming the transmission sample sequence into the frequency
domain;

h) updating the determined channel estimate by combining the received
sample sequence and the transmission sample sequence in the frequency
domain;

i) repeating steps e) to h).

In a further aspect the fifth embodiment provides a system and method of
communicating in a multiple access network by time varying channe!l estimation
in a receiver for receiving transmitted packets, where the receiver retrieves
OFDM symbols from a received signal and transforms the retrieved symbols to
the frequency domain, comprising:

a) determine a matrix of fraining symbols comprised of symbol estimates
derived from a decoder;

b) determine a matrix of frequency domain received OFDM symbols;

c) determine an intermediate channel estimate matrix by multiplying the
OF DM symbol matrix by the conjugate of the training symbol matrix;

d) determine an intermediate matrix of training weights comprising the
absolute value of the training symbol matrix;

e} perform a smoothing operation on both intermediate matrices
comprising 2 dimensional filtering;

f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.



62.5 OFDM Synbol s Packet Length 640.0 us Doppl er Frequency 0.5 kHz
10The actual radio channel (measured after FFT application in the
receiver) is shown in Figure 24. The rapid phase rotations in the
Phase plot result from FFT wi ndow mi sal ?gnmant and resi dual

internediate frequency in the down- 70 Conversion step. These are
both real-world inpairnments. The receiver estimates both of these

paraneters and nmay be conpensated for themon a synbol by synbol
basi s. The resuln Yaifanaihey aspeckths tith esbokdivent proridgsra spsemiand: mefiaed

bt Tt o 8 SARAED A houd BAGKE @R heipBICEL eSRBRT GiisB 48 rreeiver

obj ective fof rémv;ngqmn\gﬁfﬁe@>pga(agcwmp@m{ estimate this corrected
channel . Conventi| onal Processi ng | n conventional processing
the radl o chann®) determaine; ramaiix BB@G'V@G' @hPMpswakeise only. The nain

restriction wity Utk BRpr0aahl S of Nt ddifel 2t CHABBR! WHARLA tne data

correction) nust’ be |nvar|a own 1nTigu
this i s nosyrmhbescasgpriserare ¢ohmoee bbpreaptids etrainmgomdéstanatedbyoNg;
symbol 30 in c) determine a 2 dimensional Fourier transform matrix comprised of the
received symbol matrix multiplied with the conjugated symbol matrix;
10 d) filter the Fourier transform matrix;
e) determine time and frequency offsets by locating peak power

occurrences within the filtered Fourier transform,

The fifth embodiment provides reliable estimation of channel impairments.

15 Inthe related art, that is, in the theoretical rather than practical context, decoder
outcomes are employed to assist with the estimation of channel coefficients and
synchronisation of received signals in radio communications systems and radio
networks. The difficulties encountered with these present theoretical approaches

to decoder outcomes include the appropriate treatment of the uncertainty of

20 these decoder outcomes in what would otherwise be conventional channel
estimation and synchronisation techniques. In other words , the difficulty of
applying one-shot or preamble-only channel estimation techniques or processing

to an iterative process leads to less efficient and less accurate channel estimate

and synchronisation performance. With this in mind, in this embodiment the use

25 of a channel estimation and a synchronisation technique that employ an entire
packet's worth of decoder outcomes (in addition to the preamble) is described.
While others also have advocated this approach (at least in general terms), in the
present embodiment, the specific method to manage uncertainty in the decoder
outcomes and subsequent processing are distinguished from the related art by

30 the features described here below. In this embodiment, in estimating the
channel, the inventor first employs the frequency domain version of the

remodulated decoder outcomes and preamble as training symbols. Then



15 some of the sub-carriers. It is therefore expected that decoder
failures starting at around OFDM Synbol 30 of the packet will occur.
This is indeed the case as shown in figure 26. Preferred Mt hod
(Perfect Training Synbols) 20 Fi guype 28 shows the perfornmance of
t he proposed systemis shown with the possibility of decoder failures
for trai neagpsiyeipl gefesRdy Aonlih NEREHRY. es'm@ateeﬁaﬁﬁrtm@umwn? | bol
data recovery are still recorded hence the errors in ure
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esti mat esth@ar@eelved algnah%nﬂ then applies a 2 dimensional Fast Fourier Transform. By

then executing a peak power search estimates of both the residual time and

20 frequency offsets are obtained. These may then be employed to enable effective

synchronisation.

In another aspect a channel estimator has been provided. This aspect

employs the outcomes of soft FEC Decoding (e.g. SOVA) to improve the quality

25  of the radio channel estimate so that repeating the decoding step, using the new
channel estimate, offers improved outcomes. These soft outputs are used to
generate soft training symbols. Firstly, muitiply the received OFDM Symbol
matrix by the conjugate of the Soft Training symbols to get an intermediate raw
channel estimate. Then compute a further intermediate matrix of training weights

30 equal to the absolute value, or absolute value squared, of the each of the soft
training symbols. Both of these matrices are then smoocthed using filters based

on channel statistics. The channel estimate is then obtained by dividing the



20 pilot and preanble synbols included in a received packet;

b) perform ng a decoder operation which conprises processing the set
of channel inpairnent estimtes and the recei ved packet to determ ne
a set of transmt synbol estinates; = c) updating the set
of channel inpairnment estinmates through %se of 25 the determ ned set
of synbol } L ; iaid) i ;
tepe by angoo]dcra BhaRELL Tl BE the soainpd ain @ WERRE e in an
provi des aeleyand wise dashierod hefimparhuhtriaaspection highuhobifitye higicdat rate

ecerving (BRI HERS aERRIES uBhbe srhEEnk ey thETE ieHigRh i the art
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preanbl e; b) correcting a received signal using the estina
frequedcy @spdegreasgp the ability &) ageersmedaie gapidiyhehanging sadiaathanosisnand

information | I he. .t ived .pack reanbl e; . d)... .
{rans or i g AR o Sl b B RBRE ko BlFRE MiEpsschimsepyps sehbitivit
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oper at i on HWHYRS ¥8ighigl &elqeitydeeePng t he det ermi ned channel estinate
and received p t; : eratin LI a 1 S5 : e
sequence usi ngaﬁﬁ% {?eug\gm%gaérr}ejggﬁ?s ag%d u?’ﬁ?oﬁm |%1na|§éné)r t@ﬂrgbléemeedﬂﬁh
packet10pr eembbdimeldg) transform ng the transm ssion sanpl e sequence
into the frequency domain; h) updating the determ ned channel
estimate by conbining the received sanpl e sequence and the

transm ssion sanpl e sEgppnce | “ALFE'@stéFE&qF’Rﬂ)%ili@P”ai m;

DSP Digital Signal Processor

FEC Forward Error Correction

FFT Fast Fourier Transform

IF Intermediate Frequency

IFFT Inverse FFT

OFDM Orthogonal Frequency Division
Multiplex

RF Radio Frequency

SOVA Soft Output Viterbi Algorithm

This fifth embodiment of the invention provides a suite of baseband digital
receiver technologies that enables the effective reception of high data rate

15 signals from a mobile device travelling at high speed.
Field of Application
This suite of technologies applies to point to point communications links

20  where transmissions are made using coded Orthogonal Frequency Division
Multiplex (OFDM). As noted above, coded OFDM transmissions are formed by



15i) repeating steps e) to h). In a further aspect the fifth
enbodi nent provides a system and nmethod of communicating in a

mul tiple access network by tinme varying channel estimation in a
receiver for receiving transmtted paclfg where the receiver
retrieves 20 OFDM synbols from a received S|gnal and transformns the
retrieved synbol s, t SLIG: )s
Geterm ne amatrix SR eeRGonoE ST (PES) SRCBRRLELAF one (OFDMsymbol
derived from a decodaration, the informabipndetsetreinne a matrix of frequency
domai n recei ved OFDM synhol s; m eferm ne an internedi ate channel
estimate matrix WYy ﬁﬂ'f“t’? W‘?h@F “@fﬁ)ﬁ@ UMhbol matrix by the
conjugate of the training synbol matri x; d) determ ne an
internediate matri x of training weights conprising the absol ute val ue
of thebtraini nghsyRB6! codingiover one OFDM symbpl pef denbeck numiedd og the
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network by estinmating offsets in a receiver for receiving transmtted
packets, conprising: 5a) determne a matrix of received OFDM synbol s;

b) det@rm ne aTypicaily i tmﬁbldg@t@dudé@tm thgHekpaibl eEcidel P CEBSEN of a
synbol s conprise one or nore of preanble, training and estinmated
synbol s; wireless modem. fisdpegtian i Ia SPOWNHB g AP asgne. BRsehaisRyr m
matri x conprised of the received synbol matrix nmultiplied with the
conjugated synbol matrix; 10d) filter the Fourier transformmatri x;

e) determ ne timpackel tfasedmnmyuuibﬁﬁmhss%tehmdatsi ingpqmm tqnémalement the

occurrences within the filtere ourier ansf fth
Ohotl mon Es RIBSETSINg UL At el h BShvesA tHa 1A VAP HaRes. and the

the red at gdcdtihg o HRd bits 1cohﬂa|ﬁé’t?3ﬁ ﬂ@él@hhlcé’é gb@élﬁ%r Thans %g%ﬁhﬁ@éince

context, decoder outconmes are enployed™to assist wth the estimation
of channethectenfareinshtimesiod asknewicdgeseniois afsigratieani ativer émiiesngtwvork

encount or Bl 040 eh b S AT T el b Y5 B auletBert b olidif quRs e

out cones igs bEger OFDMRRHbRI bdcesk rgat HeWever ad BignanprIdesbincapbbiifles
t hese decoder outcones in what woul ot herwi se be conventi onal

channel etRMAYEITIR eavisagpd dhatanaher, sroredqraweréi eptionnwil brgom ayailable
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estimati on t ques” or processing Iterative proce
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per f or mElni%eci_zrrrzznt tett:ll;'ri]iaugag on}y a por€1 orﬁ rc]> %heepé)coe%e Qltgn:[a ;% éjr%pioyed to assist
with the decoding of any particular information bit. Typically, a local channel
estimate may be formed using a portion of the observation and then decoding for

25 that portion may be executed. The benefit of employing the observations, to
follow, to assist with channel (or any other unknown parameter) estimation is
currently not realised due to implementation complexity and performance of
currently available DSP technology. Here the fifth embodiment provides
techniques that employ the entire observation to improve the channel estimation

30 and hence reduce decoder errors. In addition, the transmitted waveform is often
structured to permit per OFDM symbol processing at the receiver. [f this

requirement is relaxed, frame based channel coding techniques may be applied



25 of a channel estinmation and a synchronisation techni que that

enpl oy an entire packet's worth of decoder outcones (in addition to
the preanble) is described. Wiile others al so have advocated this
approach (at least in general terns), in,the present enbodi nent, the
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reliably cdedtlosletagiodfatherpaeget. ssi ons. Li kewi se, increased receiver

sensitivity | eads to reduced packet |oss rates and increased range
for OFDM based systens with high velocity nodes.

However, the quality of the communications link may be increased by

employing the use of data aided techniques in the estimation of the radio

30 channel. In this case, the result of applying the FEC decoder on the received
signal generates an estimate of the transmitted symbols which, while not

absolutely accurate, are suitable for exploitation as additional pilot symbols.



The followi ng acronyns are used in this description of the fifth 10
enbodi ment. APP A-Posterior Probability DSP Digital Signal Processor
FEC Forward Error Correction FFT Fast Fourier TransformIF

I nt er redi at e Frequency | FFT | nverse FF"a'éCFDM

Ort hogonal FrequencyDi vi si on Mul ti pl ex
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Radi o Frequency SOVA
Typical examples of data aided channel estimation for OFDM are implemented in

the frequency domain and therefore suffer power iosses due to discarding of the
cyclic prefix from each received OFDM symbol. The discarded cyclic prefix is
theoretically useful for channel estimation and typically accounts for 10-50
percent of the received signal energy. Since the fransmitted symbols
determining the cycling prefix may be estimated at the receiver, this energy is
potentially useful, as illustrated below, in the estimation of the radio channel and

should not be discarded.

Frequency and Time Offset Estimation

Frequency offset arises due to the imprecise down conversion of the
received signal from RF or IF to baseband. Time Offsets are commonly caused
by inaccuracies in the packet arrival time estimation due to the impact of
multipath fading channel and noise. Multipath, or Time dispersive, channels
result in multiple copies of the transmitted packet arriving at the receiver at
different times therein decreasing the certainty in the time of arrival of the packet.
Conventionaily, estimates of the frequency and time offsets are initially made
using the preamble of the packet and maintained using pilot symbols, inserted by
the transmitter, throughout the packet (e.g. 802.11a). An example of this packet
format for 802.11a is shown in figure 30.

rrequency offsets manifest as inter carrier interference and a constant
phase rotation across OFDM Symbols and Time offsets manifest as phase
rotations across the OFDM Sub-Carriers. The inventor assumes that fine Inter-
frequency offset estimation is required consistent with the residual errors after an
initial frequency offset correction. The phase offsets induced in the received
symbols are due to the combined effects of the data moduiation, transmission
across the radio channel, imprecision in the frequency synchronisation during
down conversion and imprecise time of alignment of the OFDM symbols during

the time to frequency conversions. In order to estimate the radio channel, the



Soft Qutput Viterbi Al gorithm This fifth enbodi nent of the

invention provides a suite of baseband digital receiver technol ogies

that enables the effective reception of high data rate 15signals from

a nobile device travelling at high speegg Field of Application

This suite of technol ogies applies to point to point comruni cations
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systens it is inportant to il enent the_ receiver processing with as

littl e del 8YPiREweRlA iHed deshngresfo Signisantyjmnrpye the pggobnanee of the
the Cur - Sediafidifloy Pndidify R ThoRes ST ABilatBitS the oL ARAfoT Braclle

t he netOwor k performance. | n OFDM nodul ated systens this requirenent

typically forceg the u er OFDM synbol processi ng. However as
si gnal processi%f;o %%%Fm%%f’@s inprove it is envisaged that another,

nore powerful option, will becone available 20 to system desi gners.
The nore powerful technique will enploy the entire observation in
maki ng deci si onEh@pwmiho@pepgossid: hereds aniitaralivg pragess thaiaisesdbe outputs of

o nesi st GPUIHREr BEgM P ERspnbE ol PR TRuT Al i bBa 1O eXtftte
Typi cald y, amd fercthle wrautiopssi et Red@endycand i offsétadad thsy vagNa&bss
t he observation and then decoding for 25 that portion may be

execut ed. MRPIERES ﬁolisﬂi\@iw g{gRgve shalbpefer \aeffents, ofithefrpultipath elannel

assi st wt el a apeter) i at i .
ooy ot 1y QrfibABERth heARUaBbAGT HREROWURRKHARTFE) RESbr TR 6 basBband
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enbodi ment_ provi des techni ques that. enpl oy the entire gbservation to
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per OFDM s%nbol processing at the Treceiver. It this requirement is
rel axed, ftharteansaysgionisehaeie. chwesgestooains que sisedyo lskivaghe initial execution
of the decoder and generate the first transmit symbol estimates. Iterations
thereafter use the transmit symbol estimates of the previous iteration as new pilot
symbols to aid in the estimation of the channel impairments. The new channel
25 impairment estimates are then used to re-run the decoder and generate new
symbol estimates. This process may be repeated / times where / is the number

of iterations and is an integer greater than equal to zero.

The details of the specific channel impairment estimators will be described

30 in the following sections.



77 to further inprove the performance of the conmunications |ink.
Exanpl es of these techniques are the use of packet |evel interleaving
and Bl ock (e.g. Turbo) coding which may offer |arge perfornance
benefits. 50FDM Channel Estimation in bi |l e Environments In
nobi | e radi o conmuni cati ons systens cohérent receiver designs require
t he use of accyhanfefFR3ERMtiGpt i mati on techni ques in the baseband
receiver. The channel to be estimated is a nultipath fadi ng channel

i nduced by 10 relative notion and nmultiple propagation paths between

the transmtte n eceiver_an esi dual oL

Tr ansm 1 Recer VA0 RGN & e ifoleBr aliliph g tfebibangl o Dog, may
anong ot hpe uss@swhén thé irddiot ditannBCislesiaderbe mvariaht 6@¢r BRP@Gtioh dflike
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vehi cl e speed s hi t he cha nel e over the
duration of a Sﬂk'sgce% %{]‘Paﬂgnak%{) %Iod'rfg'?ﬁ& experienced at
the start of the packet being substanti aI ly different 20 that

experienced at the end of the packet when viewed fromthe receiver.
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i nk may %g |nc(r}léfaesset8pls)>?xgﬁ%|1%oyl %gstfhh&”ge of data ai ded techni ques
inthts estimation of the radio 30 channel. In this case, the result
of appl yphrgthe FEC decoder on the received signal generates an
estimat e @eft he thacgemtted synbol s which, while not absolutely
accurate, are suitable for exploitation as additional pilot synbols.
78 Typi cgh exanm f | tTom for CFDMare
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diff
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time offsets are [Domaat |y made 20 using the preanble of the packet
and mai ntaned-lysing pu ot c\/n‘hnl S Haserted hy the fr::ncmffnr,

t hr oughout t he Ba{cket (e g. 802 11a) An exanpl e of this packet
format for~802- TTa s showr im figure 30:

~

Steps 1 through 3 are common operations performed in typical OFDM
receivers, Step 4 would not normally be found in an OFDM receiver.

Conventionally the received sequence is sliced up into small OFDM Symbol



Frequency offsets manifest as inter carrier interference and a
constant 25 phase rotation across OFDM Synbols and Tinme offsets
mani f est as phase rotations across the OFDM Sub-Carriers. The
i nventor assunmes that fine Inter-frequeg;l'l:y of fset estimation is
required consistent with the residual errors after an initial
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many nore S ols availahle to the estimation process.. 10 Proposed
Verhoa ebeRav i Bnoiblisial head Sslietebase B d5E RDaingi USRS Svered
uses the omftrgrémserbnt he decoder as additional pilot synbols for

recal cul ation of the channel estimate 15 and for the recal cul ati on of
the frequency and tine offsets as they vary across the packet.
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applicabl e
result over the previous execution.

Many different types of “soft output” decoders are available presently,

including Soft-Output Viterbi Algorithms (SOVA), A-Posteriori Probability (APP)

30 Decoders and various types of Turbo Codes. These soft outputs are used to
generate soft training symbols according to techniques that may be found in the

relate art literature, which would be understood by the person skilled in the art. |t



channel varies over the duration of the packet. Sequence Based
Channel Estimation for OFDM 10The sequence based channel esti mator
descri bed here applies when the channel is invariant over a packet
or, any substantial fraction thereof TRLs technique exploits all of
the avail able received energy and is inplenented prior to the OFDM

synbol sl jCinadugeopv@ate %ﬁltm{mﬁg%k/ﬁ)b%% WRidheeRuNes %af'é?{tl %@Méaﬂ@\%ﬁd
The steps executed are as follows 15 Ref Function Esti mate

Fr equency adfinpeevagsieshninueasraposeddiarect Recei ved Si gnal for
Frequency O fset 3 Estimate Channel using Preanble 4 Convert Rx
Sampl e Sequence to Frequency Domain 5 For Some Nunber of Iterations {

5.1 [n the absence of noise, and other impairments, a received OFDM Symbol
5 is equal to the multiplication of the transmitted OFDM Symbeol and the frequency
domain channel. If an OFDM system has N sub-carriers (frequency bins) then

we may define vectors of length N to represent the transmitted data d; and radio

channel h; for some OFDM Symbol period /. The received OFDM symbol in this

case is r = d; .* h;, where the operator .* corresponds to element-wise

10  multiplication of the vectors. In the case where d; is known perfectly at the
receiver (e.g. if it were a pilot symbol) then the channel could be recovered

perfectly in this ideal noise free case as

ho=r.ld=h
15

i

where, similar to the *.* operator, the ./ operator corresponds to an

element-wise division of the vector elements. In data aided techniques the
decoder outcome, d, is used instead of the actual transmitted data. This

estimate is subject to errors. The fifth embodiment involves a technique that
20 accounts for this uncertainty in the “iraining” symbols. The method may be
employed for time varying or invariant radio channels and takes a slightly
different form depending of the channel variation. The following is a description
of the estimator for time varying radio channels.
Assume the following is provided:
25 1. an entire packets worth of received OFDM Symbols R, and
2. an entire packets worth of soft training symbols D (some may be

“hard” pilot symbols).

It is possible to structure these two objects as matrices as shown in figure
30 31 for M sub-carriers and N OFDM Symbols, where the rows are sub-carriers

(tones or frequency bins) and the columns are OFDM Symbols (time).



Decode Packet using Current Channel Estinmate 5.2 GCenerate Tx

Sanmpl eSequenceusi ngDecoder Qutcones & Preanble/Pilots 5.3 Convert Tx
Sanpl e Sequence to Frequency Domain 5.4 Estimate Channel By Dividing
Rx Sanpl e and Tx Sanples in Freq Donuin,,} Steps 1 through 3
are comon operations performed in typi%%ll OFDM recei vers. Step 4

woul d not norma e ' [ Woly!
recei ved sequenttytf@ rgl ﬁ@’@g thg fgr%ﬁ?:snn mmfmﬁﬁ%?apg{r% 3(?8&1!1@3‘[(3
separ at ed (@endyed PC) Bf die Bafegrainisgwdyntiolarte ghtsamrictednetath rafv tHesel

S e E N M LR KT AT A
gﬁ??/?ret sag;kﬂeets@gurs?% aivididle RACEIvAHpRAMBhE PIRSH RBRDUSA fUrfiRF SRERANSIRRe
matrix of training weights T = |D| or other functions such as absolution value

squared. Then apply smoothing to both of these matrices using a two
dimensional filter ( f } matched to the channel coherence time and frequency.

This filter outcome may be approximated by implementing smoothing
independently in the time and frequency domains (rows then columns or vice

10 versa) to save complexity. The estimate of the time varying channel is then

derived as
H =f0) £ = f(R*D").J (D)

15 The uncertainty in the decoder outcomes is accounted for in the step
where the absolute value of the training symbols was obtained. Small training
symbols result from uncertain soft output from the FEC decoder step. A soft
output FEC decoder will output a zero when a reliable estimate cannot be
determined. Multiplication (in the R.*D’ step) by a zero effectively exciudes that

20 symbol estimate from the channel estimation process. Note that in the next
iteration the symbol estimate may have firmed up, due to improved statistics
driving the FEC decoder, increasing its reliability and therefore it may now be
included in the channel estimation process. In the ideal case the decoder will
output correct, hard decisions and all data symbols will be used as perfect

25  training to yield a very accurate channel estimate.

In the case that the channel is assumed time invariant across the packet
the filtering function simply adds up the column and resulting in a column that is
assume to apply over the entire packet.

30



5 selected portion thereof, including the cyclic prefix regions into
t he frequency domain to enable frequency domai n channel estimate at
the sequence level. This requires the other steps (5.2 and 5.3) which
produces a hypothesis of the entire pagﬁgt' s frequency donain
transmtted signal. In the frequency d in the received signal is
equal to the t t Sy :
any noi se. Thi i@fg gﬂe (rt:{é%éc'x ﬁ(ﬁ erg‘dél;lﬁl'vﬂe'égﬁ%ﬁﬁe MFE dﬁﬁ;{é‘r@@@hal fé&ﬁmcﬁlhgd
be repl acéulthe taw ahammlrammate aedrtraasmgnmight ilsadiﬁdeohmdyebwwairmmrwd In
Mean Squated Error rrtter on. ch} 'W&! Sti matr with Soft Training
Synbol s 1H165€ Cases % BRYR &N ANt GY ‘rH%t?c‘P’? cpehere operates in

the frequency na f on tyl receiver. It is assuned
that the recei \%d’ﬂ@jﬁ@ %gﬁsllﬁgafldfzﬁ into OFDM Synbol s, the
Cyclicgprefix h%?@'f ,anﬁjl efh‘?eﬁt%ﬁf;éﬁehf‘gr DM Synbol s converted to

t he frequency ormai n {RE Ug e .20 These processes are
found in conventi onal G:DIVI recei vers. The proposed nethod of the
fifth enbodinment i s an it tive ss t hat uses the

estimate out pupg"ﬁfsr' &@Eaa%eagyai cﬁtﬁtimﬁﬂﬁp L}ﬁ"['%tﬁgeﬁgol s or
"Soft Training Synbols"” in a re-estimation of the radi o channel. By
doing so (while noting these synbol estinate outputs may not be

preci se) the ebtthimbepedt afhberFanemlucbﬂirrmt wesrezBovenfireoeiiett saf dhe thte oa
subse en execut i FEC d coder ces.an i 0 esult ver .t he
or ovi SaET TR S SSmRs e E Dol Fockinesdfix 58
ar e aval ! Qﬂ%\.@nmﬁﬁ@@% BY. aﬁmmelhdam %ptterﬁaereranarfrrqr bThil [@@ridvial Fay be

(SOVA), A-Posteriori Probability (APP) 30 Decoders and various types
of Turbo @ehtie¥ed bidvetislying fdaetqhaegved @Fllael\é@wwabcgéﬁ@trlawtrsercprresammng

Y Ver at ur gt e bR ar GEM A TR ba By Bhed BB  rahuis Br E50fREfe e
art. It BETisutpbeisuthenofitcréd e ssppteds’ @bive,Ngnd yndedrsh ibr eHe Eearkupbeer
careful consi der ation and an i nproved t echni gue is proposed here. In

the a eneerOéF the rasdiltingd LiMeBRIoNapBRaGRpi Hetiies i expcdad o iprpgIwil
S caual havd AR ifigatt N HffinaRindi d %téfh%‘c‘ﬁﬂf & e LARb Yis Bdtetdi
m nas

frequency omar n anne syste carriers
(f r equencredommgnddr thateoniyyvede fweak Wrﬁenrmg Seobmpbngidh Nhieoloceatiore ©f rihe

por 01 DYl PAERNS A1 TERP SRR 1 T fctend @ ofddire S febpnes the

wher e t hetjpBefrRf PEquency@desponds to el enent-wise 10 nultiplication
of the vectors. In the ' case where di is known perfectly at the
receidfer (e.g. if it were a pilot synbol) t hen the channel could be

recovered perfegllfahilafif) Snd A5Rle BPIRCeliRSi SRR MR a5 foflofs ™ ihere

are M Sub Carriers and N OFDM Symbols then the range and resolution
available from this technique is as shown in the following

Resolution Limit
Frequency OFDM Symbol { OFDM Symbol
Offset Frequency / N Frequency
Time Offset OFDM Symbol | OFDM Symbol
Duration / M Duration

25

An example for the system parameterised by is now given.



15 where, simlar to the 1.* operator, the 'I' operator
corresponds to an el enent-w se division of the vector elenents. In
data ai ded techni ques the decoder outcone, a, is used instead of the
actual transmtted data. This estimte %@ subject to errors. The
fifth enbodi ment involves a technique that 20 accounts for this
uncertainty in the "training" synbols. The nethod nmay be enpl oyed for
time varying or invariant _radio channels and takes a slightly

di fferent form dependi ng annel vari The following is a
description of the estinp f’farélﬂg%‘é}{‘l nme varyin t‘)l"agal o chapnel s. Assune
5'” &t F8Sacket s

the followng is providef pf recei ved
OFDM Synbol s R, and th of spft training
symbol s D (some may be "NRHLRIOTyRYHROT S) 20 t is possible
to structure these two opjects as rf\t/atrlces as shown in figure 30 31
for Msub-carriers and N CEDM@meb'Eﬁras where #he rows ale
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matri x by the conjugate [HERNG]E: s8f the $pfgs Training synbols to
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conventional step (as desAcﬁulaéalnadz)ﬁ)fEs)etvmul d|prascribe p division,

not a multiplication. Ther—cerpute—afurtherlinternediate 5 matrix of
training weights T = ID or other functions such as absol ution val ue

squared. Then apghyiraaefial Qﬂaﬁﬁelbﬁﬁﬁallﬂj d Bﬁae SRBRMUR ﬂgu% g@’oand
t an

di nensional filter ( f) matched to anne coherence ti
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15The uncertainty in the decoder outconmes is accounted for in
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Smal | trai ertaln soft output fromthe FEC
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reliable estinate cannot be determined. Multiplication (in the R *D*

step) .hy a zerq.effectiv xcl udes t hat 203 nbol estimate fromthe
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may now beeteivbudensitivity hEhisHartrus em forettmminwrarésbanhdstdmi isdealized

g;ﬁgolt Qewchyfgd Eul\gglj(li QUL puFglgoforetrammga;r)grp%%glsS P ﬁ'learc]:gsglwheret mobility

exists the ability of the receiver to track the channel in time allows the receiver to
15  operate effectively where related art systems may fail. At the same time, the

benefits of iterative estimation of the data symbols are realized.

[n a sixth embodiment the present invention provides a solution predicated

on the use of firstly correlating the received signal at each antenna of a multiple

20 access communication network with a known signal preamble and then
statistically combining the correlated signal sequence of each antenna based on
estimated antenna signal strength. It should be noted that in order to determine

the coefficients for combining an initial timing estimate must be determined. The
calculation of these coefficients will require, in practice, initial coarse timing and

25 frequency offset estimation by other means. The quality of the initial timing



25training to yield a very accurate channel estinmate. In the
case that the channel is assuned tinme invariant across the packet the
filtering function sinply adds up the colum and resulting in a
colum that is assune to apply over thg.entire packet. 84 In
sone cases, an approach whereby the t di rensional filter f applied

to the ra\é’sﬁz’ﬂéf@%aﬁ%b' WBke #Hih i &%Q%d"’ﬁltﬂﬁﬁte!ys Chief %@Hfor”@dhshfers

warranted. I n these cases the tinme varying channél estinmate woul

=1; (V). 1 ftzthﬁr:prbgtﬁaang)oﬁ.tbeJmmn?dweNiH leathtb a2irimgl estenate of h[gh
di fferent flgtgers Joint Tinme and Frequency O fset Estimation using
2D FFT | n9t'Ri aspect of the fifth enbodi nent we renove the effect of
the data on 10 the phase difference between adjacent synbol S |n t he
OFDM received matrix as shown in figure 31 and then apply a

Di mens? onal FFIN aTﬁfs%asréeﬁNae S@dp gyabedifesy edovidesna schtem a@d meghod of
observed QﬁRﬁ\ﬂbﬂ{%}e i3 cés&ﬁé&ﬁ&ﬂ?&wp {T%gﬁbq& Jrag §9

data synbo prea rainfng or es

i's then fbighatiada trmlt‘san’qmms&ea@venecorapdsmgsearch for the peak power
15 across the resultl n% 2 Di nensi onal g’ace of netrics is executed.

The filtering GPIPIAHAYE rereivRp i9nal PberEvaliaRiaherchaf sopluralifnpf aplgnpae

rreasured gﬂgﬂ?@

filtering gdelm) oye@ﬁéﬁ'&l%ral?%%ggl n o gﬁé%%gg@ﬁﬁygégns of relative
posi t1®n in thdeieemirwqglpewf sfgrgluo’eeadh ratﬂ\@dmgmd delueencere and
frequency offsets and range of the

ranul ari t
estimation is F?W\bf”?d the gs‘qrwog FPOVYGFferSég%/ﬂJ% K Q56 WPeMt%rﬁj e
OFDM Synbﬁbérabl%@n\nfe@wtirngn%%sé@doﬁeé@ﬁrﬁéﬂe@n aﬁ‘t’é]fldé‘@lﬁaflr%ﬁ hSfor each
technique is as shown in the followng Resolution Limt requency
O f set antenna;
determine a time of arrival for the received signal in accordance with a
15  predetermined threshold condition.
An preferred aspect of the sixth embodiment of the invention comprises:
determining an estimate of the relative phase and amplitude coefficients of
a receiving channel for each antenna;
combining a received signal with the estimated coefficients to provide a
20 composite signal,
determining a time of arrival of the received signal by correlating the

composite signal with a delayed version of itself.

In related art, metrics used for synchronisation are based on outputs of

25 correlators for the preamble of a packet. In the case of multiple receive
antennae, a method for either combining or deriving a new method of metric
generation for synchronisation is desirable. Related art schemes propose
making decisions per antenna and then majority voting or adding the metrics

prior to decision. Neither of these approaches addresses sufficiently the

30 variation of the signal statistics across antennae. The net result of this is
degraded synchronisation accuracy and increased packet loss rates. A further

issue relates to the effective use of multiple antennae for data carriage but poor



OFDM Frequency / N Synbol OFDM Frequency Synbol Tinme O fset OFDM
Duration / M Synbol OFDM Duration Synmbol 25 85 Paraneter Val ue
Number OF Tones 256 Nunmber OF Synbols 20

10

15

20

25

30
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use of multiple antennae for synchronisation. In this case packets that could

otherwise be decoded may be missed by the synchronisation module.

In this sixth embodiment, we disclose a method for determining per
antenna metrics and for subsequent combining across antennae in order to
generate a metric for time of arrival estimation. The method involves essentially
two steps. The per antenna metrics are derived by correlating the received
signal with a known preamble in a first step. The power of the sequences for
each antenna is determined and added across antenna according to the time
averaged weight based on estimated antenna signal strength. A threshold is
then applied in order to determine the time of arrival.

A further aspect of the sixth embodiment relates to obtaining a rapid
estimate of the relative phase and amplitude of the channel on each antenna and
then to combine the received signal according to the conjugate of these
coefficients. The processing would then proceed as in the related art with
correlation of this composite signal with a delay version of itself. Application of
this aspect of the sixth embodiment is in the synchronisation of wireless
communication links involving the simultaneous use of multiple receive antennae
where the multiple antennae are used to increase the robustness of the

communications link primarily through increased diversity.

In a further aspect, the signals from each antenna are combined
according to Minimum Mean Square Error criteria where the combining
coefficients are dependent on a background noise measure on each antenna as
well as the received signal energy. The processing would then proceed as in the

related art with correlation of this composite signal with a delay version of itself.

It is particularly advantageous that the sixth embodiment provides for: a
combining method for the metrics over antennae; currently does not require
OFDM specific characteristics, and; a version with OFDM specificity may be

defined for clarity.



Coherence Tones 40 Coherence Synbols 50 Actual Freq O fset 0.05
Actual Tinme Ofset 0.20 Wth the actual channel anplitude and
phase shown in figure 32 and figure 33 we get the netric shown in
figure 34 for peak detection. Notetha%theS peak is in the
expected relative position, i.e. a fra ?IOI’I of 0.05 along the OFDM

Symbol di mensi gy é‘p;ﬁr%@f?atté(f’ﬂ}%@ﬁoé% gklﬁ’éd)ﬁ\gtﬁehﬁ't StHBt ih\l@ﬁticiln is not

di mensi on. These estinates match the actual tine ‘and frequenc

of fsets asesfriched inn itsht@eatﬁovtdalst Partecutdr paplmoerdeairlb@d ineithee isdtiel .

10By accur atel .estimat| n ¢ nnel e er
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i ncrease pArticeRR demehtN anblfof fexturddideschibéd UR @é’[ﬁ&eﬁoﬁereln it will be
time-invariant channels and is realized by exploiting data synbols

for trai nPABresitpe deal varieus meodihcationnaee e blader yitkodtsteparting &om they
f th i
% oper o A Plesih EpIRIGAD.  ABRGlre, b B BRb Uil Bel g

sane ti nejndve Aibsedh mdﬁfcatfb@g aithireitesédpaat i on of the data synbols
are realized. In a sixth enbodi nent the present invention

provi des a solution predicated on the use of firstly correlating the
recei ved signha a ach. ant nna_of .a nul tiple 20 access .conmuni cat i
networ k it aVAAS: BRENTH du el e Rufed tn; PaRTecLoRy WBnSPRFTY
the cqyr ebaibedirbémBakhseateRc vipf b@aghd@f@t@wethaﬁaﬁdso&asétt)uerr%? eflirther
antenna signal strength. I't should be noted that in order

det er ni nemoKiéficegents)ci &hiss apalrcaél@ﬁblﬁninﬂs@wcm knicovar anynvargat@gnsl Hegs or

nmust be d nt n

equi o, FUaBABRE or IR RIS i o¥TRaf s i o s frveption

estimati oand‘byccmnﬂimﬂngrmmﬁ. ddparturasal frémy thie bl‘&eﬂnﬂidi'stabsﬁr'errb@g;orﬁé within
known or customary practice within the art to which the invention pertains and as

15  may be applied to the essential features hereinbefore set forth.

As the present invention may be embodied in several forms without
departing from the spirit of the essential characteristics of the invention, it should
be understood that the above described embodiments are not to limit the present

20 invention unless otherwise specified, but rather should be construed broadly
within the spirit and scope of the invention as defined in the appended claims.
Various modifications and equivalent arrangements are intended to be included
within the spirit and scope of the invention and appended claims. Therefore, the
specific embodiments are to be understood to be illustrative of the many ways in

25  which the principles of the present invention may be practiced. In the following
claims, means-plus-function clauses are intended to cover structures as
performing the defined function and not only structural equivalents, but also
equivalent structures. For example, although a nail and a screw may not be
structural equivalents in that a nail employs a cylindrical surface to secure

30 wooden parts together, whereas a screw employs a helical surface to secure
wooden parts together, in the environment of fastening wooden parts, a nail and

a screw are equivalent structures.



estimate may be worse than that desired ultimately. The inventor
considers further processing on the conmbined signal will lead to a
timng estimate of high quality. 5ln a first aspect the sixth

enbodi ment provi des a system and netho%ﬁgf comunicating in a
mul ti pl e access packet network by sync nizing a received signal in
a nmulti antenna receiver conprising: correlating a received
signal observation at each of a plurality of antennae with a known

si gnal preanbl ¢Commpisesicdenmaisirer avivadused mthis epacnictionli@daken b Bpedfy
power signgl of each receive signal sequence; conbi ne the

det er mi ned"PNEFCRGSyPh Sdated é@&l& SateoshS: §lePs: PRECARANEGE bt idp8si Met

based on ep?ébiﬂﬁé@ﬁt? prigmeg &'m%ﬁBf ERILP e RAGYeBNIBERiegers, steps,
determine a time of "arrival for the received signal 1n accorogance
wi t h a515mospeinentsd aegroipsdksa@iofl” condi ti on. An preferred aspect of
t he sixth enbodi mrent of the invention conprises: determning an
estimate of the relative phase and anplitude coefficients of a

recei ving channel for each antenna; conbi ning a received
signal with the estimated coefficients to provide a 20conposite
si gnal ; Refeesnresi ng a tinme of arrival of the received signal

by correlating the conposite signal with a del ayed version of itself
In related art, nmetrics used for synchronisation are based on outputs

of 2510orrel at ¢1]s f oA.Ct hRedd ca@MB] Schifegr| PRCB etaletdhdehe afdse. Bkenstorfer,
mul tiple receive antennae, a nethod for either conbining or deriving

a new net hideragve mutltivserdetestian fomCPMA wWithdHE onNsar-Fiogla-gsefcrearmance,”
Rel at ed aqEEECﬂ%HESCQ e 'g@@@@iﬁé@qﬁgger ant enna and t hen

maj ority vofing or adding "t%e’ netrics 'prior to decision. Neither of
these approach¢? ad@.eNaesksvitf iB-8entuogticheand Jy aEvaais, ompfoviede iterative

signal stajistics ross antennge. .The ne esult of this is degraded
synchr oni z?tr"f‘liﬁlu '%"@%‘éf%{a‘? ﬁwgqlﬁg?’éa@reeo?ﬁ%‘%:!@Mgo%t?@ﬁgs’n ther Qrach deEE
i ssueqsel c’fﬁt?SyMb.Wg. Fhé&5! [WasHREIR DF@.?,%.Q&PJLWQ@GW?G for data

carriage but poor 7 _use’of nultiple antennae tor synchronisation.
In this case p&dket ®.Eh&tatbouEsliroaiienwlostmé atet doe diserpid Katinageiltey,

t he synch i i . In this sixth enbodi nent, we disclose a
met hod fo%ﬁhggéwﬂ?ﬁg% 5 antenna netrics and for subsequent

combi ni ng acrofy anPeDnNARXaRdEr dRU. PagieRetale aREBY Miterdtile 4&88HE on
arrival estimation. The nethod invol ves essentially two steps. The

per ant enfadensivisied raullivigea¢aasg WiHh eoior oatrphgoding. riewepresa Bryaastions
W th $qkn SRS f A AP e sequences for
each %%t e%)r?gre?és det gﬁﬁaﬁg@s,a\}%_séadu?égﬂgcdf%gﬁﬁfgﬁﬁgQQECW ding to the
time 10 averaged wei ght based on estimated antenna signal strength. A
threshold is then applied in order to determne the tine of arrival.



A further aspect of the sixth enbodinent relates to obtaining a rapid
estimate of the relative phase and anpl$%G ude of the channel on each
antenna and then to conbine the received signal according to the
conjugate of these 15 coefficients. The processing would then proceed
as in the related art with correlation of this conmposite signal with
a delay vE&AAIBIS of itself. Application of this aspect of the sixth
enbodi nent is in the synchronisation of wireless comunication |inks
i nvol ving t he 4i mul Pansvatvaisignalf proukssipd ermegemest hatiagnae where the
mul tiple antennae are used to increase the robustness of the

20comuni cat i oBgel driops ipaRs i dfYfirkhaAYHRCbAGT hre b it tckﬁmponents the
In a further aspect, the signals fromeach antenna are conbi ned

accordi ng r er h
coet fici oh 525245*2‘35”’@& SER A i%ﬁ\eeﬁﬁa“ﬁév%g%e%&bﬁ%ﬁ”%’?@* onal
antenna a as the received si ene The oces

woutd e heR s e iR S HFintags B e ok r%%y%’%&w% fivRendent
conposite si gnal with a delay version of itself
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conmbi ning nethod for the netrics over antennae; currently does not
requi re 300OPDVESHRAI tHiecowhet aicsaid fflﬁttlsz@‘]ala)rmr;esalngemwnpnnemttmamnnate
specificity may be defined for clarity. 88 It will be

appr eci at efla lehatdudsristiskifld sslettedttmsatitied tlgmal bhsed bMeRé cafehSam®bne or
restricted inits use to this particular application described,

nei ther i ﬁ\dr@%)ré)ﬁl@%ﬁl‘é%utnéﬁﬁﬁélb%céﬁéar&f%&i@ fit sighal rﬁ:‘?{}@ésrsﬁ'g; gomponent,

enbodi ment with regar to the particular el enents a atur
descri bed dep i a a S
nodi fi cat }A@LCQ %afrr]ﬁ)h'f"iio h‘%&l cB{res ?H%'eé %eciO%d thb ﬁ&C%gﬂt“% #‘Eﬂ"@ (%é’t that
the invention fore, the nventlo hou d e unde ,
i ncl ude aP® H?@I’P & ieSHmaR g ﬁ?pkﬁ%eq?é trsa@éﬁlét e%iglné On' Q%Q'émfi%d
has been descrjbed in connection with specific 10 enbodi nents .
thereof , $RCANd |Sighel TREPESBGACRMAENERt, | thecaptmite off afl upaidesecond signal
nodi fication(s). This application is intended to cover any variations
uses or apseasingneoropondrdsi ofv eerpicstivé gidimwang inputgEnesah, sditiefirst signal
principles of the invention and conprising such departures fromthe
present dpeckesingeoaporemes vi alnsaid arenn arsuedsboMarierfidittydie W t hin
the art to which the invention pertains and as 15may be applied to
the essential features hereinbefore set forth. As the present

i nvention may be enbodied in several forns wthout departi ng fromthe

spirit of the gssen racter he, inv [ it s

be under st ood ?hat %h@eéﬁg@egﬁggm'ﬁgh?fagﬁ% ﬁi" %e I‘ta’gf,e 5]'?8?% o rﬁ*"ﬁ”ﬁ by
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i nvention as def| ned in the appended cl a| ms. Various nodifications

and equi val entdefpiainghadirst asleoli sigaadestimatesdor e oudt user signalshbased
spirit and scope of the invention and appended clains. Therefore, the
speci fi ¢ @nlinedrmmanscbeengt@ifts; under stood to be illustrative of the
many ways in 25 which the principles of the present invention may be

practiced. |n ddierrhipiigomi se@ofill dci®f SifRl TsBhidted BASEH OR SdRHSES éﬁeﬁmel
intended to cover structures as performng the defined function and

not Onlyc'ﬂrsz%FrHi%hd‘?Hé'?ﬁ?’él"s%’E‘EngH'a‘Feé’lin?é’ce@q“' val ent structures. For

exanpl e, al though a nai rew may not be structural
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secure V\oq%g?ernmlgarts together, in the environnent of fastening wooden
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repeating the above steps at least once.



89 "Conprises/conprising” when used in this specification is
taken to specify the presence of stateflfeatures, integers, steps or
conponents but does not preclude the presence or addition of one or
nore other features, integers, steps, 5 conponents or groups thereof”
Ref erences 10[1]M C. Reed, C.B. Schlegel, P.D. Al exander, and J.
Asenstorfer, "3.terdn lierative recaiverder eneiving frofti gerpsignala cBEQrising:
Near - si ngl e-user performance,"” | EEE Trans. Conmun., pp. 1693-1699,
Dec. 1998. a first sigh2l p@cebbingné@mviponemd. Br daterhining anfirsd .sebEwaEnsignal
"Inmproved iterative Parallel interference cancellation for coded CDVA

syst ens, "edtithdtE€ fdrtRE mUikEEeASBhals PRI dfifar ERGRRYI cdnéddalttggt on
D.C.), p.34, July 2001. [3] DE. Catlin, Estimation, Control,

PD.  Alexandert S0 PR PressiBie gt b eostifd e, it g dhel

code-di vi si.on nul tiple-access with error contraol .coding,” FEuropea
Transact | SHITIEY aho Rt RE RRAA cecPafl et s it Ssaias Based on RsiEfinear
Sept.-Cct. 1998. 90 CLAI M5 1. An iterative signal processing
ar r angengm@nAgleaptraints;  one or nore pairs of first and second

si gnal processing conponents, the pairs of conponents being in
iterative confwharei thersigra giocdssingcdipsnesisgraloperativedsconnected so as
conponent s having as input one or nore received signals dependent
upon one toIprovwite the 8ostid setdofdigme sstimaties as hjuarto &es first dighas betdlssing
processi ng conponent pair the output of said first signal processing
conmponentegrgndiitnei s Shkdling tehRbAGRI. St c of a selected
transmtted signal based on The curréent and one or nore previous

i nput signals received by said first signal processing conponent,
which is input to said correspondi ng second signal processing
conponent that, provjdes , a further estinate of said. selected
transmtted sitnal W?H@%&fpﬁ?mmu%%qﬁ‘gsé%oﬁdnyq 81 AfrESeseierk by
conmponent, the outputs of all said second signal processing
conponentigrafivehergseiing ©FhiY packets thapigthed coaisq Werfpllewing; eps:
processi ng conponents of all said pairs in a succeeding iteration

cycl e. a. Asaptfled reteveninmui s@nahgonsistmod sigpdle frmoe ess or more
network by iteratively receiving nulti user signals the nethod
conpri si nghtéMes; st eps of : determning a first set of signal

estimates for the nulti user signals based on |inear channel

constraints; efi-ar i 0 ; I td e ;
b)  addefr@ I@PDJE: g ndl SEFOAk $fta E@r?l!t@r@ﬁ prioy ét(?@g I%ce,ved

based on non-linear chann straints and the first set o i gha
oo o gyt P B Bl S g P5urS,

c) determine an information bit estimate from the sample hypothesis for
storage in an information bit estimates list;

d) determine an updated received packet sample estimate from the
sample hypothesis for updating the plurality of prior stored estimates;

e) subtract the updated sample estimate from the sample hypothesis to
determine a noise hypothesis and provide the noise hypothesis as the receiver
input signal;

) repeat steps a) to e) until at least one or more complete packets are

accumulated in the information bit estimates list.



repeating the above steps at |east once. 91 3. An iterative
recei ver for receiving nmulti user signdl2s conprising: a first

si gnal processing conponent for determning a first set of signal
estimates for the multi user signals based on |inear channel
constraints; a second signal processing conponent for

receiving the first set of signal estimates and determ ning a second
set of signal estimates based on non-linear channel constraints;
wherein the sifgnal Arocethed ngf conponeltasngr & epanakipikel accesnnaetinedk Sy
as to provide the second set of signal estimates as input to the

first signélatipei9CeRMidisy GPRBATIRE ledtifates URE SR UM DEDRN AbddibrCie frethod
4. A nethod of Conmunicating in a multiple access network by

iterati Veb@mé%iﬂb%@%l%@@g ets the nethod conprising the

foll owi ng steps: a)”sanple a receiver input signal consisting
of signals from one_or [mre ant enna;. . b)) add the input signal
with one of a 9 uraPPTP'SR &G RPN 3 ecei ved packet sanple
estinmates to determ ne a packet sanple hypothesis; @;:j) o
det er ni ne an i B¥ or néeleHnING @ Pasketfanerieasiimate roahihiesaypedieseiyer tiput

storage in an information bit estimtes |ist; d) determ ne an
updat ed reigeaed packet sanple estimate fromthe sanple hypothesis
for updating the plurality of prior stored estinates; e)

subtract the updat estosatid) packet saRipRe BsigAntdhe sanpl e hypothesis to
determ ne a noi se hypothesis and provide the noise hypothesis as the

receiver inputgsi gn@dtermine a packef §£%§1Fﬁ iir[gﬁﬁeéﬂ; %a?ﬁp%%b'ra@éivgfﬁht

one or nore conplete pacl<et s ‘are accunul : rnt rmation

oot 1ot oyl Bisclp B P AUTTUD A ol SOTPIGEL eie”, MU 1 € acces

;e(rzglc\e/;a\r/e'; h?np X hg?%%%%{nleség pEig’?edf Sééf?e"t“s% pﬁéee%%ifnate by decao)dir?gagﬁl:lere—
transmission modelling the packet sample hypothesis;

f) update the selected previously stored packet sample estimate with

the updated packet sample estimate.

6. A method of communicating in a multiple access network by
iteratively providing a packet information bit estimates list in an OFDM receiver the
method comprising the following steps:

a) determine a packet sample hypothesis by adding a receiver input
with a selected previously stored packet sample estimate:

b) determine an information bit estimate by decoding the packet sample
hypothesis with one or more of a hard decoding technique and a soft decoding
technique

c) storing the information bit estimate with one or more previously

determined information bit estimates;



b) determ ne a packet sanple estimate fromthe sanpled receiver input

si gnal ; c) store the packet sanpbe estinate; d)
determ ne a packet sanple hypothesis by adding the receiver input
with a selected previously stored packet sanple estinate; e)

determ ne an lr,g)dat ed packet sanple estinmate by decodi ng and

retransm ssi orf)modekpéaling sleppag kec) valins @ompém haelas:is accumulated.
update the sel ected previously stored packet sanple estimate with the
updat ed packet sanple estimate. 6. A nethod of comunicating in a

nmul tiple access network by iteratively providing a packet information

bit estimates #ist A 'i‘nétﬁo@:d@l\ﬂdn%ghk‘;ﬁﬁné he TRiMele @REBEd fkRtbrkNBcluding
fol l ow ng steps: determ ne a packet sanple hypothesis by

addi ng ac{e?&%u}ﬁf?{g 'a“%}bn@‘) td(]f[?Mf%E&iB&&' ﬁécﬁé’étoﬂ rlné)IeSt ‘?rﬁjat aﬁnﬁ? Jngihod

sanpl e esti nat m ne an or ma i

decoding t acket sanmpl.e hypothesis with one or nore of a hard
decodi ng QOQEW% g"eaﬁ'a PRfsoft decodi ng t echni que c) storing

t he |nfornat|on bit estimate with one or nore previously determ ned

i nformati on biMuEBlexing: adime @@mlﬂéﬁ@meh@pﬁh@qj@nageowe@)samplie| egtimate
conpl ete packet is accunul at ed. 7. A nethod of communicating
in a nultwipi e feepessy menvan ichenoéluabpiigatien eecaived gamplhy bsiidatel-Bieh that
recei ved packet sanple estimte the nmethod conprising the step of:

mul ti pl exhagnaltiplesed devadomeiegariplapplimnats isOmabpeaity @brsapvhe to one or
estimate with a frequency domai n channel application received sanple

estimat e,§ichy-t hat the nultiplexed tine domain sanple estinmate is
mapped to correspond to one or nore of: an OFDM signal cyclic prefix;

an OFDM t ai | %%rb,:% S@Rg! C%ﬁicg@%guar d period,
an OFDM tail portion, and;
an OFDM guard period,
and wherein the multiplexed frequency domain sample estimate is mapped
to correspond to one or more of:
an OFDM signal preamble and;

an OFDM payload data symbol.

8. A method of communicating in an OFDM multiple access network
comprising the step of:

performing multi-user interference cancelling which comprises adapting a
single pass OFDM receiver to iteratively receive signals at the sampling level so
as to allow the receiver to differentiate a desired packet from an observation of an

interference signal at the receiver input.



and wherein the nultiplexed frequency donmain sanple estimate is

mapped to correspond to one or nore of :99an OFDM signal preanbl e and;
an OFDM payl oad data synbol . 8. A nethod of conmunicating in

an OFDM nul ti pl e access network conprising the step of:

performng nulti-user interference cancelling which conprises

adapting a singl e pésgetimiviafeewnieinicadingt @r at Mudiple rasseby ecasigualoation
at the sanpling level so as to allowthe receiver to differentiate a
desi red paekeairk fyspnahroolimieg patkets afiviag at st recéree treemsitigbtombriting the
receiver input. 94 9. A nmethod of communicating in a nultiple
access cogmmgiggati on network by synchroni zing packets arriving at a
receiver the nmethod conprising the steps of: receiving a packet input

si gnal ; det F‘éd@i\ﬁlﬁﬁ'g ;?ac%@fﬁwﬁldﬁ%ihﬂﬁi;“ gnhal corresponding to the

packet input signal;” processi e I'nput and correlation signals

such that at | t _one of the .input signal and. the correl at.ion signal
are filtered; G erminigg, 8 Somelate ﬂgﬁéc‘ﬁ%f@éﬁog 'éi’giqgttﬁ% PR{ %d%‘i’ '91’35151
power conponent of the processed correlation signal with a power
conponent of tﬁ@cﬁ%'é‘éstg@dnpﬁbaﬂd Gogredation signals sl Higteatdepsh ame jof the
time given by a predeterm ned threshold condition of the decision

st ati sti cinpsit signetand te peredatiomsignabare filtesed; 10. A net hod
according to claim9 wherein the step of processing at |east one of

the input and determiritg @ndetigionl statistic &yf cambithiny sopewef cotpReBhEbf the
wei ghted filter having a triangular inpulse response; a root raised
cosi ne fibiRessad NapridbnvsRERIY it (e howar HsMbage BAME fbt&se R input
conbi ned ;lIJ—lanni ng/ Hamm ng wi %W fil terp. 11. A rre%t{\%oﬂdr accgrdlmrPgu
to claimg@.nr.10 wherein the predeterm ned threshold condition is one
of : the degl Sfon statistic crossing the predeterm ned threshold and;

nominate a point in time given by a predetermined threshold condition of

the decision statistic as a received packet arrival time.

10. A method according fo claim 9 wherein the step of processing at
least one of the input and correlation signals is performed by one of:

a center weighted filter having a triangular impulse response;

a root raised cosine filter;

a Hanning window filter;

a Hamming window filter;

a combined Hanning/Hamming window filter.

11. A method according to claim 9 or 10 wherein the predetermined
threshold condition is one of:

the decision statistic crossing the predetermined threshold and;



95 a maxi mum of the decision statistic occurring above the
predet ermi ned threshold. 12. A nethod aB%ording to claim9, 10 or 11
wherein the step of determning the correlation signal is perforned
every Kth sanple of a sanpled packet input signal, where Kis an

i nteger greater than or equal to 1. 13. A nethod of conmunicating b
tracki ng tinme & amapimgneivbrinel degision stalistippecyciogsabpackee magetgrmined
communi cati on network, each packet having at | east one preanble
synbol , dhfashstd.coded data synbol, and at | east one subsequent coded

data synbol, the nmethod conprising the steps of: a)
initializing a channel estimate reference based on an initial channel
estimate derived froma received packet preanbl e; b) updating

the channel esij Male eheheaetydRedo olafin ©6290%hr o6 ke IR il of

froma newWy arrived code subsequent I'y

repeatin tep b or each..subsequently.arrived c d data synbol .
1A et S B BE R c T B RN ST 18 e e ate d G pHEpG: &) Soferpled
storing the channel estimate reference in a channel estinate data
base at tRAEKekiRHlaignal wihareinGd RteSsF grerjet baary sl 8t 1cl ai ms 13
to 14 further conprising 96 transform ng the packet data
synbol channel estimates to the frequency domain prior to updating
the stored channel estinmate reference to provide a tinme snoot hed

channel esti e r & enedhee of communitétind\byetauschqoees danythg ehairailsninl 3
wherein the method further conprises the steps of: for each

f
subsequenhyfigeddeeds pakRetHHERE! coth %Uh%aﬁéﬁﬁ%e@tarkfé&&# FQ&K& Ha@ﬁqsétq%st

of denodul ati ng and nodul ati ng, and; updati ng the channée

estimate Jof 6en6fe WybdiNg AMF tBEE HeRR Qb af§RYEAS one subsequent

coded data symbol, the method comprising the steps of:

a) initializing a channel estimate reference based on an initial channel
estimate derived from a received packet preamble;

b) updating the channel estimate reference based on a channel
estimate derived from a newly arrived coded data symbol;

c) subsequently repeating step b) for each subsequently arrived coded

data symbol.

14. A method according to claim 13 further comprising the step of:
storing the channel estimate reference in a channel estimate data base at

the receiver.

15. A method according to any one of claims 13 to 14 further comprising

the step of:



17. A method of communicating by estimating tine varying channel
inpairments in a nultiple access packet9based conmuni cation network,
each packet having at | east one preanble synbol, a first coded data
synbol, and at | east one subsequent coded data synbol, where channel

i npai rnments conprise channel variation, signal frequency offset and
signal time of fraesforming the haakelodgiai similpplt ¢hargedpstiofates to the frequency
a)initializing a set of channel inpairnent estimtes based on initial
pi | ot anddpmednptier Ky obodting thel stdes chamnelestimerd rpfatketes talpapiddag time
t he channel estimate reference based on a channel estimte derived
from a newotHdd Methretdedhdat @isembel ; subsequently repeating step

b) for each subsequently arrived coded data synbol. 97 18. A nethod

of conmmunicating in a multiple access network by tine varying channel
estimation in a receiver for receiving transmtted packets, the

met hod conprisjng the st of : . a) .estimating. a frequenc
of f set based on°i nf rﬁé‘?tﬁga PREITGN tPnCz?"F‘eééi Mbergﬁbléé? %}%Qﬁ%l@{“her
b) correcting a received signal using the estimated frequency offset;
c) det er nfHNRESES K1ea3iARS O6sti mate using information included in the
recei ved packet preanbl e; d) transform ng a sanpl e sequence of
the recei ved siogredch aulsaduent mreqeiwad ydate nminmbal uelthinhsiept e Fpailimg the
sequence i ncl udes OFDM synbol s and intervening cyclic prefixes;

e) perforsiepg of dearediaiganel dodamtngi &Rd.conpri ses processing the
determ ned channel estimate and received packet; f) generating

a Lransm ssion,setilee 1Re WHRAREI Wt RrcBREd! Wit "REUUrthel 'Sep of FEC

information in the recelved packet prea g) transfo g

t he transm ssij; sanpl e sequence into the frequency domain; h)
updating the ‘erm ned channel estimate by conbining the receive
dat i @%1&%5@4] ined ch I [ b nbi ni h i ved

sanpl e sequence and the transm ssion sanpl e sequence in the frequency
domai n; i) repeating steps e) to h).

17. A method of communicating by estimating time varying channel
impairments in a multiple access packet based communication network, each
packet having at least one preamble symbol, a first coded data symbol, and at
least one subsequent coded data symbol, where channel impairments comprise
channel variation, signal frequency offset and signal time offset, the method
comprising the steps of:

a) initiafizing a set of channel impairment estimates based on initial pilot
and preamble symbols included in a received packet;

updating the channel estimate reference based on a channel estimate

derived from a newly arrived coded data symbol;

subsequently repeating step b) for each subsequently arrived coded data

symbol.



19. A nethod of communicating in a nultiple access network by tinme 98
the receiver retrieves OFDM synbols fr8m a received signal and
transforns the retrieved synbols to the frequency domain, the nethod
conprising the steps of: a) determine a matrix of training
synbol s conprised of synbol estinmates derived froma decoder;

b) determ ne a&mat rA method refgeemeunitatingninr @deuliple aFmMsspeitvairk by time
c) determine an internedi ate channel estimate matrix by nultiplying

t he OFDM\ayyihg! chrarinel Xestisnatibe ieoaj negaiver dbr tréesitingi tramgnistedbodickets, the
matri x; d) determine an internmediate matrix of training

wei ght s GREIdoMbidiey g@ngggf;val ue of the training synmbol matrix;
e) perform a snoothing operation on both internediate matrices

ot mte by oy TRE TpaddicM¥ise haspd ohinfBnENTh R HffHiEhe

snoot hed trgi Qi ré% vgﬁi%;ght matri x. 20.A nmethod of comunicating in a
nul ti pl e PRCEESRSHEIRBr k by estimating offsets in a receiver for

receiving transmtted packets, the nethod conprising the steps of:

a) deternine &)eRITECHINGP refelyed stonaluranihe es W%ﬁwwm%%;;

b) determine a matrix of conjugated data synbols wherein the data
synbol s conpr i edeteematingroa ecludnmal eastirhate tusingniinfpraaéion s tricimteed in  the

synbol s; c) determne a 2 dinensional Fourier transformmatrix
conpri sedeedivédpatiestgiregshbsynbol matrix nultiplied with the

conj ugated symbol matri x; _ d) filter the Fourier transform

mat r i x; d)ChrafSloRifide {4dMRoRNACLEAUSTIY 0 T RRN R ittt [RY the
peak power occurrences wthin the filtered Fourier transform 99

frequency domain such that the sample sequence includes OFDM symbols and
intervening cyclic prefixes;

e) performing a decoding operation which comprises processing the
determined channel estimate and received packet;

f) generating a transmission sample sequence using the decoding resulis
and information in the received packet preamble;

g) transforming the transmission sample sequence into the frequency
domain;

h) updating the determined channel estimate by combining the received
sample sequence and the transmission sample sequence in the frequency
domain;

i} repeating steps e) to h).

19. A method of communicating in a muliiple access network by time

varying channel estimation in a receiver for receiving transmitted packets, where



21. A nmethod of conmunicating in a multiple access packet

comuni cati on network by synchroni zing % received signal in a nulti
antenna recei ver the nmethod conpri sing: correlating a received
signal observation at each of a plurality of antennas with a known
signal preanble to provide a received signal sequence; determne a
power si gt reseivwidrticves Vel@M sgmhblsséguiea deceivedisignal tanel tanegformea dide
power signals in accordance with a tine averaged wei ghting based on

est i mat edrefridesthaymbgisdb tis¢ freqgehcy domeas thanistivdcosietisihgithe steps ofe
of arrival for the received signal in accordance with a predeterm ned

threshol d condhf Wefermine a2datfk BELRRINGGYATHAI Gokprickadi dh SmbdIrddtidiates
conprising the steps of: determning an éstimate of the relative

phase a.nddgmgd' ﬁga%gggéaérci ents of a receiving channel for each
ant enna,; conbrning a received signal with the estinmated

coefficients t rovide a c osite signal; . . jning a tine
of arrival of ﬁ%@e’tﬁg@g]ev%aﬂagﬁgHgfregvely%ﬁqghaﬁrﬁz@eltvp,g?il-e ”E’tg‘)'%i gnal

with a delayed version of itself. 23. A method according to claim

13, wherein the fjﬁteém"&%@@d'r@%fm?@@ﬂ@b@'ﬂam@|r%ﬁi@i‘aiédﬂafrt@gytlﬁéltlpwlng the
preanbl e synbol. 24. A method according to claim 13, wherein each

coded dat @FSpspinbios matfhERy thee eorgygdiel of tha @@inidd symbobmaddk; accor di ng
to claim 24, further conprising the step of: performng a

decoder oper at dprietdrirife camntesBedRi® TRSFIXNGT tReniAg SRkights EaAPIRIng the
i mpai rment estimates and the received packet to determ ne a set of

transmt sydhobk Bstd Bﬁﬁ%st’faiﬁm%asa/rq‘lelfol.mé’tﬁkng the decoder operation

output to update the set of c i npai rment esti mates.
e) perform a smoothing operation on both intermediate matrices comprising
2 dimensional filtering;

f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.

20. A method of communicating in a multiple access network by
estimating offsets in a receiver for receiving transmitted packets, the method
comprising the steps of:

a) determine a matrix of frequency domain received OFDM symboils;

b) determine a matrix of conjugated data symbols wherein the data symbols
comprise one or more of preamble, training and estimated symbols;

¢) determine a 2 dimensional Fourier transform matrix comprised of the
received symbol matrix multiplied with the conjugated symbol matrix;

d) filter the Fourier transform matrix;

e) determine time and frequency offsets by locating peak power

occurrences within the filtered Fourier transform.



26. A nethod according to claim17, wherein each coded data synbol is
a FEC data synbol. 27. A nethod accor#ng to claim26, further
conprising the steps of: perform ng a decoder operation which
conprises processing the set of channel i mpai rment estinmates
and the received packet to determ ne a set of transmt synbol
estimates; and usi ng the decoder operation output to update
the set of channel inpairnment estimates. 101 28. Apparatus adapted to

communi cat e i r21a mA t inpdthodcafs coremDbichtiag i om et woitiple Saicdess  packet
apparatus conpri sing: processor neans adapted to operate in

accor dang@mbiRication Q%Sfmb?e%ﬂcﬂ%ﬁiﬂﬁ | 9NedBlved signal inS@l fhulti antenna
apparatus, in conjunction with 'said instruction set, being adapted to

perform %g&wpﬁaearﬁgﬁ{ogi%ﬁn%iﬁ&y one of clainms 2, 4 to 27.

correlating a received signal observation at each of a plurality of antennas
with a known signal preamble to provide a received signal sequence;

determine a power signal of each received signhal sequence;

combine the determined power signals in accordance with a time averaged
weighting based on estimated antenna sighal strength for each antenna;

determine a time of arrival for the received signal in accordance with a

predetermined threshold condition.

22. A method according to claim 21 further comprising the steps of:

determining an estimate of the relative phase and amplitude coefficients of
a receiving channel for each antenna;

combining a received signal with the estimated coefficients to provide a
composite signal;

determining a time of arrival of the received signal by correlating the

composite signal with a delayed version of itself.

23. A method according to claim 13, wherein the first

coded data symbol is received after the preamble symbol.

24. A method according to claim 13, wherein each

coded data symbol is a FEC data symbol.
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25. A method according to claim 24, further comprising the

step of:

performing a decoder operation which comprises processing the a set of
channel

impairment estimates and the received packet to determine a set of
transmit symbol estimates;

and

using the decoder operation output to update the set of channel impairment

estimates.

26. A method according to claim 17, wherein each

coded data symbol is a FEC data symbol.

27. A method according to claim 26, further comprising

the steps of:

performing a decoder operation which comprises processing the set of
channel

impairment estimates and the received packet to determine a set of
transmit symbol estimates;

and

using the decoder operation output to update the set of channel impairment

estimates.
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28. Apparatus adapted to communicate in a multiple access
communication network, said apparatus comprising:

processor means adapted to operate in accordance with a predetermined
instruction set,

said apparatus, in conjunction with said instruction set, being adapted to

perform a method according to any one of claims 2, 4 to 27.





