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WO 2005/011128 PCT/AU2004/001036 1 METHOD AND SYSTEM FOR
COMMUNICATION IN A MULTIPLE ACCESS NETWORK RELATED
weRdGAYEIONS This application claims priority to Australianl,%rl%iﬂg})m!lm1036
Patent Application 5 No. 2003903826, filed 24 July 2003, entitled "An
OFDM Receiver Structure”, the specification thereof being incorporated
herein by reference in its entirety and fpr all purposes. FIELD OF
INVENTION The present invention relates to the field of wireless
e A B ST M FOK SOOI A RN AN Access
relates to an improved signal probE¥WQRIEthod and apparatus for a.
REL ﬂ%’lg@@(ﬁé Awgication system. It will be convenient to

hereinafter describe the invention in.relation to the use of an iterative

méigdasndicatiamisigims edepivieAusigaliom Briavisiosel Retentispplication
No. 2UrPssorEgiesTiieaiM (Rahears Eﬁ?ﬁﬁﬂ ‘XPM?iB'ﬂﬂWEEPé?\%‘#igétructure", the

- communication s%stem,_however, it sh be appreciated that the :
specificalion MesrRebPriag doseEmiated herinuby, wiranicnd) Bsremtisety and for
afl pu?Fé)%, in other forms the present invention may relate, to recursive

fi

' ilteri joint iterative decoding in a variety of systems and functions
FIELD ai’i%&%ﬂple access 20 channel decoders,' iterative
equpisptoseiieinbenitin roanes! estrmiRiped Witdekeniinspditdcations. In
iterative_space-time processing, iterative multi user  interference

A

o .
P artl_c Abellatich aRRTE Ahiv U '&Lrﬂatigf:ll. D W"I\fﬁgugﬂa‘ﬂhﬂmﬁg access
commprtiftitns thd nsewd tHemyrdhiavimreniimaingelatcforto 2srmanproved signal

proce g I SR At 0 LA ERtns ol Gation system.

1 will M@scmwmj@nbrhmh&ngmmrsge@ri@armbaim@qtim-h*anetaﬁmitimethe use of
an itePa8ves (fét SF%MP%EE#’{H@PQ% QPSS HPR BIQt user packet
communicated.. This is a techiiology whére many Simtltaneously active

basegseyizolshgre (R EMe s{@féhegniiceEreauen@nisBivalather. Mulitiplexing)
comnRARESHRP 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 varety of systems and functions such as linear multiple access
channel decoders, iferative equalisation, iterative joint channel estimation and
detection/decoding, iterative space-time processing, iterative multi user
interference canceliation and lterative demodutation. |
RELATED ART |

Throughout this specification the use of thé word “inventor” in singuiar form
may be taken as reference to one (singular) or more (plural) inventors of the
present invention. The inventor has identified the following related art. |

Most wireless communications systems are based on so-called multiple
access techniques in which, information such as voice and data are
communicated. - This is a technology where many simuitaneously active users
share the same system resources in an organised manner. In most cases,
sharing resources in a multiple accass system means that if more than one user
is active, then all active users interfere with each other. Traditionally, such
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sharing resources in a multiple access system means that if more than

one user is active, then all active users interfere with each other.
woliaditipnially, such WO 2005/011128 PCT/AU2004/001036 2 ¢taiiesensSose

has been considered to be part of the inevitable noise that corrupts

transmissions. Such interference increases with the number of active

users and thus, the performance qualjy in terms of how many users

(capacity) that can share the 5 resources simultaneously becomes

 interflrliRe ROYTBdeIRHRSDSEIRIABNS BN SRESHRIRBAE NEIBE IR corrupts

occur in Wireless Networks. The radio terminals 102, 104 and 100b
IranspisRMSsignals that are received at network access point 100a. In

oeisn! iRbAk el s thelgmde d withntABJIRd it dnrdip RN AsdI@aand thus, the

They maybe signals from devices that belong to 10, other networks;

perfopRARERAAY RV RSB RO BERY IHEFRP SRRPAEY L Bab Rt sjare the
resoLFBEE SIANI ahBtersist Baidmien dirsiteng, network to which 100a provides

e oS T HTHIE CEarE TRy S AR a7 oosur i

‘Wirelebsrbidtevortiio. réRosreadiy, tamehraisp OB anoditing aQ0feransmit signals that

frequencies or, 15 at different.time, ch technigues,ma teful in
 are rogR e B B R o AR 00er Stk A e, flonals are
intendechisordation tesanineB 1liagehbetenaybe sigrials frdorrdatdeagriiat belong to

for ice, i etc). Similarly. tha. radi inal 102,
oner SRS USSR  yNEHEL (B0 U NS 03D cagetrore are
ordingglighsannas usars oefcantenagtgénatabelonpreteiibelanetwed to which 100a

provid@8 Bupieded opgs NGARUIR KaiES (R AHENRY - PP ERSHECEbANEl of these
received dl%fthe passengers and/or oserators of the vehicle., The network

signalg desbp mifeeivsindiansitiet o E¥iahRNPEAR AR required to

sharelr?f@ %%@%ﬂ”{@é@ﬁ% t_iglrw%;rgt SQ;F?aléﬁ,ﬁmsﬁy!wapsif{@wgtme%gncies or
LLNIS respect, 1t 1s alsg possibie tha otner users radio termi S .

at CHRTE N6 p O IRy TP R RASASEI Wa g bihe Sxpensive

radio ¢agadifiras to introduce error control coding. Applying coding allows
pqrg:errpaa&coe 31%%5@ Ty dn%/yoHIgv%ll%v,v]m gé%\ilgl%&‘ Ibggzs.s*lag who generates

and receives information {in the form of voice, video, dala etc), Similarly, the
radio terminal 102 is associated with a user. In the case of a vehicular user 105,

the vehicle (such as bus, train, or car) may generate and receive data to be

communicated over the network. This data may .also be generaied and received
by the passengers and/or operatars of the vehicle.. The pew?rk access point
100b may also wish to communicate with radio terminal 100a as may be the case
in wireless backhaul or multihop networks. In this respect, it is also possible that
the other users’ radio terminals 102, 104 may form part of any multihapping
network. ' '

One way io improve capacify is to introduce error control coding. Applying
coding allows performance to be improved by only alldwing a few of all possible

combinations of code symbals to be transmitted. Ancther way is to exploit the

information contained in the interference. This is known as joint multiuser
detection. In systems where both these techniques are used, a decoding strategy
may be applied which is termed iterative decoding. Mere, a multiuser detector
first provides an estimate of the transmiited symbols in terms of reliability
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combinations of code symbols to be transmitted. Another way is to exploit
the 30 information contained in the Interference. This is known as joint
W dr}ldl)t%ﬁﬂzéjetectlon. In systems. Wherg bo_th these technlque§ 3r¢, 5&9‘70% 1036
decoding strategy may be applied which is termed Iterative decoding.
Here, a multiuser detector first provides an estimate of the transmitted
symbols in terms of reliability WO 2005/011128 PCT/AU2004/001036 3
information. This information is forwarded to decoders that also provide
c Ve fashion un ere are nofu
informefioydaseats.orh Ehadomlih framdisgdetegiocre ifonsdiony is then exchanged

| inforr{f#e%bfej}g(tyﬁ.?l{sg i%ﬁ%ﬁ?@z%%& EHBHW%%&%%%%G&%%E‘éﬂéerr@%lﬂaésreliabi!ity

- in ansi%ﬂ@%\%%ﬁfgﬂg At ?’Pﬁ%t%Fgeﬂg’et‘i&ﬂ'r%ﬁm%%ﬂgﬂf%ﬁgserTQi,S decading

comp el within reac practical impleme )
strategtimagnincreasktcapapityraignifieantymgetting praaiicglose to theoretical

copai A SRR LA R SR oo

Howakeiar afemRfima) pauliisset, dateriandsoreiibilivelvcsapreiay day practical

 impleBhRNERARAR Y IMHERHEEHMBSRI S YHSRES HPOIRWBRKIN @th the number

identified that for practical reasons related art linear filters for iterativ

of acfiff HARRscltREAtIn e 3G P ECIECHRBS5R SR REhdutering may
be afpARR,NBRIIGNE oo HesERImIAE sempiéimyihenfitegrdhesdifitersy with the

numiie R NS ool UGS FAeo AR SRt o, Bl reasons

relatedsartr diromeiltersdfvesiterbbiye jointptauitiosss sibeotingomneoblysed on the

* reooi R A R A A KRBl AR it to e

Gy avail are ty d in"a wireless
filter. ehbiesearfiltersthavedenalésiimbtbhasad drevatioss apidraalisiickiana.

a ibl ' ltiple u; %ﬁi.m%@r c
air’gﬁ%f)%)ﬁglt@{r ﬁzgg%d%d rr%!tser erence cgﬁgg%%@ colliding E\%sc%lgsé% 5 a;oess
to chaneripessumeg sNAY IR aslsiessed vy eandiiple acermfrchedags commonly

execmgﬁfﬁ?%cﬁéaiﬁﬁ?'éwh@ﬁ?dﬁwﬂﬁ Wbﬁy%m_g&@ums such

- attempts to schedule transmissions from Sfations in order to avoid .
as avadmsisnbasevidih arenty Ripalyatidhalioiieshingcvdelngs pawkenment. ltis
therof6FO WeRTralily @) ¢RI ihdveerasopioabtiais Brmationtly iissirriediNeS Allowing

. Figure 2, which, shows the transmission of packets from_ a first trapnsmitter
mu!tnglétféﬁers to_ share commion resources %reates a n& fsor 3|s?urbances and

interference caused by colliding access attempts. Such disturbances are usually’
referred to as multiple access interference. - In wireless local area network
(WLAN) systems the MAC attempls to schedule {ransmissions from Stations in
order to avoid collisions. Sometimes the MAC fails, and Stations access the
channel resources simultaneously. An example of this s_ituatidn is illustrated in
Figure 2, which shows the transmission of packets from a firs transmitter station
1 a second transmitter station 2 and, a representation of received packets at the
access point shown on the lowermost line. Physical layer receivers may fail fo
recover such collided packets. As the traffic load on the network increases, this
problem bacomes a significant limiting factor in terms of network' capacity and
quality of service.

A different problem, leading to similar effects, is caused by the multipath
nature of communication channels associated with, for example, a WLAN. The
muitipath channel causes several delayed replicas of the same signal to arrive at
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1 a second transmitter station 2 and, a representation of received packets

at the access point shown on the lowermost line. Physical layer receivers
Wd%%;gtﬁ% recover sqch collided packets. As 'Fhe.t.raffic I'oa‘d‘ ]QE]F'}R 00001036

network increases, this problem becomes a significant limiting factor in
terms of network capacity and 30 quality of service. A different problem,
leading to similar effects, is caused by the multipath nature of

communication channels associated with, for example, a WLAN. The -

multipath ghannel causes several dejayed replicas of the, same signal t -
the TSERINEE Wi 5008 I BTBIFR SSKIMIBHAISHCE RITLRLILATHE ifp multiple
accedsrintseiiraeyi-tiscieseade aloNay. in mattiistacasdijptecagreddém becomes a

B T NI ——

translateshintaninattations ot diensovetag e afctiag &L AN WAANeample of a direct

o 15088 S0 98 G L T A B

Figuredhswhevieribeidiregloanet wiantet dransonissions of thimpaekeitmrillustrated
on thér.hc%grﬁéﬁ%‘?e%f Sa'TdR ﬁfeﬁ%'?%&ﬂf@ﬁ eBK) s%?ﬁﬂ%@&ﬂéﬁ@ﬁé& &' Yadicated by

.S|gn_ represer]te byt e access pointon't wermost |n_e as snown.
shading iy Hissisivaived riapak erasasgdhbyitheraesrss poidcantemipwermost -

line SESEHSWRbOVE AMLASRIHNPaTRRYISVRIOROF Hitadbisiby sigal interference
processing at the Receiver. Physical Layer receiver designers therefore

mechapirMg Heariihed oabey& agd i§fﬁﬁd9¥)f%‘!%§5’l&lﬂ 'ﬁ%@ﬁeﬂﬂéﬁ&( diversity
signafffosRasirdvatstyd tReledive Maphy sitaidas By qugliherudefifiners therefore

, ultiple antepnas). The inventor has alsp identified that whe -
Strive B Pk, L B3 iR Ol o By SRR e« figauency and
spac@atkersiti(they sidsrapascbebprotideddtnioephtifrenasé braaitipishantennas).

Si l. A received ke, s | may be gorrelated with a delayed versio .
o iR 8 B TR, R o AR g Bhemited
packeignavernmpisetessn coapesiionic. seib cpackeionndinarly -inmsleangetedmble of

sevex’é’lpﬁ%i MARNE'F @H’grbéﬁ%o%a%?g%ﬁgl Th@?ﬁ%b@ﬂ?&&@é@ﬁg may be

res nt correlation may then ned with the average power

correlalpdravitivendelaxre versien abiseih wiaasaccamenssi dbaielamequals the
duratlff Siohe RS RE sRilsA ShppdneabMdrespledirtbis. (NEHiT8dtelation may

_arrival of the packet. )
be implemented repetitively over a given sample sequence. The output power of

the resultant correlation may then be combined with the average power of the raw
received signal to define a decision statistic. The point at which the decision
statistic exceeds a given threshold is selected as the time of arrival of the packet,
However, there are drawbacks with this technique in as much as signal
distortions may be amplified or accentuated by the processing involved with the
synchronization process producing uncertainties in the determination of packet

“{iming.

Generally, in éacket based communication systems it ié important to
reduce latency of a receiver or, in other words, provide as little delay as possible
between arrival of signals and the decoding of the bits contained in those signals.
Moreover, receiver processes are unable to determine the variation of a radio
channel over the time of a packet length and the associated effect on the
waveform of the transmitied signal. This maj,' lead to lower than optimum data
rates due o poody tracked packets that are otherwise intact be‘mg discarded.
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However, there are drawbacks with this technique in' as much as signal
distortions may be amplified or accentuated by the processing, involved

wOMiAbBsia B8 synchronization process producing uncertainties p€u2004/001036
determination of packet timing. Generally, in packet based

communication systems it is important to reduce latency of a receiver or,
in other words, provide as little delay & possible between arrival of
‘signals and the decoding of the bits contained in those signals. 30

- M;Cplmmh MepamL' tmmh ; Qﬁ;&ﬁmumak' I‘ctm @@m@h d'h &%m@aﬁ?pfgfrmems may
ra ann ver the time of a packet length and the assocjajed e .
ocaury e O e ARG IPLT IS SHAORel AR Y R DM signal
travelsptiandn disa rétes dresctsivendrigigackedipeifkets Qallaatiodigrwibese channel
, i ei i ded. 2005/011128 PCT/AU2004/00103 In .
impa'gﬁ%pégg{ggﬁgéeg%g}%%&mcﬁ io asy W@&%ﬁﬁ&lqﬁ%ﬁnﬁ?eﬁ%em%’y multipath
fading cand wianietmmgobee GlEbdgsymibmistiduehdonftegaenbichamd time offsets

cous Bt U S0 R S I OIS varamision

nsin ransmission

and eReinnRressiiasath Shesagchannelritnpaito@revrepmiery diem OFDM
symbl§) 16IOAISKP LtHBEIC PP Uil SFEH9u. BheY Snad RIS AYEMiRebver the

offsets due to combined transmission and re processes. These

lengtianghna imgskatents Thagiliayalym cromekyinmpaansnis, ayebopuntered by
estimates’ waibe ehgax Npade ke 408 IRRIREIRRAAE pilot symboals

Traditionally, channel impairments are countered by 10 estimates made .
throughetf A dieaginetnBREKR MaNRRiITaaY PRRUMAgNIBYRFIBNSagAYEE e packet
Iengthioe%eﬁﬁib' aam@qu ;wg:hmym r@@ﬁm&?ﬁnw wa{mﬁkmdﬂiﬂgﬂ% channel

. Other me S use data estimates jq ajd foy example wjth channe .
estimgln A Pt EcE LRAAETEAdD 1% LSRRGS ATh aRd gy resut in
powerekdsiby diszdedingy dissaiingrefiydior pseithfrsesbhadcsivatiol.  Generally,

l, Gen there. | se made of all availaple receiy
thore MRS HSE 1200 L AT VRIS, LR pR B gress canne
impaismentaitcstich gacket based egatnanipatierd sessem$or multiple L

IO SR LS P TSE ONS BS0 n wrolos
data %@é@g@mmﬂmﬁmaﬁmaﬂ!em and sehemes provide decisions on
the synchronization of a received signal on the basis of per antenna and then a
majority vote, otherwise the received measurements are added prior to the
decision. These approaches do not address the variation of signal statistics .

across the number of antennae resulting in degraded synchronization accuracy

and increased packet loss.

In EP 1387544 it is noted that time synchroniéation of a receiver to the
incoming signal is essential for effective decoding of that signal, {n many packet
based applications a special preamble is inserted by the transmitter at the start of
every packet transmitted in order to assist the receiver with its timing estimation
task. In OFDM systems the transmitter imparts a special structure on the signal
called a cyclic prefix. This cyclic prefix is inserted for every OFDM symbol. A
cyclic prefix is a replica of a small portion of the last section of a signal inserted at
the start of the signal. ‘There are many OFDM symbols transmitted 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 symbdi, is
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outp PR R pRRORb S isElop el BeTelu

20 majority vote, otherwise the received. measurements are added prior

to the decision. These approaches do not address the variation of signal
woRlistigs agacross the number of antennae resulting in degragiegsa vaoos001036

synchronization accuracy .and increased packet loss. In EP 1387544 it is

noted that time synchranisation of a receiver to the 25 incoming signal is

essential for effective decoding of thatgsignal, in many packet based

applications a special preamble is inserted by the transmitter at the start

emplSfcdl NIRRE S EHITRILE R Ve (R RsTE IS JPECHIENIBIES TANER 1387544

estimation task. In OFDM systems the transmitter imparts a special
a twe iR WBR W GHRANSAIRN2RPIRIFR IR FRCIeReR pRaRRYn8eRERrFFT and
post-FEEMRRE S ANhssmBakidr g RicliT ifeadaplisaahdpigibatiipisdhniques

the, last section of a signal inserted at %]f start of the signal, There ar
ti

and iadhy RO AR, IRBSIREns AR PLE E R ARSI, GONRISIT Of a “delay and
correRABMAIGIAEIN. ApEiRd 38 Ahdd the eyelic pirifik Bf tefORDMsgmbidis. This is

ol SR AR TR SRR o e

distameeebvetwesinati ofayplicapraifix larfdPti8 Géykdn drom stbdimié was copied. The
g-rleégfgs%fb% W(g%t ':g'r::)]:nprising a

ronisa |or‘1$agorithm. _ complementary techni ure
recuraive ninfiritedsaputsetRespoogec(fR) fittminudeterisinafan dalayage of the

fe- it lied o fi I | R -
cor1Lf PRI PO SRR KL BBISty Ay A ator 44 i
Fig 20§ drithid@ridd4disdhen rpplied thaliseacdremples metige o maximum
delayVHeZANEBIONRMERE TP RIS rorelalaitdRen TiewevernEan 1387544

auto-regression filter comprising a recursive Infinite-lmpulse Response

fe‘afﬁtﬁﬁﬂiﬁeﬁﬁ&%@rﬁﬁﬁh?ﬁn%ﬁﬁeﬁh@ﬁ@ EfRamiie Suebens not readily
adapRARHI sesrishilQFReaibyfRCRBESIOM Bid 4 Hs & I8 REdAining signal, the

ol B i L TR B AL P EBFow

boundi3fiéedhustateistarayBiea which makes use of a streaming signal and

R R L A S5 DR rato chamn

in a hestitiappagetiorQEmreymist is auitras et foberdestesinedmmunications

 systems using OFDM and one or mofe antennae for reception. The solution
« disclesed by Cimini Jr. employs decoder and demodulator outcomes o generate

a training or, reference signal, to drive the estimation of the channel for use in
decoding the next symbol. The decoding, demodutation and channel estimation
loops run accordihg to the paradigm that the channel estimate may use all
outcomes up to and including the symbal to be decoded. Each OFDM symbol is
decoded once. The raw channel estimate is obtained by multiplying the received
OFDM symbol with the training symbols. These training symbols may be from a
devoding step.” The raw channel estimate, 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 complexity.
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In US 6,327,314 (Cimini, Jr. et al) the problem of tracking the radio

channel in a hostile propagation environment is addressed for wireless
wEaRRgnisations systems using OFDM and one or more anteRpag it8.4/001036

reception. The solution 20 disclosed by Gimini Jr. employs decoder and

demodulator outcomes to generate a training or, reference signal, to

drive the estimation of the channel forpuse in decoding the next symbol.

The decoding, demodulation and channel estimation loops run according

todhessaedimahet (ohaaabNet efjinrirmidise ol Lildrpigemgrilio channe!
and including the symbol to be decoded, Each OFDM.symbol is

. 1 S .

N aq4eREFlPon PEORAGFLR L hAMEr RS NE iasobﬁﬁﬁed HA 9&9 fRg wireless

oomnﬁe!a‘:ﬂmb ﬁ:r@F@MtdawwubM@ﬂ (DEEM@ﬁ@?n@?&ﬁﬁb@@%ﬂmﬂ@embm%ﬁon. .
may.be from coqing step. The raw chann timate, corresponcli

The RIS RIS INIG SSEETNS PHaIRR- R IR T T L 327.314

by mepebldasiyodisglosingstihkafiromessdtio diew ia ke atithbgse beckward recursion

to thd BRI S ShAN0Rl £l ah DR R BSR R L MR BB hutaton,

isclos the raw estimates are stored and a Ssmoothin

- decodivg rrekebamtdvesjitmaéone datinbhsefiraatdsseauvingh eutditsaprocessing

comBAULS SESHERY BRI, WO RO0SA 1 BETAL20HRNA fraximum

In US 6,477,210 (Chuang et al ing the radio channe

Likelipgghoieropiogagystenes surinast e sirpesiessforfimsrere many other

typesCUTNMIETALQBEHSICIABHI U AP Nhapb e mer @8%6‘“‘1%’“(%?9’.”80& Qutput

reception, The solution provided in this disclosure augments tha

- Decogigrsogdanass s B3opEIPs ByahaRIte psNIaHRMGARE prREeaYe for which

ChuafiRiandasdinsedore bperdi@autipn to the processing. The backward
recursion includes the steps of. demodylatiop,. decoding and channel Lo
o BAPEE 1o oA e SBFLGE 1 FRGA HA CBm ErEgtems with
anterfmandiiversity ofl FE aeietticUmraiig etablisggsCioteftendaxindai 2, 19-22 Sep.
Likeli ing s m c Viterbi decoders. .There are.man . .
1_999’otﬁ§r?§$§g§g)df@%cﬁ @%te%nigth?arg §(L)’%}c1)‘t: r’r? I'c}??MEn ecf?c(%){r |[r119 ggg ggﬁewer 1S
considenpdt Ddboduidesudio asuctassiully Fiebabtidty acqbaiiuets)thed, receiver must

determﬁféodl‘faé’;;Qﬁﬂfi@iiﬁg%hﬂf"ﬁgrﬁél?t éé?ﬂﬂ?%%&eé@ﬁrwé%%a%@s?ﬁf in signal

by Czylwik, A., ent 'Synchronization for systems with” anten
powepilpasify fatlureydnititisYeehremesticoméleigte laxsr stigchrep such as error

- control coding and FFT windows. Another parameter to be estimated is residual

frequency offset. This parameter must be accurately estimated and its effect
refmoved or countered if the packst 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 possibllity to employ these two signals to
improve estimation of fime and frequency offsets. As disclosed in Czylwik,
conventional techniques for single antenna exist involving the calculation and
subsequent combination of two components. In this paper two 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
appﬁed to only that signal. In the second method disclosed by Czylwik, first and

second conventional components are computed for each antenna, The two first

componenis from each antenna are added. The two second components from
each antenna are added. The resulting sums are then ireated conventionéliy as

~ a first and second component. The option of weighting each component prior to
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15 1999, pp 728-732 the time and frequency synchronisation of a receiver
is considered. In order to successfully decode a packet the receiver must

wdlsiedmineghe packet time of arrival. Errors in this estimate may result in, 024

signal power loss or failures in the synchronisation of high layer
structures such as error control coding and FFT windows. Another
parameter to be estimated is residualgo frequency offset. This parameter
must be accurately estimated and its éffect removed or countered if the

packet is to be de oded. Errors in this esfi j
combHRbCERAET e M <BBCE B Aokt I SLe e esure for ach
corresporidiid amtanrmisnaise tinddsachisSamtyi embisyakRERIGN is shown 1o

signals,to | i ' ' i S s di £ th
pertof R BB R o of e

g

resulting catztriafon time sypssiuBiRalipRom AR BB ponents. In this
p?ﬂfi “ﬁ?sﬁ@é%i@ﬁth@ﬁséb%mﬂé?d dRnAbag anddrsquanairfisisdge in this
nt

estimation. | e first, one antenna is selected, based on recelvgﬂ ggﬁ\%}% not be

specifatigth aiadureshiR IR e SAMEdRlidag BHRMHRE sigh&!
takeri 3 %?@Tﬁ%@ﬁﬁﬂtﬁ@@@ﬁ?@%&i&;@ﬁcﬁﬂ@b@ paepqrahtha prior art base or
conventional components are computed for each antenn e i
the ODMBRGROREH EARMEHERE IHE BEET Rh 0 SO Eorl e States
of AfieRceash aewtieree added. Faterestiéngsorty atatbenfrtaeedlisclosure and
. _conventionally as a first and second component. The option of weighting

claimg RArBYponent prior to WO 2005/011128 PCT/AU2004/001036
SUMBDARMIQFAMYBENTIENa according to a signal strength measure for

ijﬁ?ﬁ%}zﬁ%ﬁé’ﬁ %Qﬁ%@géﬁﬁﬁﬁ%@@ﬁd%ﬂ&éﬁwgthliﬁiﬁé%{te at least one’

e other proposals in the

. of thedisadviaettigpst dficelatediag S¥8tRME- time synchronisation is also

I3 HSSIOR S SRHEIE B S Wi SRS S circul for

this' specification Is‘included to explain the context of the invention. It

 a wirglzapdmiativis ab RSB GRIRRE FRARYELRPEIRNSWierial forms a part

of Bl W FHEPFNR 86 RGBT JRRaGEENaNded D donshormenareiued signal,
in Australia, the United States of America or eésraéher on or.hefore

“said firehigjarel rARPSRBCTIEHI: CRTRARIEG SRRt fiters

such!MhEeNTION It'is an object of the present invention to overcome or
miﬂgg t%rg% lﬁgtsatea?nﬁerative fiter provides an estimate of a selected received
signal to an esfimated signal cutput 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 iine'azj
iterative filter; ' _
a second signal processing means for receiving the estimated signal
output of the first linear iterative filter and providing a further received signal

ostimate to the input of the first signal processing means in a succeeding iteration

cycle of the decoding circuit. ‘
In another form the present invention provides a method, apparatus and
system of communicating in a multiple access network by' iteratively receiving
multi user signa!é comprising:
- determining a first set of signal ‘estimates for the muiti user signals based
on linear channe! constraints;
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of the disadvantages of related art systems. In one form the present
invention provides an iterative decoding circuit for 15 a wireless multiuser
wEeMAYRiegtions receiver comprising: a first signal processing#eansdaioross
receiving at least one received signal, said first signal processing means
comprising at least two linear iterative filters such that: the first linear
iterative filter provides an estimate of g selected received 20 signal to an -
estimated signal output and; a second linear iterative filter provides

eginatenfhglieashans @Q@Bﬁ%wde%@ﬁ?ét&@'e&@@%ﬂnﬁdmm@ar channel

cycle, to an input of said first linear |terat|ve filter; a second signal

ConStEﬁFtﬁﬁés%ﬂfb theditsteeiebaignlrstienatstd signal 25 output of the first
|'W@W@f@'vﬁigt%ﬁ%ﬁr@éﬁ'r@fagl@ﬁﬁr ERsRiyRE 81058 1ﬂﬁtm6f@ tﬁh@estep of

input of the first signal processmg means in a succeeding iteration cycle

deterpyniReta firss sf Lﬂf $I95ROBHMSRR$he present invention provides a
m@b@dtaagm@@aw@ styplea gbastngaicating in a multiple access

It | It |
e HAGS AR Eot st JUREPEL ML R RO AL Batggeiver for
recel\dnglmaltpbaenelzgnamraufnwmgﬁosmlllzs PCT/AU2004/001036 9

det d set | estimates | h .
B A R R I o Bsser AR (R R BRESr signal
eSﬁmaf%Qim' féﬁlmmm@‘talmbaﬁen on diseanchaniel tenstedits; :

38?‘[51%@??2 \)g&%aéggﬁg (fgaéﬁqﬁ%ﬁgﬁrﬁsf@f I@ééﬁﬂfg #PHHINEEt of signal

form the prese ntion provides an iterative receive receiving
estimaigni ao& dpisipiEinp AsEreafistigplsigaskestiebtaspbasaden non-inear
chandiateBREigRdirst set of signal estimates for the multi user signals based

on linear channel constraints; 10 a second signal processing component
fdyp@d'gmn%esmgpg@waﬁmg components are aperatively 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 another form the present invention provides a method, apparatus and
system of communicating in a multiple access network by iteratively receiving

- OFDM packets comprising:

a) sample a receiver input signal,

b) add the inpuf signal with one of a plurality of prior stored received
packet sample estimates fa determine a packet sample hypothesis;

c) determine an information bif estimate from the sample hypothesis
for storage in an information bit estimates list;

d) determine an updated received packet sample estimate from the
sa mple hypothesis for updating the plurality of prior stored estamates

- e) subiract 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) 10 &) until at least one or more bomplete packets are
accumulated in the information bit estimates list.

In yet another form the present invention provides a method, apparatus
and syste'm of communicating in a multiple access network by iteratively providing
a sampte estimates list in an OFDM receiver comprising: |
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estimates and determining a second set of signal estimates based on
non-linear channel constraints; wherein the signal processing
w&IMRPRNERLS are operatively connected so as to provide the §%WM§&I]&§G3G
signal estimates as input to the first signal 15 processing component In a
succeeding iteration cycle. In another form the present invention provides
~amethod, apparatus and system of municating in a multiple access .
- network by iteratively receiving OFDM packets comprising: a) sample a

reacgeriverr%ﬁ%ﬁ@@k%%@ég%@@#%@ignal with one of a plurality of

prior sto eived packet sample“estimates to determine a packet .
- séhple hyptanaire cRdprehahcSamRierpaibhalt domadhrosampied recaiver
input | B hypothesis for storage in an information bit estimates list; d)
. determine an updated received packet sample estimate from the 25 -

séhple h5ivdBR RAcksISaYRiR SRIBMALST prior stored estimates; e)
siptract {stepeaied saaele-e SHRRIHHBSSIRIY Bt ¥R ieceiver input

determine a noise hypothesis and provide the noise hypothesis as the

‘with ggiretesh previghstsierrdRacket 55w R ATUTRY  one or more

ciypletedusepii s paatslipietdt hisnipies reationdte egtideteslig and re-
trans R SR UL PARRS h A TR R ietwork by teratvely

prlt)vidingup@atedheestmmmiglrévhm@l?tﬁtbrecbimcbgmmm _wsjimate with
o R AR SHERIRAET o rom e ampled recener

silmasfit) atméhh_e mmmmmmtiﬁmnﬂm clmewdm a pﬂ@tbﬂ_ds apparatus
ond SN YRR AR L e St e cR N ocing
a pa@aﬁgﬁ%mgaamgﬁtggﬂmaées list in an OFDM receiver comprising: :

a) determine a packet sample hypothesis by adding a receiver input
with a selected previously sicred packet sample estimate;

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

- ¢) storing the information bit estimate with one or more previously
determined information bit estimates; |
4 d) repeating steps a) to ¢} untif 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:

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 mapbed to correspond to one or
more of: _ '

an CFDM signal cyclic prefix;

an OFDM ftail portion, and;

an OFDM guard period,

and wherein the multiplexed freqﬁency domain sample estimate is mapped
fo correspond 1o one or more of: o



10

15

20

25

30

transmission modelling the packet sample hypothesis; f) update the

selected previously stored packet sample estimate with 10 the updated
waaskal saymple estimate, In still another form the present invgtioRy2004/001036

provides a method, apparatus and system of communicating in a multiple

access network by iteratively providing a packet information bit estimates

listin an OFDM receiver comprising: g determine a packet sample

hypothe5|s by addlng a receiver input 15 with a selected previously

W%} ,%%Im@ mjdetermlne an information bit estimate
eco ing t

t sample hypothesis with one or more of a hard
d@b@@%mﬁlﬁlﬁgrﬂﬁé%ﬁﬁ ding technique c) storing the

infRrEABPAN BPHINRIR WHEAIR GhveritoRr ievibe @ deisiuasdpparatus and
information bit estimates; d) F%%eatlng steps a) to ¢) until a ¢ irg:ﬁ)lete

syst%ﬁ&fe@mmﬁma A CHIMem I PlR AGRRESH DRIVERHO RHFRAFIR0:
d@\@oﬁﬁﬁlﬁsuﬁéﬁ PiigaratcoantEitgoihizin uwmpmesadaptmg a

ors S S S S S B S v 20

as torafteivathsampihentitvatiffevéhtiate gudosirsld packe drom appmbamwatlon of an
mterl‘recelved S ﬂéle etg‘tlmate such that the multiplexed time domain sample

SLHRfRSE p%t %' E5FRS res oﬁ'g‘t' one or more of: an OFDM signal
cykdwptetmoﬂ%arf@rﬁﬁ)th:mm&ﬁm innentienOmdividesre pestican@pparatus

and @Eﬁw e sdiingnrhiiagu W% gﬂ!(y%l&[sﬁ §§%ﬁ®m%8ﬁdn9work by |

correspond to one or more of: 2004/007036 11

_synchipOiEDO B@e}s@tﬁﬁmmuadﬁ@mmm@amafa symbol. In -

anRIBeAAREN I IR BIRIGADIIVERIMAL Provides a method, apparatus and
system of communlcatln Jnan OFDM multiple access network
coteigEmpIng a correlation signal corresponding, to the packet input signal;
processing the input and correlation signals such that at least one of the
input signal and the correlation signal are filtered; |
determining a decision statistic by combining a power component of the

processed correlation signal with a power component of the processed input

signal;

nominate a point in time given by a predetermined threshold condition of
the decistoﬁ gtatistic as a received packet arrival time.

in yet another form the present invention provides a method, apparatus
and sysfem of communicating by tracking fime varying channels in a multiple
access packet based communication networklcomprising'

a) initializing a channel estimate reference based on an initial channel
estlmate in a received packet preamble; A

b) updating the channel estimaté reference based on a packet data
symbol channel estimate in a coded portion of the current and all prior received
data symbols; |

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

In yet ancther form the present invention provides a method, apparatus
and system of communicating by estimating time varying channel fimpairments in
a multipie access packet based communication network, where channel



10

15

20

25

30

5 performing multi-user interference cancelling which comprises adapting

a single pass OFDM receiver to iteratively receive signals at the sampling
wd2ued/5P 135 to allow the receiver to differentiate a desired pagke! {5 8hh1034

observation of an interference signal at the receiver input. In yet another

form the present invention provides a method, apparatus 10 and system

of communicating in a multiple acces&ommunication network by

synchronizing. packets arriving at a receiver comprising: receiving a

ampaig;gggﬁg%%@&%é':c%%ﬁ%i%%%fﬁ%lma%@ﬂ%%g'n@ fi&nal time

et input Signal; processing t such that

- offsetacmgrsis®f the 15 input signal and the correlation signal are filtered,;

grséifminiﬂﬂsal%ﬁ'gi% SERtSHCIMG RARPIRARRRME SHPRIRANARYLEE on initial

essed correlation signal with a power component of the processed

_pilot apguprerimil s siinbRiwIpelHORin@dReaivsh RRSESErmined threshold

Cg?d'tlorb@ﬁBMﬁgi%cmaaﬂéb%&@ﬁ%mﬂ W@@@vafmsiag the set
yet another form the present invention provides a method, apparatus .and -
of chapseinirBpairmemticsipaies andth i aiecaived m@%iemmm@ a set of
transmcgﬁmwl@mmggo'mmunication network comprising: a) initializing a _
channel estimate reference hased on an initia] channel 25 estimate ina_ .
ré'éleive'd"bﬁé%g ed Ie,SB? u gaﬁk'&ﬁ@th%'@@ﬁﬁgte?gﬁﬁgg with  the
deterfrised eetegfankeitddtastiymalies dhradneteitzdagmikatoded portion of
th currept agdtallgprLECJr re?ﬁived g ta symbols; c) repeating step b) at the
arrival of ?Lﬁas%drﬁ N Sggk 8&% mbols. 30 In yet another form the
plasetitiimmriier dovitdha presea ipeantios proviysterd ghethad, apparatus

ond SEEH P BN 115 ARG MIB PSR Byagmo vaning
channgoestosation ipsareceinsydon saEigng Lrampanitred Radimisiseomprising:

channel \aiRHaRng OB ERIIGTSY SRS pEReNIilinIForHitalion included in a
received ng;i?egf preambile; ' :

b) correcting a received signal using the estimated frequency offset;

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 domasin such that the sample sequence inciudes OFDM symbols and
intervening cyclic prefixes; | '

, e} performing a decocding 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 preambile;

o) transforming the transmission sample sequence info the frequency
domain; _ .

h)  updating the determined channel estmate by combining the
received sample sequence and the transmission sample sequence in the
frequency domain; . '

i) repeating steps e} to h).

In a preferred embodiment, the combining operation of step h), which
updates the determined channel estimate, is performed by dividing the received
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a) initializing a set of channel impairment estimates based on initial pilot
and preamble symbols included in a received packet; 5 b) performing a

wdlarrAg | PReration which comprises processing the set of CWﬁbzoo 1001036
impairment estimates and the received packet to determine a set of

transmit symbol estimates; c) updating the set of channel impairment
estimates with the determined set of . symbol estimates and received
packet 10 d) repeating steps b) and C). In still another form the present

ti id
a5 N SR, RS e oy

domafiaceiver for receiving transmltted packets comprlsmg a) estimating a

freaue R Ol SRS e O%tBEHHt %@a&eé%@ﬁ@ﬂ%ﬁp%@ératus and

eamb'lje D) correcting, arecelve S|gna u5| gthe estimated frequency
systemfsét o@rumeummhgsa ithan nupléislen aecesmdinbaraktiby %ﬁd‘é@ﬁﬁﬁﬂ&hanne'

estim SRS pg g ﬂﬂﬁﬁ)r{tﬁ?ﬁ;ﬁtﬁﬁéﬂ%éﬁ%@m@ﬁéf@ethe receiver
receive nal |ntot e 20 frequency domain such that the sam g
ratneg@qué}{i@ CRED OB TIPSy b SRCEHE dn Al ng R i @Bg gé‘séf‘e retrieve

symbRR R B ARRRANSRIREAHO B Yhistssagaprises processing. the
determined channel estimate and receive packet égeneratln

trédsmisSISHEIMIPR: BqiRREXuGhg TRITRIoANET ?esﬁﬂ@gﬁém of symbol
est;mgfem&ﬁiwga ff@rfeaeﬂ@gbg@eket preamble; g) transformlng the

transmission sample nc 0 the freq main,;
R AR T R s
S&@uenceiat@rthBWaaﬁmmnedmme@eqnaateaatmmteom@@mﬂw multiplying
inin t f e
the F O A P Fel A S e by A o
esm)nate dswmmeawﬂmaguate mwwmgeos/@@ms comprising the
absoﬁ:?e %W@%@P&%ﬁmng symbol mairix;

'e)  perform a smoothing operation on both intermediate matrices
comprising 2 dimensional filtering;

f) determine the channel estimate by dividing the smoothed channel
esfimate matrix with the smoothed fraining weight matrix.

in embodiments of the invention, the step .d) determining an intermediate
matrix of ti'aining weights may comprise other funclions such as, for example,
(absolute value of the training symbol matrix)Z.

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

a) determine a matrix of received OFDM symbals;

b) | determine a matrix of conjugated data symbols wherein the data

_symbols comprise che or ntore of preamble, training and estimated sy_mbols;

c) determine a 2 dime_nsional Fourier transform mattix comprised of
the received symbol rmatrix multiplied with the conjugated symbol matrix;

d) filter the Fourier transform matrix; .

e) determine fime and_' frequency offsets by locating peak power
occurrences within the fittered Fourier transform. | |
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13 sample sequence and the transmission sample sequence in the
frequency domain. In a further form the present invention provides a

wdngharg,; ppparatus and system of communicating in a muItqugﬁ%%(% 001036
network by time varying channel 5 estimation in a receiver for receiving,

transmitted packets, where the receiver retrieves OFDM symbols from a
- received signal and transforms the req%aved symbols to the frequency
domain, comprising: a) determine a matrix of training symbols comprised

of, sym ' rj r; ). determy '

o S A R e B8 SN SO hE g8 S A offeets
may bieanperesfifatvelntas B merpiphchrnosiDastiyratiommaltir igxample, in the
abové%ké%%‘r%ﬁdh%ﬁm'r&%ﬁ&’."iﬁl}@ﬁtﬁﬁ) Qﬁ{ﬁ!ﬁ'r(/f‘r e M HSunication by
- matrix of training weights comprising the absolute Value of the training -
estimglifigolimarsaing shesmebisthodimagispdhaieiam sowmfiniegadaathe set of
chanAAiEpRifRIBRE WG RS Neien ah 8! GERS A KB ¥BINS NS ABONBLtimates and

estimate by dividing the smoothed channel estimate matrix with the

receiRt Bieat AMAYLRENTISE & Ahs siarsahd@ Bhoheatimmtingeoffsets.

step &) fietRBD BRbABINEAT SAAIBLN EAENRIdr UKL gby BaYthe channel
tions sych as, for example, gabsolute %/ggfe of the
t

. camprise other func . -
estinalli a5 SEUREH RN LA RRL AR HR A RS B8 Rel estimates
with e ddbtsranineitl ebiapipayatus| asdiswstesn of communicating in a multiple

access network by estimaging offsets. in a receiver for receivin '
e A et SN Bresens hOSRRR BroARS A dhsther. apparatus
and Gyetsyoibasrmlakdeading a imagixmoiitiplpigatckdsta psoketiscommunication

swdiRergin th nhpls.comnri n re.of pre , i .
L T T
comptiaig:comprised of the received symbol matrix multiplied with the

CpvaRthey M PeLevE: si9ith HEEAPelma 18t BARHBFARLPIRY of antennae
.. .determine time and frequency offsets by locating peak power i
with a known signa! pream%le to provide a received signal sequence,; '
determine a power sighal 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 anten na,
determine a time of arrival for the received signal in accordance with a
pradetarmined threshold condition. |
-~ In embodiments of the present invention there is provided a computer
pmgfam product comprising: ' | o
| a computer usable medium having computer readable program codé and
computer readable system code embodied on said medium for communicating in
a muitiple access communication network, said computer program product
comprising: . .
computer readable code within said computer usable medium for

- performing the method sieps as disclosed herein.

Other aspects and preferred aspects are disc!bsed in the specdification
andfdr defined in the appended claims, forming a part of the description of the
invention. E '

The present invention provides an improved or enhanced wireless link
between two communicating devices, for example, an IEEE 802.11a Access
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occurrences within the filtered Fourier transform. WO 2005/0 11128

PCT/AU2004/001036 14 In a particular embodiment, the above steps a)
wdokfonesfimating offsets may be used effectively as a megns@fi2004/001036

channel estimation. For example, in the above described form of the.

invention which provides communication by estimating time varying

channel impairments, the step c) of up ating the set of 5 channel

impairment estimates with the determined set of symbol estimates and

o SR S MR st . T

+

presesttanventistinatutsatoreqhiscbdrbay ipesfonnenee Upﬂgﬁh@rﬁ]glg&%mt to point
links, MRSl WIAe deieHTIaRd SHiaT RiERANGIMHES 18 1Boteved by

sent invention provides a method, apparatus and

' advasgstreignamprotessingn testuNskescdasdipaciellevifuftassn to improve

perfoﬁ%%g by synchronizing a received signal in a multi antenna receiver
comprlsirng: correlating a received signal observation at each of a plurality
of-antenrf2&CP8liNEh a known signal preamble to provide a received signal

sequencesWisieirpingAiBawer signal of each received signal sequence;,
combine the determined power signals in accordance with a time

averaged=WeRJPPased on estimated antenna signal strength for each

antenna; (sigete{ABNE gtiimaioharrival for the received signal in accordance

with a 20 predetermined threshold condition. In iments of the

present. iﬁ[\?fﬁr%%ﬁ [Eﬂéqg%‘ ﬂ%@?&’ﬁp eﬁ%ﬁ%%?%%%%ﬁrﬁ% ga'rbduct ) »

coyprisgica bempntisretabtt medinen paviancakilatdr reathel@rt, in addition,

rogram, cqd e r ' i idmploved t

con TSGR SIS R Bstrabi s dmpiorea t
providetelereireiicaliyngenenisgtlivgetansl zotapRaiRdncmpRptNEaIRENeT: The
fol!oﬁﬁ%em%ﬂ%QQW%ﬁﬁﬁﬁ PRESUKY iffeReHAming the method :

steps as disc

sed herein. Other aspects and preferred aspects are

disclosedSipaitat paiaséipaf interference,

- Significantly Increased receiver se_hsitivity,

. Significantly increased robustness to fading, and

- Self configuration of antenna patterns -

Spatial rejection of interference effectively ignores or rejects signals that
are not emanating from tha same location as the current or point of interest
source. Rejecting these signals increases the probability that a signal may be
received without errors thus increasing the reliability of the lin}( and therefore the
throughput to lower retransmissions and dropped packets. Interferers have a
spatial signature as meésured at the receive antenna that is substantially
determined by their position. However, it is possible that transmitters that are not
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
benefits. Since the received power at which the signal may be successfully
decoded has been reduced, the péth 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
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description of the invention. The present invention provides an improved
wbRBhanegd wireless link between two communicating deviggsy fQ5-00.4/001036
example, an IEEE 802.11a Access WO 2005/011128
PCT/AU2004/001036 15 Point to an IEEE 802.11a Station or between
two nodes in a wireless mesh. The sent invention leads to enhanced
key performance indicators for point to point links, namely, range, power,
and sffi'8 AR ARGV RIC RIS 2flaKL NG B MCel A0RAIRRASP Mo means
_techniques In"the following areas to Impro performance - Decoding -
that leopppwEER igisRAUEgdaNeath ashassardisghatid may-beIpespibleatedransmit

a highMHITRISIR A NRIARIEBAAGIE HUICEKHRSHBHSIS RO BB NeTRRES Rt reases the

skilled in the art, in addition, techniques that exploit multiple antennas for
data rgfsmission may be employed to provide electronically generated

drRBiesM esuennasdninl PR M ethdNiieltvB o ReIRISS disclosed

stem from the present invention. 15 - Spatial rejection of interference,

hereis gy dRyaAsR e AR Penaebrl egRifrddfulpRbstag radio channel
vaﬁatr@l!?slst_tﬂeﬁ%(_éﬁiéﬁsirEyaﬂfhf}'éétEiﬂ?ﬁfW@ﬁfb@fsQr&?ﬁﬁér@alti%t:]ﬁﬂtaﬁ;aﬁﬁk may be
rejecuon or inteyrerence erecuvely ignores ar,rejects signals re
createfl BEIRHIRR g POREhU e BRI E ane Ko reRe e o IRel Lroush less
re-trasenrissiSeseatinbféwere drgpplednperdssts the probability that a signal may '
be, received with rrors thus ingreasing. the relighility of the link.an
TR WAoo TRl RS IPAR S A stiows the
rejeqtiﬂmqéieteﬁa@rme;wml aiggﬁwﬂmdimm‘wﬁmmrwteim@mﬁionamy is
adaptWété%sHt%%@%%Sﬂﬁ%rst Wﬁ‘%%&%t&'ﬁ#do&s?g’gg#@w Xehdt&Si-time or during

possible that transmitte at are not collocate uld produce a similar

- the lifgfitheinwialietionsit is also possible that

By way of example, indicative performance measures of a sarhp!e
communications link are given with and without the use of the Point-to-Point
techno}ogjr of the present invention.

Typical of Related Art Present Invention
Range Ts0om | Tkm '
Required T, Power oW T0AW
Maximum Datz Rate S00KkEps Sibps

The present invention also provides improved channel tracking
capabilities. Channel tracking technology refers to the adaptation of the receiver,
when the channel changes rapidly over the duration of a single packet. Typically,
the channel estimate that is used to decade a received packet is determined from
known sequences at the start of a packet. This estimate may be used o decode
the whole packet. However, if the relative speed between the transmitter and
receiver i$ great enough, the channel experienced at the beginning of the packet
is substantially different from that at the end of a backet rendering the channel
estimate incorrect for the end of the packet resulting in decoding errors. There are
cther processes that manifest themselves as the radio channel changing over the
packet. These inciude mismaiches between the Transmit and Receive Radio
processing resulting in residual frequency offsets and misalignments in the time
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collocated transmitters could produce different spatial signatures.

Significantly, increasing the receiver sensitivity means that the receiver
wonay¥sanefase a lower SNR (Signal-to-Noise-Ratio) point Whlclg@f&%ﬁ_@(mm%

many 30 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

and TENIEHROWRRLR ReAiEASaE W QiFRAROI] 1B GI4ALAR0409 18 ive radio

16 and still a Ilnk may be maintained. Increasing the receiver sensitivity
devicgthRbmatahReEEcidwer is required per bit and accordingly, it may.be

PaFsbleferieiioR A e CBYBIRG taCRRITIeE 3t B B?é@@ﬁﬂﬂ%tmibn aliows

-symbol, This increases the data rate. 5 Robustness to fadln(t;(’frowde

@ r%%é%ww& teBid R PaRIBSElY S SRANRE) Relimale tha e thanges

in th@ackaheisbredue the deratdadier cha @@ké@“a@@ Detfges.dyapplying such
mcl(ef .rob stness, a mqre reliab e k may be created ensuring.a

Chanp SRS Fchs- 80 b I8nammURFEancer high mobilty
oonditmtrarmndsamje:amgewamémpmﬁlamméa The tsefmituiipiereceive radio
rocesm%%nas r traepsm% and rec ve funct| allows the re jection of ¢ a sample
P Rrence fom ol sﬁﬁﬁg: (':YBW LAMFRESy ?8ﬁ3f?f| of & samp
commaididichlions ﬂmham@mmmmmtstm wised ot thetdlihaneetr Tracking
techrndiing the life of the installations. By way of example, indicative
performance measures of a sample 15 communications link are given

with and without the us eW@POfnR&!Mﬁtéchnolo@ﬁﬂ&hélpthn

Ma Toraof R @;@q(ﬁ.{m-'resem Inventiom RE ]1 R
Required TX Power 1.0W 0.1W._Maximum Data Rate 500Kbps 5fvibps

Thpar BRYaRUen#b 8@5' VRIS VRIS Y %ﬂ&ﬂm?taﬂownng the

echnology refers to the adaptation o

‘ ilities. Channel trackin
fBWOY@fagé@%eﬂﬁHQ%m g fraprg siehdle diaténr s3mgestandard”

referspackein$ipissibis of similar packet structures from other users in a multiuser
system, or multipath transmissions (reflections) from the same transmitter, or
multiple transmit antenna in the case of a device equipped with mulliple transmit
antenna . .In all wireless communications systems, multiple active transmitters

share the wireless medium. This sharing may be done in a coordinated attempt

in infrastructure networks by dividing the wireless medium info time and
frequency slots or in an uncoordinated attempt in an-hoc networks by all active

transmitiers contesting for the right to use the medium. Both schemes limit the -

use of the medium to a well defined frequency and time where only one user may
fransmit. Packet collisions occur when twa transmitters inadvertently choose to
use the same frequency at the same time. The Interference Cancelling
technology includes advance signal processmg techmques that benefit the
following areas

- Acquisition

- Interference Mitigation
- Range

- Network Throughput

- Reduced C_)ontrol Overhead
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20 the channel estimate that is used to decode a received packet is
determined from known sequences at the start of a packet This estimate
w{ﬁ%%ﬁ?d to decpde the Wh0|§ pac;ket However, if the rel@f’%‘ﬁ\ﬁ&ﬁﬁ%mnsa
etween the transmitter and receiver is great enough, the channe
- experienced at the beginning of the packet is substantially different from

that at the end of a packet rendering the channel 25 estimate incorrect for

the end of the, packet resulting in dectding errors. There are other

pr. ssgﬁ1 ifest themsglves as the radio chapnel changing pver

G R o e IR R R g PRgREes of the
preseRédeiveriisdioresobes sind isienkineitwesil twdraguensseoffeatsmifters from the

-samﬂ?ﬁﬁﬂ%@@ﬂkmﬁﬁ ea"é’%%%%% ?)QT{M%%%éO(Pﬂe%g%ﬁgggq'hts has

frequency synchronisation. It'is to build transmit and re

numai@me%dhaﬁmgﬁ.p_éﬁaﬂw. Wh@ramlﬁamgigm%o@k}mt@&ﬁﬁm peskets are
recei\gér?‘e REsPeRUPVeRigRalnus w&?%%&m%ﬁa bw&#iaqm@sgrewvedesreasing

annel Estimate that tracks the changes 5 in the channel over thé

retranpigsiPeEa FREKEICPREG RERKE S pPRASH BEY: darpBIOMREKiHe requirement
that JARNBAE V=R $3R6iAEH MY BRI A YNESFHEWEE RIS P AYiDe S EB MRS amount of

and under larger mismatches between the transmit and receive radio

trafli, Iagb SRy PRYSRELSS SaMBIANEIND pershRiRerrRsatreMargover. this may
give gesaipée flerisilitycalionpdistnriRied dasvdh Uil Rdqasnepibaning and in

tre o L AR e oL (S DI o

from pepadata terfgramiescemadipiniagovfficeshe removal of same standard
inferference iqnal. ' y \ refers to . .
e ke S Uh B L T o AR AR ¥8 S et pocorcing

to difipsent, standepdsh ttarsintferenesiecancs)iationhetsaatereansayttemploy a

recei@érléﬁﬁu}@{?éﬁﬁﬂﬁﬁé@%?@ipgﬁ!é%ﬁ?‘%’f’aﬂcﬁaﬁjﬁglcﬂ?gﬁ‘%‘gd}‘"@ then able to

multiple transmit antenna . In all wireless communications systems,
create, hypethasesrartritersinipgering wisrals mthmiabyrhenahling dndgrference
cancéliatienpe in a coordinated attempt in infrastructure networks.by dividing '
tk:geéaﬂre_less medium into time and , frequency slots or in an uncoordinated
a

RPN - RN AR oFRS ed Jnijbe ysical Layer in accordance with

- embodiments of the present invention. The resulting reduction in network
-'signaiing overhead multiplies the benefits over and above the resolution of the

two cofliding packets. Typical quantitative measures are a doubling of network
throughput and several orders of magnitude reduction in packet loss raie as
follows: ; '

.| Typical of Related Art Present Invention

Throughput 10 Mbps 20 Mbps

The muiti-hop technology of embadiments of the present invention allows
selected (and possibly all) wireless devices to act as routers, forwarding packets
from one device to another in a communication network. This means that though
two devices may not receive each cthers signals, if there is a set of intermediate
devices that may be linked to form a radio path between them, then they may
communicate to each other by passing their message through that intermediate
set.
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20 transmitters contesting for the right to use the medium. Both schemes
limit the use of the medium to a well defined frequency and time where
wPRlys@Re tser may transmit. Packet collisions occur when tWo-t/a t2004/601036
transmitters inadvertently choose to use the same frequency at the same
time. The Interference Cancelling technology includes advance signal
processing techniques that benefit th,Pg 25 following areas Acquisition
Interference Mitigation Range - Network Throughput 30 Reduced Control

B AR AR b A R TR ARG O R IR Bhnology

the interferéence Cancellation technologies-of the present invention

may 9ERIvY CHIMASAI iWee A elrainatien tmmiissdm Muldand maintain the
requirSB HAIEHIEAIABIINN0 MUNEABE HEMRIRIGE0108 IHREHENBErENENAF terms of

.. numerous advantages, Firstly, when collisions occur, all transmitted
ﬂex‘b*ﬂ%l{@éa@@%’ g Ros L eFERTRSRINER Y throughput and reliability by
derERsing i henteves ahfcuthciopsintopatikelh Starsrdliiab¥equires minimal

removing the requirement that only ope transmitter may use a n, . .
planningy o FY BT ARTRS alRNIR oR AR i R bR AT G iR @ radio
| rangensediss) frasnbhecmasadtivismeovelr, dbisfipayativesomeatdiritpiifigiriterion may

infrastructure design such as frequency planning and in 10 the case of

be POES Rated competing networks such as two IEEE 802.11 networks from

sHpanaiitiplem paties betdieainglevices. exike msﬂwaéhamwld,esiwtamic route
deterifith 'H&%‘fg%’éﬁeﬁe? %E?W&&%C%WSH Eﬂg'f%?fgrﬁal%iﬂ@%st%bcked or
mtgr e[ence cancellation structure ma_y emplqy a receiver an . :
congeagtiganknivest ravaidethyaHhetaiere ds ardevies varssitnge fing.1 e network

may rESMhBYALseRIRh RS e RioRAl Hiesehy N ARgN R RS find a

cancellation. Collisions may be resolved in the Physical Layer in

new paiolaarieeviie arbyaridhidsortratingsanakvitisefriealisgagd therefore

more RSIEHRN WARMIKY SDPALRRIeVARsheaddataiRipatReDeRsitiayasBNddapts to
ove the resplution of the L ) ‘

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

Four areas of application in the communications field which best utilize the

- benéfits of the technologies of embodiments of the present invention have been

identified by the inventfor as
- Mobile Muilti-hop Radio Networks
- Fixed Multi-hop Radio Networks
- |EEE 802.11a Access Point Chipsets

- 802.16 Base Stations

- OFDM Baseband Receiver Co-pracessor '

The following describes each of the above identified applications in turn,
Cther applications may also benefit from these technologies of embodiments of
the present invention. _

Firstty, 2 Mobile Multi-hop Radio Network requires effective real-time -
cqmmpnication to networks of moving entities. This concept provides cosi-
effective bi-directional high bandwidth communication both between the mabile
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15

20 two colliding packets. Typical quantitative measures are a doubling of
network throughput and several orders of magnitude reduction in packet
, g follows: Typical of Related Art Present Inventio 1:Itzr
“610 M gil%% Mbps The multi-hop technology of embodimentrs]P(();r ﬁ%HgmM]t"m
present invention allows selected (and possibly all) wireless devices to
act as routers, forwarding packets 23 from one device to another in a
communication network. This means®hat though two devices may not

oS BRSNS R 0 SRR Rouers

are ptacschuwhate teendoatirerbypissdingitheregelangotinesiinnsato a wideband

wack BRSSO AVLOREI0L128 BETIAPIRBION Lver notworks

ending on'the particular network dynamics, the I-hop technology
such asthenipleyriinanmiheuterieta mehuikechiidaethamanrrass to power and a

At : i b N . _
phys;%%eﬁmﬁlﬁ?@gﬁg %ﬁ&%nﬁ@%nﬁﬁ%ﬁﬁ&?ﬁm rastructb(féfg@&\éh wireless

routelr|ekiiNy irplesrerobiend R e fikgehiag mahie Hdiecpiesshinang to their
envird A0 RePRY GaNRRMaMIs NS Rg JeuicemmnBR: SdaigdcBhdmunications

radio range sense, from the core network. All configurations meeting1 tBIS :

methegisefs RYC HeeobEsiBrSad Inp P AR abdiegb icHise 2 iHbodiments

of th&hwg%tduwﬁﬁé%lf&cﬁw&eée&amiwh@e@ﬁt@g@gvgrrfm? wch?ther Multi-
. e, current route Is ckeq or .,congestion Is t avolged. ererore I a

hop REdIEe NERB 58 SR e R iy PRI R 169y B stad above,

leadirexdide thardesfiiciepm adtwotksiansrindiedneVRphdtiverdoghetated art Private

- comERISAE I SRR A SRR B BRSO RIRRR provide

e route’ deter on continuously Sto
significemiobtopootigmetids dhddgts RateinBéngapbilobilityakdocest of Network as
ot I p networks in accordance with embodiments of the present
n edi'\r%\l;;e%]\{%)n offer a simple solution to provide a high bandwidth link over a

witeceRsdy.De fosedy Mattblansirationdeiwarkasifudinviesds Brdinstaling

. Wirel@dd9RéWiers at fixed user locations with links available o one or more

wideband backbone connections. The only 'requirament 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 uilfimate range is not

2C

25

30

limited by signal strength. The Fixed Multi-hop radio Network forims a flexible, low
infrastructure cost solution in providing a high bandwidth connection to a Wide

- sArea Network that is reliable, easily managed and self healing.

Furthermore, the 'present invention enables all decoder outcomes to be
emploved (decoder outcomes are stored across all iferations and able to be

combined) in the receiver fililer siructure providing improved estimate

determination. The number of users that may be supported is greatly increased.
Particularly advantageous, for example, in OFDM systems the present invention
does not require prohibitively large matrices to be inverted in forming estimates.

Receiver performance is superior to that of the related art due to the quality of the

feedback symbol provided by including decoding in the iteratipn loop.
Embodiments of the present invention are based on interference cancellation

‘where previous estimates of the multi user received signals are subtracted from

the received signal to cancel the interference they cause. Accordingly, these
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reliable link, multi-hop networks generally offer excellent return on
investment. .20 Four areas of application in the communications field
wovhighpask utilize the benefits of the technologies of embodigignts afith& 1036
present invention have been identified by the inventor as Mobile
* Multi-hop Radio Networks Fixed Multi-hop Radio Networks 25 - IEEE

802.11a Access Point Chipsets 8026 Base Stations OFDM Baseband

Receiver Co-processor The following describes each of the above
embo'%%'@ & @Wlﬁgf'%lﬁgﬁqﬁg? QFQ&%% ONSARPEBIPRERGH Musing tree

these technologies of embodiments o e present invention. Firstly, a .
searchidpethadilagieratap Rultivseregignalemubich rvaushaecessitate exploning

" manyPRALHEBIYH G RRDEA el MaVErBREIRSnTBIRIRIN G MO iSusly enables

cost- effectivé bi-directional high bandwidth communication both between

decodigmebiasio 25e5/81 S0P EReRISHSL 60 78RN 26 eiREd drfor Correction

- encodiflvedhiixadd e stienansribe copipilst eatiiestiiiieins HBokisEsi@areignificantly

. placed where service is required with regular, connectjons to a wideband L
POy YR SRR e d SR e DS Lo PR S SAIEALES.  This in
turn NSO KSppch ke BigHitRMet P HIgher Rilialsoretobise@thgntitantiments of the

oSl RIS BRI S T WV BTy BE Rl e

user metsiptidhe roBreisatiapnistheflr thevipmesent iineemidat liakpnlageously use
Ing, for example, data. munications, o] | . ol

cecofS IR SHRIDE SARIUA s Y By, dopocutator

outcomeshtionfsivantageonsliitiveceiventageiitianisofothdremmfaotiog may be

deterfRite NGIHSISHRTEHHS MREPRASOPLHIKGIH LIS SSARid8PRecomes to

leading.to a more efficient network is provided. Relative to related art

improvpyath atifhusrimRe N eflians cRtRdiRienstimainteRindbftiofequired

beanfERMieg SEPEIRIEHRRIOVAMeHsdriBAE: Raith Reftsodiafulinsacd aps present
. of Network as noted above. 15 Sec;ondlgl, a Fixed Multi-hop %adio
inventigiy HRACHIRAIQT ShFREgingstimate taps s performed in the frequency

domain as well as the fime domain. Further to this, embodiments of the present
invention allow decoding of sﬁnbois-more than once as a channel estimate
corresponding to its interval is improved resulting in increased receiver sensitivity.

Further scope of applicability of the present invention will become apparent
from the detailed description given hereinafter. However, it shouid be understood
that the detailed description and specific ‘examples, while indicating preferred
embodiments of the inventibn, are given by way of illustration only, since various
changes and modiﬁ'catioqs within the spirit and scope of the invention will become
apparent to those skilled in the art from this detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS

Further disclosure, improvements, advantages, featureé and aspects of the
present invention may be better understood by those skilled in the relevant art by
reference to the following dascripﬁon of preferred embodiments taken in
conjunction with the accompanying drawings, which are given by Way of
lustration only, and thus are not limiting to the scope of the present invention,
and in which: | | o

Figure 1 illustrates a related art multiple access wireless communication
sysiem; '
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Wireless Routers at fixed user locations with links available to one or

more wideband backbone connections. The only requirement is that all
wdOHieks st be able to form a link (director hopped) back t%%P&?J&Qf?D&nm

connection. There is no need for expensive base station configurations

and ultimate range is not 20 limited by signal strength. The Fbed

Multi-hop radio Network forms a flexig . low infrastructure cost solution

in providing a high bandwidth connection to a Wide )Area Network that is

reli Sj ged an ling. .Fun, ke the, pr -
ir%igﬂ%’negng@%?%%egondé%r)%oguﬁzg)?ﬁe%ﬁ[cé: by%%g%%g%d@cc%sgr%ated WIre!es_s
communication Systenminycivisgiintactess eatisibir:to be 25 combined) in

thegaee'wallzea s et RN PO Al CRlRATCBIE PSR art wireless
. The’number of users that may be supported Is greatly increased.
comnpiiiatiansataiantageous, for example, in OFDM systems the present

inFRAtRN4498pIRE B YLIPRORBILYRY [des rartEaeri0ReiINdEiRHdance with a

forming estimates, Receiver performance is su perior to that of the
first erg Afue to the quality of the 30 feedback symbol provided by

inslgdrosiaeqsiig théha desMHRZISARYSEIPORNBESITS SiiBtPEDMA,
inyention are based on interference cancellation where previous
o SN & STSRICtR 7 CRBPPICR R B IS ER0 Rbm the

reegjued Sfyndéisiciancehthiesinigverenaiiinsyrcalissndecovdittglyirtbasemuitiuser
osti V\{D 2005/011128 PCT/A 20f)4/ 01036 .21 embodiments do not suffer
esUMAOH; A KRR 39%%8”&% LTSS Séfﬁ‘& e search methodologies

foFigueuser siepatdsvhint Wwaiddrapesssiliie exfanncaceandantes with a first
through a given tree. The present invention advantageously.enables -

di ofeazc user's signal accarding. tq their Forwar, Errog recti N
embel AN o e T B B e R B RS =
and significantly improved symbol estimates, resulting in superior interference

. mproved s, resuling in su cs
o B ot hot e BN =8, £

No = §siBdnoaasapantieovith @ ditstimbedipash. Embodiments of the:
IR HAWAISNYARERYEINRE A SRIAEPMLCOPEITIMNG high level

Y
symbols rather than only using demodulator outcomes. Advantageously,
struchid@iver coefficients for beamforming may be determined without

trpgarsier INRIseifR o dhP ﬂﬁﬂ@ﬁ@?ﬂéﬁ@ﬁér&ﬁw OFDM receiver high

level structure of figure 10 in accordance with a second embodiment to facilitate
iterative receiver technologies; | |

Figure 12 shows a OFDM Soft/Hard Decode and Re-transmit structure for
use in lterative Receive structure in accordance with a second embodiment;

Figure 13 shows a Hybrid Re-transmit in accordance with a second
embodiment;

Figure 14 shows a Hard Decode and Re-Modulate for OFDM Soft/Hard
Decode and Re-transmit structure in accordance with a second embodiment;

Figure 15 shows a Soft Decode and Re-Modulate for OFDM Soft/Hard
Decode and Re-transmit structure in accordance with a second embodiment;

Figure 16 shows a structure for time domain channel application process in

. accordance with a second embodiment:

Figure 17 shows a structure for frequency domain channel application'

process in accordance with a second embodiment; and
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improve channel estimates allows accurate estimation of the required
beamforming coefficients. In accordance with embodiments of the present
wokBugRfaN, smoothing of channel estimate taps is performgg-#ahsios 001036
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 cotgsponding to its interval is improved
resulting in increased receiver sensitivity. Further scope of applicability of

t inyenti ill i .

R e e T
Formaliczaith el xsssipiaheahtiubiéiasasxerapRiBidihile indicating preferred

eFMBRReRsLoLHle TYENIQBWAE ey WRS MUK Igb PN BCBaseband

_varlous changes and modifications within the spirit and scope of th?
receivucPIRFERAPEctbrAscapianss Witihsuelanednanbadiresnigio! the present
invenﬁ’@?ﬁ}"ed description. 25 BRIEF DESCRIPTION OF THE DRAWINGS

Further disclosure, improvements, advantages, featyres and ; Sp%fti(g -
tHEOpFEseRt ARA RS RDARKEL REMUGHHES b8 KU rdghe™ ars
r@*ﬂgi?g@_i eff hlﬁé&@f@é‘%@ibﬂpﬂ@ﬁ@ﬁ@%ﬁim@ﬂé e&pfﬂ‘i(f@ﬁ@ation decision;
embodiments taken.in copjunction with the accompanying drawings

WHIGHE 570015 P S0 NS 2EBIRIE A0h AR el TRk gggordance

with diieistepatidhaenesdithevantmtioand in which: Figure 1 illustrates a

related a iple acce irel Ication... ; .
AR SR L SIS Salcle in acgorance
with astvriCemihedimantedfiédednyrstiobommunication system involving an ;
ApsEaRS WP RAURS BRPSE RS HURLIBIRY Ui b AWk @ art radio
reldted art wireless communication system; 5 Figure 4 depicts a generic
channgdative receiver structure in accordance with a first embodiment; Figure

Sieigpirds e vanraisaian ;isteradnesriionsaian (PMyukgRe Giter receiver

depicts a canonical jterative multiuser decoder; Figure 7 depicts an

- phasgang JEaURRCK RS R FRAMMEar multiuser

Figure 26 represants an esror pattern for a related art processing of a
receiver, |

Figure 27 represents a radio channel estimate after smoqthing,across
OFDM symbols in accardance with a fourth embodiment of the invention;

Figure 28 represents an error pattern for a fourth embodiment of the

“invention using perfect fraining symbois;

Figure 29 represents a raw radio channe! estimate or channei estimate
database in acgordance with a fourth embodiment of the invention;

Figure 30 is an example of a WLAN packet format in accordance with
related art; |

Figure 31 is an OFDM symbol sub-carrier matrix structure in accordance
with a fifth embodiment of the invention;

- Figure 32 is & representation of channel power (amplﬁtude)'over a sub-
carrier and OFDM symbol resulting from application of a fifth embodiment of the
invention; . '
- Figure 33 is a rapresentation of channel phase corresponding to the
waveform represented in figure 32; ' '
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10 estimation in accordance with a first embodiment; Figure 8 depicts the

recursive filter A(,F)in accordance with a first n (n-1) embodiment for n =
wdBdaeHLsignal is r while for n z the input signal is xa and Flg&ﬁég(‘j%%mﬁ §1036

Bit Error Rate versus users after 10 iterations, N=8. Eb f 15

accordance with a first embodiment; Figure 10-shows a typical related art

single pass OFDM receiver high level, structure; Figure 11 illustrates an

adaptation of the single pass OFDM feceiver high Ievel structure of figure

C C WI h ase odi :
rec |ve8r t%éjh%rgo g|e gLTreEl Ssr%a%t)?w% a%gépﬁl@% é é%ecoége and ub-carrier
anci G@%mbedrmmdemmﬁmufr&menﬁmimm thedoveniive
ent; Figure 13 shows a Hybrid Re-transmit in
DET%YP:?%%%? aqggc@nd embodiment; 25 Figure 14 shows a Hard
Systape @¥eratame-Modulate for OFDM Soft/Hard Decode and Re-transmit
STl IBRC GRIRBERIVEN § ﬁaﬁ%s&n@ gfg% ﬁws%a@ewg Beomprises
Soft Decode and Re-_l\/lodulate or OFDM Soft/Hard Decode and
compR@ewéﬁMt@btﬁﬁétWaﬁmﬁemﬂhB@&%r@mﬁmmémalﬁrg@u@ﬂth hoise,

- add 4ghNTEsEMUSH A ofd Ra:dRBals nei@%ﬁ@'%%%ﬁlﬁﬂoﬁé of these

accordance with a second embodiment; Figure 17 shows a structure for

| ComPHEGG&ﬁchB‘?ﬁﬁﬁ’“P&%HHeFQpﬁI|<§£ﬁﬂﬁ5r6£%’§§ﬂ?f%%oﬂaaﬁ’£e @hgfept.  In other

casessesoon meadrémﬁt@m AV Q HONOHL 1ZSBET /Mﬁﬂoéwfbﬂ%}e received

Figure 18 sho pl ical OFDM Packet Physi IIay
comppiiils F s an MINBIIET s ICr R B Hgpother signel
compshents Wirélessovebed isomabiatifigits baeebendraeee&a&lnnmmw By gwen

trans &%8@%’@%# E!Qkp{-ﬁee[fé%? eq}poadéqbl%tgrpgeth%%;e%%% t?f %qlc'%ngft the present

ure strates a packet structurein accordance wi
inve.nt:on a-system and methods and apparatus for processing a received signal

comprising one or more received signal components from different transmitters is
disclosed herein. The processing typically resides in the baseband receiver
processing of a wireless transceiver 190 as ilustrated in figures 19a and 19b.
The Radio Frequency Transceiver Integrated Circuit (IC) is an analogue device
that interfaces between the digital signal processing components LLC, MAC, Rx,
Tx, and the antenna system of the transceiver. In receive mode IC amplifies and
downconverts the received signal suitable for driving analogue to digital
converters. In transmit mode it up converts and amplifies the signal for excitation
of the antenna.

' The baseband receiver is responsible for determining the existence of any
packets and then to recover transmifted information estimates from the received
signal if packei(s) are deemed to exist.

A cananical baseband receiver processor Rx is shown in ﬁguré. 19b. The

‘ received signals for each antenna are supplied as input by the Radic Frequency

Circuit IC. These signals are then filtered 302 by filters 302a, 302b to remove any
out of band interference. The filtsred signals 303 are then combined with the
curent Received Signal Estimates 306, implementing an interference

- cancellation function 304. Ideally, the interference cancellation module 304

removes the signal components in the received signal pertaining to all packets
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306 fantiegRRCEEICAITRBRY s IMESRTHBARIS, i

Figure 21 illustrates an example related art time synchronisation decision;
Figure 22 shows triangle filter coefficients for a receiver filter in
wasERIiAaNse with a third embodiment of the invention; 10 Fighrg, 28 SO 036
an example of a filtered decision statistic in accordance with a third
- embodiment of the invention; Figure 24 represents .an actual frequency
domain of a related art radio channgﬁ{igure'ZS represents the frequency
domain of figure 24 after receiver 15phase and frequency offset -

excepgfgé%ciiﬁg; %?gﬁ%&z 8¢ %H{%ﬁé&ﬁs e’ M@tr%forg?gf 5 getkethen decoded by

€essing receiver, Figure 27 represents a ra annel estimate .

feedingtthatrderfergrme dsancaiexl eyitins 3(PdecarSinele Mackabitacessor 313.
:Tﬁdgfﬁggﬁﬂée%&@v%%s%%%ﬁé@és%ﬁﬂ@ﬂﬁ%ﬁféﬁﬁer;@t')a,uél,@\rf@aoéignan as

odiment of the invention using perfect training symbols;

deliverrp Ry the préeeriensa/CrrEstAARTOdWRBQT aRshREPANGRSEN estimate

of thel§lahRgnsiRactaBiRmsgonthits a4 snebadinasiheiib oinpstiedii@desymbols
Is an example of a WLAN packet format in accordance with 25 rela]ted .

ﬁ\ﬁg ghanne estimates

for ftf@‘i@é@k@teowiihtégéﬁl,elﬁl@fﬂﬁéﬂmf@f!ﬂtgaigwemiqnéﬁmﬂ&@éa@e canceliation
representation of channel pawer (amplitu over a - carrier a ,

mOAUSE By WP GBI TRPR A AP RTRETEh A RrFESL AR e dpersmitied

symbisivestiorateigucctAs interieraseaednoalfatiomnebdbls&0dresponding

L%Ag%%%]ﬁ%‘g?ﬁgggggﬁ@:ﬁ%&éﬁ%ﬁf r%:(é}fégged or conventional

singlespadkehismtioniguesic The subltustnintetfaEDM SEigssion aedaiarace of the

_ recei\),/s%f’;]t%ﬁfthb%mi?&@lenitfow&e igYﬁQ@nPﬁgﬁlﬁBc@%R@ TEINRigh “quality.

em Overview ]
Techniques pertaining to synchronisation and channel estimation are key to the

performance of the Single Packet Processor 313.

Techniques that improve the robustness of the‘ sfnchronisation and
channel estimation employed in decoder 310 are described herein. The
synchrohisatidn uses all antenna signals in its operation. The channel estimation
makes use of the decoder ocutcomes to improve the channel estimation accuracy.

New packets are found by a searcher in the interference cancellation
module 3ﬁ4. The searcher investigates an intermediate signal generaied in the
module 304. This intermediate signal is the received signal minus the estimated
received signal for all currently detected packets and is referred to as a noise
hypothésis since in ideal conditions all transmitter components arg removed from
the received signai leaving behind only the random noise.

in applicatioﬁs sensitive to latency the feedback loops, both inside 310 for
decoder cutcome assisted channel estimation, and between 304, 310 and 312 for

 multi packet interference cancellation may be executed at a rate higher than the

packet rate. In OFDM based systems the preferred choice for th_e loop rates is

the OFDM symbol rate with decoding and interference cancellation occurring at
‘the OFDM symbol rate. ’

in applications where packet based decoding and interference cancellation
may be performed at the packet rate additional packet-based techniques for the
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5 In wireless networks a signal received at a network device comprises

components from all active transmitters, These components, along with
w9 ;354 together resulting in the received signal. In some]@?&%ﬁwx}m 036

one of these components, corresponding to a specific transmitter

interest. In other cases, such as a reception at a network access point,

several of the received 10 componends.are of interest. In either case the

presence of the other signal components in the received signal inhibits

singid B ackEtAS SSERA|o8 eﬁri% %’i\fé% ARSI S90RHY SIS RV Bge the extra

accordance with embodim e present invention a'system an

signahRieRRSHng SshaavaliabipwhessrNRIReEna dligreeiRees i sxanbols.
ol MeithERCElSE, %ﬁ@i@'&%ﬁ&rﬂn&trﬁmﬁg%ﬁ@ﬁgacﬂmﬂﬂ&%ésed between

disclosed herein.. The processing typically resides in the baseband

the Infesiarenchdeangries0firnsk e-RingledraslielIasesRay f ki assreauired.
A conlﬂmaﬁ@Héﬁ@rmTﬁmdjembﬁrsauﬁ@%ﬁ@walﬁaate@m%@ts% {Ifided.

CR AEHREISS TGRS 136 JhcP b REPRALyaReTh e from e general

_ reahzuaoacetvat bvmcevammﬂ@rl@mwiﬁaa:wdﬁh@mngmvmt@ﬁ@em a multiuser

received gnals itable for. §I’IVI analo géje to d&tal nvert

reCeiNEh SR R Sr? Bt &Ph‘pﬁﬂ ety e?&t Fﬂ%es”“c"“"e
conveﬂg&anméimttaseMnﬂreedanedwsea@msdﬂa\iergmeanmnegym&uaily becomes

\ pa S t atio . '
Compestlrfl? tes ro%n[i%ﬁe rjé‘gél I%récég‘lﬁ%nm IT packe Hzﬂs'r’ﬁa%%?:glrgn@é % 8'{Cxﬁ means
may EgndHigeribieshdndaccerdannecedtior &xilessdwona f@mdsi@mnrmi recursive

expre@%’z"(ed signals for each antenna are supplied as input by the Radio
Frequency Circuit IC. These signals are then filtered 302 by filters 302a,

369D RNRKASRNIR thedBiaAasigarfh endust rahadinaigrirciosest erein is

to exihien covebingst Witath@Ratient Bm&e@&wqh@s@ae&ﬁ@% initially only

ementl %an mterferenc% cancellatjon function 304. |deally

margm%{q!epg{gg R ARbAFBHORSs L iR SRt aﬂnﬁ?&%eﬁﬁcm iteration

provides mwummimrtwlﬂw@mmmm@%/ﬂﬂéwput of the decoders
PCT/AU2004/ 01036 2 ce t for the et f interest. The packet of
als0 QYL A RVl HEERI S EP M RN B LS output 200

tolhSintiscRecic ffteceksigh 1B based on a technique to use ail available
information from all previous iterations. This impliel's that the filter grows linearly
in-size by a factor equal to the number of users. Thig is clearly fmpracticai. Thus,
the disclosed filter design makes it possible io 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 fo achieve this,
the filters in the structure may be designed according o the recursivé expressions
derived herein.

Related structures having lower complexity implementations, are obtained
by modlfymg the spemflc filters used in the structure. The general recursive
structure, however, is stili fundamental for such modified filters. |n these cases,
the individual filters are designed according to appropriately different strategies
using the principles disclosed herein.

The recursive filtering structure for iterative signal processing disclosed
herein is not limited to multiuser detection, but may also be directly appilied within
systems and functionalities of the same structure. Examples -of such applications
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The Single Packet Processor 313 takes a Multiantenna received signal as

delivered by the Interference Cancellation module 304 and produces an
wERHIFE 23 Of the transmitted information bits 314 and an esfipatg; o th&v 1036

received symbols 306 for the packet of interest. These symbols, along

with the channel estimates for the packet of interest, are then fed back to

the interference cancellation modulez7304. In some cases it is preferred to

send back only the transmitted symbol estimates to the interference

are CBRS{igLon n@e‘@éﬁﬂs@:ﬁf’br{o TheRinole Pagkipt ProgRssmie?ls Bdimation  and

contain advanced or conventional single packet techniques. Th

| A )
detectianfieepiigiciierativejsersepineriaressinde and dostiyi gematyiation.

ifithe; Sl e dtresanerfis ObmbauAnt, TashriasesPeipingigcessing |

synchronisation and channel estimatign are key to the performance of the

. h
arran babiwPrseReiEy 18 Hgure Afigud S thaving 808 Rk FBRRAYS of first
and sBEBIRSYRMEHEHEBZING chinmRRlaiMRtRN B RaKeddN deedrieii8 being in

are desgribed herein. T, isation uses all antenna signals in i

Heorati AP A A bl a5 S RRAL Y OF e ML BT R oving as

input tcdmpﬁcvmtbxeecmﬁ?wwma lmpmehie\gplsmkamra]me fimord Hysamsmitted
. earcher in the interference, cancellation 20 module 304. The searche
sianaff SAIEITL JR L R SR oSSt 9 A MR DTS output o
said ﬁMrmgdm@ngemmmgﬁaiMSzmmw ab_aefaxéerisﬁc of a
selecﬁ!@n %ﬁﬂﬁg@i?%‘i%t%&%@%h‘atﬁ@”%dﬁ{ﬁ%”ﬁﬁéod’@ﬁ& BP'Sfore previous
ypothesis since in [deal conditions all transmitfer components are

signaleraseyadnh heaidciinal dsigyall ivadagdiediwoompentanidomiitbisis input to
said c%?memﬁ%ésnatygﬁgzlms@ﬁéfsg%dem% Both [eidRIBG further

for decoder outcome assiSted channel estimation, and between 304, 310

estimaiq) o s#d seigiadanmrtied RIgantinatm piapE ofsaidsegcend signal
proceEdmaioberipaméit Packab raigpatd rMrsasigy sesemedirigITgstocessing

choice for the loop rates is ,the OFDM symbol rate with decoding an .
ComPRELRe e SRR Br RS AT 4IP3 12 BREM R bURB GRS Processing
compoppitatonalivaie pairsahbasedtdesdiggind fiakerdsesiece cancellation

RS S AR I oo

arrangement 10 according to that described above wherein said first signal

* processing component 1 comprises at least twa linear iterative filters wherein a

first of said linear iterative filters outputs an eslimate of a selected characteristic
of a selected one or said transmitted signals to ‘said second signal processing
component 2, and a second of said iterative filters having the same inputs as said
first linear. iterative filter provides an estimate of a characteristic of a selected of
one or more transmitted signals and then delays by one iteration cycle said
estimate and outputs said delayed estimate to an input of said first linear iterative
filter. ' | | |
This first embodiment is intended for application to any communication
system described by a generic linear channel model. The received signai at the
input 1o the receiver is described by a weighted sum of the transmitted signals
pids noise.  The set of weighting factors represents a set of linear constraints
imposed on the transmitted sighats. Other constraints could possibly have been
imposed on the signals. These other constraints are independent of the linear
constraints imposed by the linear channel. '
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Single Packet Processor 313 are disclosed. These techniques leverage
the extra signal processing gain available when considering long

wSSHHaNGEs;of symbols. In either case, lists. of current estima};a&s{ 2 ) .
guantities passed between the Interference Canceller 304 an Eieﬁ ?ﬁg[eﬂ 1036
Packet Processor 313 are required. 5-A controller determining which
packet is to be updated may also be t%ised. With reference to figures 4 to

- 9, afirst embodiment stems from the% neral realization that over a

- T“’Pﬂ%ero ftﬂ%@“%%%%“? "&%?&éh!?%rsdﬂ mfﬂ%useeétﬁﬁ%c YO FHe transmitted

iteration provides new information and, as the filter Structure” converges,
signalse supiecdithealbdbdeispboash oangtranid. evéinisalypipecenieds erohibitively

compfaRRIF R SOB AR TIOEREY (e 8l eIt AgsOdng Gkfidhic erative
means may pe structured In accordance with at least one pre(jet rmine

receiyes pHivet e ressnpTisesitidvidioreparaielepaueots e Figure 4). The
first HRPSHBRILOIRIGSAh BBt e SRt e ARy BabLIRINBRAYRE linear channel

provided by the decoders is Initially only 15 marginally correlated over

consigiatongneinmlinhriarnatiaiatteadd bt prablictine estimates are
shuffleiPBYHOOIRGTRG SIEETHIMGOD & §ie-HhaaMinued Brideqaeerstetetved) and

conwalﬁé?s and eventually becomes comEIeter c,orreﬁated. The disq:IoFs%fd )

used (s IRELES OLIR FETANE FRMRERS Bk alvRiShabRAT figh aRSiMAlnpstimates

subjeel previags diriiensthbricimnlirdinal ipadiiagotowditieeariyhafmeiseenstraints.
by a factor equal to.the number rs. Thi ract Thus

Thesg SliREL Als B it R a B st B RiGiAfe Shgihal order

(interleforedticontoinug thecpreidsteendivact atibriitbrguimd assdteratiopsits to the

first cwm}?ﬁé‘?*&“q”Wfﬁegéﬂ%%\%gﬁ%fﬁ éﬁé‘g filter remains the same.

In order to achieve this, ure may be designed . :

aa'dmﬁ?dﬁ@t'tmaiqi%@ig@i@ &prﬁ&imgm,r@réﬂcmm linear channel
consPHIMIIITES, Gl ey CBF&W@EW&RD'%W pllens, afg Omﬁﬁe@oﬁfplexity, the

modifying the specific filters used in the structure. The general recursive

compamgstl e sisinaliee! fcan henaansrminest trdedivensdeasisoaredasar signal

proceBiRg, dompdiviival fess ausigRIgNeHARPRIAINSIENAPRIRIIEESING component,
. __different strategies, 30 using_ the principles disclosed herein. The
given,g@ Ef\?éifﬂi@'r%&*s%ﬁr@ﬂif‘iﬁé&lﬁ@ SEHIPHRESSHER B SegPR&tR the first

embddinesdimiteoiae falearingtedianptismanaltrsheAitssiieamifdsvidhihe linear

~ signal processing component, or signal processing component 1, corresponding

fo component 1 in Figure 4. The remaining part of Figure 4 is referred to as
signal processing component 2, ' _
The function of the linear signaf processing comporient 1 is to separale a
selected transmitted signal from other “interfering” transmitted signals, based on
the received signéi which is a weighted sum of all transmitied signal as described

-above,

The input to the linear signal pfocessing component 1 are one or more
received signals and one or more estimates of the fransmitted signals, provided
by signal processing component 2. The output of the linear signal processing
component 1 is an estimate of the selected transmitted signal.

The linear signal processing component 1 comprises two linear filters. The
first filter provides as output estimates of the sel ected transmitted signal based on

inputs of one or more of the input signals to the linear signal processing

component, the autput of this first filter delayed by one processing time period of
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systems and functionalities of the same structure. Examples of such
applications WO 2005/011128 PCT/AU2004/001036 27 are iterative
wEaalisatign, iterative joint channel estimation and detectionjgecQdgs 01036
iterative space-time processing, and iterative demodulation, In a broad
aspect of the first embodiment, an iterative signal processing arrangement
shown generally in figure 3 as 10 ha\#gg one or more pairs of first 5 and
second signal processing components 1, 2, the pairs of components
bel offi W 0,
tne e e MO L S R A AT Woone processing
time m@mcbo’étbent@r@tmawmed signals, wherein for each said signal
PHASESSUULAN gmﬁégea%%?ﬂgﬂ{ S8l %éé'gﬁaélﬁ’éoﬁ??ﬁ% of the other

component 1 Is an estimate of a char CterIS'[IC a 10 selected

transmn&%@@ﬁ@q&lm&eﬂa@tn'étajmw%ﬂ%ﬁ@otrﬁmmt@ﬂoa&%hmsed on
inputdCofVEHLYHIAHR SIgNFhRIORRRAINGIGARIBORS Ntrle WiNEhIS BIBWAIC processing

said corresponding second signal processing component 2 that provides |

. compangihePd it OUtRM o daeseeRiR il dRjayad Py BORRIECEsRing time

perm@@ﬁ(}_ﬂ@ ﬂg‘:@{“@%gng component 2, the outputs of all said second
naI processi anents of respective p ar ut to eac
1 LR et MR bR GYURLE JHirs GRS, By ooessing
compttﬂ@zﬂnn cycle. In a further aspect- of the first embodiment, the iterative
nal ocess arran O accaordi othat described \
R G BT SO TS St o BREAE T G A G B8, fgporibed in
somelnissthﬁeraﬁwtaﬁltwsmrlefeneacﬂ) foseoisad hﬂiem&r&mmvmﬁm accompanys ng
figurel 1190 ERITAIGAL A ARG A ShAIRLCUNY o IR 89 883045 HNe of the

transmitted signals to'said secon processmg component 2,.an

SCOP%@fdﬂﬁoﬁ‘»‘mwb f.@rggﬁﬁwma@d@@mmga sS4t cﬂmﬂ.ﬁéabod!ments
may B8IMALS BIAVIFRYAR éﬁtmtséfum%%%erﬁttﬁéf&%@ﬁ%%ﬁhgG@ures or

or more transmitted sg nals and then delays by one iteration cycle Sai

alternativabyfaatisat Rt eEiRpeinaRninBiaYo 2@ |ﬁ'591"\6f deidhpsfigngs but not
descﬁt@é@tiﬁ,etﬁ@gpgbiﬁé@wnboq|ment is intended for application to any

HERHaBAAIERE ARaETETebehie etorBuper SREie™S (MUES)
suitamermfdhemeﬁteﬁ aigitekative muitiuser decoder. A specific application of
the technique in the field of 'turbo-decoding in a transmission systém for coded
COMA is provided, However, as stated previously the structure of the filter and
the principles revealed are useful ih many other areas of the communications
field. Thus the embodiment provided should not be considered as limiting in any
way.

The specification includes theoretical considerations expressed in an
appropriately precise fashion and uses mathematical analysis to prove the
correctness of the approach uéin’g assumptions as required. Not all preofs of
theorems used are provided herein. A disclosure such as that contained herein
has directed correlation to practical devices and configurations of filter elements
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 skiled in the art can readily translate the theorefical
configurations of elements disclosed hersin into a variety of devices to solve
problems or improve the performance of devices and algorithm in a variety of



10

18

20

25

30

30 plus noise. The set of weighting factors represents a set of linear
constraints imposed on the transmitted signals. Other constraints could
wd skl have been imposed on the signals. These other COW@/M?(\% 01036

independent of the linear constraints imposed by the linear channel.

2005/01 1128 PCT/AU2004/001036 28. The optimal receiver structure

finds the estimates of the transmitted 3%'gnals, subject to all the imposed

constraints. This approach is prohibitively complex for most practical

: ' ' rc. i ive receiver structyr .
=P 2 O Serte B AT RIS SFRORGRRY 4Rt that wit oo
descybepdierein. finds the optimal estimates, only subject to the linear :

ChaRREL HRRERIN S B RHR &F&?rééﬁﬁ\r iniBmQ'H%ng&erFﬁﬂLYr{#&%%n system

estimates are shuffled by reordering according to a pre-determined order

desc(irethizyehaan)aie linear shapiet nadelsedhrirenapmdsignghrhthe input to
the répEREI9OREBaHBEINGCS WuRiRtbady, i 8 the HUREAIRTIREIEhals plus noise.

ignoring the linear channel constraints. 10 These estimates are in turn,

Therg SR \Pen YIS KR RS pRReIVakIes Rretiriniag) lantvnganee symbol
intermit-is B irasbipet e iisashUse hambiRire tedhenfisst seaweadNed in.

the succeeding Iteration cycle. The optimal design of the first component
1, enforcing the linear channel gqn$fraints,is,often alsa prohibitively (1)
complex. To limit complexity, the 1%£dniponent design itself can-be

cqnstrained t inear, leading to a lingar,signal processing, component. .

TR B GRal RS e Hren o PR ot B B for signal
x, aiPHiSsis heigwygiect of this disclosure with respeet to the first

embodiment. For the following description, the first embodiment lies in the

lindere sithal ped cetsirgigiotingp factons, signa) processegresamtenansédt of linear
otresponding 20 to component 1 .in Figure 4. The remaining part of .
cons{Egiiis o pserendne ?E?@%Pé%géggﬂe‘éonﬁﬂ?@npé‘ﬂﬁi@%ﬂf&ﬁ&%# possibly
have i bredmpgeachionetsnGRIBRONENKL IS (¢ seDariad SRIGFEEntrol encoding,
transmitted signal from other "interfering” transmitted signals, based on

- changRl {ading e&ignal WiFer isthreigrrsiainiormprindenesdennfiom the linear

constiahwiintpass enetifinapyidRdARdinear signal processing component
1?‘5’?30%6;) Irmrg r(?'eeceiwa-;r 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
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 oniy to all the

~ other constraints, ignoring the linear channel canstraints. These estimates are in

turn, provided as inputs fo the first component 1 in the following iteration cycie.
' 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 he finear, leading to a linear filter.

The design pf this linear filter, given selected inputs to the filter, is disclosed
herein. The function of the fitter is to separate a selected signal from other
“interfering” signals, based on the received signal which is a weightad sum of all
transmitted signal as described in (1). All the references provided in this
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received signals and one or more estimates of the transmitted signals,

provided by -signal processing component 2. The output of the linear
woBnal prpgessing component 1 is an estimate of the selectegl-tfansmitae o3s

signal. 30 The linear signal processing component 1 comprises two linear

filters. The first filter provides as output estimates of the selected

‘transmitted signal based on inputs ogqne or more of the input signals to

the linear signal processing component, the output of this first filter

. n ingti igd, 0 / '
specllERY S B EE E B RISt S or Al purpoges. A0
innovaitisrdisl dhedites depigadtisrlgsad d peribdvtarexirititeeciat thakinformation
providEAWY fHIEHRICYMISS 38 AutRsiheSH rgiiRagEsRRRidNe@ihRErations, ie.,

. transmitted signats (interfering with the selected transmitted signal) baseq,
in thepfire} gy iiRSIRNSy OB RMIRHINAYASE RaneTRarailR The disciosed
filter BHESIBFSIRY BABRANBAL 21 ShiRuie UPiUBE WIFvElIgelaieationefrom all

_processing time period of the iterative. cycle. The output of the first filter
previQug, BeSakioR8f the linear signal processing component. 10 Specific

emppdimgis it fitsé efiteedimens Witlermiy e ddgeribedanfsciae equal o the

further detail with.reference tq and as illystrated.in the acco nyin .
b B g T T Eieay o HCAEE it 08, SRSt fiter design
makeestrintiveibfiite acepalbiiiecamibadigafoBagtiostitmoagt destriptishfeedback

o g AP RALHE R DAL SRRt s o

* the fitesy mnvainentiveteatigeres e diltetatesigrd s hasgsbarcdwen lingar iterative

filtorsSWRRILNHY 1R SERAERRAHSINGANGARE W Ustine S Bi e (MESiRd signal based

suitable for use as part of an iferative multiuser decoder. A specific _
on thepisrelves ignekethpimreshedraaiestimpieacbalhy 50k signals from signal

procd52NSgIsSRipaYEaln 20T sedetha OdutMA &3 RFYYIdeddrigwaYsarefissatofhich is a
previously the structure of the filter and the principles revealed are usefu

vector, plagstimales ok alises i hasedern ﬂimaﬂﬁom@ﬁ o signal
procegysividesbanooisentt e Thasider it sy findirgdaraskioway 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 to any system described by such a generic Iiﬁear
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 muitiple access system.

.. Decoding of coded transmission over an inter-symbol interference
channel. o

»  Joint channel estimation and detection/decoding of coded
transmission over unknown channels. ' ' '

. Decoding of space-time coded tranémission.

. Decading of coded transmission with higher order modulation

formats.
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The specification includes theoretical considerations expressed in an 25
appropriately precise fashion and uses mathematical analysis to prove the
w&?ﬁﬁ%ﬂ?i? of the approach using assumptions as required. /?UEBIE&%(?HBG

of theorems used. are provided herein. A disclosure such as tha
contained herein has directed correlation to practical devices and
_configurations of filter elements of performing the functions described.
Furthermore the disclosure provided 30 herein would be readily

TR f TReBALT HERnB IR cetEa 8 decoding for
geneiiimantoulipieBomss diglesed herein into a variety of devices to

S I ippr t fo ices and algorithm in a
vgr'etggé? W%JQ/@E@%&%&BQ@%@%@%O application areas
~ sdihe bashigprinsipleceehindctirbe sfevdisiy i dataond edndessidently with
reinge L [ S ICall o icat
resp PSRRI IE NSRRI HE N R S TRIFD overa
consta@isﬁeimmnmmyaéedi\}év iBeretviehe PRy SingigRida ganirdpmaation between
the INGORINEPGSEHAISB!US PEISRUINE e GAUK R BIRISHSGVRE are the parallel

observables pertaining to the same symbol internal, ie, the received

concalgnaied FReas e disH dhresHdsionlbey ame dhe phianneliede and the

mem@riptH theignais-ateriFdISTiberelétiaapigntingdagiainies sigaakdding, there

- xk and n is a noise vector. Here, the set of weighting factors, s"s2,....sX . .
are CRRSHEIS A% JPiths: EHURSTRCIRTD AR Sl AiHR AL g dndividual
usersOdmeoc@rstraints could possibly have been imposed on the signals

, error. cont channel fa hese,other

i BB e T NN D o BSL g o linear
multiusenirestirchbere (MuEs)tisuitabbeider imetae fratt e astinteratied multiuser
deco ey, coniehigt B, e e TG i dnean squared
error Mi}éﬁﬁﬁve,sﬁ@@ﬁ@ﬁm{bmv'mspires 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 an
observation that these estimates are loosely correlated during initial iterations.

Notafion: P? is the space of probability n-vectors (length » non-negative

vectors that sum to 1). For random vectors x and'y, E[x] ie the expectation,
varx = E[x'x] and covx = <x,x> = E[xx"]. Likewise cov(x,y)= <x,y> = Elxy* ).

We consider the K-use linear multiple-access system of Figure 5. User
k,k=1.2,..,K encodes its binary information sequence b,[7] using a rate R code
C, to produce the coded binary sequence 4, [i]. |

Consider transmission of 2L code bits per user. Each user independently
permutes their encoded sequence with ‘an interleaver z,. Denocte the sequence

autput from the interleaver of user k as u,Jil1=1,2,.2L. Pairs of interieaved
code bits u, [l] are memorylessly mapped ontd the quaternary phase-shift keyed
(QPSK) signal constellation, Q@ = {x1/4/2+j/+2}, giving sequences of

modulated code symbols x, I, where i=1,2,..., L is the symbol time index. We '
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receiver structure comprises of two separate components (see Figure 4).
The 20 first component | finds the optimal estimates, only subject to the
wdiBRRlshanel constraints, ignoring all other constraints. ThegeratinNABS 136

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 tye, provided as inputs to the first

component | in the following iteration Cycle. 25 The optimal design of the

irs t nforci inear n C ings | e .
choo R Tornf o R Lo e et e efR B dEfpints and
symboh s sarnsa et ey b ath oS blging geadrdar filter. The design of

AT S AR S T

with fH@Q’fé@Iinﬁ-ﬁﬁﬁﬂ@p?@é@ﬁ‘l%nééaﬁ@ﬁ@é?%ﬁ%'@{Wﬁ Is pueigBiedl the use of
sum of all transmitted signal as described in (1). All the references

spreastingdeeiduenicos Ovitbqaaricd re D TINgRIGH0 Thesdatzs praitkekidnration by
' : b e _ Lo .

oin, GRS 8 S D OB O e O Bl s

and tiyidaadiydbacsehisreiripitally Ouysrargiaally etictialectuenised, transmit

over A B SR SR e ot
sam?m&ﬂdb}fhfdfml \ i r_:aﬁrabunqﬂtfiplﬁ/mﬁmtmnﬁhfmgm.thwrmrthe chip-
[ rows linearly in size r equa number of users. This
matof FEERR) FErCHEATOHE A Sl SoERAUEGE o np bl
to use all the available |nformat|or}&ggl§1?i%gfgg e feedback 10 of the 2)

filter output over iterations, without a ing filter. The size of : :

thetidses resfdia(snie]safeb. Thddleridesign idkasanatizvoditiearthe  spreading
iterative filters, where the first linear filter provides an estimate of the

SequeRSRIATIFHI BadSiCBIRG réceilbe SYMIOINE HiBBrearak Sanalesf complex
ruimitRhr8l P! SI9ERIP ITLSIgnah SLOBRSRIBAEC PP S ABABBIH AR 0 ¥ is a
the second linear filtet which is a 15 vector of &stimates of all User sighals

samphegediRuiRIHY o BRIFS 10EIIRaLIPSRGS SINSLProeasst vithedwonfi) = o21.
linear filters are shown explicitly in Figure S. The linear iterative filters
The symbeipgropepresenisiteysel dbpodsibichmodulated symbols, e.g. QPSK.

Hénceforth, it is not required to identify specific symbol intervals and these
indices will be omitted. For later use, we define S; =(5,,8,..08 284,158, ) @nd

X = (%), Xy e Xygs Agp s X ) 10 indicate deletion of user & from S or x.
Recursive Fliter from Multiuser Estimation A
Application of the turbo-principle to the coded linear multiple-access
system, where for each uéer,. we freat the error control code as one constraint
and the multiuser channel (2) as the other'cqnstraint, resuits in the canonical
receiver structure of Figure 6[1]. '
An iteration #,, the multiuser APP takes an input r and the set of extrinsic

probabilities q*™ from user ¥ =1,2,...,X calculated in the previous iteration n~1.

q¢[i]e P9 is the extrinsic probability distribution on the transmitted symbols

x.[ife @ of user k. Theset O ié the set of all possible modulated symbofs at the

transmitter. The multiuser APP calculates the updated extrinsic b_mbability vector
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linear minimum mean squared error criterion, according to the recursive
expressions derived therein. 20 This embodiment applies to any system
wdlssing Ly such a generic linear channel model, and Wher&ci%%%ﬁ%ﬁmsﬁ
receiver as described above, is to be applied. Examples of suc
applications include (but are not limited to) the following: Decoding of
coded transmission in a linear multiple access system. 25 Decoding of
coded transmission over an inter-symborinterference channel. Joint
pmgmﬁnnel estimation . and detection/decoding of coded_transmission ove
k

REWE Ehdnnefel' P eBoniRg Rt A itesieauion dhennxtitisien " are used
as prRFednp ﬂ&é’ﬁ@ﬂd@ﬂsﬂﬁﬁ'%\%@ihgggrﬁﬂrg%d%%%%g%%@cﬁ%%rispmducing

WO 2005/011128 PCT/AU2004/00103 n the
(aftefeintereaving) theexddnsicsodify fohichyarans liasgoniarkifterafve ssubsequent
iteraSP/stem stem Model.in Multiuser Decoding Example The basic principle

GHind (L5 Qs RPRe Bt RdRpHdRRE IR Eridises: RHmenation over
jof Vergrneon iR IRRTEELIRINGIR HYRAMINRS TREY L EOBREANea while

is accommodated by iteratively passing extrinsic information betwe
retainihgdhel slegesl erssicairithite geres, these constraints are the parallel

congatenated codes. For turbp-equalisation they are the channe] code, .
ang'%%%g}r%%'r‘n@rs o'ﬁﬂ%'Yrﬁ'érg’f %%T?nfé?%?’éhdé ?HQHﬁ%I.?For Thifigsks @ bank of

lineatefittdieg AN [ecHbaferaeask alsdua Hetho anikiBlstacorsasiamel aithy be re-
due to the individual users' encoders. In this embodiment, a theoretical

compaimsivevelyr iteeadiarivatibarofhimdistnietation e stinlattne (Mpasto AP is just r,
itable fome as part of an iterative multiuser decoder is disclosed. We

su [ . ;

For SRS RAHE RS FRURNR CAr i BRV SR ARGITIISE 0% WSAMEEs T and a set

of SRIRAOEMINABIBSPIFAS OUAIMaREESHinKIe desivation g regeé%ss iterations,

. (m)BayeSlan estimator. The proposed estimator yields estimates based on

(3" 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]. ,
The output of the filter AL is an updafed sequence of estimates £{” of the

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

signal space onto the probability vector space using a symbol-wise mapping

T:0 = P9, The resuiting sequence of probrability vectors p® are used as priors

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

either posterior or extrinsic probabilities q!”(both approaches have been
investigated in the literature). The sequence of probability vectors q is in turn

mapped back onto the signal s*pace by a symbol-wise function &: P4 51,
Typically, I' calculates the vectors p{” assuming that £ is Gaussian distributed

‘with known mean and variance, £{: N(Z",Z"). Likewise, a common choice

for U is the conditional mean,
| The following easily proved lemma provides a useful general framework for
the derivation of filters A,
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the received signal and all the successive outputs provided by the error
control code decoders over all previous iterations. This approach is
wadnatigieddy an observation that these estimates are looselyeprgiatedorose
during initial iterations. 20 Notation: P" is the space of probability
n-vectors (length n 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]. Likewise cov(x,y)= <x,y> = EIxy* J. We consider the K-use linear
mpﬂ%fﬁgc;fss system of Figure 5. User k,k =1.2,...,K encodes its binary
information sequence bk [1] using a rate R code 25 C, to produce the

cofeppinasy Jbqderfos dR[1PaTaBHer ransHiksiBA'6 2theodee Eig pebservation
e = (TR RSRRSRAER b B (BRI LRISHIEHGRI LT eRd I The LSE

[ eV Dehote the Ssequénce -outpu € interleaver of
user k as uk[t],1=1,2,...2L. Pairs of interleaved code bits uk[1] areestimate of x

memorylessly mapped onto the quaternary p ase-shift keyed.3 <§PSK)' .

signal constellation, Q :"x“{l?t/fitsjil)f,agﬁ\}ing §eq3bnc@s%}(&:r®dd§!£e EHe®
symbols xk [i] , where i =1,2,..., L is the symbol time index. We WO (3)
2005/011128 PCT/AU2004/001036 33 choose QPSK only for simplicity

and note that different coda constraints and symbol maps across users
aresdussble in general. At symbol time i, each user transmits sk]i]xk[i], the

ultiplication of xk[i] with the real N-chip spreading sequence, skileWa
m= 'Ehé‘lfsé-@f>§§p?éac} iﬁg"s’é@iﬁw@i Wit‘h‘p'éfﬂ)aﬁ&:@rﬂoqnﬁér‘]ﬂ%i

th t | letting.e leme [ i dent
an%glge%ﬁ%arﬁw ﬂ@&%&%ﬁgﬁ %ﬁﬁ%gﬁ er%cueg Ual ease only,

uSqtp 2(& Yol yaeRroaiaed, ey Yoy yaddiysWiilg Gaussigny, )
noise (AWG A hannel, and are received at the same power level. These
assumptions ever are not required. Write the chip- 10 match filtered
recBivedivector gjhe-0'N at symbol time i,= 1,2,...,L as r[i]=s{iIx[=]+~[_] (2)
where 5[i]:(s,(£' 2[i]...,sK]i), is a NxK matrix with the spreading sequence

for user k as mn K. The symbol * represents the set of complex
nur@tg,ggrj@é/g’q;o;,%[i] a QK has elements xk [i] and the vector n [i] e »

N is a 15 sampled circularly symmetric i.i.d. Gaussian noise process, with
covn[i]=a21. (6} '

So far in the literature, linear filters A for multiuser estimation in itorative
decoding have been designed based on the received signal r and the most

A

current code symbol estimaies of the interfering users #7. After » Hterstions, we
have however a sequence of such estimates available, namely {&,2,..&0"}

together with r. H has been observed that the estimates are not strongly
correlated during the initial iterations [2]. o ‘

Consider the following recursively defined version of cbservables as input
to the filtar A, '

r n=1

& = (e d N
sty | P 2,3,
Xz

Direct . application of the LMMSE criterion results in
AP =< x e ><el?el? > it is clear however that AY grows in dimension

with # which is impractical.
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The symbol Q represents the set of possible modulated symbols, e.g.
QPSK. Henceforth, it is not required to identify specific symbol intervals
indices will be omitted. For later use, we define S7,
wé?ﬂ’i@??%k_"s,ct,...,8,) and ak =(XI,X2, xk-,.xk+1,..’XKY to ndicate " 136
deletion of user k from S or x. 20 Recursive Filter from Multiuser
Estimation Application of the turbo-prir;%igale to the coded linear
multiple-access system, where for eactt’user, we treat the error control -
coﬂe‘as, one constraint .and the multiuser . ¢channel (ﬁ%ﬁ he other
cor BRI Bl B PR VG ET 2B ST AR ARG lolhb o, Samprove the
foliowdrajiah eorthe rivituselvais Riviketime fohakiyd phetdenoflextghdiog a recursive
probabili[iSs q(,"-" from user k =1,2,..., K calculated in the previgus
formyframb e - {SHREFL R e iR eRsieIRtS ARy IRt B bn the
traqq;réigg ..ﬁyrpbols xK[i]le Q of user k. The set Q is the set of all possible
modulated symbols at the transmitter. The multiuser APP calculates the

upddededRRialgnena RSB WO 2005/011128
PCANUZ9MREEINE PdigPlal ¥ DS YSeR K /8 RIPER 8 ording to (2) where n

- de-interleaving, the extrinSics pk") are used as priors for independent ,
is chewarbcoRimyBeltes coamuiay Ganssian widudoyn(afefIntateavimgpnd s are
knothg extrinsics g(O which serve as priors for the subsequent iteration. The
marginalisation in the multiuser APP requires summation over 5 (QJ K-’
teriA@: Mdmel dntaresrpid tycditaymbalsdatiradissn pf dpeséderfilang users &

s
retaining the same basic architecture, Consider the receiver structure :

comipg\aiin eighe sindlera/ies TR clenestarsiternnbe wiies @it = x° + 7"
user,, The coefficients of these filter may be re- computed every iteration, , ,

whef e e ERHBIR I P BT BIA0 KAELP IR GRAD iterations,
iterati = the inputta.thefilterfor user k is [ ansh a set of gignalksy .

but eﬁ%?mgp‘éépfor goﬁ’ The %?h(g‘f ﬁ’&mréﬁ}%&g’%uﬁfémﬁi%ﬁ? &WZ(%T% ?’I(“#’E%n) »=0 for

n = EMhabele Mjg) {324,,n-1} is a set defining the memory order of the
iteration. ‘fypically in the literature, M = {n-1}, although recently M =

{n=DeviherDecn Eo)siderediZih Wicthematpistortimélicad\shown above.
updated sequence of estimates x(") of the corresponding code symbol for
usdrei, TfiedrastioaraingrtonidppithiiomAlfeand A2, the LIMMSE estimate of x,

given ¢ is given by the oufput ¥ of the recursive filter shown in Figure 8.

. The update for the estimale is

Zk(u) - Ek(n-l) +m® (ﬁgx-t) _;{gmn)

Thé ﬁ'!tens in the figure are defined as follows:
m(kn) - _w(kn) (I + Qiﬂ-—l) o wén})"l

M = ([- W JT+ QP — Wi )

with the recursive update equations for n=34,..
w = o - (e ) - weo)

W = WD 4 [- W YaE ) (- W)

-1 ~2 1
H™ —14 Q¢ - Wi
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signal space onto the probability vector space using a symbol-wise
mapping T :D -, P101. The resulting sequence of probability vectors

wdas/Akesed as priors for individual APP decoding of the e@desGao04/001036
These APP decoders can output 20 either posterior or extrinsic

- probabilities gk") (both approaches have been investigated in the
literature). The sequence of probabilitg ectors g}" is in turn mapped
back onto the signal space by a symbol-wise function U:P# -*0 .

. Typically, T calculates the vectors pk''r assuming that z(n) is Gaussi , -
diskhieutinitiahtrrrmsliffomearyéid gggiﬁgé’@r:’%}}fm%ﬂﬁﬁﬁ}%@'ﬁs%s +o1],
common choice_25 for U is the conditional mean. The following easily , _

M proidSStmmalgovifes ansdnndunidra HAS%woly 1§ aW demaalitor © 1)'s;
filters A~,El . WO 2005/011128 PCT/AU2004/001036 35 Lemma 1

for ”ﬁ%pose that for a parameter x we have the vector observation ¢ = (a'b')'

, tioeapasenasivutbtiveiyediavebsheaiionsadndd. Bwalliie edtimatproposed

teonfihd, £ B iReads SERIRLRRALTREN IR R, thg, o free
distatRean drateriemadutiogst rodee batunelly mapped onte QPSK. Each user is
werdil 25 ARG, B SR S AR Sifling seguences win
N = flitereratigdoenabtil ddcbsatmagion synebaivierdzacdinpanyvelsassmission is chip
sy B e e e b eV have

holnglieativee gilandatiprutpsediamates shvandbii faseiE AR, Thiee curves are
shown. PIC is the paralliel intefference cancellation method of [4]. IPIC is the
improved paraliel interference cancellation of [2]. RBE is the proposed recursive
Bayesian estimation technique. Each of the curves begins for small numbers of
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 A/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. In
fact, further numerical investigations (for sméllef systems) have shown that RBE
supports almost the same Ipad as using the mulfiuser APF.

Described herein is a computationally efficient recursive filler for use in
iterative multiuser decoding. This filter uses the entire history of outputs from the
singrle user decoders in order to accelerate convergence and {0 support greater
loads.

With reference fo figures 10 to 18 a second embodiment is described
where there are a number of specific solutions offered which fall out from the
general solution of {or realization that) adapting related art single pass OFDM
receivers to iteratively receive signals at the sampling level allows the receiver to
differentiate a desired packet from an observation of an interference (collision)

. éignal at the receiver input. These solutions are as foliows:

. An-overall system solution - lterative Receiver Structure itself,
. Additional solution aspect -~ Samples Estimates list.
- Additional solution aspect — Information Bit Estimates list.
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. for storage Inan informatlon b;

together with r. It has been observed that the estimates are not strongly
correlated during the initial iterations [2]. Consider the following

wd%&%lﬁq% defined version of observables as input to the f”tﬁéﬁf@{oﬁkfd’m 036
. 25 e =~tr_u A x J Direct application of the LMMSE criterion
results |n A(k) =<X ,C~><Ckn~,cr >'. Itis clear however that AS' grows in
dimension with n which is impractical, WO 2005/011128
PCT/AU2004/001036 36 Inspired by Rursive Bayesian estimation

(RBE) [3], the following theorem that | |
(imens e RDBIRP ) GRAGRER VS RAAGR AT RaueRsY Domain

certain Cofs{EAHRS HpPrcanyh Bainpid Eetieatds Make the following -
assumptions, Al: The received s I'r =5x+n, is described accor
(oAb AoRRHe PSSO SRS LT RO S T T 18 method of
receRAPORDVE R Kesomeriding ittferfellvedrande symbol estimates of
the Interferin ers",” 10 comin t af the sin r
caflbe wiiHES A SR PN AT F S e & SEE o one or
mor@l@ﬂtenn@r;retated over time and iterations, but not over users at a given
*te 'On 25 by ) FaF S¥bred received
e Qkﬂ?g %\"%1 5)%%6%% lﬁetlgrﬁn%%eastgh 'ﬁjlﬂﬁ{]"{% &qn Ilet can ) be
pacmmmmacesmmsmmmnme mmwm&mlw ck)
en bﬁ%’( Rgtér?)l Sﬁf? ditershavipdnd igisesdmpr hypothesis
te fort |mate |s ) -I-ITkw(7CCn-1) -.RO-1)
estlmates list;

d) determine an updated received packet sample esttmate from the
sample hypothesis for updating the pluralily 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; | _

f) repeat steps a) o e) until at least one or more comp!ete packets are
accumulated in the information bit estimates list.

In anofher aspedt, the second embodiment provides a system and method

~of providing a sample estimates list in an OFDM receiver comprising the

following:

aj sample a receiver inbut 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 addlng the receiver anput
with a selected previously storad packst samp{e estimate;

e) determine én 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.

'_ In yet ancther aspect the second embodiment provides a system and

method of providing a packet information bit estimates list in an QFDM receiver
comprising the following:
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k k k k 20 The filters in the figure are defined as follows: MW
=-W(-)(1+Q(n-1) -Wkn))-1 k k Mkn) = (I-w n)XI+Qr" -wkn))" with the
wdQGHAIMGpdate equations for n = 3,4,... 25 w(n) =w PCT/AU2004/001036
-1)~-(H(n-1))-'(I-Wkn-))r W k ' = Wtn 1J+(I-W(n 1) X1) 1(1 - yVkn 1))
HO-1) -I+Q(A-2) -W( n-1) k WO 2005/011128 PCT/AU2001/001036 37 =
shISS™ +6ZI~, The initial conditions with, zk1 =0 and xk1 =0 are m() MW
=SkISS +621Y" for n=landw(ks) =sk(SS™FI}-ISZ, Wk,2)=Sk(SS" +621)'Sk . :
forng2. Cogmg}eﬁﬂ@lga Q &Y luate t(? broposed
5teq?hn| ue. For the purp%%rae:?é o{}l\é%m %oﬁf‘%%c u;%eLrb ey @ Feceiver input
%ﬁfg? Raueyianshs sietar Rankelrmmplecertinabenlly. mapped

OntQ)QPS@&@ﬁ'hM%?ré?l th@f@ﬁﬁﬁﬁtﬁpsﬂﬁtt'@gtmgt@ewaaE%lﬂ?ﬁg the. packet
Bina ing sequences with N = 8 were generated f'i.d. at e
Sa"’é@)ﬁrﬁéﬁfﬁ?‘e%%ﬁ WEh RYRsAisEIgRasThm @fﬁ&fﬁ@ﬁ@@@'&ld@hﬂﬁ@@a@d a soft

decoemg/mbaﬂ#@aame power level. 10 Indicative simulation results are

shown in Fi hree curves are shown. PIC is the parallel
mtgc\geren &%ﬂgeﬁ r‘f‘r%’é-(ﬂ@a‘?ﬁ (Dt eRimakR Wik 0oBe paramepre previously
detanmrfecbnﬁenamﬁraﬁﬁmeﬁﬂﬁia@E is the: proposed recursive Bayesian
atio ach o ins or ‘small numbers of
b e S Al BT RSO e R Hahengocumuated.
coﬁﬁeﬁ@@i %Q&mrmpemhtébérmam@emandﬁmﬁg phivieears %ystem and

wit

i3 SghlEe IRSAL BEON Nl o st st

performance be

compHsingathecekHr@E supports even higher loads. In fact, further numerical

InvieRligpIOnRET R ISR AMNESHBRI I RB  eived sample estimate
with a frequency domain channel application received sample estimate, such that
the multiplexed time domain sample estimate is mapped to correspond ta one or
more of; '

an QFDM signal cyclic prefix;

an OFDM tall portion, and;

an OFDM guard period,

wherein the multiplexed frequency domain sample estimate is mapped {o
correspond to one oF morsa of:

an OFDM signal prezamble 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) selocting 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;
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supports almost the same load as using the multiuser APP. 20 Described
herein is a computationally efficient recursive filter for use in iterative
wdliussy Aecoding. This filter uses the entire history of OUtp(;iﬂtéﬁR%mﬁumosﬁ
single user decoders in order to accelerate convergence and to support
greater toads. With reference to.figures 10 to 18 a second embodiment is
described 25 where there are a number. of specific solutions offered
which fall out from the general solutidtPof (or realization.that) adapting
related art single pass OFDM receivers to iteratjvely receive signals at .
th€5ampReF RAUBGIRTR ﬁ%vmoﬂif%ﬁiﬁi gt sl Raget received
sampleg Wﬁé@@twM@Eﬁ%m&@"ﬁé@alvé@rﬁlmﬁi&erMe and new
. inpuyt. egese solutions are as follows: 30 An overall system solution - ' :
mfor“@?’é‘ﬁv ﬁ&%ﬂ?@?@ﬁ’uoture itself. Additional solution aspect.. Samples
Edimatesistativdylitoid isdbrnatizapdsit-iefdmatetigitvithnmses listormation bit
¢ W%) 32'005/011128 PCT/AU2004/001036 38 Additional solution aspect-
esHm iplexing of Time/Frequency Domain Channel Application Sample
Eginatesubvivactipessitherescopdakebaimphe prestodesykem said packet
receﬁ‘e?&h@&ﬂgaiE%Cﬁgﬁlﬁt%s%'\@d’é%ﬁ %"Hb‘?Q?' %ﬁ%ﬂBH@fY'QE@ a) sample
ghalc

a receiver input onsisting o S|gnals rom one or more antenna, b)

add)the ingodatingl amid orapiesiuesiyneteriistsonrityroviiegalhcRelv packet
samﬁl@Q@StﬁﬁQH&f}te_s to c_ietermine a packet sample hypo_thesis; c) determine
an Iinformation bit estimate from the sample hypothesis 10 for storage In

anaheaRstsPaiteinmdesied af lnashAmeclotsask PRI ed packet

sajppie ﬁﬁ’tﬂ'ﬁl%t%gﬁ BethehS aBRISHY ReHIRSEIRITHPSRlINa dke SiatitaBle sample
or stored estimates; &éuﬁr%‘ct the updated.samﬁle %stimate from the
rmin

. pri ; h
estingion e aecRr & RERVIHD RRERATaRD RIS T teR.g) further

compipethesis as the receiver 15 input signal; f) repeat steps a) to e) until at
least one orgn %rgc%cgm%ets%%%lg SR packet sample estimate to create soft

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

i) soft moduiating 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 symbaol 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 fo create the time domain channel applied received
samples estimate; and in parallel with stepé k) and m),

n)' constructing the frequency demain channel éstimate from said
packet received samples hypothesis and said transmitted symbol estimates;

o) multipiyfng said frequency domain channel estimaie 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

g)  muiltiplexing the time domain channel applied received samples
estimate with the frequency domain channel applied received samples estimate
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accumulated in the information bit estimates list. In another aspect, the
second embodiment provides a system and method of providing a
wEHDRIA ffimates list in an OFDM receiver comprising the 204@)lqwiRgino 1036
a) sample a receiver input signal; b) determine a packet sample estimate
from the sampled receiver input signal; c) store the packet sample
estimate; 25 d) determine a packet sample hypothesis by adding the
receiver input with a selected previou§?y1 stored packet sample estimate;
e), determine an updated packet sample estimate by decoding and re- - - .
for RRIRSATIAR MIRLERI AP IFSRENDAR sty I IR SeRat e are repeated
for salsieed Diavinuabysthredmacket.sample estimate with 30 the-updated
packet sample estimate. Inéetagother aSﬁ) ct th@ sg';:ond embodg’gesntan iterative
provided'd JERMn# WEttod BF p B ae 2PRRRAIF IS i
sangsitnesimiation andifMasoerdéngetomivisipgraur dpito\pireidi® to the preceding
200/ 8 PCT/AU2004/0010 9 a) determine a packet sample
Paf%g&%%@ﬁ%%’%@dﬁ?ﬁg a8 ?i%%gﬁg%ﬁlpv”\}ﬁ%ga selected previously stored

packet sanaededtsrding )sdith saleetad iphickeltsarbpleststimate to create hard

- encHBEY D9 NGRAGKR! §§m%% ﬂ%@@n""tﬁﬁ U N PN SE el"%?ggertion into said

ecoding-technique and a soft echnigue c) storing

ing.

inforrrgtieatibi BieldaiaiRadialith one or more previously determined

infogyation Bt LSHAaIRSTIH SRS bR RMBLIEE) Wil AS0RHRISI8 a transmitted

packet is accumulated. In still another aspect, the second embodiment
synbel Reiaestem and 10 method of determining a hybrid OFDM

recgjved PREKRIAMIPIG QRENGIACCABRIESITHENPED ebtinuiblerom asaid packet
roo e R VRS PR Al 2B LR TP EL M e
- thau) consfructing the packet fransmit sample estimate from said
transmitted symbol estimate; | '

v) convolving said time packet transmit sample estimate with said time
domain channel estimate to creafe the time domain channe! applied received
samples estim,atej 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;

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

oY) ~ constructing the frequency domain channel applied received
samples estimate from the paéket’ received symbol estimates; and

Z) multiplexing the ﬂme,domain channel applied received samples
estimate for reinsertion Into said list. '

With reference to figures 10 to 18, the foliowing blocks are used for
receiver signal processing techniques In accordance with the second
embodiment; ' |

e OFDM Soft Output Decode 288

. OFDM Hard Output Decode 222

. Encode 224 | '

- Soft Modulate 230
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15

the multiplexed time domain sample estimate is mapped to correspond to
one or 15 more of, an OFDM signal cyclic prefix; an OFDM tail portion,

w&a /) ]%:OM guard period, wherein the multiplexed frequwgggpﬂﬂ‘)](]:,(

sample estimate is mapped to 20 correspond to one or more
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 netwttk communication comprising 25

the following steps: a) selecting either the windowed matched received
sdmples Nﬁ?ﬂ sis as the input signal; b) adding an empty
pgcket egﬂgegﬁg,%ﬁmples estimate list containing packet sample
estimates; 3 )selectln one of said list entries; d) adding said packet
sdmples Matched 5 iltgg tS|gnaI to create a packet received
sgmples Bypathagis; WO 2005/011128 PCT/AU20041001036 40 e)
decoding and re-transmission modelling of said packet received samples
hyhothesBUBtEAShR Znew packet received samples estimate and new
informatieRpii:srimedes; f) updating said information bit estimate list with
new information bit 5 estimates; g) subtracting said new packet samples
estimate WoHilB®EA ket received samples hypothesis to create a noise

- hypothesigyaadiB) ppdgiimsp dsamelpsonsiaaR gt iEysedin standard)

new packet samples estlmate 10 all said steps being Iterated at least

“once for &ath, packet. In a further aspect the second embodiment

prgvides fihieBURAN WHannel Estimator 232

«  Frequency Domain Channel Estimator 236

e«  Time, Frequency Domain Multiplex 220 |

«  Samples Estimate List (inb!uding associated Controlier) 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.



estimation method according to the previous paragraph wherein step e)
further comprises: i) soft decoding said selected packet sample estimate
wdREeate soft 15 encoded bits and new packet information biigskipatBRie1036
for reinsertion into said information bit estimates list; j) soft modulating

said soft encoded bits to create a transmitted  symbol estimate; k) .

constructing the time domain channel

imate from said packet 20

recelved samples hypothesis and said transmitted symbol estimates; t) -

C(Q
sy

I tingt
mbol estima

SR S

IIIpIU UbLIIIId.LB fromrsardtransmitted
id time_packet transmit sample

ey

titR&te with

d
Wi

”l'ﬁbBChan
h steps k) g

DHﬁndﬂwaibMahmmﬁéSﬁﬂwmlgﬁeate the time

{ a‘{ggwples estimate; and in parallel
and m). n) constructing the frequency damain channel

eq
tra
C

ti&te from

annel estim

dﬁr@m&aeket@gmm@wgmgﬁg@ﬁ@sam
l?ﬁl‘ %‘éﬁ‘wé’d SRR gLy domain
transmitted sym

| estimates ta create packet

re

cdiléd symk

M@&lmtmfmgtmﬁﬁﬁma@l%e frequency domain

C
sy
re
re
fol

YT appf

bol estim

N A R S e a1 o8 Ebmayelet received
tes; and q) multiplexing the time domain channel applied-——

~dild samy

blpisaivretiasishe frequency domain channel applied

Caygd samy

reinsertion

ORISR PEAHIRTIAhARET B ESHRHES01036 41

into said qamnlnc. estimate: lIQf wher

Coore
se

hddRd for 6

ein steps-A}-top)-are———
f&%ﬁmm%mﬁ%ﬁll another aspect,, the

CPpg embod

'nrrlin'n to.the

a

bif]

| 132

actinaata.fio

step g
sa}nple estlma

"Tlﬁ'iE m&?ﬁmm@l%pm@:@ﬁmgmmemﬁétzmate

ﬁ? I TALCT o1

128

Soft Encoded infarma_tidn Bits

130

Time Domaln Channel Esﬁ_rnate

-Packet Transmit Samples Estimate |

134

Freguency Domain Channel Estimate

136.

Packet Recelved Symbol Estimates

Table 1: Signals .

SUBSTITUTE SHEET (RULE 26) RO/AU



s) hard modulating said hard encoded bits to create a transmitted 10

symbol estimate; t) constructing the time domain channel estimate from
wé@lﬁi‘?@ﬁi?% received samples hypothesis and said transmltt?%?s%rﬂ%! 001036

estimates; u) constructing the packet transmit sample estim romsa é

transmitted symbol estimate; 15 v) convolving said time packet transmit

sample estimate with said time domain channel estimate to create the

time domain channel applied received ghmples estimate; and in parallel

with steps t) and u); w) constructing the frequency domain channel

estimate from said packet received samples hypothesis and said

fragamitted Syma K ey AGEREGHEAGYIEOMaIN
¢hannel estimatg with said transmitted svmhnl estimates to create packet
feteed symbol ieAGRERIEOMen y) constructing the frequency: domain
¢hgygiel appned eggw@gggmﬁg@q_rg}ate from the packet received
symbolestimates; and z) multiplexing the time._domain channel applied
ne%%“ﬁ/ed sampleg “BsAddmate for reinsertion Into said list. With reference
tozygyres 1010 IBGRBIATOHIE MY Tre I 55T RE-HrRNAT Signal
OFBM Soft OutpLitb¥§3¢89B¥ash OFDM Hard Output Decode 222
Fpqade 224 Soft l\nqwﬁgﬁiaﬁcgwgsﬁ%@;%ga PCT/AUZOO 1/001036

2  Hard I\/Inr~I||I {e-2. A CJLHS Q4. Matched SU 08-5
s8idact 212 ContH fi b S0 _Hard Decode and Re-modu!ate

216 .. Hybrid Re-transmit ' )

216 - TOCA - Time Domain Channef Appllcatlon

218 : FDCA — Frequency Domaln Channel Apphcataqn

220 | MUX = Time, Frequency Domain Multiplex

222 OFDM Hard Output Decode | ‘

224 Encode _
1226 Hard Modulate -

228 OFDM Soft Output Decode

230 ' Soft Modulate

232 - | Time Domain Channel Estimator

234 F=T-802.11a Frequancy fo Time Domain Conversmn

236 Conv_olve = Linear Convolution _

238 : Frequency Domain Channel Estimator

240 - Muitiply

Table 2: Functlon Blocks .
The second embodlment of the invention is adapted for a Packet based
5 OFDM WLAN system {eg IEEE 802.11a, |EEE 802.11q)." A typical receiver for
such a system performs pmcessmg tasks in accordance w;th figure 10. The input
fo the system Is a complex, oversampled baseband received signai 1002 for each
'attached antenna. The sxgna! received on each antenna is passed through a
band iimltmg filter 202 which is then foliowed by a packet detection and

SUBSTITUTE SHEET (RULE 26) RO/AU
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Multiply 240 Time to Frequency Conversion (dependant on system
standard) 234 10 Time Domain Channel Estimator 232 Frequency

wd RN 2hannel Estimator 238 Time, Frequency Domain Mydtiplex@d@o1036
Samples Estimate List (including associated Controller) 206 Information

Bit Estimates List (including associated Controller) 213 15 Table | and
Table 2 provide a key for the number signals and process in each figure
and the reference numbers in the text. 2005/011128

PCT/AU 004 8%1@%?6 43 iOOZ Received Samples 1004 Windowed

SWW&?&WS@ 80, éarfgg.gg_%g %%n%%%sﬁrﬁﬁté%ﬁ%s't‘on block uses
onePorvious @ ankdhRepeiteldshifiEs mstenae digh&sckafRecei@ete a packet is

s 112 Ney Pa ket Inform n Bit,Estima
o e e el PR o SR RRep b [t g’ and passed
on fggnplgteer Aeicicasatogriayen BigE meEles THO Bepikel Teordust structure figure

o B SR Y RS i

at thesgamilellyelard Encoded Informatlon Bits 128 Soft Encoded
IterMQEMRECRRIET SRUEIRPLRYRGNe! Estimate 132 Packet

Transmit SamEt s Estimate 134 Frequency Domain Channel Estimate

136, BadBURILANR desipivsy) Isthavenmampledidigite! 1/Q baseband samples

from each antenna connected to the receiver called the Received Samples 1002.
The Received‘Sampies 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

{n=1). For all proceeding iterations (n>1), the Noise Hypothesis 116 is provided
by the feedback of the interference mgnal This is dep(cted in Flgure 11 by then
conditioned switch SW,,. , .

An iteration of the receiver is a single execution of each of the fbl?owing
processes:

. Atternpt to acquire a new Packet in the Noise Hypothesis 116 using
the Acquisition 204 process.

@ If & new packet is i’cauhci, add empiy entries 1008 1o the Samples
Estimate List 206 and Information Bit Estimates List 213. Each entry in the
Samples Estimates Llst 206 has a correspondmg entry in the Information Bit
Estimate List 213.

. Determine, from the evolution of both Samples and Information Bit
estimaies list, Compieted Packets {y, ...y}, in the Information Bit Estimates List
208.

. Release to higher tayer (MAC) then Remove Completed Packets -
{ ey} from the Information Bit Estimates List 213.

. Remove Completed Packets {y,..y,} from the Samples Estimate
List 206. | o .
. Select a Packet Z in the Samples Estimate List 206 to Process.
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SUBSTITUTE SHEET (RULE 26) RO/AU WO 2005/011128
PCT/AU2004/001036 44 202 p(t) - Bandwidth Limiting Filter - Matched
Jie! cquisition 206 Samples Estimate List 208 E-Ad 1.
W(g%)&f?mg%?gecode and Re-transmit 212 E(-ve) -Subtract 21:(%jp I% g?ﬁét%%mm
Bit Estimates List 214 OFDM Soft/Hard Decode and Re-modulate 215
Hybrid Re-transmit 216 TDCA - Time Domain Channel Application 218
FDCA --Frequency Domain Channel ﬂ&plication 220 MUX-Time,

Frequency Domain MultiE{Iex 222 OFDM Hard Output Decode 224
- Ercode 2261¢148% B Ateey o Finakst iReogiien cBagapias Esfimate 208 of

‘seled‘l@ﬂ WAkKRB 2T ISP SR8 Arhpe ERERIMAL 1 280 06 Tto 802 Ndise Hypothesis

Frequency to Time Domain Conversion 236. Convolve Linear

116 e rdlussntbsdiackebRecpvediR empipe baniaesis 1 dQaultiply

Table 2: ryaplinailosk TPRsREPRRIBRAAUMSAR K DXAMAR IS 14 and new
adapted for a Packet based 5 OFDM WLAN system (eefq IEEE 802.11a,

inforpapionutagiraias cHl Atiibprarleatpchigeket hofermihe fiadswiReceived
Samiasks Haseanaanse Mth figiryl ©FIMNBGHAL-HARISYDEE e eRIPIRE-transmit

overé pled baseband received signal 1002 for each attached antenna..
pro rgnal received on each antenna is passed through a band limiting

~ filter 202 wipgais thendelisvied prckpaska! Peieatios affdrmation 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
Samples Estimate List 206 with the New Packet Received Samples Estimate 114,
. Subtract 212 the New Packet Recsived Samples Estimate 114 from

- the Packet Received Samples Hypothesis 110 to produce the Noise Hypothesis

118.

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 208, 213 are cleared, the time window is updated and the entire process
repeated. | | |
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
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 cancélling
structure requires that each packet Adds 208 its Previous Packet Received
Samples Estimate 108 to the Noise Hypothesis 116 before the Soft/Hard Decode
and Re-ta"ansmii 210G process to produce the Packet Received Sampie' Hypothesis
110 for each antenna. The New Packet Received Samples Estimate 114
produced by the SofyHard Decode and Re—trans-mit 210 process are then
Subtracted 212 from the Packet Received Sam ple Hypothesis 110 to generate an
updated Noise Hypothesis 116, The New Packet Received Samples Estimate
114 are also used to update the Samples Estimate List 206. The Noise
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SUBSTITUTE SHEET (RULE 26) RO/AU WO 2005/011128
PCT/AU2004/001036 45 synchronisation (Acquisition) processing block
woeiids A s, cquisition block uses one or more of the matcheddifi@l 20041001036
antenna signals 1004. Once a packet is acquired it is decoded using
- either hard or soft decoding techniques and passed on to a higher
processing layer leg. MAC). The typigﬁ. receiver structure figure 5 10 may
- be modified to an iterative structure that provides interference cancelling
it the s lel lterati ivers ( upchional fas P estimated
o T TE 1 Ty o 1 botabart s o e e
contrimtionaaio tive cEEE DUy SIIGESBETE ARk RR RIGVIANI, Braliyg Ingyference

Canc%ﬂﬁﬁezﬁ(@gﬂﬁmﬁi&%#ﬂﬂW%@%@ﬁé@ﬁ)ﬁ@ﬁi@@ﬁ%&ﬁf ough

to the pulsé shape in order to produce windowed

- Samplas Rstiwwatedkistamples 1004. This constitutes the Noise Hypothesis

1380 e di 6H?rg§ﬂnmélﬁi§£r?@?rwm it@mﬂmmiﬂ’mtket Received

Noise Hypothesis 116 is provide the fee of.the interferen )
SampigRaE BRI AR BRI By (% Qe P (R e and Re
transfiitilgratea sl thRrgeeivrida astralecxatstion diracach tiRaitkisiviognd by the

processes: Attempt to acquire a new Packet in the Noise Hypothesis 116
Acquiifipn PahRER 204 process. 20 e; If a new packet is fouhd, add

erFply eatiestkPafida the Packeleto Hatimtde (43t BOGalatiathfinmothBitSamples

_ Estimates List 213, Each entry in the. Samples Esg;nates Li%t} ZPGUQa%%trics e.g

Estimaieebithdfg-enthith aR8a#0mn & rPBit PEsRSEs LRY 8BS =

ermine,

sortelioyiNg PolEpRENSIRIRAIP RaRbe infoprates it oyetemaesdened, order '

of i cils SRR RS LAY Roe Sl Gt S s im Figure 11,
where %108 Berteiot salindtgzatkantes List 213. Remove Completed
Information Bit EStimates LisemPles Estimate

The Information Bit Estimates List 213 contains the latest New Packet
Information Bit Estimates 112 as generated by the OFDM Soft/Hard Decode and

_Re-transmit 2156 pﬁmcess for each Packet found by the Acquisition 204 process.

Each iteration provides an opportunity to release Completed Information
Bit Estimates 118 to higher layers (e.g. MAC). The choice of which packets are

- complete is made b},? avaluating a metric for each packet in the Samples Estimate

List 206. For example, this metric may be based on indicators such as signal

- power, the number of iterations performed and number of completed packets,

These metrics are then compared to a target value. All packets that meet their
target are marked for release from the Information Bit Estimates List 213.

For éach packet acquired there is an entry in both the Samples Estimate
List 208 and the Information Bit Estimates List 213. The selection of completed
packets is depicted by the {»,..»,} controlied switch SWy in Eigure 11, where

{y,..y,} is the list of Completed Packet Information Bit Estimates. A feature of

the iterative receiver structure is that the packet's Packet Received Samples
Estimate 114 remain subtracted from the Noise Hypothesis 116 even after it is
released and its corresponding entries in both lists removed. |
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30 List 206. Select a Packet k in the Samples Estimate List 206 to
Process. WO 2005/011128 PCT/AU2004/001036 46 Add 208 the
wi6)aRYs Racket Received Samples Estimate 208 of selecteg 3 lﬁ%'h 1001036
from the Samples Estimate List 206 to the Noise Hypothesis ﬂGﬁ )
produce the Packet Received Samples Hypothesis 110. Generate new -
Packet Received Samples Estimate 114 and new 5 information bit
estimates 112 for the selected packet Ktfrom the Packet Received
othesis 110 using OFDM Soft/Hard Decode and Re-transmit
Hyb%ﬁ)rcﬁé&éeg ﬂg‘g r('j] %}he selected packets' k previous information bit
esTinatéiMbnmd’{mdrmmsBmEsﬂrtﬁt@schmssmsmcﬂemetetévm Figure 12 and

oIS SR o P P ABAI g Frouency

DomgisnCharkeeRApsilicatBunplés mas@aza g@m@mtet alidahe Raket Received
Sam @@‘%ﬁﬁ'ﬁ%‘i@dﬁ%ﬂp'%‘ﬁ??ﬁ%&%@ér%@&hﬁga !%‘fcﬁg%gwed Samples

amples Hypothesis 110 to produce the Noise Hypothesis 116.
qutaea%n’yﬁé%mmﬁambamgma@mmﬂwes 119 to

creafeOTHARMBIOARHIRLBRESIMSL BhIMds- MRS 198 NEbefNeach receive

reached, the lists 206, 213 are cleared, the time window is updated and

antepaeniiieoidmaeDemain & hanaml HRrlivaiinr i 8 pearResoproduces a Time

| Dommmrtemmamqﬂuwam@m@@l@swﬁm Lugﬁmstaen@r@tlomfé\l@mquency

Pac Rece ntenna u5| the

te 114 for eac
Domg S GGl A PR PG IR | FTROLSES 1o ey Domain
CharfoehdApphied AReisiioad 03 rgsiess. EsiimagekdENew Pﬁekemhannel Applied -

d h
Reca%g%%?#w%qrﬁﬁegr%grence canct?ﬁmg@ %'té)[ﬁ‘r% ; S;Eg%g@i%ﬁ@gﬁ% er fo form
the NewsPaghkes mmaammlwxmpmmmemmam@ Each of
thesé\waﬁéé\%hs%%&ﬁ@ééo fhamaiid ga gggele and Re-transmit 210

process t rh}g'roduce the Pac et Recelve mp e Hypothesis 110 for
TimeD hannel Applicrboma I Al amples Estimate 114

The Time Domain Channel Application 216 process is further expanded in
Figure 16. The Time Domain Channel Estimator 232 produces a Time Domain
Channe! Estimate 130 for each receive antenna using the Packet Transmit
Symbql Estimates 1192 from the OFDM Soft/Hard Decode and Re-modulate 214
process (see Figure 14 and Figure 15) and the Packet Received Sample
Hypothesis 110 for each antenna. The Frequency to Time Conversion 234 then
produces a Packet Transmit Samples Estimate 132 using the Packet Transmit
Symbol Estimates 119. The Packet Transmit Samples Estimate 132 and Time
Domain Channel Estimate 130 for each antenna are then linearly convolved via

-the Convolve 236 process to produce the Time Domain Applied Received

Samples Estimates 120 for each antenna.
Frequency Domain Channel Application (FDCA)
The Frequency Domain Channe! Application 218 process is further

" expanded in Figure 17. The Frequency Domain Channel Estimator 238 produces

a Ffequency Domain Channel Estimate 134 for each antenna using the Packet
Transmit Symbol Estimates 119 from the OFDM Soft/Hard Decode and Re-
modulate 214 pracess and the Packet Received Sample Hypothésis 110 for each
antenna. The Packet Transmit Symbol Estimates 119 are then multiplied, one
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produced by the Soft/Hard Decode and Re-transmit 210 process are then

30 Subtracted 212 from the Packet Received Sample Hypothesis 110 to
w@eneataan updated Noise Hypothesis 116, The New Packet-Ragsing@oio3s

Samples Estimate 114 are also used to update the Samples Estimate

List 206. The Noise WO 2005/011128 PCT/AU2004/001036 47

Hypothesis 116 is then fed back through the system (minus the latest

estimated contribution of the previdus y processed packet) providing

orol NSNS, SOESIER G A ABR Bt 134 va e

Multipiti24@ pmcmcmmr@duea\lﬂve Fiaanbet%&mwuesaﬁweb@s&xmtes 136.
The PAASICRIALEILY 185, Q6RMSaiiiiacd a?ﬁéd% d Sn”%?:?{%rted into the

process 210 for each retelve antenna for e Packet found by the

Freq;«@aaxs@&wm drdranRpelMdiadiBesrived &am@sﬁ&ﬂm}eﬂ 22 using the
Freqﬁgyﬁe@lgr_qmﬁg AaRe 3L Estimate List 204. The selection k can be

based on numerous metrics e.g., sorted s%nal power, the minimum

Time, FregusnsyResnain, GbappebArslicationcMuitialexing Ao is
dqa@semhxgt%%ww&adeswscf@r%/\mult|5|ayuﬁgllazwrm@dé§sthakes the Time

cur elec nformation.Bit Estimates List 15 he Infor
 DomCHAAA RIS SEIB 3L BRSSP AT, B Trequency

DomEE‘tlmh@SnTéIIZqupgi@aEmwﬁgﬁbwssﬁﬁthw&%memdnu!tlplexes them

togel S R DTS 8 R b CRIEL BT AR REANE RACIEISE Frpbar 114
InfofriXion nﬁmﬁ&aﬁmuesﬂﬂtaatnéngheclayezs (etboM—AC)xs‘Bcb choicthif  second

e R Loy RIS B B ) BRIl e yrerence.

AISObdgédt@ntlmﬁ@mmm@wgmtep@ﬁm ﬂfehmmﬁbeorafél@t@mmel and band
limitiRG SR aRdunker ehfomplaiss ﬁﬁn-grhg?ﬁn’@%f:so‘?r%ge'ﬂ!ew Packet

comFgared to a target value. All packets that meet their tar%et are marked

Recatyefeeasaniem Brlimsiendidn olavsitasket Reoelyer Happies Estimate 114
correRpeiiriingduy eRéh eyE eI fdd”df%ﬁé@f@ﬁ@% E’ﬁi@ﬁ%ﬁ%ﬁ@@frequency

and the Information Bit Estimates List 213. T lection of complet
Domam EEanna! Apphed ?Qecewed Samples Estimate 122. pQI‘I%\e remaining
samples in the New Packet Received Samples Estimate 114 are taken from the
Time Domain Channel Applied Received Samples Estimate 120. In this

- embodirment those samples comprise the cyclic prefix and fzil portions of the New

Packet Received Samples Estimate 114,

An example of mulliplexer mapping is shown i m Figure 18.
Preferred Area of Application

The preferred areas of application for the second embodiment of the
present invention are OFDM receivers that may be used with IEEE 802.11a, IEEE
802.11g, IEEE 802.16 and HiperL,AN Wireless Local Area Network (WLAN)
standards. However, the invention disciosed is useable in any packed based

.OFDM communications system as would be understood by the person skilled in

the art. :

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 aiving at a receiver used to provide a decision siatistic leads to an
overall improvément in the decision statistic itself. Furthermore, appropriate
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packets is depicted by the {y,...y"} controlled switch SW, in Figure It,
where {y,...ym} is the list of Completed Packet Information Bit Estimates.

wdLiBaig Rf the iterative receiver structure is that the packetﬁ:%\c[mq} £001036
Received Samples 30 Estimate 114 remain subtracted from the Noise

Hypothesis 116 even after it is released and its corresponding entries in
both lists removed. WO 2005/011128 PCT/AU2004/001036 48 Hybrid
Re-transmission The Hybrld Re-trans %smn 215 process is depicted in

F d F 13. both T |
sele S SRR B S A R T e e
detegamammpwdmmwm 5 Samples Estimate 114. Both

processes use p t f i ‘
anterPa% R Fﬁ?gk g‘nsm %’?% k?ates Qt(g%lc%rﬂ'glc% gﬁ%gpara us tor
com*ﬂﬂledtmgcewe@ Sautififde mcma& goormenikatiaRhNeteRk ditefRCHronizing

| v 216 process.produces a Time
pac %%%ﬂ@% é?&% T?%%%B\l}gﬁmgmples Estimate 120. The |
Fréqqemtsiaa D@@f@ﬂi DpatsgR@klication 218 process produces a
rﬂ?ﬁ”ﬁ'ﬂoﬁ%ﬁ‘ﬂ?h s RealRhangristsasied dput signal;

The anne pplied Received Samples Estimate 120, 122 are the

m@f@ﬁe@@mdh@gmﬁyﬁ @nanerrRialion signalsserehdiabat WEQSf one of the
lnpuﬁﬁﬁﬂ%ﬁaﬁmi earaastiensigharh e fikeaadprocesses is described in

further detail below. 15 Time Domain Channelgﬁl\,g Ilcatlo

DCA
TiAEBUMANEG IR ARFIRIRN SlRliT ¥ H) 608 ‘ﬁﬂtﬁeP@&ﬁ%ﬁ&egd“ﬁ"’”e“t of the

| procE@é@ Yorfbriione Sighsin@thaanpdwatimetampanentdotethe Thrusessed input

Domain Channel Estimate 130 for each receive antenna using the Packet
ransmit Symbol Estimates 119 from the OFDM Soft/Hard Decode and
Rermnnhum algdintpindiss: (shechidy el predettignined) hesheld condition of

th.e Paclé%nRgt %gﬁ rgp‘jg %%?%ﬁé‘tlgrf' RIf3fFR&ntenna. The

req uency onversion en pro ucesaPacket Transmit
Sams}mmgsgfuahgaastpaanaetofréhgmmpygﬁnﬁfaﬁﬂEﬁﬁﬁﬁg{é&lq'lsangna*S is

perfgﬁ?ﬁéa % %ﬁ@%&ﬁ?&’ﬁétﬁﬁ%‘@fﬁé@ﬁ&ﬂﬂ d B8 it PeaRR! response,

Estimat for each antennaare then linearly convolved via 25 the

a rogigiaisRd Qgsi@ﬁ)&ﬁég,t@ﬂ-@dwaﬂh@lmﬁ@’[ﬁ Rir A BraRGRdew filter, or a

combined Hanning/Hamming window filter, The predetermined 'thre_sho{d
condition may be one of the decision stalistic crossing the predetermined
threshold or & maximum of the decision statistic occurring shove fthe
predetermined threshold. The determination of the correlation signat 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. '
Power averaging mask for FFT window synchronisation

Synchronisation of packets transmitted, especially over wireless mgdia. is
ordinarily achieved by employing a preamble comprised of several repetitions of

the sarme signal and correlating the received signal with a delayed version of

itself. The delay may be chosen to equal the duration of the repeated signal
cbmponent defining the preamble. The output power of this correlation process is
then usually normalised against the average power in the received signal. The
point at which the nornialised correlator output exceeds a threshold Is selected as
the packet arrival time. This technique has a number of deficiencies. For
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Samples Estimates 120 for each antenna. Frequency Domain Channel

Application (FDCA) The Frequency Domain Channel Application 218
wP5e608H isdurther expanded in Figure 17. The Frequency De@aiky2004/001036

Channel Estimator 238 produces 30 a Frequency Domain Channel

Estimate 134 for each antenna using the Packet Transmit Symbol

Estimates 119 from the OFDM Soft/H c‘ Decode and Re- modulate 214

process and the Packet Received Sample Hypothesis 110 for each

| exampﬂ@,\%d%'%@?ﬁéﬁéﬁ%’%é%fﬁﬁ%gfﬁﬂﬁ%% qﬁé%@lﬁ?gp%tputs and

... one WQ 2005/011128 U2004/001036 49 OFDM symbol at a time, -
thus, iMAY (RAGSM ERERNRIATSiGaie 150 vietemNiating 22D data packet

timingocesstidp itk @bhaekehk e aMethoNP UiESIBAGSWRRK Bsrmits a more
LEggé(eé Fiecelvlﬁz-%s mt;‘pl Es,%ates 136 are then converted into the - o

Ao LB REY BY IR el AT pliBRPREE &\ a8 aRAstESE stiktiie Bymchronisation

enomimahfh@meU-ﬁajﬁWﬁQ%g‘%&- Em&r?@#@l%%ﬂ%% reduced.

on Multiplexi eferring now to Figure e

Seel B R SR el r e raptenc o Kireiet the correlator

outpR‘@cfd@m mmwﬁmhﬂl@l@1@9!6&@1&3,Fﬁ?ﬁﬁpxﬁnﬁ2ﬂmﬁﬁ§hﬁ§n§baiiw of the
: [ | . myltiplexes them .10 .

s BB Rar R SRR W R By e o e

nU'SQM@FW'%m@ﬁE%@ﬁMﬁﬁ% thidse ebegpin dfisisedimelar filter may be

optirREMOUENIhEI BAMNLETROLARIIGREN (0P PP PRUIEBH" and. the radio

aracteristics of both t

interference. Also, due to time dispersion ¢ eradio

changiel, A SXAmRRte wavld knadantraisrdispsinarfitesgpmiianaiagiHamming

windolriittew GaekpidfeReccrrtbedinidrt SoHRARVEtN TS Backie of a centre
s Estimate 114 corresponding to the OFDM portion o

. _Received Sam I >
We‘gﬁntsfi&?{&ﬁ'ﬁpeet?\f@{ 1 e tHRREIAE IMRdHRAnePRAREEARiéppTication fo the

correimoeimd;ﬁamplé‘skn@sﬁift@teel%ié‘él&ﬁ@?@a&%@rﬁf@‘l&%ﬁﬂb‘i@%f’\'% time of the
‘ iye es, Estimate 114 are taken from the Time Domain
paokg BT AhBI RS RIS Al ebich ARk 0 o1 mkcsentrimlam aton.
Is alsRosueRessidstcompesthberopsiimpraficandttibpogionsef thadéed threshold is
exceg&éﬁ?té%e‘fﬁ- e ' An example of multiplexer, .
Sded as Shyoéﬁ?ﬂé%kgﬁmﬁéﬁhan e e at wﬁacé the correlation
power first crosses a threshold. Those practiced in the art will recognise that this
method has potential application to any communication system that- uses a
repetitive preambfelfor packet synchronisation. The inventor has recognised that
ﬁlters are widely used in general applications and that the synchronisatioh of

packets may be treated as a filtering problem. Accordingly, the 'inventor 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 measure of the arrival timing of a packet. Thrashold testing of the
normalised power of the receivad signal correlated with a delayed version of itself
is also contemplated. The deiéy is equal to the répetition size of 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:

Fittering of raw correlator outputs; L

Centre weighted averaged filter, preferably a trianguiar filter which has an
efficient implementation; -
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Preferred Area of Application The preferred areas of application for the
second embodiment of the 25 present invention are OFDM receivers that

wdhaysREYsed with IEEE,802.1 la, IEEE 802.11¢, IEEE 802.]1%%:/1 12004/001036
HiperLAN 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
the art. 30 With reference to figures 1$® 23 a third' embodiment is
described which_stems from the realization that reducing the distortions in

ond 37 ABRY BraHewR o8 RaarRAies IRiaN SiNEPUShE B 1BRTIEOf comrelator
outpdepisiwarsiatinge lerpA0Mmst ‘%ﬁ&ﬂﬁ%ﬁ@f@ﬁﬂiﬁ%ﬂﬂ? SegEIEhefiSiisation of

itself,. FEurthermore, appropriaie WO 2005/011128 PCT/AU2004/001036 )
pack,g% SSXGY, fﬁgthg\m’g‘gn Befstiu R FRSSIRR o iR iRg Hicis iP¥ore The third

embceliatiatdetayriontiprisd packekivavaeiphaologpemspaekde daitd transmissions.
~_embpodiment provides ethod, and apparatus for communicatingina ., .
wherg P IR Sl bR L TR (PSR Ee timing and
allovdngyiffigraea apdbiee desigp i sifg fitereifammna mpakettinthe Sgatistics of the radio
chang'%tprmining a correlation signal corresponding to the packet input signal;

. processing thg input and correlation signals such that at least one of the
FieldrpfiAgmpligationhe correlation signal are filtered; 10 determining a

- depirion RlsUCRYICOmRIBIRG atBBWﬁ&I%%{PpO é%%thetop“_’&esfs%‘i‘nt to  point
correlation signal. with a power componerit’of the'processed input” signal;
cComMipgRaIoRS dink iwhere Jlransn)issirage renined sh aing Ecirvebaron structure

that Wesleripsasibialionsa m@@@@%@.ﬂr@/ﬁi&&m&aﬂg The gﬁtfééﬁ%maf may be

of af least one of the input and correldtion signals is performed by one o .
formed: ¥ PIEi P BRAEr FERRRFIRR% QiU BRBRItigBgbonste: fipptional device
embadiitn) tbeinefiiesiadiepréferatiidaedites mHpamReyRiewsbELSY Srocessor

e o O e e e o, i
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". | |

In more detail, in packet based communications systems the timing of the
arrival of a. packet’ is determined at the receiver 180. 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 be
prevalent. A common technique employed is to transmit a preamble at the starf
of the packet transmission that has a special structure permitting efficient arrival

- time determination at the receiver 190. This structure 'requires the repetition of a

short signal several times in the preamble. The structure of a fypical packet is
shown in ﬁgurg 20 where the Sync Word (SW) Is repeated several times at the.

_ beginning of the transmission..

The' conventional time synchronisation technique correlates the received
signal with a delayed version of itself. This delay may be sef to the length of the -
Sync Word and the correlation length may be set to the number of SW repetitions
(L) minus one. This correlation is implemented e{iery sample (or evéry K
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predetermined threshold. The determination of the correlation signal may
wdSiReiAyped every Kth sample of a sampled packet input signgl, Whelg, 1036

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 fddia, is ordinarily achieved by
employing a preamble comprised of several repetitions of the same

samRRYEhare LolfeRiial dfedediivdi g HASRIreS RARIA BRIBFAFS -1 11 Miv1,
fis2, .| TEtHEIRYHBYOIPetaRsCOIhat uakiitrR: dugation of the repeated signal 30
comporgsvr}‘t:_gieflnlng- the preamble. The output power of this correlation
prgg_egs [ f]’e,n usually normalised against the average power in the
reééived §gnal*The point at which the normalised correlator output
exceeds a threshold is selected as the packet arrival time. This techpique, -
L FRSER BT L s PR 2o Milhhs DT REWRD Apghe Observed
sequedR®el example, it does not optimally exploit the statistics of the ' ‘
correlatzg;,&%puts and thus may introduce larger error margins in the
dejermin&igs of data packet timing.. In this third embodiment, a method.
is disclos§d wHich permits a more accurate determination of arrival time

of a data packet. Thus 0%/n(;hrlon'sq'éfion25 errors may be reduced and, ' ,
I ERATE Ry ARSI GLETRIS: [ feucthe STRVARLME AdmRsgn When this
Juses alinear filtering gpproach to interpret the correlator outputs prior to
metr oweTe deesin% {clpgi%ﬁﬂftﬁe , thereby improving the quality of the statistic

usttidoripuekdosyhersotianiiiied hithat achgvewisenpigskrt tdihdhe received

ISE S SSi rties ofithe fi he s he lingar {i
sequ%%@@beyfg %ept?m%gigﬁgd gé]%ins#t %@%rﬁ%%é%s oﬁ"iﬁ% prrﬂe%a?nbcl;g use . t.he
syncarenigatiamceshuriagr Ae sigimifie nsprectasbiabiée®cofiddmiethan waiting
for tieHanRHHARIRE WitdeeHdIar hecarisiames ABROBENSRISIEE to select the

_Invention is the use of a centre Weiﬂ?ted avera%e filter with- P triangular

maxiHym S AESHGHRY Ioclisings fornthamen b issiNeg deiayief Nis maximum

is cHRNeHMeretAsed agedasatgnspdne tme gl hblgack® ailivabianfs statistics

achievabple ot%erwigc(eﬂald h?‘s‘,aan efficient implementation. It is also
CFOS%F&%%‘H?&J S VeI jower, once a threshold is
Preferred Method , '

~In this method according to the third embodiment of the invention the
invenior exploiis the profile of the aujocorrglation of the preamble in order o |
mitigate the negative effects of noise of the time synchronisation petformance.

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

low pass filter. Note that this filter is applied prior to the subsequent squaring of
the sequences for decision statistic generation. Any noise presence will be better
suppressed by filtering prior fo squaring. The filler may be designed against the
autocorrelation properties of the preamble but in a preferred embodied a triangle
fiter is employed.

A friangle filter -has an impulse response that is triangular in nature,
specifically the coefficients (taps) of the (discrete time) filter are '
Nl

N2

i-
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exceeded, as the decision point rather than the time at which the
correlation power first crosses a threshold. Those practiced in the art will
ise that this method has potential application to any
W(!(;:%i?n&ﬁ,ﬂ{’:ﬁ%gtion system that uses a 20 repetitive preamble fof ﬁ%"’c'k‘é%"““"”““
synchronisation. The inventor has recognised that filters are widely used
in general applications and that the synchronisation of packets may be
treated as a filtering problem. Accordiglly, the inventor proposes to use
raw correlator outputs as a preferred filter input. The use of a centre
wedghtshicfenoinefidilter dizhe Hothdafiterugesspbedtogbaver is applied o the

RS AREISRRS APLIEAL % oo o
figur6 FRIeeaN b stedty st Qi AR BERPIERMRIBIR hHERRIRYted from

is equal to the repetition size of the preamble, The normalisation is

the appiicatieny AR SHS SR g nbeW RergfetPplifemmspiigum as seen by

insp%%ﬂ@ﬁ&f_ig Figoek |2_3hismfdﬁﬁ?@lrﬂmﬁ@ftﬂidgéaﬁ@?éﬁlbré)b@%éﬂt@%%é@therefore
oVl a receiver with the fojlowing, tunctions: Filtering of raw

enhaG g BT R SRR S RS G RIS ar TR Preferred

metHotbisvtochpply dhedifiaett ibutilerantebdquanée20060bLEa&he metric using the
/AU2004/001036 52 The, above allows for ing @ degisio int o

Ao S IGoP b B et BN AT S F G LRle g bove the

thregbalting Achardagenastyrisationmef peckmtemiygoheooidatimhetf arrival time is

. iSSi s/ineffici thir i i .
e 1 B G, G BERER RRTRERR A processing
priof Je saesisirn shilitictgaprietion: piee dcamaninygmansediehivgton a window

definddRBl\e SRseRi st SsRIoR! dasiRigdistics of the radio channel.
FiO%I’g{ of Application The third embodiment technology applies to a point to
p

AePLbARIREIBRINANG vl iimp abHieRrrsrapbladagd therefore the

packéBYeiRsTheimBir o thohbREtIEEanAle RliluRasticHiy hee sRpfftisally reduced. -
rgﬁé)reamble m&{agl%iegamed k_Jy ne or more repetitions of a base signal.
Ap2rTEH)HBIBIRYING, e SRBBaTIR IReVaRitg bir Aata RAYIeaddbin hies flow on

effechnselihedreteindr presessiice both network control and data packets are now
more reliably recovered. ‘ | | '

With reference to figures 24 to 31 a fourth embodiment of the present
invention is described in which the solution offered stems from the realization that
receiver sensitivity may be improved by improving channel estimates wsing

' symbol estimates from the encoded portion of a packet and iteratively updating

these channel estimates based on recently received ‘data symbol channel
estimates. A further aspect of the fourth embodiment resides in transforming
each received data symbol o the frequency domain to enable the release of time
smoothed channel estimates for improved decoding, |
Advantageously, in the fourth embodiment, each OFDM symbol may be
decoded more than once by obtaining a channel estimate for Symbol n, decoding
symbol n, updating the channel estimate for symbol n, updating the channel
estimate for symbol n-1 (by time domain smoothing from the new channel
estimate for symbol n), decoding symbol n-1, updating channe! estimate n-1,
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Rx of a general receiver 190, as previously discussed and, in this
embodiment, in 15 the exemplary form of a wireless modem 190 as

wo W, in figure 19. The relative logical location of the base ABSSIY8h1036
Rx Is shown in figure 19 as the "Baseband Rx". 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 20 determined the
alignment of the remaining (typically dta bearing) portions of the packet
may be determined using a-prior knowledge of the packet structure.

THBEreRverans® xothraidastarembosinemdipacreeson frratiengrovides a
methBIRY 415 PSSRt QFWQHEWSU%&?ﬂQV%ﬁﬁHé@”W'@ packet based

preamble at the start of the packet transmission that has a special
Com"ﬂﬁi}&@?@ﬂéﬁﬁﬁﬁ{& ERTISREIEval 25 time determination at the receiver

199 Thlsrﬁtiaﬁm@rgqeﬁgﬁﬁ@ ERPRYERN Rifarenes wignabsevesn tmiesl channel

in the prea The structur of a typical pa liet is shown in figure 20
est’%ﬁ%gfﬁﬁﬁ%ewm‘iéﬁwer %’éég@@egg\%enmes at the. beginning of

thb}ransmmmmg' Hﬂ@%&ﬁh@h&iéM%ﬂﬁ%&ﬁi@MMlma packet data

bz ates the re e|v 30 signal with a Rﬁ/edv sion of |ts If. Tﬁls il orevious
YU R e SEVDATE Iohats GRS SETIoR] AP R LA Biaag =l pre
receimtgd‘ah&as)tmimtap the number of SW repetitions (L) minus one. This

casgelatio

AU RO BEL LR e EUE e e 8 SRRt AR daes Bymbors.

sahhsieaetived cerefgtiably womprises. stpdnghtheonbrnach wptimatenieference

in a!BrBhnd igbiinEils coselaBanaLe IRGORRARRIIN HEPMEIBd Dreferably

.observed 5 sequence 8+N(L-q 6,= ~rl r~ to form a decision statistic

comMppsRs, tragsRvainenche cm@lsﬂtwﬁefathwmﬁlc sheng 2 gtioRdes to the
frequiheynwHREiRap RN ifed Sorliy fRisaipreseRhihing reatiMestel feference to
provide & "fima “stoothed chanmsl estimats retaranch . UShe “method also
preferably comprises for each subseguent received data symbol within step bj,
pipelining the steps of demodulating, modulating, and updating the channel
estimate reference with the further step of FEC decoding.

In the current state of the art, high mobility high bandwidth fransmission of
information is limited by the inability of receiver processing technigues or methods
fo treck the tirﬁe varying naiure o‘f the radio channel and its effect on the
transmitted signal and its waveform. Thus, related art systems for high mobility

transmission support only low data rates, In this fourth embodiment, a receiver

~ technique that exploits OFDM signal structures is disclosed and the fact that

these OFDM signals are error control coded. Thus high mobility, high bandwidth
data transmission is permiited. Additionally, the technique also benefits fixed
communication radio nehﬂorks. by improving receiver sensitivity, Specifically, the

fourth embodiment has been achieved by developing an algorithm that permits

the reliable decoding of OFDM modulated packets of information that have been
distorted by a rapidly varying radic channel, but without the need for
compromising data rate by the excessive use of pilot or training signals.

- In a preferred aspect of the fourth embodiment of the invention, an

-algorithm has been devised that may operate on a per OFDM symbol basis in

order 1o avoid increased decoding latency and complexity. Coirrespondingly, in
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synchronisation technique to pick the incorrect arrival time.. Rather than
waiting for the statistic to cross a threshold, the algorithm may be
,cadius select the maximum statistic by including a smal of
“(ggéc%f‘%li{gr? ] elay. This maximum is chosen from those statisticléggk})%gg“{ﬁfem1036
threshold. A number of statistics 15 crossing a given threshold is shown
in figure 21. Preferred Method In this method according to the third
~ embodiment of the invention the inveggor exploits the profile of the
autocorrelation of the preamble in order to mitigate the negative effects of

this emizsditibetiittesynstatsizatianpexisivitant: ¢ h20ffdipmayybdatisievsthtistics of

R T s

chansehmmfdaﬁahéiwmc gaderﬁlmm;atmpntﬁg plesaate Wilaggled OFDM
sym ?.tt?‘rﬁg'BB"%%éﬁ%@’sf"ﬁﬁ‘-@”ﬁ%ﬁ’%"&%&iﬁﬁ% I fFé%fié“%%ﬁgei from OFDM

esigned against the autocorrelation properties of the preamble but in a

symbgieterfeiioMbagadral ridigien2s niew iOEEMogyanotriandvesitihabannel and
data DRREIESPARSe (PRt angulaidn BBHHR nSRERY %}ﬁggio%'ﬂe'e&&ﬁne small

(taps) of the (discrete time) filter are .f = N2 WO 20 )
numbee Th DERG2ID 1BgE s s dAotisiMRnen 2apiheIBIMesyAMed is decoded

 moredPRYE shaBRIRE LA RnPRIGEY A SSAFRSIM{RIE SN ek WRiGHLtion of the

result would be as shown m@fﬁigure 23. It can be seen that the threshold

radio chasng ey tRe JepRiVeretign ARE JPmuieoes: HlethfePGRtaGle of the
packét mwa;ﬁﬁ@é@tﬂammﬂiw?@mf@é%( 5mhw%@mcﬁfdi§msi'§fé;]%taﬁsﬁcs of

effect of the noise has alsp been reduced therefore enhancin th the ,
the. (B AT dEr Bl R S AR et othat this
embalipietiepienits Hhth effestveaisesdiragmpiit@FRivhgidckstsgitheapidly varying

. _filter nce to, use the maximug of.th istic thaf | :

radlotkée% f%@s?ﬁéﬁ?%dmggeﬁugl , Embd anf':}gur'a gt §$a%c%r§ﬁi§f@%%ﬁ MS mcr*egsed
mobilityivd| inereasedl apiste mifitiensipst tie achieles thigwitheusdneieasing the
_ e (PO prigE i Stafis] )
impl mame%Hsggr%?%ﬁ%waovgi!%gv% 'eiﬁ@c'ib by atafriéﬁ%%%qr? &ﬁecisio% receiver :
sensifidigtic 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
may be applied to any wide band modulation technique that shares a comrnon
underlying channel model similar fo the preferred embodiment above. Some
examples are the addition of multiple receive antennas, multi-carrier OFDIM or
multi-carrier CDMA.

Advantageously, the fourth embodiment provides:

. lterative channe! and data estimation whereby the initial estimates
| are improved using data aided techniques.

] Frequency domain smoothing stored across OFDM symbols

enabling release of time smoothed channel estimates for improved

. decoding. '

. _Decoder outcomes derive channel es_tima'tes stored in “CEDB”

'(channel estimate data base) described in more detail, below.

. Prediction of channel from CEDB to start up OFDM symbol loop
based processing.

» Consequent low latency, high bandwidth high mobility data.
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By accurately estimating the arrival time of the preamble (and therefore
the packet), the number of packet decoding failures may be significantly

wd SHieEd ,45 Apart from improving the chance of recovering fhe-Aatsho 001036
payload thls 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 -invention is
described in which the solution offeréeifstems from the realization that 20
receiver sensitivity may be improved by improving channel estimates

usthdipnisurdstmabodione fiea Ratebansiciodial seorlyahdechnalogy that
enabl‘é%retﬂ\éelééﬁ@ém@&éeé GHW%?Q'H@@%Q%@W@C%M receiieaslie device

data symbol channel estimates. A further aspect of the fourth

 travelipmodinfighycSRRE N FaRIRSIRRRG: cabn RISV EFTSITERMSH BAiSis is also

presdffgency domain to enable the release of ime 25 smoothed channel
estimates for improved decoding. Advantageously, in the fourth
Field £f SRpHSAIOEh OFDM symbol may be decoded more than once by

otpaiBiInechelirogy! egiiiets tor Sypdiof nodquuidingosymhoticziipoiatiiok where
the channel estimate for symbol the nn | e
tranSEYRRIBTR. iy LGOI SRS T T b LA e 3D BagiomJtplex
(OFDigh) syimlaeiredr ale atieg] ORDA iranepdstioneharend esgiddw n-1, WO

2Q(5/011428 B G HAORR(00L03] (}%%@g 8&8@@%@%%@@6% FDM) symtml

embodlmer'm"t%e present invention p sa me and syste
tracking mmmtﬁ@ehamm patskdhigiised communication system

ccﬁnprlsngﬂ)éggg pg)g RRskEfinaRie reference based on an initial

channel stimate erlve rom a received packet preamble; b) updating

thehepahFE ceading e RERNM, ayabRl: day %H&Etﬁaﬁﬂgﬁd or the
COdIF@StHE@*e ARS8 Shileperorprd simisyisUBUEGRieDIDM symbol
ols;

c repeating step b) at the arrival of subs_e%uent acket

decod e 18HRE FAPbIBEAER Cor ibdecsirh (M crii e coding on
the OFSDIViRégrHsBBNELiripReha peef@stiamate data. base at the receiver. The

'g%]gg\{ ef rablglw he rilﬁgoérlansf?mmg t?&rpc?%(%fj a&%vyégboémbodymg the
technology preferably resides in the baseband receiver processor Rx of a
raceiver 190 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 “‘Bassband Rx'.

Latency and OFDM Symbol based Processing L.oops

In packet based communications systems it is important to implement the
receiver processing with as litfle delay between the arrival of sighals and the
decoding of the bits contained in the sig.nal as pos'sibte. This is important since
the turn-around time for acknowledgements is a significant driver in the network
performance. In OFDM modulated systems this requirement typically forces the

'use of per OFDM symbal processing. That is, when a new OFDM Symbols worth

of signal armives the Baseband Rx should release an OFDM symbols worth of

. information bits. The delay between the information enabling the decoding of an

OFDM Symbol and the outcomes of decoding the Symbol must be of the order of
a few OFDM Symbols duration.
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frequency domain prior to updating the stored channel estimate reference
to provide a time smoothed channel estimate reference. The method also

ly comprises for each subsequent received data within

w%?ggggsqs%%elining the steps of demodulating, modulating, amgg‘g{ﬁg""”’“

the channel estimate reference with the further step of FEC decoding. In
the current state of the art, high mobility high bandwidth transmission of
information Is limited by the inability ob&eceiver processing techniques or
methods 20 to track the time varying nature of the radio channel and its

~ OFDMfGhamited EafisnatiansignblebidatEwdreomentws, related art :

. bl o | .

R e (R e LK designs
typicaiiy caseirestie diosealaacueatscehannglestiortimnsmeiirse Eribhie baseband
recei¢8PUOfRRISHaRALS @Wﬂ%@&h?@%ﬁ?a@ﬁ Yai ERRPEIENRIuced by

permitted. Additionally, the technique also benefits fixed communication

. motiga RAtRRLianEith iangokbeiimeassiathgr sisasidhs, Ghanaghrstimate is

empl8RRRPHIMANHIRLFEC AU RIbBY A eralopingpadeIrilentiesineimits the case
the reliable'decoding of OFDM modulated packets of information tha

of Ol peduigigd WS SR IR IS A ERINBISRRUIRATR {hg frequency
domdingaitir IsqepEPredingdinin Feis bathe sheedsive UsoURDNIrSymbol sized

. trainj igpals. | f t of the fourth. embodi t of the ..
poodur 9 SEE 8 AREISESTL P A e B Ll o oo
travelBFéhidrgyesbulitiadisie antkrifothecidhicteaspeledbisdigateruygmdhe channel

: , . 1 . .
may G R R RRCOR o ol S U LR el AR Beniques i
is assunescthert the rauntipatinfedingreharmal isyinvariant oves dsniasket enabling
the oﬁ@ﬁ%&ﬁ%ﬁgﬁ%? tﬁaﬁ%ﬂgﬁjﬁé QM&WW%{%(&? RYRIBEStandards

of eac OFDM symb se statistics are to estimate the
{e.0. IEHERRALT BbM DEBMBSM b& nsHeMal Hisostarkhal 2 Ragket for exactly

this pfafpMesymbol arrives the channel and data estimates are updated for
the corresponding symbol and some small number of previous symbols.
Pref?ﬁ'ﬁ'ﬁ’s'w%ﬁﬁé‘ij each OFDM symbol is decoded more than once with an’

impraps phetmel estionridivgcly indobrgdisiabamiithenadimchanibning of the
recei{frg@ gx]genrglc%lc\{!? %ﬂ% ?Sdpkr%%‘fﬂ%d%eé’éﬁ@%ﬁi%e;?tmgé?u%fcfg?y for tracking time
varying channels is exploilted. The channel estirﬁate changes from OFDM
Symbol to OFDM Symbol, The preferred embodiment also expleits the fact that
the OFDM symbol is encoded, enabling the use of decoded data as firaining
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 channe!
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 symbaols. Steps required for
OFDM window synchronization occur ptior to the processing shown here. The

inner loop (3.4) is of length, L, OFDM Symbols‘and enables iterative channel and

data estimation.
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10 packet is deployed to initialise the process. That prediction uses the

statistics of the radio channel. It will be evident to those practiced in the
wd%{ tbat rtm§ embodiment permits the effective decoding of %&M@%Kﬁfﬁusﬁ

in rapidly varying radio environments. Thus it offers benefits in terms of

supporting increased mopility at increased spectral efficiencies. It

achieves this without increasing the 15 implementation complexity, or

latency, while simultaneously increas®ig receiver sensitivity. In this

regard, it has potential in both high mobility and in fixed wireless

Ref Netvetkso#ipgse practiced in the art will recognise that this embodiment
may be applied to any wide band modulation technique that sharesa

1 COMMEghntaidetivng énam@ﬁmﬂ;ﬁwéé@ Hﬁ‘;@tﬁiﬂﬁfﬁdﬁﬂmment

ahave_ _Saome 20 pyamnlpq are.the

2 muliRRigisoRBERB based-enframhig Advantageously, the fourth

3 CMPOYMEAERTOPTSH Be/iiiel ¢hanieh and data estimation Whereby the -

initialestimates _.are lmnm\/pd using data.aided fnr‘hnlmmc

3.1 Fraqudnbspasiesm Shoeinaisyatpabipla CEBNPa R ERRRY T

3.2 Teldase QLR SRR TIMINIMBPRASSBR TRAUAN IF R HEIOsHBEs

Decod
3.3

estimatéiRREIRECRNBlB Tl HRtf MW Ytk i kY Popdiction from

channelfemECEDB to start up OFDM symbol loop based processing.

{"Onsnmlnnf lows latencyv. hiah . handwidih . hicah.-maobhiitv-data. AL

3.4 EOC I5/O 1l‘i’§§w @’rfﬁ&%bﬂ? Dmﬁy@)ﬁm m"%ujtﬁ’ ecllm‘odlment a

3.4, 1bacebéand omﬁmwmwmemalagmbat :em@wg thhaaﬁiwn&"smnamion

da

|34 Zishiodea |4 Bier PR e N B S PR B Egreed fo upper

Appllc tiom Iﬁylertlechnology applles to a pomt to pomt communications

3.4 3‘8:\*/‘ ;‘I’(') '@Fﬁ’éﬁéfﬁ‘%‘ﬂ%ﬂ%ﬁ'Egrﬁ'gﬁ%%ﬁié‘ﬁ\‘b‘ﬂét‘i&!ﬂé&bﬂéi”@ﬂfbbmes

3.44 Update CEDB using Training and Corrected Rx OFDM Symbol

3.45 | Generate Channel Estimate for OFDM Symbdl m-1 from CECB

H

The channel prediction (step 3.3 above) and generate channel estimate
(step 3.4.5 above) both spply CEDB time domain smaothing scross 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 embodlment provides: _

1. lerative Channel and Data Estimation whereby the initial estimates
(reserﬁbling 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, 3.4.4). '
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(OFDM). In general, coded OFDM transmissions are formed by 1. forward
error correction (FEC) encoding, over one (OFDM) symbol 10 duration,
, i tion bits, then 2. conventional OFDM modulation. T .
“%hcﬁgﬁéﬂg%}e%r one OFDM symbol. may be block coded or the gc%?réﬁr}%éymm%
continue across multiple OFDM symbols but per OFDM symbol decoding
techniques must be available. The receiver will exploit the coding on 15
the OFDM symbols to improve perforrggnce. As with the third '
embodiment, the functional device embodying the technology preferably
redides infredisticiraot Ceanres!froee SHIRX ©f atdecaiyebdBLiadbe processing
{ste;??%. plary form of a wireless modem 1.90 as shown in figure 19. The
relative logical location of the baseband receiver Rx is shown in figure 19
20Rargiielisazebany Rke Laxplojtatid FDMhBienhehtaiod Ppogessisgs by two
prock88BS KuARRSIREAREIUBHRIRIIgnS Systems itis importantfo
ssing

implement the” recelver proce h as little delay between the arrival

of dignals dpanaduladissdingotitatisis andainbameie siimbtion stages (steps

3.4.n@akde slhia g imBasiangsince 25 the turn-around time for
acknowledgements is a significant driver in the network performance. In

OFDM m %tg?‘s‘%@ﬁ %Fﬁé)@qjaﬁément typically forces the use of per
ORIV By 8Ce S8IRGorkiRY ISRVOETAN SWREAN, SW&E&%%"%”@ P?forking on

OFng'fnal rriyes he_ﬁ‘aseband Rx should release an OFDM symbols wort
WM bis e eftRetyeaites thedimeistandn ny ithdook ahead one
extrad@dddvgsyiabd0 OFDM Symbol and the outcomes of decoding the

S ol stfge%of t%eﬁ%? of afew OFDM Symbols duration. WO

200501 PR P 1658 85 B RreaRRIme Rt igshRRIooy are now
descrietle Environments In mobile radio communications systems coherent |
Com SRy designs typically require the use of accurate channel estimation

ethods in the baseband receiver. The channel to be estimated is a o
métp aigifinpcmipakiningu cddibs SHEG bistatief datwtiom trefiebst difficult

aﬁp%r@tﬁﬁﬁé@%ﬁﬁﬂIﬁﬁ?ﬁfﬁd&@%@ﬁaﬁﬂ%@x ﬁxfgh% HiShiy adaptive
capability in terms of the propagation environment.
Sensitivity '

By accurately estimaﬂng the channel, the performance of the decoder
stage may be significantly improved (typically in excess of 1 dB increase in
receiver sensitivity). This has been found fo 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-

aliows the receiver to operate effectively where conventional sysiems may fail. At

 the same time, the benefits of iterative (multi-visit) estimation of the data symbols

are realized.
Latency -

By emplaying per OFDM symbol processing and pipelining the FEC
decoder the inventor has obtained the earliost possible release of high quality
data estimates. Therefore the receiver operates withdut' increasing latency
relative to conventional fechniques. It should be noted that conventional
techniques may fait in high speed mobile conditions.Performance Analysis

| In this section an exarnple of the data and channel estimates that are
obtained using conventional, idealised and the proposed receiver processing



of OFDM modulated signals the channel is normally measured in the
frequency domain, after the received signal has been sliced up into
R%ﬁ ymbol sized pieces. In mobile communications systems.h. 001036
annel over which the signal 10 travels changes with time and, if the
vehlcle 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 invaridft over the packet enabling the
one-off estimation of the channel at the start of the packet. In most
techniguemaee (prgviget. s0helaltdpiempidhercnmnusticatinasdipossed in the
exan‘gﬁékfﬁécglﬁm% R h ipQsky Preferred Method In this. method
rding to a fourth embodiment the partitioning of the received. signal
for Qi Agsgrovide a convenient bounggpder track ngfpe varying
chahnels is exploited. The channel estjmate changes|{from OFDM 20

Symph kAN Symbol. The preferr¢d gmpbodiment gistzexploits the

factithat-the . QEDM Q\/mhnl is-enceded.enabling-theluse-of-decaded-data
as t afr?ﬁl’iﬁeano"r%%befor the channel|&Bmator. The tics of the wa
thatltRp;ehBB RS LiRagesrwith time anddsmjuency areSlgstxpioited

2??@%8@%%?%@8@%@% aCh 1ﬂ§el Estimatg Y&ta Base

conia@mmsgmbmstinm{%fg{eiach GBDM symboll ,QFDOhBeirinbibis

frequency-dimension-{across—sub-earfers)-butnoti-thedime-dimenston
The rMe?ﬁ’é%’ %YQ\S‘E% following steps, as set out%‘éﬁow for a packe

with Iﬂ:@ﬁ@ﬁmﬁb@l@usm requwed f8t0OFDM winddi zynchronizatio
0oCC HOL I.U I.I T Ubdolllu oIIUVVII I| e The 30 inn.,l | | (34) ib Uf
Ienjﬂﬁyts ﬁ”é)%f%ﬂ% and enabled iterative chanpe Hagnd data
estimlion %@%ﬂﬁﬁﬂﬂé&ﬁr@pﬂAU)CﬁM/OOlOSG HoSRbarriesn 1

Estin [Nime and-Fregueney-Offsets WW
CEL gB sed on Preamble 3 For Each M Symbol (n=1:N) { 3.1

Trandrét@ RatdFDM Symbol into Freqyéfﬁy Domain| (apply FFT)

11%

=)

FEC Memory 5

Derived

Channel Coherence | 48.0 SubCarriers
Frequency _

Channel Coharencs Time 82.5 QFDM Symbols
Packet Length 640.0 {us

Doppler Frequency 0.5 kHz

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-

- conversion step. These are both real-world impaifments.- The receiver estimates
both of these parameters and may be compensated for them on a symbol by
symbol basis. The result of this correction is shown in Figure 25. Note that this
figure represents th‘e actual radio channel corrected by an estimated quantity and
is shown here for assessment purposes. An objective of the receiver is to |
accurately estimate this corrected channel.
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3.2 Correct Rx.OFDM Symbol for Time and Frequency offsets 3.3
Generate Channel Estimate for OFDM Symbol n by prediction from
4 For Each recent OFDM Symbol (m=n:-1:n-L) { 3.4

W gr%?{ﬂéi OFDM Symbol m using Channel Estimate 3.4.2‘@@52386/( 1036
OFDM Symbol (outcomes also released to upper layer) 3.4.3 Generate
Training by remodulating FEC Decoder Outcomes 3.4.4 Update CEDB
using Training and Corrected Rx OFDB2 Symbol 3.4,5 Generate Channel
Estimate for OFDM Symbol m-1 from CEDB }} The channel prediction

Conyentiambbsnsessingerate channel estimate (step 3.4.5 above) both

T g et B Toaspd on the

preambisymbbh@rmeasiorestErintiviEndeinigrpraesbdnfkabtbroted channel
(aftePEbASSHIYAREER K WARRRRURLYo B U 1BD OBIGRLREOYRSUe 25 this is

Iterative Channel and Data Estimation whereby the initial estimates

not the Ga%8 FiIf e tRarR iR suRhBED BhamaecahAsatskhiT BMisigiRRely30 in some
of thetepB-darHeng dafe pdedkiefaniasy ddted HisatNsyddePatilures starting at

- . Smaqothing stored across OFDM Symbols_enabling release of time
arougd G

cRYMRPestih Al iAtiBl QUi (EHpdS Rdpaf dhe case as

showlRdadiigliru®mes drive channel estimates stored in CEDB_(steps 3.4.3,
Preff iR R P o RIRNERERRIS) (stop 3 3). Parallliom may

Heguel 28 dsfummsplbie ereteftompnoeost sHiy proppsend ssetenmisnghown with the
poss%@le&od%%%@g' féiiure_s for training symbol generation eliminated. The
decoder gutcomes for data recovery are still recorded hence the errors in figure
28. This represents the best possible case for data aided radio channel
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
dramaticalljr reduced relative to the conventional technique.

~ Preferred Method

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

aven theugh smoothing across OFDM symbeols has not been employed. The
smoathihg across sub-carriers Is however evident. Once the smoothing across
OFDM symbols is employed a very good match to the actual radic 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 pattem as the
idealised method. The error pérformance is vastly superior to the conventional
method as shown in figure 26. |

With reference io 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 pitot 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,
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5 1. demodulation, modulation and channel estimation stages (steps

3.4.1, 3.4.3,3A.4 & 3.4.5), and 2. FEC Decoding (step 3.4.2) While
wdIRGRS$ 12¢s working on OFDM Symbol n, Process 2 is Workiee2004/001036

OFDM symbol n-2. This offset requires the predictor in Ref 3.3 to look

ahead one 10 extra OFDM symbol. The benefits obtained by use of this

embodiment's technology are now described. Complexity By exploiting

pipelining of the FEC decoder functioﬁ%‘ne most difficult 15 aspect of the

- receiver device is fully exploited while maintaining.a highly adaptive | .
oG AR APl o R BT RIS ehotRH) and method of

" comraceticatidhgeinzatinaite shaccesstheapkeormased ofsheaitcddersiagating time

.may be signjficantly.improved (typically,in'excess of 1.dB increase |
varyi g S LR OISR T Wi MUK foLHPLOTSE ILRAUIR pmbrist chiannel
variatiow-signdd freaensy affddd avalisighlay Wﬁ@e@at@eymmngfor

ralging PipEIESAID 10 505 WHEIBORBA RIS NS AN BEsed on initial

receiver to trac annel.intime € receiver 1o operate

pilot efidquresyiiersytobalatinabldsdtions neegival Madketame time, the
bepiits of SReHHETL el celRaa AR TIEMBIRELS BRAEssing the set

realized. Latency - . By employing per QFDM symbol processing and

of chapamhigpairmant Rebmstes ankbiie reesivesdneatkelts dstermine a set of

transPYeIPIABeIeasaAbiiah quality data estimates. Therefore the receiver

operates without increasing latency 30 relative to conventional

teChniquedPHaIRAItISST Rl thanashBRIFR e AR DRSHPRHGH use of the
deteimihaPeet sramBoNedtnmbarianaaeceikaalysickethis section-an

exgmple of the data. %gd C zi?rll_ae timates that are obtained using
catentidivd SAEARBIPRSPhE §josed receiver processing WO

2(e54rdthes REp&st 240D 8athotiteshtiprmsides mosydtenT lamd method of

: comr%ﬂrri:%’eti%%é) fiah% ?Rmﬂbﬂai%a&é%“sss'ﬁ‘ét%%‘%ﬂ ES}%-,B varying channa! estimation in

a receiver for receiving transmitted packets, cbmprising:

a) estimating a frequency offset based on information included in a
received packet preamble; _

b) corre'cfing a received signal using the estimaled frequency offset;

c) determining a channel estimate using information included in the
received packel preamble; '

~d} transforming a sample sequence of the received signal into the -

frequency domain such that the sample sequeﬁce includes OFDM symbols and
intervening cyclic prefixes; ' .

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

) generating a transmission sémpie sequence using the decoding results
and information in the received packet preamble;

g) transforming the transmission sample sequence into the 'ffequency

domain;

h) ﬁpdating the determined channel estimate by combining the received
sample sequence and the transmission sambie sequence in the frequency
domain; : |

i) repealing steps e) to h).
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example are shown in the table below. Quantity Value Unit Bandwidth
16.0 MHz Carrier Fregency 5.0 GHz Number SubCarriers 256
: igs OFDM Symbol Duration 16 us OFDM Symbols B

W(gg%%:ﬁt{)pl\l/?Symbols Mobile Unit Velocity 30 ms Coherence Jgg&qr? Kﬂéﬂgwsﬁ

MHz Bits Per SubCarrier 2 Bits Pilot SubCarrier Spacing 32 SubCarriers

EbINo 8.0 dB FEC Rate 112 FEC Memory 5 Derived Channel

Coherence 48.0 SubCarriers Frequetsgy Channel Coherence Time 62.5

OFDM Symbols Packet Length 640.0 us Doppler Frequency 0.5 kHz The :

actozh riutidn eh arsyes ¢hnidrees Gifdal aﬂdmdﬁ?fﬁapbﬁn'mas thesysteivegni method of

com:ﬂ!ﬂ%"%@}_ﬁr%rg cﬁ%zﬁ?@%@:&%@aﬁé S%erﬁge Ré%ltestlmation in

win sallgnment an I’eSI term requenc
a regRivabeT Jeeriving tensmided m@mre&hwmmm m@ﬁﬁiﬁﬁfsfaﬂﬁ@\’es OFDM

symfssgelvﬁfrﬁs@n?é%s@@w g dH%F%%%ﬁHQ B BeERVBENSHEBols to the

for them on a symbol by symbol basis. The result of this correctionis
frequanmyrdRMRjDCEmRIBENGat this figure represents the actual radio

Chap RN WSO ALBIMISY 101D R BATS Ribol estimates

assessment purposes. An objectlve Of the recelver IS accurate
deriveg; eSS ed channel. WO 2005/011128 PCT/A U 2004/001036

62> ConterntiviabRieseBe Bbfrequency domain received OFDM symbols; .
c¢) defermine an intermediate channel estimate matrix by muitiplying 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
comprising _2'd'imensional filkering;

f) determine the channel estimate by dividing the smoothed channel
estimate matrix with the smoothed training weight matrix.

In yet another aspect the fifth embodiment provides a system and method
of communicating in a multiple access network by estimating offsets in a receiver
for recelving transmitted packets, comprising:

z) determine a mairix of redeshred QF DM syrnbols;

. b) determine a mairix of conjugated data symbols wherein the data
symbols comprise one aor more of preamble, training and esﬁmated symbaols;

G) determine a 2 dimensional Fourier transform matrix comprised of the
received symbol matrix multiplied with thé conjugated symbol matrix;

d) filter the Fourier transform matrix; - .

e) determine time and frequency offsets by locating peak power
occurrences within the fi ltered Fourier transform.

The fifth embodiment provides reliable estimation of channel impairments.
in the related art, that is, in the theoretical rather than practical context, decoder
ocutcomes are employed to assist with the estimation of channé! coefficients and
synchronisation of received signais 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 these
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In conventional processing the radio channel is estimated based on the
preamble only. The main restriction with this approach is that the radio
whaingh(Gafter correction) must be invariant across the framgAs$h8WR01036

in figure 25 this is 5 not the case since there is a phase change at around

OFDM symbol 30 in 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®hown in figure 26. Preferred

Method (Perfect Training Symbols) 10 Figure 28 shows the erg)rmance s
decodehpUlesIpesd iy wbativenid othaniee RR Somyes ehamr estimation
and {QhBRIDABAYEN LML elimigaied whel sdeapdeminatyesifermiiang ane-

recovery are still recorded hence the errors in figure 28. This re

. ts . .
shot A PEEaIHIRBRLY. ASETHIR) A URRIPR RS CRISHEP SLIFERBRSIDATo an ferative

procéwsiéﬁdgf %nméé%tféﬁfrt]@%ﬂlt M/é{hdhaégbtaimbusﬁ@thQS efstimate and
outcpomes for tralning In the owing section. Note,that the, nu I :

SO RLRN A LR 00 6 15 0 AR S e use of 2
chanRetfarstudtthodandhis sestrmhtbaipatiombackritthe dupbsempiethoan entire

pack 8 AR R0 LN MR R FSASED, s

e radio channhe even though smoo across

Whilsytisais absoresbeardeopideddhihapproatin@hieas suigeasigktarms), in the

pres%%"g%@g%‘ﬁ% Qngég%Qﬁlgiﬁgﬂ%ﬁcﬁBSﬁaﬁﬁgwﬁ%@ﬂ@iiﬁy in the decoder

0 a very good actual radio channel Is observed, as -

~ outcameandandi RubSEIURNEproceRtingnaisukisinakishgs foemthe fgfated art by
the fIURIRSS R HMLATORBREIRRNINT reRUHAIL BMBRBMRSIY RBtRAating the

the 25 idealised method. The error performance is vastly superior to the

chanpghyeiifon VARG ATHESHBIR MR d T oRteRA e OB RguYeES of the
remd@tdradiftispoeginmicisriescriied, prienblemadronaidigalizatibnls. Then

compfs 6. SERAHEPGK SHOTIHA FIBENI ol S Rodie tha O uaining svmbol

sequiiese igrdtifelnwitice iaysembel cereinied Versierreofithiatitieofraceived signal.
This S SRS ALY LR ALIEe RIS ARMRLH AN Ure eror
estimation or, via other estimation techniques. Any errors in the decoder
outcomes will be dispersed similar to the use of an interleaver and not have direct
impact on a local region of the channel estimate.

it should be noted that the channel estimation approgch of the fifth
embodiment is able to track the channel as it varies across the packet by slicing
the packet up into segments that are assumed invariant. Thus the practical
impact of this embodiment is that more reliable channel estimates provide the
opporiunity for significantly improved information packet_ recovery in radio
communications. . _ ‘

In another aspect, the synchronisation technique, the inventor employs the
preamble and decoder outcomes to remove the effects of data modulation on the
received signal and then applies a 2 dimensional Fast Fourier Transform. By _
then executing a peak power search ‘estimates of both the residual time and
frequency offsets are obtained. These may then be employed to enable effective
synchronisation, _
‘ In another aspect a chanﬁel estimator has been provided, This aspect
employs the outcomes of soft FEC Decoding (e.g. SQVA) to imprc’ave\the quality
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63 In one aspect the fifth embodiment provides a system and method of
communicating in' a multiple access packet based network by estimating
wdlR6s ¥YAMRg channel impairments, where channel impairme WQ&G&E&I{BG

channel variation, signal frequency offset and signal time offset,
comprising: 5 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 whichaﬁ)mprises processing the set of
channel impairment estimates and the received packet to determine a set ,

of thgrradiesrliesyirb seimataese that (yppatingdhvedeceding fiep, using the new

charift)2E8IRNLASTIBARS thigpatvaee Alibenfaiernmped sesofisyimRlis are used to
estlmatgiand,recelved packet; d) repeating, stsips b) and c)._.In anagth

2 \ . r
genetelp SHL HiaiRe GBI BrovBEsY syl athrifegRved OFDM Symbol
matrbo wnthﬁcaﬁmjga@wﬁim@f BOHST mmkdwﬁiﬁﬂﬁsVﬁﬁ)l/(ﬁ‘@ charnngtrmediate raw
. estimation in 1 receiver for receivjpg transmitted packets,.comprising: .
chanel BRlEtR o TS Rane BV MR A OTLS A Ay weights
equaleteitied phdalupzeaaiute, by cbssltihg gaheeigeghaignl! ofitigeheach of the soft

train ol B & et B A T SR . ors bases

on channgl striigticvee of e cluivel sSgtinhaie thettieyuehtgitedhdy dividing the
t incl E . ' gL

smodil T S Ea By W oo M) W OIGRRMix in an

elemgicudsmiarbions ddlamimeaehahfticonpacs andhigiivackiiikdiigh data rate
comSRiMERIRMS IABERRRION GAINAIR SEOHBRTHR URINOHINSSEeCRARGIERY S the art.

and.information in the received packet preamble; g) transforming the

AN
Accodinglys RN L RBRKe JosscERias iHaPRch RInd)ehvRTE $apadlYpdalirg methed

 also ihetriesdinkd ABINRLLOSHERIRAYSRAND RIMIdRE tpepiviigSRIaRE channels and

se ce and the trapsmission sample sequence in the frequenc
more re %Ja nly ecoge Japa transmiss{gﬁs. Li emr:]ise,r}ncreas%c? re)(/:eiver sensitivity
leads to reduced packet loss rates and increased range for OFDM based systems
with high velocity nodes, '

The following acronyms are used in this description of the ﬁﬁh

embodiment. :
APP A-Posterior Probability
DSP Digital Signal Processor
FEC Forward Emror Correction
FFT . Fast Fourier Transform
IF Intermediate Frequency
IFFT inverse FFT
OFDM | Orthogonal Frequency  Division
| | Multiplex
RF Radio Frequency

SOVA Saft Output Viterbi Algorithm

This fifth embodiment of the invention provides a suite of baseband digital
recelver technologies that enables the effective reception of high data rate signals
from a mobile device travelling at high speed.
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domain; 1) repeating steps e) to h). WO 2005/011128
PCT/AU2003/001036 64 In a further aspect the fifth embodiment

wPieyide s &system and method of communicating in a multigle A&¢888:/001036
network by time varying channel 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 5 frequency
domain, comprising: a) determine a Rdtrix of training symbols comprised
of symbol estimates derived from a decoder; b) determine a matrix of
FieldiaigOarl<adi®din received OFDM symbols; c) determine an intermediate

C:m@e_éaﬂw fec@wﬁh 'éxbgs@wlﬁ%ip}mths ;id@iﬁlF!Bprmb@c_bma’alm;qmions links
the conjugate of the training symbol matrix; termine an iptermediate . i
wherg HATS SRR Bl e S Gt S0 AE A IRREA 1 e Gty Division
Multishenrl{o PR @wﬂﬂm?m@p&fidw@mmfmmmd 's'ehenaeadﬂt@nl'ned by
matrices ccomprising 2 dimensional filtering; 15 f) determine the c
e imate 6 WATEHR 7 SPGB b sibr 0GR ME i QIR a0r M) symbol
smoothedtaitivg, Wee iforaition s dihether aspect the fifth |
-embodiment provides an thod of communicating in a
mUltiple M@E%Bﬁ@}ﬁﬂmg f%ﬁ&ts in a receiver for receiving
trafeniRECpaoditsg covarising: FDMesyminel ameribef aosketpded or the
. QFDM sy ; rmin ri nj t S
Cde\%h('—:%'gPﬁ tﬁ%@ﬁ‘a‘%@%ﬁ%%ﬁ‘ﬁéﬁ@é ﬁ%&m%%?myl ,trai‘(njifl:g[;D M s'ymbci
decodingdetvhatgdaymsbolddchearailatde JThmenspivarroayexitlaiibhe coding on
the OBRIRK Qg@goqm?og%cég(ﬁgﬁxm matrix multiplied with the
mat )T '

conjugated symbol rx; 2 liter the Fourier transform matrix; e
i

advminabythe dechealrairesides iy theabrspeard drepiver Slocessor of a
wirel @SS YHERERS. WiEi iBraliter odl Siasinrifenglne dhasfdve ephodivapel Rx"
. provides reliable estimation of channel impairments. . .

In packet based communications systemns i Is imporfant to implement the
receiver 'prccessing with as [ittle delay between the arrival of signals and the
decoding of the bits contained in the signal as possible. This is important since
the turn-around time for acknowiédgemen’ts is a significant driver in the network
performénce. In OFDM modulated systems this requirement typically forces the
use of pér OFDM symbol processing. However as signal processing capabilities
improve it is envisaged that another, more poweriul opticn, will kecome available
fo system designers. The more powérfu! technique will employ the entire

. observation in making decisions about every bit transmitted (e.g. Turbo Codes).

In current technigques only a portion of the received signal is employed to assist
with the decoding of any particular information bit. Typicaily; a local _c:hannel
estimate may be formed using a portion of the observation and then decoding for
that portion may be executed. - The benefit of employing the observétion_s, 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 cbservation to improve the channel estimation
and hence reduce decoder errors. In addition, the transmitted waveform is often
structured to permit per OFDM symbol processing at the receiver. If this
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In the related art, that is, in the theoretical rather than practical context,
decoder 30 outcomes are employed to assist with the estimation of
w&@ﬁgﬂﬁll%efficients and synchronisation of received ‘si_gnal_s %@QBOO 1001036

communications systems and radio networks. The difficulties

encountered with these present theoretical approaches to decoder

outcomes include the appropriate treatment of the uncertainty of these

WO 2005/011128 PCT/AU2004/001038865 decoder outcomes in what

would otherwise be conventional channel estimation and synchronisation _
reqyirnRikds ireanedadramerhiaantcohpbneh soripafeckiigees may be applied
to foreesrbimARdrehaneepesiiRitt L GMiAETORTIHARTRENBAR athiteraByaimples of

rocess leads to less, efficient and less gccurate channel estimate and 5
thedg e 18 i 496 CNRRGKR NP KRR R R S GHP e (29 Turbo)
codirse whicitimapaiéstitaatienparfbmsanelrerisatios technique that employ
ire packets.worth of degader ouicomes (in addition to the

OF%?nEﬁ&ﬁg?d s%ﬁfﬁ‘&ﬁ%lfﬂé@ﬂ%@ g&%ﬁé’ﬂa ated this approach

(at leastobifienacibtecnsinimibatipres eps tambe dinhernie fiiaspeiviée designs require

' in.the decader 10 outcames an .
e B e e W Rk bapg receiver. The
Chafﬁ?ﬁhi@s%ﬁ_ﬁﬁﬁﬁ@i@d&aelmlﬁpﬁb &nt’mgimmale_hftduamghhe“elaﬁve motion
and SIS PrIpLSRIRL A BLERY x‘frﬁ?é'ﬁflﬁ)/sgﬁﬂéma\fﬁf %%é@%fgrpd residual

rernodulated deCoder outcomes-and preamble as training sym

erofy i it TEqnemiy Renveivecriashiol asipmaiarom iberaphagrehissitimate is
emplOYRRIUARTS AN GIFUP (R R RRIMBAIRNS HRB RIS E R Eehect of the

receii nal. Thig may be achieved by either division or by minimum mean

fre dfol8sHASRRPoIAfPMhErediaias siaralgutiie sphannst 4 normally
megbm&wﬁﬁwﬁéﬁnﬁﬁwéﬂ_i@ﬁgdjﬁp@ﬁtéﬁ ﬁi@lii@fcl@i\%@_i lﬁgﬁﬂﬂaﬁ beeln separated
N var and not.have direct impact on a local, region of the channe
into B3 S P e) SR ess A i BRLpORL KA ABBGatinG of an IFFT.
tn rtiebiighcembodinteatidasbiystetasktite chameilapiiemigsiesrens thignal travels

nagete i ARSI BHSHE ARAI SHREIBICSERRR  rmnl may

changmgresthendsation et apatketheT bisptansistés kigthitcehnnel experienced

- at tHE'RAVEET RIQPALRRIPBEST) r§&8¥?§¥ff&ﬁ§%@?&ﬁ?%ﬁ!@%&%]esnced at the end

of the packet when viewed from the receiver. Related art receiver techniques
assume ihat the multipath fading channgl is invariant over the packet, ehabling
the calculation of a single channel estimate at the start of the packet to decode -
the entire packet. In most standards that use OFDM transmission schemes {e.q.
IEEE 802.11a) a preamble is transmitted at the- start of each OFDM symbol in
ofder to permit estimation of the radio channel at the start of the packet;

However, the quality of the communications link may be increased by

employing the use of data aided techniques in the estimation of the radio channel.

in this case, the result of applying the FEC decoder on the received signal
generates an estimate of the transmitied symbols which, while not absolutely

_acourate, are suitable for _exploitation as ad_ditionalpilot symhols. Typical

examples of data aided channel estimation for OEDM are implemented in the
frequency domain and therefore suffer power losses due to discarding _bf the
cydic prefix from each received OFDM symbol. The discarded cyclic prefix is
theoretically useful for. channel estimation and typically accounts for 10-80
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In another aspect, the synchronisation technique, the inventor employs
the preamble and decoder outcomes to remove the effects of data
waneeiAaiiog on the received signal and then applies a 2 dimgrsioQ@drasbi036

Fourier Transform. By then executing a peak power search estimates of

both the residual time and 30 frequency offsets are obtained. These may

then be employed to enable effective synchronisation. In another aspect

a channel estimator has been provide 5% his aspect employs the

outcomes of soft FEC Decoding (e.g. SOYA) to improve the quality WO .
PerRNe 1he e PRIV RA IDBIRITONY o6 DR diadnemiad sfhgls sietermining
the tbgtinpe prefiherdscasingsipRatering thp aeMsceliganetisslinal B potentiaily

' provi!tii outcomes. These sqft outputs gre used to generate soft trainingh _
usol B e RISy i foeeRRATGHEM Gy B oMo A and Should not

be disoangisd.of the Soft Training symbols to get an.intermediate raw 5

i compuie a further intermediate matrix of training
_ Fre ue%]ﬁ% %ﬁﬂ?@ﬁ%ﬁ%&%ﬁ%@ﬁm é,igpabsolute value squared, of the

eadfrefitrenyft affsehgdgabotiudd dhihdseprediteesdowtheonversion of the

g filt | statjstics. annel estimate
receji{)ﬁgng@&gﬁﬁgiﬁy%ﬁi Ing tﬁﬁ%grggé%%iraw %ﬁ%éﬂ%égirﬁg?ecﬁoﬁﬁé%my caused
by stﬁéﬁm'@&igﬁniﬁg thesigpaeiseixaval distementimetidashiie Tite the impact of
muliPRAC RIS SSREAND RAR RRRIWY @g@ﬁf&%ﬂ?t%rcﬁﬂ%“@ B%ve, channels

networks will'be evident to those pract the art. Accordingly, lower

resylt, iReMudiinige saninsoh Mawsanerptied . meekekrbiviagodhthaseeceiver at
diffelfeh kit SotReeemaedrb s h & etenaLAR AIsBANPRIDARNITATeS the packet.
Conre“af%%jiwde SC?(yza\!t“a?érans?gsmg,s. Likewise, increased receiver o :
L& ¥Ys f& g8atces E?@P%glifa?éldaﬁmﬁqu&%%@réﬁﬁﬁe'ﬂﬂ'a'[Y made
us?n@Mbeaﬁmejﬁmm%%%ﬁﬁﬂn}fmWﬂg"@%&%?ﬁi@ﬁm%sened by
in. this. deseription of the fifth, embgdiment. APP A-Posterjor )
tne B RTINS A AR PR LS i pacie
forre-for BR2. Adarit Shavefolmfigure 30, ‘ :
Frequency ofisets 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 ofiset estimation is required consistent with the residual errors after an

inifial frequency offeet correction, The phase offsets induced in the received
symbols are due to the combined effects of the data mocdulation, transmission
across the radie 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 fo estimate the radio channel, the -
effect of the data symbols (be it preamble, pilot or unknown) on the received
signal must first be removed, thereby leaving only the effect of the radio channel
and time/frequency offsets. In the case of preambles and pilots the symbols are
known a-priori and hence their removal is possible at the recelver. Using related
art methods, the parts of the observation that are effected by data are not

 available to alde in the estimation of the frequency and time offsets since the data

symbols are not known at the receiver. The fifth embodiment, however, employs -
data aided techniques to significantly improve the performance of the estimation
by making many more symbols available.to the sstimation pracess.
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IF Intermediate Frequency IFFT Inverse FFT OFDM Orthogonal

Frequency Division Multiplex RF Radio Frequency SOVA Soft Output
WOV%@;QhNggithm This fifth embodiment pf the invention provig /ﬁ[ﬂdﬂ?ﬂfﬂfwsc

baseband digital 20 receiver technologies that enables the effective

reception of high data rate signals from a mobile device travelling at high

speed, WO 2005/011128 PCT/AU2004/001036 67 Field of Application

This suite of technologies applies to po#ft to point communications links

where transmissions are made using coded Orthogonal Frequency

- Propgesh Mathipdx (OFDM). As noted above, coded OFDM transmissions

are-fora aek Gy fBFWﬁBé&H‘Hé?@EE%W@t@?ﬁ@fgg%%%‘gg 9HEE B8s the outputs of |

FDM) symbol duration, the information bits, t

(@ U .
the dsaarsbRsTREdER A dIlg be¥mbRisTion Kespebdatiaty of tieckhatie estimate
andoiohthe P8 DAl RAN BTUR S Froga S AP HRM éf‘f’%@@%@‘ﬁ‘e@sf vary across the

: FDM %mebol 1&? coding techniques should be available. The receiver
pacﬁ% e>§§ B eBHInGEHNEORRAN SRiRfofe1eRiasisyobdheriieath channel
conbyniedliwitie tiebnilequenddeshadhe hagaband Meaer RPCSIEOIE baseband
wireless moge%}%T is locagjon is shown jn figure 19 as the Baseband Rx"
ed’co

CONYPhaeRe RIS S5 uRads v stimsomiseliamprAtR iHée time to
frequeneyeoemyeosicssiag whbmsdltilepisiandsyedrinermina RERERAS the channel
o8 T R AR I ot by
the Yigniruasion scinaimencihese pafionakescarenu@BtMoninidatd initial execution
of RS GBSG SRR ANC UL U R LI RIS terations
therggfier s the draseniharababwetinaiesonf the previcuaddtientas new pilot
symBIEHE b 4R GRe thel BSHMAGHRPUF THEIRHYHAY MILAPRIZAIEE SR hew channel
impairment estimates are then used to re-run the decoder and generate new
symboi estimates. This process may be repeated / times where I is the number
of iterations and Is an integer greater than equal fo zero. o '

The details of the specific channsl Impairment estimators will bé described
in the following sections. .
Channel Estlmation

Two methods are available for esiimation of the radic channel. One may

-be used when the radio channel is said to be invariant over the duration of the

packet or discrete subsection thereof. The other is applicable when the radio
channel varies over the duration of the packet. ‘ '
Sequence Based Qhannel Estimation for OFDM

The sequence based channel estimator described here applies when the
channel is invariant over a packet or, any substantial fraction thereof. This
technique exploits all of the available received energy and is implemented prior to
the OFDM symbol slicing caonventionally employed in receivers for OFDM signa!s.
The steps executed are as follows
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observation in making decisions about every bit transmitted (e.g. Turbo
Codes). In current techniques only a portion of the received signal is
wEmMayerhio assist with the decoding of any particular infornpgtioBites/oe1036
Typically, a local channel 25 estimate may be formed using a portion of
the observation and then decoding for that portion may be executed. The
benefit of employing the observations, to follow, to assist with channel (or
any other unknown parameter) estimatfoh is - currently not realised due to
implementation complexity and performance of currently available DSP
technology. Here the fifth embodiment provides 30 techniques that

mplz_y the(?ntlre observation to improve the channel estimation and

Re encé WUtk decoder errors. In addition, the transmitted waveform is

£
I

R T S R R e e rernod

framemasedt Reseiveddiigriatfoidires memcheCifgtied to further

£ e

techniques are the use of p éve m?erleaving and Block (e.q. Turbo)

1
2
3 il 1 IIJ \ggt{,li’ﬁcatlgl Iéﬁﬁéfa’sfé.%ge$ eIIaII 1 Ilﬁlllbatiul 1S5 :Il |'r\. Exal I I}J:CD Uf_ t: ICSC
4 codln@mmm%mMWWMMEMMﬁImﬂDMrChannel

3 Esti Egpg‘%"(?i hr-mobiteradiocommumications
systems coherént receiver designs require the use of accurate channel

5.1esti mai&ammﬁasm&mMM@hhanalﬁsﬁml to be

5 2CStialeg I3 Eyfag ! sing - é'ﬁgﬁ’éi‘ dwfl.ltcoméé &

mulliplé propagation paths Set eceiver and
resifiug! RoegrakdefiiledsTransmit/Receive radio. mismatch. The channel

5‘3eS[i al OF8 S SR SRS t O s B S o PR ETPE

1 e [i¢ =] > & 10 = & )
critical aspect of the receiver. In the case of OFDM mddulated

5.4 chahnd) Rsibrata ChaaaelcB ynRiddiaguBrcypasimim andr tkeSampleg in Freq |
signal haspaiseparated into OFDM Symbol sized pieces and

transformed via the application of an IFFT 15 In mobhile communications
sysiie}ns_ the channel over which the signal travels changes with time and,

If t venicle eed IS hlgh enough, the channe! may change over the
IR RO IHEHE T R Are GBI 1 R REHABRRRHBHISS ADyfgpical OFDM

receft@ntsof theSpepket beingikUbaentiadydiffrrebidhdbexrerigncesh aliFOMNd receiver,

orfEHRSt RGeS "SR IS SIS FUS SRl oFDM Symbo

periods, separated by Cyclic Prefix regions which are discarded. Each of these

- OFDM Symbols is ' transformed info ithe frequency domain by an FFT for

processing (channel estimation, decoding, etc) as in step 5.1. Step 4 converls all

parts of the received .sample sequence that represents an entire packet or,

selected portion thereof, including the cyclic prefix regions into the frequency
domain to enable frequency domain channel estimate at the sequence level. This
requires the other steps (5.2 and 5.3} which produces a hypothesis of the entire
packet's frequency domain transmitted éigna!. In the frequency domain the
received signal is equal to the transmitted signal multipliéd by the channel plus
any noise. This fact is exploited in step 5.4. The step in 5.4 could be replaced

‘with an optimal linear estimator based on the Minimum Mean Squared Error

criterion.
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20 assume that the multipath fading channel is invariant over the packet,
enabling the calculation of a single channel estimate at the start of the.
wdaskeltq gecode the entire packet. In most standards that useQEBRMo01036
transmission schemes (e,g. IEEE 802.11a) a preamble is transmitted at
. the start of each OFDM symbol in order to permit estimation of the radio
~ channel at the start of the packet. 25 However, the quality of the
communications link may be increase(?%y employing the use of data
aided technigues in theestimation of the radio channel, In this case, the

Channelistipprhenvathe Soft COrmingaBYRRIgd signal generates an

esfifﬂ@_t%r%%tféeﬁmig_&s%%@ﬂﬁa@wmevﬁﬁ@mégbﬁomweqm@edon-;ain of
are suitable for exploitation as additional pilot symbals, Typical 30 . . | has be
a cosvanbrRal QRRNJRCaMRhel IREME TR AT AN RS

slicdeufiepenoromaigand disrefhee Syiiticppredidoetissatdetb and the resulting

discarding of the cyclic prefix from_each received OEDM s . T
OF%@H@?‘&%IM\%/W%B tﬁ o{bﬁcﬁmﬁﬁo‘f%ﬂg%elvééma ioung§ngljf an FET.
Thedipatigassesntréorfa0r WCranoBIidias CEDMURSCRI0eND36Bte proposed

molBEEER PGSR U SRR B o oo

estiraptagyitpptseofidiy F&GIHesdtisnascadsitionahpHetesiimania of tfoft Training

radio, | ' ' i ‘ ; Tine: .
S o S AL O AR ey TR g those
symbbitestisweiecouiipnts moay RPidPeriesissidhriestinaatirafilhgdadio channel is

imp@%ﬂ‘g biraysed SuiRRcAMEexdtiiRRacEe JEKBHEPpRSEMEAIOBN improved

ue to the impact of multipath fading channel.and noise. Multipath, or
resutt giel iR RIaVICHEMERCYHBsult in multiple copies of the transmitted

paav{h;gi}wrm:ﬁerteﬁmgs@@vglf ?‘?ﬁﬁ@@kmd{mefe&@ﬂ?ﬁmdlwﬁaﬂmltﬂh&ef presently, |
certainty In the tume Qf arrival e pac . veguonally, s S QI.,.
o GeROEEY e AP UR AR AL B R R TRR Y (APP)

" DecHitepacketangdrioaintajprikusihTpilss Qodets, iMeesd pftheutputs are used to

transmittgr, thraughout the packet . 802,11 a)..Ane ' .
Qo HR BTk WA S D, S SR r oA AEE IR ey ¥ found in the
relataaniféie extimes which woeddbecengedstapnhdiwrihe person skilled in the art. it
is the use of these soft training symbols which requires careful consideration and

_an improved technique is proposed here.

in the absence of noise, and other impairments, a received OFDM Symbol
is edual io the multiplication of the transmitted OFDM Symbol 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 CFDM symbal in this
case is I = d; .* h;, where the operator “* corresponds to element-wise
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 channe! could be recovered
peﬁecﬂy; in this ideal noise free case as

ﬁ: =n/d;=h
where, similar to the . operator, the '/’ operator corresponds ta 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
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derived as

phase rotation across OFDM Symbols and Time offsets manifest as
phase rotations across the OFDM Sub-Carriers. The inventor assumes

wahatding ipger- frequency offset estimation is required consistegtwitkt®e 1036
residual errors after an 20 initial frequency offset correction. The phase
offsets induced in the received symbols are due to the combined effects
of the data modulation, transmission across the radio channel,
imprecision in the frequency synchronigzﬁion during down conversion and
imprecise time of alignment of the OEDM symbols during the time to

estifaigeltPUbIRE SBnEREder fe SiaRMReTHaR Eh Rl §Re @Fechnique that
accelingt ofdhatsiatasiBb@intveil ieantisiniigt ahyumlsetsin) Binghanethod may be

received sjgnal must first be removed, thereby leaving only the effect of .
e RS AR O R AT BHIc R O LRE8 PR B Mgy clferent
forrandapiaiglihg ofnthelschrenkedwadabioor antddatiowieig résnavdeiscription of the
possible af.the receiver. Using related  art methods, the parts of the
eStlg%%%“/fa??fohWa%’gFg Ere’ﬁe%?géc%?/ﬁﬁg%l?é not 30 available to aide in the
estikssiomefttie fodgueng ianptdvidesifsets since the data symbols are

not o 24 feceiet I IR EBFRIGEl BRSPS SRBAHIHHc

aided techniques to significantly improve the performance

estighation sy enfkiagRaskeinoneeinPoRoil sinibiag syshwisddotpome may be
“haRjPHhet < 79$/011128 PCT/AU2004/001036 70 Proposed Method

The methdd proposed here is an iterative process that uses the outputs of

the Hdeqerssibiadmroiciee shesp itverebiasts sfomatices as shown in figure

31 ﬁimﬂ%@%f@rf@ ?“"'E“'?’E?.“ F?ﬁa@wer@ ﬂﬁ@ fﬂfﬁa@t Se??étsub-carriers
€y vary across ine acke ollective ere snall r I elrects
(oY FEHR AR LB D G R P} SHEROIR S oy

the RFstiy]F iauidsisbans: cassiaidn O Syenftdetmatrizsedy time conjugate

misaljgoments,jn the time.to. frequency, conversion as chapnel .. ‘

(el S il SUpeR g ek Bt A hodiate raw channel

estinsatg tepfotand petenthiatsimebotrventitatabisie p (asedesarhediahbove) would

profEI8Es LIRSS MM SR LARIERYE AR itomocit
matrisrefficaimaghweighimitlsymba] sutiether Bietionsisusheagighasgiution value
sqﬁé’cﬂ\?\fﬁ%ﬁﬁgﬁaﬁids%g}ﬁﬁﬂﬂn@ﬂo%gﬁh%?hﬂ‘i@@éi”Wﬁ?%gs-using a two
dimensional filter { 7 ) matched fo the channel coherence time and frequency.
This fiter oufcome meay be approximaied by implementing smoothing
independently in the time and frequency domains (rows then columns or vice

versa) to save complexity. The estimate of the fime varying channet is then

B = f)J f(T)= FR*D").0 F{D])

‘The uncertainty in the decoder outcomes ls 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 excludes that
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
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impairment estimates are then used to re-run the decoder and generate

new 15 symbol estimates. This process may be repeated J times where !
wdSihedymper of iterations and is an integer greater than equaht 2810 u01036

The details of the specific channel impairment estimators will be

described in the following sections. Channel Estimation 20 Two methods

are available for estimation of the radio channel. One may be used when

the radio channel is said to be invariant?@er the duration of the packet or

discrete subsection thereof. The other is applicable when the radio

includashdn Hie S BIBNFl-SRHmRNAR PrOSERer. BelRriisdlcaaTilaipcoder wil

- outfstiraaliestior RAIrPMidbidimseanencHl baaesl chisnbelesiiiatee used as perfect

described here applies wh%g channel is in\{ariant over a packet or, :

th
8f? [ |aUae%'xploits all of the
avalilieerecrsecthatdigy ehdrisizhide aeniatdritinte itrestiBRMesymdmithe packet

the e R T R S T R ot 7 iimn thatis
assHomettorapBlyioeer theopetingy mxtdatusing Preamble 2 Correct Received

srgraﬁ'Jsgfé%@ﬁag@@i%gg%@r@@w%ﬁ’ggﬁggﬁg filter f applied to

Convert Rx Sample Sequ omain

 the NambehannetLeimate ansbsriragkerighty € diffaraiamay be warranted. In

theds UREIR Ik GRRE RN AMRIR SISMARERFiBAIRsRoder Outcomes &

Preamble/Pilots 5.3 Convert Tx Sample Sequence to Frequency Domain

5.4 E&tm#AEONafr@)By DERING RBX $aiiifle and Tx Samples in Freq
Domain } ?teps 1 th_rou?h 3 are common operations performed in typical
oFMftiere f+ and £z implement different filters.

Joint Time and Frequency Offset Estimation using 2D FFT |

In this aspect of the fifth embodiment we remove the effect of the data on
the phase difference between adjacent symbols in the OFDM received matrix as
shown in figure 31 and then apply a 2 Dimensional FFT. This removal may be
achieved by multiplying the observed OFDM Symbol matrix with a corresponding
matrix of conjugated data symbols be they preamble, training or estimated. The
FFT output is then filtered o suppress noise, and a search for the peak power
across the resulting 2 Dimensional space of metrics is executed. The ﬁitering will
have an impact on the maximum offsets ihat may be measured and it is therefore
recommended that only very weak filtering be employed. The location of the

 peak, in-terms of relative position in the rectangle of figure 31, detemmines the
. time and frequency offsets.

The granularity and range of the estimation ié limited as follows. If there
are M Sub Carriers and N OFDM Symbols then the range and resolution
available from this technique is as shown in the following ' :

1 Resolution Limit
Frequency OFDM - Symbol | OFDM Symbol
Offset Frequency /N Frequency |
Time Offset | OFDM Symbol Duration | OFDM Symbol
I M Duration
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receivers. Step 4 would not normally be found in an OFDM receiver.

Conventionally the received sequence is sliced up into small OFDM
wEymhel p8eriods, separated by Cyclic Prefix regions which g€r/a uz004/001036

discarded. Each of these OFDM Symbols is' transformed into the

frequency domain by an FFT for processing (channel estimation,

decoding, etc) as in step 5.1. Step 4 converts all parts of the received .

sample sequence that represents an enftive packet or, selected portion

thereof, |nclud|ng the cyclic prefix regions into the frequency 14 domain to

enahiB RGNS, 106 hG-syipmePasamatetsacbie if BAYE SVBN This

requires the other|s q[%) 5.2 and 5.3) which prgduces a nypotjss of the

entire packet's frg §Bain transmltted Si g\ﬁ%{”ﬁ"\ the frequency
bmittad. clanal ultlp“ed by

domain the recei tesrad gal-to-the-tran: Aot
the channel plus M‘H@"P Qﬁ‘g?g& IS exploitg gﬁ?“step 5.4. Tjhe step in
5.4 could be repl Bm&ﬂjwnh)aﬁpmhm@é Ilnear eglimator based on the

Minimum Mean Siat eror eriterion--Wo-2005/4-11128
PCT/AU2004/0013§%’E7? rT &"ESimation | F’h Soft Training Symbols
The channel estmdf@hkm‘rdmﬁmmeratm Bthe frequency domain
of a conventional etver-His-assumep-that thereeeided signal
has be sliced up rﬁbclté]ébﬁ 8@ the Cyc |9pq§f|x discarded and the
-resulting 5 OFDM| Syetibal Sl amey fsebto the fregde®y domain] via the

~use of an FFT.. These processes-are-fountHr-conventenal-ofDM

recVibsthmepiopbebanmeliroapitude ftmdeptmstnshaigan ifigatied2 and figure
33 ﬂ@ﬁﬁtﬁ@%@ﬁ%%%%l 1@?.“@%3 PO I?fcfgfegﬁ&deﬁﬂﬂ%r@%% the peak is

al pllot mbols or "So ralnlng Sym ols" In a re-estimation 0

the exardagh PiedBRE e hdtiinrR R (AjralengstitraleF DM Symbol
d:m@lﬂltﬂhbfﬁ A%y Gt RS EFD hales sttih@arr?@P ghaBRgish '”W@‘é%desnmates

EC decoder produces an improved

P%thatasu sequent execution
ma H‘g!é P5vac 3u§'@§ SENGY D EReiSe RSy PR dBf hi®pabove table of

,paralﬁmiéensma\mllﬂlﬁammly, including Soft-Output Viterbi Algorithms

A- riori Probabili PP 5,Decoders and variou tpes f
Tk B AT D 3na R R G g1 FEC decoder
stawnﬂo@ngaaﬁnmtig iomnbwmi;@ﬂﬁe&lipambeﬁceed ibfthie dB increase in receiver

sensitivity, This is true 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 1o track the channal in time allows the receiver fo
operate effectwely where related art systems may fail. At the same lime, the
benefits of iterative estimation of the data symbols are realized.

in a sixth embodiment the present invention provides a solution predicated
on the use of firstly correlating the recsived signal at each antenna of a multiple
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. H should be noted that in order to detenmine
the coefficients for combining an initial timing estimate must be determined. The
calculation of these coefficients will require, in practice, initial coarse timing and
frequency offset estimation by other means. The quality of the initial timing
estimate rﬁay be worse than that desired ulimately. The inventor considers

. further processing on the combined signal will lead to a timing estimate of high

guality.
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relate art literature, which would be understood by the person skilled in
the art. It is the use of these soft training symbols which requires careful
wEonsideration and an improved technique is proposed here. lz@ﬁlglglggmm”m%

absence of noise, and other impairments, a received OFDM Symbol is
equal to the multiplication of the transmitted OFDM Symbol and the
frequency domain channel. If an OFDM system has N sub-carriers
(frequency bins) then we may define vd&ors of length N to represent the
transmitted data d; and radio channel h, for some OFDM Symbol period

F. The fcliEs, RspreMng rebdhipMaodimen BTovides hisydlens wad method of
CorARRIAIGALING AN S RANARIE Bera-pirkanWERNGHIOMOERWPEHItENH a received

the case where di is known perfectly at the receiver (e.g. if it were a pilot

sigghin g ARIERMER SBUBISORIRSRIAGL perfectly in this ideal noise

freeceaselativiy=, vécdivelD sithese ctiediprdtdhent “caleer apa Perdlity of antennae
ator corresponds to %Iementé\/lse dIVISlOﬂCi)f the chtor elements.
with 2 AW SRR RERRIDHE (BUURIRS SRR SIana RERUT R he
tuhd teandmttaghdater it Of 280 GG HPEe4GIen0686 73
thl Oarheb%a : :rr.roig:l he fifth embodi ent w??olvesatechnlq
R Rt Sopa PR SRILAre averaged

that account IS unce
we;mawgebeaqﬂbqammm'@dammaammahﬂmhgﬁhwmmmm

S"9B@f&l‘ﬁﬁ@%f‘%ﬁ%@%?eaﬂi&%;o%épetﬁ@af&%n éha%‘?@w AN WU dfice with a

a description of the 5 estimator for time varying radio channels. Assume .

pregategmingsd iarpsivadd @onditiamtire packets worth of received OFDM
Sy%&?ﬁr@f&?@@a dbé‘&tt'é? fREBEGHBORRE SRR IESHDBAIOR comprises:

(some may_ be pilot symbols). 10 It is possible to structure these

two%qﬁ%ew'a%aﬂ&e%t@eéﬁo%me felrkive1nrse endameliuge spefficients of

a r&EQMWI\WBE%&T@ &pNénavg, sub-carriers (tones or frequency

bins) a the columns are OFDM |me Flrstl multiply the | .
A R R el e IenGs o provice o
cchpamings;grmjols to get an intermediate raw channel

determmmg a time of arrival of the received signal by correlat;ng the
composite signal with a delayed version of itself.

In related art, metrics used for synchronisation are based on outpuis of
correlators for the preamble of a packet. In the case of muitlple receive
antennag, & method for either combining or deriving 2 new method of metric
genei‘aﬁon for synchronisation'is desirable. Related art sche mes propose making
decisions per antenna and then magjority voting or adding the metrics prior to
decision. Neither of these approaches addresses sufficiently the variation of the
signal statistics across antennas. 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 use of muitiple
antennae for synchionisation. In this case packets that could otherwise be
decoded may be missed by the synchronisation module.

In this sixth embodtment we disclose a method for determmmg 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 antén_na metn‘és are derived by correlating the received signal
with a known preamble in a first step. The power of the sequences for each



10

15 estimate V = R. *D. Note that the conventional step (as described
above) would prescribe a division, not a multiplication. Then compute a
wduihesintgrmediate matrix of training weights T = IDS or othgrfunetiense1e3s
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. 20 This filter outcome may be
approximated by implementing smootkﬁﬁg independently in the time and
frequency domains (rows then columns or vice versa) to save complexity.
antenia dstiRARSHINGEHANC RHGRY EREARRATIRRNG AGRUHIRG R ﬂ\%@jm%’i“’eraged
weiqht(_Béla%fﬂﬁl)egﬁrﬁawwm isighareaedrithuicaniessishatddsntirén applied
. or in the step where the absqglute, value of the training symbols was
n 0*29&5%9?%&%%%‘@%?3&?}%% 11t from uncertain soft output from :
theAFHGrtipnodessiep. 6f stife ositht ERBoeitnaeat willatesuta zebtaiviieg a rapid

B e

therestimaian ifire e $heNotxtiveth thigneixtsoeantinghdsy it eenjgete of these

nay have fi d | (St Iv] e e TI
coefiHR RS IO VAN BRI QUL g an v
corrplationUaD i cToBE Rt tsighal Iitheaarag| estrirmor fiselfss Arplication of
this | n;g@@! C@feﬁ@ %gﬁﬁﬁeémﬂo%%ﬁthge% e dsARiAPeABdRiAaiR wircless
nbols will be used as

sy ) _ perfect .training to yield a very accurate channel
comeBuiaaion tHalien sevplingelbRaIRNERROSHA 4R MIRIP degRlve antennae

whelle BIekehapRfiGrRMINAS iet SR RIS WdRsaeuEandbessings of the
in a column that is assume to apply qQver the entire packet. In some
CO"@EB&%‘%%HW@F%&%H% 'Bﬁﬁ%%ﬁé{'ﬁf%)é?' pplied to the

ravy ¢ RefitehepiHBpiscaNthiaitingly diphh issiiffesartemay besweorabiecdraccording
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depdnitéinmaad backgeoay O iferisEstimeationaising eBdFFantenna as well as the
received signal energy. The processing would then proceed as in the related art
with corralation of this composite signal with a delay version of itseif, ‘

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.

It will be appreciated by those skifled in the art, that the invention is not
restricted in its use to this particular application described, neither is the
present invention restricted to its preferred embodiment with regards to the
particular elements and/or features described or depicted herein, * It will be
appreciated that various modifications can be _madé without departing from the
principles of the invention. Therefore, the invention should be understood to
inciude all such modifications within its scope. o

While this invention has been described in connection with specific

embodiments thereof, it will be understood that it is capable of further

modification(s). This'appiication is intended to cover any variations uses or
adaptations of the invention following in general, the principles of the invention
and comprising .such departures from the present disclosure as come within
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In this aspect of the fifth embodiment we remove the effect of the data on

the phase difference between adjacent symbols in the OFDM received
woaiEs As24.5 shown in figure 31 and then apply a2 Dimensiopa} BTk Risiose

removal may be achieved by multiplying the observed OFDM Sym%ol

matrix with a corresponding matrix of conjugated data symbols be they

preamble, training or estimated. The FFET output is then filtered to

suppress noise, and a search for the p%%k power across the resulting 2

Dimensional space of metrics_is executed. The filtering wiill 20 have an

KNOYRREFUF R RRLRFRATERWRRANS AFblo which ey pidigRagiains and as

may Becappheded thas eslysraisiveatufibssrbinissTaleyed: Thrtocation of
the %%in terms of telative position in the re%ta le, of figure 31,

e .
defégm s RESRNS RS ey & SFR Ie{ﬂty%ﬁ}@féhg@ﬁ?‘s without
deparbirestiroatidhésspivie dfthielkseerifitherhapicase MG bQwsiervantdw, it should

Y T LT N Y —

[invesiimbaldessy ShehelsOfispeifeedie et | fdtAmgstrnydibe Qifsettrued broadly

: | ation. O S k. . M Durati Q 2005/011128 .
it L SRR s o e MRl e RS 8 st caims.
Varigyy giogificatinnseand/ aouivalenbarGisios 266 Alenibtericsl iabbl included
withi?ptr%ogrﬁfﬁf“é‘ﬁa o ARSIRNERRVNEAIT gBﬁ%ﬁﬁggg%?ﬁhﬁ%?efR&%fom, the:

__Actual Time Offset 0.20 With the actual. channel’'amp € phase )
spedfip AMhadineasAeiguRe sdrrsiood donkaillustiativie ref e mepy ways in

whicketiedpiasiipled e tha! BrafankiifventibR PagARS HREENERASINhe following
. 1.e. a fraction of 0.05 along the, OFDM Symbol :
clalms,' means~pl_us- unction clauses are intended to cover structures_- as

performing the defined function and not only structural -equivalents; but aiso

~ equivalent structureé. For example, afthough a nail and a screw may not be

structural equivalents in that a nail employs a cylindrical surface to secure
wooden paris 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,

“Comprisaes/comprising” when used in .this specification is taken to specify
the presence of stated features, integers, steps or components but does not
preclude the presence or addition of one or more other fé‘atures, integers, steps,
components or groups thereof." '
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5 dimension and a fraction of 0.2 along the sub-carrier dimension. These
estimates match the actual time and frequency offsets as shown in the

wabowe ipple of .parameter values in the model. By accuratelp@estimaiiBoross
the channel, the. performance of the FEC decoder stage is significantly
improved, typically in excess of | dB increase in receiver 10 sensitivity.
This is true even for time-invariant channels and is realized by exploiting
data symbols for training purposes. In th& case where mobility exists the
abl|lt of the,recejver to trac age cEi nnel in t| e aIIows the receiver to
ope le eff Cﬁ/ &Wg?& d @fge Mail e ém‘ﬁ'ﬁléjetem'on on

codhei:bmhtmuﬂttatataecﬁmvﬂﬂn @rﬁ‘tlfrecﬁtm&@mibdlﬁgl,re FaalizssadSiimansactions

t the nt inv ide redicated

on gf?t e use ofglrs (z’cof \P%tlng B ;{% i%% %‘ﬁ%faajé’g igﬁinna of a
multiple 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 20 the coefficients for combining an initial timing
estimate must be determined. The calculation of these coefficients will
require, in practice, initial coarse timing and frequency offset estimation
by other means. The quality of the initial timing estimate may be worse
than that desired ultimately. The inventor considers further processing on
the combined signal will lead to a timing estimate of high 25 quality. WO
2005/011128 PCT/AU2004/007036 76 In a first aspect the sixth
embodiment provides a system and method of communicating in a
multiple access packet network by synchronizing a received signal in a
multi antenna receiver comprising: correlating a received signal
observation at each of a plurality of antennae 5 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; determine a time of
arrival for the received signal in accordance with a



10 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 15 composite signal; detei®nining a time of arrival of the
CLAIVgS€ived signal by correlating the composite signal with a delayed version
~ ofitself. In related art, metrics used for synchronisation are based on
outputs of correlators for the preamble of a packet. In the case of multiple
regelye. A0.antennac, amethod for sither, ompining or deriving a new
MEtHOA o Mt gEReration jor sgnréhronlsaﬁlgh 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
aflelressasrsuplciensly fire: vatintieroatitRexsippabstatislics @afsfents, the pairs of
antennae. The net result of this is degraded 25 synchronisation accuracy
compoabgkinssaasad ipacket|osafigiestidnfustardssue felateignto e eeieiiveomponents
use of multiple antennae for data carriage but poor use of multiple
havingaiRt@ipiaefersymnohsavisaiansikhinsdepsedeackpts thiad couhdethansisede signals,
decoded may be missed by the synchronisation module. In this sixth
wherei€ fbedinenid wigrdisplosednpetinsbiehopiarthiningpae bf3Qidniennidgnal processing
metrics and for subsequent combining across antennae in order to
compog@andsaie estineirtcoion thagaofeaiktival festahatiah triigninethsdnavedvesd on the current
essentially two steps. The per antenna metrics are derived by correlating
and onthe receiyeehRignalputitigadnoweiprédmblalifirat BighstepocEhengawetpohent, which
the sequences for each WO 2005/011128 PCT/AU2004/001036 77
is inpurantenmia iscsigyondeg ancdoaddedmtrpsr essiennaageordingha the tides a further
averaged weight based on estimated antenna signal strength. A
estimatireShkold islbeadapplieditiedrdgndb Wetkemingihe fiwdarovdl sknal processing
further aspect of the sixth embodiment relates to obtaining a rapid 5
composatitméie wftploe refafiven pheseahsi @mpfitocde oh theoolpamaetsorf eespiective pairs are
antenna and then to combine the received signal according to the
input te@ajugstel dfrtiegmal processing components of all said pairs in a succeeding iteration

cycle,

wherein said first signal processing components consists of:

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 of said transmitted signals to said second signal processing component, and

a second of said iterative filters having the same inputs as said first linear iterative filter
provides an estimate of a characteristic of a selected of one or more transmitted signals and
then delays by one iteration cycle said estimate and outputs said delayed estimate to an input of

said first linear iterative filter.



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 10 communication links involving the
simultaneous use of multiple receiv€ antennae where the multiple
antennag RieHSRE JAST PRS-t FoRYSHBeRf AT HaeofNMMY RIGAONSHit¥fein said
primarily through increased diversity. In a further aspect, the signals from

first lirRaEhanievTaeF pronbineshiaceard iRgsteguirdmenmieasr SaldateEl@transmitted
criteria where the combining coefficients are 15 dependent on a

signal ARGkgraunddRisaimepsustalancicandEnnid sigiwall 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
gombining metied fesihr pRRIIGHQ VAL AHYIGRBRE: UT@RENSIRES O, wherein said
require 20 OFDM specific characteristics, and; a version with OFDM

secondSPaeHicitrnaybaleefnedides carhnithivill RRAPRIEHIESANROSS said selected
skilled in the art, that the invention is not restricted in Its use to this

transmRAAISLIALIARB|KAS D daseiRatbdgithaids thedPkesentdyieniien restricted
to Its preferred embodiment with regards to the 25 particular elements

and/or features described or depicted herein. It will be appreciated that
various modifications can be made without departing from the principles

of the Iyenin TerslorG, e e vion SoaIh bedDABEIROn 8, Moliein sid

such modifications within its scope Ile this Inventio een

first anqesggggg ﬂﬂ@a[%q{é?ﬁ?\;@ﬁl%@ﬁgfﬁgﬁ rﬁ%ﬁﬁﬁ%?f‘é@ﬁ%{-)ﬁa%a@ﬁfﬂﬁt‘é’%'f%ﬁld selected

understood that it is capable of further modificatio Is application is

transmicﬂ%q]sqggai% Vel AL ARIAHARSHRET AL AARRIALQRS 0% thgniyention

ollowing in géneral, the principles of the invention and comprising .such
departures from the present disclosure as come within WO 2005/011128
PCT/AU2004/001036 78 known or, customary practice within the art to

hich the invention pertains and as may be applied to the essentia N

Rature AalEIABETOTELEL REPKE MRS ATAPESEIS LS En G i - wherein said
first an%rggggrilﬁ iir?egre Yt%gg‘!i\fg rgf‘%l\g i%lll(r)tﬂgr consist of a switch the input of which at a first
iteration is all received signals, and the input for subsequent iterations is the output of all second
signal processing components wherein the output of said switch is input to a first summing
device, and said first linear iterative filter receives as input the output of said first summing device
which is input to a filter having taps that are recursively updated based on receiving one or more
said received signals, the output of said first linear iterative filter is input to a second summing
device the output of which becomes the output of said first signal processing component as
well as being input to a first single iteration delay device the output of which is input to said

second summing device, while said second linear iterative filter receives as input the output of

said first summing device which is input to a second linear iterative filter having taps which are



departing from the spirit of the essential characteristics of the invention, it
should 5 be understood that the above described embodiments are not to
limit the present 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 médifications and equivalent
recursiIANGRINEA5REY ite IR iRoheni® Jr deste uithin-ébeiwhirlignelssaepeudbut of said
the invention and appended claims. Therefore, the 10 specific
secondaimbadienie akctadmpiderstond i heniliysiative @t thepaaoy Wiays i8 input to a
which the principles of the present invention may be practiced. In the
secondféiigWingraciairaslagnaeanseptis Jupelion wlatsasiase: rtefidenito Koveling device, the
structures as performing the defined function and not only structural
output 8quikaie i hichutcdland agplivaleatstinekisaingdexample, although a nail
and a screw may not be 15 structural equivalents in that a nail employs a
cylindrical surface to secure wooden parts together, whereas a screw
employs a helical surface to secure wooden parts together, in the

qnvironmgnt ohfasteNineh VpRAR NAE S rfaRalk ARH Pa SESEN 1Y @ CAHIVAISNtwherein
structures. "Comprises/comprising” when used in this specification is

said fillekehioaaPeiellyad theqesenes:afshated faatiras, dtegerp SRS @hform to the
components but does not preclude the presence or addition of one or

follow MO feae bR fRAI S e HI6H QL S1BP Fo | LAMIONR NS RI0EEOUPS thereof.”
References [1] M.C. Reed, C.B. Schlegel, P.D. Alexander, and J.

Asenstorfer, 25 "lterative multiuserdetection for CDMA with FEC:
Near-single-user performance," IEEE Trans. Common., pp. 1693-1699,

Rec. 1998. [2] G Mariakor iGo . Bis V661604 P Eens,, WRROSe] the constraint

iterative Parallel interference cancellation for coded CDMA systems," in

matrix REATEDGHEEF OV P B Yoo I ERR O NS INGIRR B Con iRt SUW transmitted
2001. 30 [3] D.E. Catlin, Estimation, Control, and the Discrete Kalman

informEilter sy PRYINIEhY 818G ARG ZR0RO0 LA 458 P @IMLZQ%@QJBQ@@LZZ& matrix
[41 P.D. Alexander, A.J. Grant, and M.C. Reed, "lterative detection on

covn £B9¢- DY IBIORPYIHPIEREGE SR VNS LARUR S AL m HIO® G known.
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A2: The interleaved code symbol estimates of the interfering users X\" which is a

vector containing all the signal estimates at iteration n for all users except user k , coming out of

~(n) _ (1)

said corresponding signal processing component 2 can be modelled as x," = x, +v," where x,

is the transmitted symbol for user k and V\" is the corresponding estimated noise sample which

is uncorrelated with x, which is a vector containing the transmitted symbols for all users , and
also uncorrelated over time and iterations, but not over users at a given iteration, that is

<x, 7" >=0,< v D" >=0 forn # m, where n and m denote different iteration numbers,

and the estimated noise correlation for user k and j at iteration n is defined as

<H L =g,



on Telecommunications, vol. 9, pp. 419-426, Sept,-Oct. 1998. 80
CLAIMS 1. An iterative signal processing arrangement having: 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 B#ut one or more received signals

45PENESRL URPH:QEOh SAY & HaNSMItEd#IgnRlg wherein foreach; said

signal processing component pair the output of said first S|gnal processing

elemegBnaRaRent g an @stiimatkyoé.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 component that provides a

fﬁ?ﬁw é@ﬁﬁ?a‘f%f’gé)(dvgéi%{é‘&&Fe?ﬁ’éﬂﬂﬁfe‘dls?@%{éﬂlforﬂ‘fé%ﬁﬁdﬁ?@f usgigh at

zzemnéﬁ%o&‘gas'@ﬂ?PJ9Foez§§'z'}9r8?z’5‘99”89&otP§z9 tpyits, of g@l SR04, 86008 s vely

signal processing components of respective ‘pairs aré input to each said

definditstasigmalafrobegsinglevmponents df allasditinsairditr aisgdesedifayoted by

(n)
k

(n) _
ck

given [HSCHGARG BrrangaifleAY ABEHIRY t6iC

iteration cycle, wherein said first signal processing components consists
of: 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 of
a|d transmitted signals to said second signal processing component, and
L second of said iterative filters having the same inputs as said first linear
srfatl{/ filter. provides an estimate of a characteristic of a selected of one
Jnor l’?angn%med signals and then delays by one iteration cycle said
tﬁ‘na e and outputs said delayed estimate to an input of said first linear
iterative filter. 81 2. An iterative signal processing arrangement according
to claim 1, wherein said first linear iterative filter provides a minimum least
doudeed batinhdtd of shiltselecten wamsenittedu sigreal sulgjgontde of said signal x,
predetermlngq statistical models of sal(% signals. 3. An iterative signal
au‘?ﬂae lifsersinesEidesudon irgappdated

estlma{[ee(';r?ttl)t/eefﬂlterrk)lt?eﬁdes a)?‘?'%‘éﬁ“k'%’?‘s}m%“gﬁend d ré' e déf? mAid selected

ra smlte signa SU%]GC opre termlne StafISt ‘?)S&Id

S|gp Is. 4. A |tera(t|\(e @Cfrocessmg arrangement accordlng to claim
ﬂe‘re‘ﬁ la+ Rrst an&gée nd linear iterative filters provide a minimum

Ieast squared estimate of said selected
M = (I W™ XI + QU W™ )*1
k k k k

where for user k at iteration n m\" is the said first linear iterative filter, M\" is the said

second linear iterative filter, 1 is an identity matrix with ones on the diagonal and zeros

everywhere else, wW;

" is a recursive, complex auxiliary vector and W,i") is a first recursive,

complex auxiliary matrix, respectively, the recursive update equations for n = 3,4,... are as

follows:

w =

Wi 1)[1 H" 1)) (I W 1))}

W = WD 4 (- WD HE ) (- W)



transmitted signal subject to predetermined statistical models of said
signals. 5. An iterative signal processing arrangement according to claim
4, wherein said first and second linear iterative filters further consist of a
switch the input of which at a first iteration is all received signals, and the
input for subsequent iterations is th&4éutput of all second signal
processing components wherein the output of said switch is input to a first
HO §qm@ipg> deyicey and said first linear iterative filter receives as input the
output of said first summing device which is input to a filter having taps
that are recursively updated based on receiving one or more said
received signals, the output of said first linear iterative filter is inputto a _
whaggoHd' suM it OHEViea R b URTP BP Ve HachrEs e OUMsR spadigons with
first signal processing component as well as being input to a first single
iteration delay device the putput of which is input to said, sgcond
x) = glﬂ’i‘ﬁnﬁgg delre, W%?ilé §21'§|Sspé'cﬁr21¥1\5\l/imé§4r§§t€r iVeSiltePrddeil@s as input
the output of said first summing device which is input to a second linear
n =1aligRive itegday géﬁpwm@sagss%%% eqyryvely.ypdatedpased RNy jinear
receiving one or more said receited signals thée output of said second
constriNRabHELRHYE JIltgris iBPHLLIe AihiEd ShymBiNg %%%EQ%P&HWLQtWhEt‘S}—iS the
is input to a second single iteration delay device, the output of which is
consirlIRHY RSN ummIng device, e QuipHLohbiehi5 DegRIed a0 inspose o
input to said first summing device. 6. An iterative signa procesén?g
rangement according to claim 5, wherein said filters in said first and a
second linear iterative filters are of the type that conform to the following
mathematical expression using the following assumptions, Al: The
received signal is described as r = Sx + n, where S is the constraint .
Matrix, cohtaifsiriging tHET peRrbREITSEN EEITRIBREN SIS 2eoidipe to claim 1, wherein
containing all transmitted information symbols and n is circularly .
the Ou%%ﬁﬁ%tﬁ%%mma%%ww&%%ﬁéﬂﬁd@tﬁsk?&n@dc%ﬁwthe@ztpahaf said second
) where the noise variance 62 and the constraint matrix S are known. A2:
signal piQget gL eeRId SIAsHSPE S imates of the interfering users sk") which
is a vector containing all the signal estimates at iteration n for all users
except user k, coming out of said corresponding signal processing
component 2 can be modelled as zk") = xk +Gk"~ where xk is the )
tPansmitted ByFREGMOFgaRY RIATRINPR A AR RISHHeHHRg Ostifately Wherein the
noise sample which is uncorrelated with x, which is a vector containing )
charactgistic, Q& i eckhibBISF o Utk I i sHEd RS STt dBVeThiAlOngf @ said
iterations, but not over users at a given iteration, that is < x, Gk") >=0, < .
selectegs franyapised signay 114 MIHRENE ALY Af dRidotEstitigRahPHTEkgHe component is a

. . humbers, and the estimated noise correlation for user k and j at iteration . .
mlnlmq{q%eagfmgﬁr estimate of said selected transmitted signal subject to predetermined statistical

vector

models of said signals.

9. An iterative signal processing arrangement according to claim 1, wherein said first
and second linear iterative filters provide a minimum least squared estimate of said selected

transmitted signal subject to different predetermined statistical models of said signals.



<VvW V~") >k gkj. 83 Define the estimated noise covariance matrix Qk")
=<v"kk > with elements determined as shown above. Let ck") be the
auxiliary vector that contains all signals received from user k at iteration n
and all previous iterations, according to the following recursively defined
vector of observables as input to th&$aid linear iterative filter denoted by
krn=1 (n-1) Ck = Ck (n-1) n = 2,3,... kUnderAl andA2, the linear
minimum mean square error estimate of said signal xk given said signal

cis.given byidhe-putput xie} olithe Eevtsivedilterwibial s anlpdatad
estimate of the transmitted signal for user k at iteration n, defined as

commuRllatSndHCR ke Miaking?) _ WkW)-1 Mk=(I-Wk")XI+Qk"-1) _Wk"))1
where for user k at iteration n mk") s the said f rst linear iterative filter,
Mii'3tisi ghel it esaagnakline asritetatiadilieledstisoan deemidy matnx withfirst signal
ones on the diagonal and zeros everywhere else, w(k") is a recursive,

processiapplexn auxitipris vecioreanttWd\Whisaaitirsitiectisivesuchompiex auxiliary
matrix, respectively, the recursive update equations for n = 3,4,... are as

fRdaws: NM¥kr iteYWOd Yillker(Bkowlddl aWiksdiatd MYl betddkd Hctiléd signal to an
Wkn-1) X Hk" 1)) 1 (I _ Wkn-1) ~ 84 Hk" 1) I1+Qkn 2) _Wka 1) where

estimatdRrdldBApREQNE; recursive, complex auxiliary matrix. The initial
conditions with xk) = 0 and xk) = 0 are mkt) = sk(SS™ +,721) 1, Mkt) = S,

§SScoraidetariferadnRoM () oo (Sfel £d)ih Sks WK TS e B A3kifed signal,

n= 2, where Sk is the linear constraint for user k, sk denotes the complex
delayc€0Rjug@ie:thainanget Olosaidnretor skd Sksisith@r iterative filter;

a second signal processing means for receiving the estimated signal output of the first
linear iterative filter and providing a further received signal estimate to the input of the first

signal processing means in a succeeding iteration cycle of the decoding circuit.

11.  Aniterative decoding circuit according to claim 10 wherein the linear filters

function in accordance with at least one predetermined recursive Bayesian expression.

12.  An iterative decoding circuit according to claim 11 wherein the predetermined
recursive expression comprises the following recursive Bayesian estimation using the following
assumptions:

Al: The received signal is described as r = Sx + n, where S is the constraint
matrix, containing all the linear channel constraints, X is a vector containing all transmitted

information symbols and n is circularly symmetric complex Gaussian with covariance matrix

covn = o1, and where the noise variance o* and the constraint matrix S are known.



constraint matrix with column k deleted and Sk denotes the complex
conjugate transpose of vector Sk. 7. An iterative filter signal processing
arrangement according to claim 1, wherein the output of said first signal
processing component is de-interleaved and the output of said second
signal processing component is inte$teaved. 8. An iterative signal
processjig; arraingement AL 9 AR An VLI N8 FRAACIRINIG @ \which
of a selected transmitted signal is a discrete time séries representation o
a said selected transmitted signal and where the output of said first signal
is a veqieocessingepmigbaeigriy astiminiewmieasvgquarad/estmate of saat k, coming out
selected transmitted signal subject to predetermined statistical models of
setichsignalesforltinieigtivésigrabinrocespngarfangebaent &dhobding to= x, + v
claim 1, wherein said first and second linear iterative filters provide a
minimum least squared estimate of said selgcted, transmitted signal .. .
where e AR S od S Lot Eo g rated noise
10. An iterative decoding circuit for a wireless multiuser communications
sampleaedaivels comprislagdadirsixsighalprocessing means bgr tieceivingiavteasibols for
one received signal, said first signal processing means comprising at
all useteasutivdsineaoneratibdite rgrsuchititatutive sidstdmeanterativediltegiven iteration,
provides an estimate of a selected received signal to an estimated signal
that is QUEPEItand DaseEcondlinear jtenative filleeRrovide sastivrtegioral Rasition
one other received signal, delayed by one iteration cycle, to an input of
mumb SRS DSy erptive filer: o, sacnnd sianalprocsosing Means. 1o i« gefined as
receiving thé estlmated05|gnal outpuf)o fhe'first lineaf flerative fifter an%]i
<7, pfoviding a further received signal estimate to the input of the first signal
processing means in a succeeding iteration cycle of the decoding circuit.
11. An iterative decoding circuit according to claim 10 wherein the linear
filters function in accordance with at least one predetermined recursive
Blfusiathexprassisd. 1Rign qRictivecdeonding Qcuitaiordingto okithn elements
11 wherein the predetermined recursive expression comprises the
determipgd @S J WA HERIEBayesian estimation using the following assumptions:
Al: The received signal is described as r = Sx + n, where S is the
constraint matrix, containing all the linear channel constraints, x is a

vegtercoR@ning A HaReMItE: contains all signals received from user k at iteration n

and all previous iterations, according to the following recursively defined vector of observables

as input to the said linear iterative filter denoted by A",

r n=1
(n) (n-1)
c,” =4[ ¢}
o | = 2.3,...
xﬁ{"_)

Under A1 and A2, the linear minimum mean square error estimate of said signal x,

given said signal ¢\" is given by the output X" of the recursive filter which is an updated

estimate of the transmitted signal for user k at iteration n, defined as follows.



information symbols and n is circularly symmetric complex Gaussian with

covariance matrix covn = 62I, and where the noise variance 62 and the

constraint matrix S are known. 86 A2: The interleaved code symbol

estimates of the interfering users xk) which is a vector containing all the

signal estimates at iteration n for all8¥%sers except user k, coming out of

said corresponding signal processing component 2 can be modelled as

zkn) = xked) @Knmg@elxl_( isﬁhve) transmitted symbol for user k and GkO is

the corrésponding estimatéd noise sample which is uncorrelated with x,

wi L‘%h IS ayector ¢ Apntghinirlgnmztransmitted symbols for all users, and

akso mEorretatéd oVer time and iterations, but not over users at a given

iteration, thatis < x, v'k>>=0, < (n), v'k™>>= 0 for n ;6 in, where n and

i%denggqﬂiﬁ re (iztargti@nm mbers, and the estimated noise correlation

for'user k dnd j af fteration‘nis defined as < V(n) e v(n) >= gk. Define the

estimated noise covariance mattix Qkn) =<vkn),vkn> >, with elements

St milled Be'S %iﬁbvé?"lﬁ”é} c(n) be the auxiliary vector that contains

all signals receivedfrom user k at iteration n and all previous iterations,

6,OSIDR Qe SHONING, e shrsiyely ASHinga Y estor of PRFSSYRRIESVES s rhe said

input to the said linear iterative filter denoted by A(k', r n=1 Ck = Ck x(n 1)
secondnlimeyB,iterktiyad@irek] And A2, thenliine andaniixinauith meanogquarelizigonal and zeros

estimate of said signal xk given said signal ckn) is given hy the output .
everywhelieof e YecufSide fiftdr Whidd 1 Lfﬁﬁé?féﬁV Setitate dr We warsriftegecursive.
complé?%lfz%?y%&tkigt ﬁ%&%%%@e%f defiped as Jolloys 8/ eé%ﬁé%&%ﬂ) n=34.. are as

+m(n)(x(n 1) - x(n1)) k k k k=j = xkn +Mk) (xkn 1) - xkh 1)) MW _wk n) (i
followst Q(-1) - Wkn))-1 MK" =(I_WK)XI+Qk1 Wkn)r] where for user k at

iteration n mK) is the said first linear iterative filter, Mk(') is the said

second linear iterative filter, | is an identity matrix with ones on the

diagonal and[ zeros |
n n-1 n-1) |~ n—1
O = w - () - we)f

Wi
W = W (=W HED ) (- W)

Hzn—l) _ I + Qin—Z) _ W]fn—l)

where H\"™" is a second recursive, complex auxiliary matrix. The initial conditions with
~ -1 -1
X" =0 and x{" =0 are m) = stk(SS’ +0'21) , M = S’Z(SS’ + azl) Sfor
1 —1 . .
n=landw = sj{(SS’ +I) S., W = S%(SS’ +021) S. for n=2, where s, is the linear
constraint for user k, s, denotes the complex conjugate transpose of said vector s v»S; is the

constraint matrix with column k deleted and S. denotes the complex conjugate transpose of

vector S% .



everywhere else, wk(’) is a recursive, complex auxiliary vector and WK) is
a first recursive, complex auxiliary matrix, respectively, the recursive
update equations for n = 3,4,... are as follows: wk) =wkn")[I_(HK")) 1(I-
WK~") W) = WK +~I-W,k")XHk 1)1 I(I w"-") H("1) _I+ Q (n-2) _W (n") kkk
where Hk-") is a second recursive, c@¥nplex auxiliary matrix. The initial
cnditions Wit nfpurePpabietak) rodate eknpasiSS +621)', MK')
=Sk(SS'+62l) ' for n=land wk2) =sk(SS +l) 'Sk, Wk(2) =St(SS +a2l) 'Sk
facomphiterhsed lsknisdhenlinedn scsispiaiittarduserptogkaaerate st omputer
complex conjugate transpose of said vector sk, Sk is the constraint matrix

readabWitlyscatuowd & clebetiddasidsSild deddias filte: complexaton) igatediapkpasess
of vector Sk. 88 13. A computer program product comprising: a

commyypapatendivabke smiddiomphtavintp gsmprehudadatigprggram code and
computer readable system code embodied on said medium for

EORpmRicaingl dniWitinlesarresapeRIMBARICAIAN ALY YELSRing the method
computer program product comprising: computer readable code within

steps oSidERGARITGMsableamedivimiorpey fRuRiNathemBinedasieRs @t /ing OFDM
method of communicating in a multiple access network by iteratively

packetsegRiviRth QFdMpRaekats theowathegsomprising the following steps: a)
sample a receiver input signal consisting of signals from one or more

antgNBan g adekthecinpinhsigpRl VSR S0 efR AUKAILY-BRRNIRY SIRESEE antenna;
recelved packet sample estimates to determine a packet sample

hypBEQ‘E‘iﬁ? ﬁi&?ngﬁf‘éfgﬂﬁﬂ SR éﬂ@&%agiﬂ&ﬁ’@ ‘8?589‘@&3{9&‘}4&%8 et sample

hypothesis for Storage in an information bit estimates list; d) determine an

csitRERIETRSANE packet samplegaels fom the sample hypothesis fo

updating the plural prior storéd estimates; e) subtract the updated

sam 'Se?eséhrl‘n%tgnf{%‘&dﬁ? iSRTPIS AL rgéf%h%os%ﬁliﬁé C'\é‘?%t%esf}é)i%?stora einan
hypothesis and provide the noise hypothesis as receiver input signal;
info%ggg@%ﬁtg ism%)[ etgﬁasl.until at least one or more complete packets are

accumulated in

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;
f) repeat steps a) to e) until at least one or more complete packets are accumulated in

the infounation bit estimates list.

14. An iterative signal processing arrangement having:
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,



the infounation bit estimates list. 14. An iterative signal processing
arrangement having: 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 @8pendent upon one or more
whereifl #spatkeshRIgNalsl SR cWhREE tbiasReeh RAIdIR GIAhRIOEESTIMdst signal processing
component pair the output of said first signal processing component is an
compof&itale efthehaacienstic elsrelgcied dcansmitiadigignabhased @noiere current
current and one or more previous input signals received by said first
and onSIGNALR PEESSINYi SO PGRERtesdIah s RPUIFie:Said LPHRSPEAGIEEMponent, which
second signal processing component that provides a further estimate of
is inpugaisl satectadebpnsdiiied siaidaditn the aidpusind seidsacandisigpabvides a further
processing component, the outputs of all said second signal processing
estimateoofparienisl @ftedspeativapairsarg ioplttowpeh shichfir desi@nblsignal processing
processing components of all said pairs in a succeeding iteration cycle,
compowdnerein saipuissiSadinali Precessisgeadpperaiig congivisofs @t leqpettive pairs are
linear iterative filters wherein a first of said linear iterative filters outputs an
input testoiniei dffassalgate poharanigrisitpohantsaléaledaihenifssaid vanselitediteration
signals to said second signal processing component, and a second of
cycle, said iterative filters having the same inputs as said first linear iterative
filter provides an estimate of a characteristic of a selected of one or more
B tied sighalgangriiessideleaunane daraseroeycle said estimate
and outputs said delayed estimate to an input of said first linear iterative
filtraswher eincsaicfirst ant e cangdinear iterative filters provide a
minimum least squared estimate of said selected transmitted signal

suhigdifeanedeiarnénad statisticaumatels ot saiste HgRALS] Rl WhatRiRristic of a

said first and second linear iterative filters further consist of a switch the

selectetNphlé 6f swidieh@hatfustieraton isiakdaarivechsignalesang tompapehfoind
subsequent iterations is the output of all second signal processing

£QoxeantsSahiesRinvib € Bertphidah gaie switeripunpay taid flitstBlearmiagtive filter
device, and said first linear iterative filter receives as input the output of

provid&aid BEshBe stmonngdande vhickligiaput tha diltelohravingitansdhiinareand then

recursively updated based on receiving one or more said received
delays digoatsitthatiodtputlofssridditatdioaad ibarptivesfilteddmirgaudstimate to an input of said
first linear iterative filter,

wherein said first and second linear iterative filters provide a minimum least squared
estimate of said selected transmitted signal subject to predetermined statistical models of said
signals, and

wherein said first and second linear iterative filters further consist of a switch the input of
which at a first iteration is all received signals, and the input for subsequent iterations is the

output of all second signal processing components wherein the output of said switch is input to a

first summing device, and said first linear iterative filter receives as input the output of said first



to a second summing device the output of which becomes the output of
said first signal processing component as well as being input to a first
single iteration delay device the output of which is input to said second
summing device, while said second linear iterative filter receives as input
the output of said first summing deviXe which is input to a second linear
summik@ratve dikeli dangpars Whithara veettshieiN ¢ Rdated anetyaipdated based on
receiving one or more said received signals the output of said second
receiviigeaieitgratbre filiarisdnaid paalbind Sunpainer davicr dhienesitpiet atvehieh is input
is input to a second single iteration delay device, the output of which is
to a sdopwd teusaid dbirge\suenthngdpuicef Haiohitpetsthvhiab isute@atatsaiidfirst signal
input to said first summing device. 15. An iterative signal processing
proceséfi@bgemairhascoreing teeilaimpld (ovh ekeinisgid fissitibneduldictive fikebutput of
provides a minimum least squared estimate of said selected transmitted
which Bigaltsubjddtse @iedateriperstelisidal miedeisoall SaichsigialBclflidreceives as
iterative signal processing arrangement according to claim 14, wherein
input tBaidupec@iddidefirsite tativentyteeice wideshai snimponuin deasioaduatest iterative filter
estimate of said selected transmitted signal subject to predetermined
havingstaisiraalimeodelswofisalg siglhasdd. thiedontexaiive sigmbprecessinhreceived signals
arrangement according to claim 14, wherein said filters in said first and a
the outpacoffiddidsacdiet dincarfitersiareftfths iyipatthad dondosumiaiiiedolicwihg output of
mathematical expression using the following assumptions, 91 Al: The
which reogive sigrebis depdeiitechtimrdel Sx devjovhéredStisithd ehindtraimtpaatoixaid third
containing all the linear channel constraints, x is a vector containing all
summitradsnidtetheinfoputationtsyimbolsgated anid wipotikarkpisyfinsnetrooomideice.
Gaussian with covariance matrix covn = 621, and where the noise
variance 62 and the constraint matrix S are known. A2: The interleaved
code symbigdrattiomgas pidoessnigriatingeusarsixdordihicty dkimvegt@herein said first
containing all the signal estimates at iteration n for all users except user Kk,
linear ftorniivg dilicrofsaiddearresiiniiting Bighalquacessiigifiennpsarntd el eansmitted
modelled as zk) = xk + k~ where xk is the transmitted symbol for user k
signal angeGknprsdtherentespaiidiog esiitelatetisnoisemasnple which is
uncorrelated with x, which is a vector containing the transmitted symbols
for all users, and also uncorrelated over time and iterations, but not over
users at a given iteration, thatis < x, Gk(n) >= 0, < Gkn), Gk™) >=0for n
# 81, whereitAddnidanoiesdiierantiiariarnnustbrihgarddagmesimatReein said
noise correlation for user k and j at iteration n is defined as n) (n) G Vk |
secondViikgafXjerative filter provides a minimum least squared estimate of said selected

transmitted signal subject to predetermined statistical models of said signals.

17. An iterative signal processing arrangement according to claim 14, wherein said
filters in said first and a second linear iterative filters are of the type that conform to the following

mathematical expression using the following assumptions,



Define the estimated noise covariance matrix Qkn) =< Vkn), Vkn) >, with
elements determined as shown above. Let c(n) be the auxiliary vector
that contains all signals receivedfrom user k at iteration n and all previous
iterations, according to the following recursively defined vector of
observables as input to the said lin@ar iterative filter denoted by A(k), 92
rn=1 Ck = Ck k Under Al and A2, the linear minimum mean square error

estimatq pf saif},gignal; ;g givenSaidesignsl 24} is QveR Qe SUPHE constraint

xk") of the recursive filter which is an updated estimate of the transmitted

matrix,smlmg'%f klz@tli';?éﬁtigﬂaﬁngﬁg%qréﬁifglIQ\%SaMggmr:éW}Ql&llTr%kdp transmitted
-WK))-' MK"> =(1 Wkn)vI+Qk,) _Wkn))I where for user k at iteration n mk")

informiiesSHIM SN sarsitaralng Alter, Mg is e 3aidc seaond Ingareraive marrix
filter, I'is an identity matrix with ones on the diagonal and zeros

covn LYEDWIGS RIRE WIS RASEHISYE. SOMPIEX,AIIA, VAR08 and MYk js

a first recursive, complex auxiliary matrix, respectively, the recursive
update equations for n = 3,4,... are as follows: wkn) =wkn 1) [I - (H kn' Wk
Wk~ +(1-Wk Hk™ _I +Qkn 2)_Wkn where Hk"-1) is a second recursive,

complex auxiligry matrix. The initial copditions with xk)=0and xk)=O0are  , )
=S DI RS AP R Lk B hers X which
'Sk,Wk2)=St (SS +c2l) 'Sk for n = 2, where sk is the linear constraint for

is a veMSEEMan IR LR AAMBRIN: RINILEAE BANTDPEE RIS VENRSSK SKming out

is the 93 constraint matrix with column k deleted and Sk denotes the

%9@19&%9%}5%%@25BPﬁﬁo%s&é-ﬁth&ﬁ,Me%t ADJIEEBINEBIMIRs 2 = x, + 5

processing arrangement according to claim 14, wherein the output of said
first signal processing component is de-interleaved and the output of said

where sadsrilesigiamitscessithy tompoarehtigdnier éafeticorresponding estimated noise

sample which is uncorrelated with X, which is a vector containing the transmitted symbols for
all users , and also uncorrelated over time and iterations, but not over users at a given iteration,

that is <x,0\" >=0,< V" D" >=0 forn # m, where n and m denote different iteration

numbers, and the estimated noise correlation for user k and j at iteration n is defined as

<P O 3= g,

Define the estimated noise covariance matrix Q" =< \3,({”),\3%’) >, with elements

determined as shown above.

Let ¢\” be the auxiliary vector that contains all signals received from user k at iteration n
and all previous iterations, according to the following recursively defined vector of observables

as input to the said linear iterative filter denoted by A,



19. An iterative signal processing arrangement according to claim 14,
wherein the characteristic of a selected transmitted signal is a discrete
time series representation of a said selected transmitted signal and
where the output of said first signal processing component is a minimum
least squared estimate of said selec®2d transmitted signal subject to
predeteggmined sjatigtical models of said signals. 20. An iterative signal
proces 'ng_@r angement according to claim 14, wherein said first and
skcond|lihear jteratiye filters provide a minimum least squared estimate of
said s Igg'tédjtransrhiﬁéd signal subject to different predetermined
statistical models of said signals. 21. An iterative decoding circuit for a
wireless multiuser communications receiver comprising: a first signal
RpsEsSy0 means tor ieceluing atleast.one received sional said 1Sty signa x,
signal processing’means comprising at least two linear iterative filters
given ?ﬁghség%&l tgte) fkrvs E%%ag)lzt%z%tlgﬁté?egc@r%y I%S r%@u??%%ﬁe?fvgh?%e%teagt updated
recel sighal to"an 94~ estimated signal output and; a Second linear
estimatespiinerfilighprevises Asbmalesiaiatdeastonealotiher BoRINedssignal,
delayed by one iteration cycle, to an input of said first linear iterative filter;
a second signal processing means for receiving the estimated signal
output of the first linear iterative filter and providing a further received
sigfiaFestifidiet@hs iﬂwgflthe first signal processing means in a
succeeding iteration cycle of the decoding circuit, wherein the linear filters
fyngtior ('1'1n_ 3659 J[\&anmitb Jeast one predetermined recursive
ayesian expfession; and whérein the predetermined recursive
expression comprises the following recursive Bayesian estimation using

the following assumptions Al: The received signal is described as r = Sx
whanhereuseiskiieitonsram i atsxhcontaifiridiatianidintse GHennM.” is the said

constraints, x is g vector containing_ all transmitted information symbol
second e SN STimin il AT AR HH o 0 o et nd zeros
everywRVE &s82wandswhepe,iRe Bolesyasiange Re-AN e ERRSWAINGMALIGS recursive,
are known. A2: The interleaved code symbol estimates of the interfering

complaysensikkrwhictyiis sevpatardpntaheingcaitsive sigheb estimaves Aviteratioh... are as

n for all users except user k, coming out ofsaid corresponding signal

Jollowssocessing component 2 can be modelled as zk' = xk + vk~

()

i —we () we |

WO =W 4 (L= W HC ) ([1- W)

Hzn—l) _ I + Qin—z) _ Wlfn_l)

where H\"™" is a second recursive, complex auxiliary matrix. The initial conditions with
0) _ 0) _ 1 _ Lt t 27 \! 1) _ gt t 27 !
x,'=0and x;” =0 arem,’ =s,(SS" +o°1) , M.’ =S2ISS" + o1 for
—1 —1
n=landw? = SZ(SS' +I) S., W = S%(SS’ +021) S. for n=2, where s, is the linear

constraint for user k, s denotes the complex conjugate transpose of said vector s x> Sy s the



where xK is the transmitted symbol for user k and v'k" is the
corresponding estimated noise sample which is uncorrelated with x,
which is a vector containing the transmitted symbols for all users, and
also uncorrelated over time and iterations, but not over users at a given
iteration, 95 that is < x, v'k>>= 0, 9¥"k', k >= 0 for n # in, where n and in
constrSRDNEATGIBNAIANIOR JUIRELP8d ihesstimategaise SoRIaondipose of
user k and j at iteration n is defined as* < v(n) v(n) >=k'i q Define the
vector @ktjmated noise covariance matrix Qgn) =<vkn) ,vkn) >, with elements
determined as shown above. Let c(n) be the auxiliary vector that contains
all signals receivedfrom user k at iteration n and all previous iterations,
according to the following recursively defined vector of observables as
I3put toheitaidiVinessmiséondcesfilter demugedy A¢k)rding to ClamCkdn wherein the
2,3,... X(n 1) k Under Al and A2, the linear minimum mean square error
output estinddistol gaitbsigeraingcaivenenid digntiickydd gidahelopting ofisgidtsgkynd signal
of the recursive filter which is an updated estimate of the transmitted
processiighedfiapanset I attitdeatioh n, defined as follows. =(n 1) +mkn)(%(n 1)
-x(n'1) xk(n x) kk kk xkn) =xk +MKk)( @1 1) _ xk 1)) mk) = -Wk(n)
(I+Qkn-1) - Wk(n) )-1 M(n) =(I-WKk)X1+Qkn 1) _wkn))-1 where for user k at
iteration n m(Kk) is the said f rst linear iterative f Iter, Mk) s the said 96
tdcondAinetaritavativemitartdcgssngoumitgamanieodendome scoplakim 14, wherein the
diagonal and zeros everywhere else, wk(') is a recursive, complex
charactgrisiitapf vettiscddangmyiited sigtalesursiliecrato e xaiskiliapyeasataion of a said
respectively, the recursive update equations for n = 3,4,... are as
selected transmitted signal and where the output of said first signal processing component is a

minimum least squared estimate of said selected transmitted signal subject to predetermined statistical

models of said signals.

20. An iterative signal processing arrangement according to claim 14,
wherein said first and second linear iterative filters provide a minimum least squared estimate of said
selected transmitted signal subject to different predetermined statistical models of said

signals.

21. An iterative decoding circuit for a wireless multiuser 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:

the first linear iterative filter provides an estimate of a selected received signal to an



follows: W k =w(k n 1) I-\\Hkn" )" (I-Wkn") Y \\ Wk ) = WK’') +(1 Wk 1)114k
1)1 Wk-n-l) HK™) _1+Qkn 2) _ Wkn 1) where Hk"-") is a second recursive,
complex auxiliary matrix. The initial conditions with zk) =0 and Ok) =0
aremk’) =sk(SS +U2l)", MKk') =St(SS +c2Irl for n=landwk2) =sk(SS+l)
'Sk, Wk(2) =St(SS +62I) 'Sk for n=294vhere sk is the linear constraint for

estimaté@8¥idn3toa@notegthe complex conjugate transpose of said vector sk, Sk
is the constraint matrix with column k deleted and Sk denotes the

£QBILX GARIY GRLR N SPRS Afv MRGIeE BKates of at least one other received signal,
delayed by one iteration cycle, to an input of said first linear iterative filter;

a second signal processing means for receiving the estimated signal output of the
first linear iterative filter and providing a further received signal estimate to the input of the
first signal processing means in a succeeding iteration cycle of the decoding circuit,

wherein the linear filters function in accordance with at least one predetermined recursive
Bayesian expression, and

wherein the predetermined recursive expression comprises the following

recursive Bayesian estimation using the following assumptions

Al: The received signal is described as ¥ = Sx +n, where S is the constraint
matrix, containing all the linear channel constraints, X is a vector containing all transmitted

information symbols and n is circularly symmetric complex Gaussian with covariance matrix

2 . . 2 . .
covn = o1, and where the noise variance o* and the constraint matrix S are known.

A2:  Theinterleaved code symbol estimates of the interfering users fi%”) which

is a vector containing all the signal estimates at iteration n for all users except user k, coming out

of said corresponding signal processing component 2 can be modelled as " = x, + "

where x, is the transmitted symbol for user k and v\" is the corresponding estimated noise

sample which is uncorrelated with X, which is a vector containing the transmitted symbols for

all users , and also uncorrelated over time and iterations, but not over users at a given iteration,
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that is <x,7\" >=0,< V" D" >=0 forn # m, where n and m denote different iteration

numbers, and the estimated noise correlation for user k and j at iteration n is defined as

5 ()

o S
<V >=qy.

Define the estimated noise covariance matrix Q\" =< ﬁ,(;”),ﬁg’) >, with elements

determined as shown above.

Let ¢\” be the auxiliary vector that contains all signals received from user k at iteration n

and all previous iterations, according to the following recursively defined vector of observables

as input to the said linear iterative filter denoted by A",

r n=1
(n) (n=1)
¢’ =<(c¢
k k
o | = 2.3,
XZ”" )

Under Al and A2, the linear minimum mean square error estimate of said signal x,

given said signal ¢\" is given by the output X" of the recursive filter which is an updated

estimate of the transmitted signal for user k at iteration n, defined as follows.

)~C]§n) _ flfn—l) +m§€n) (ﬁgﬂ) _il(;nfl))

=) _ (1) (n)('\ (n-1) _~£n71))
X, =X, +M; X, X,

() _ (n) (n=1) mY!
m” =—w”([+QU™ - W)

M =(1-W" J1+QU —w )

where for user k at iteration n m'\" is the said first linear iterative filter, M\" is the said
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second linear iterative filter, 1 is an identity matrix with ones on the diagonal and zeros

everywhere else, w\" is a recursive, complex auxiliary vector and W " is a first recursive,

complex auxiliary matrix, respectively, the recursive update equations for n=3,4,... are as

follows:

wgcn) _ Win—n [I _ (Hg'_l) )*1 (I 3 Wlin—u )}1
Wi <+ g - i)

(n-1) (n-2) (n-1)
HC —1+QU 2 — W,

where H\"™" is a second recursive, complex auxiliary matrix. The initial conditions with
~ —1 -1
0 =0 and x =0 arem" =s.(S8' +o71) ", M =S (SS +0°1) for
-1 —1
n=landw =s! (SS’ +I) S., W = S%(SS’ +621) S. for n=2, where s, is the linear
constraint for user k, s denotes the complex conjugate transpose of said vector s x> S, is the

constraint matrix with column k deleted and S. denotes the complex conjugate transpose of

vector SE .





