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joint channel estimation and 30 detection/decoding, iterative space-time
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15

FIELD OF INVENTION

The present invention relates to the field of wireless communications. In

particular, the present invention relates to improved multiple access

20 communications. In one form, the invention relates to an improved signal
processing method and apparatus for a multiple access communication system.

It will be convenient to hereinafter describe the invention in relation to the use of

an iterative method of determining the reception of a signal in a multi user packet
based wireless OFDM (Orthogonal Frequency Division Multiplexing)

25 communication system, however, it should be appreciated that the present
invention may not be limited to that use, only. By way of further example, in
other forms the present invention may relate to recursive filtering for joint iterative
decoding in a variety of systems and functions such as linear multiple access
channel decoders, iterative equalisation, iterative joint channel estimation and

30 detection/decoding, iterative space-time processing, iterative multi user

interference cancellation and iterative demodulation.
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interference cancellation and iterative demodulation. 2 RELATED ART
Throughout this specification the use of the word "inventor" in singular 5 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 10
communicated. This is a technology where many simultaneously active users
shBRELAEERMAR Sy stem resources in an organised manner. In most cases,
sharing resources in a multiple access system means that if more than one

user is active, then e{g,active sers interfere witg ach other. Traditj,onall}/,
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pacity) that can share the resources simultaneou comes limited. 20
Figure 1 shows an exemplary multiple access scenario that may occur in
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that are received at network a(‘tcé:en?rsﬁgoint 100a. In general not all of these
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transmitting on different f%%bjencies or 30 at different times. Such techniques
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transmissions.

Such interference increases with the number of active users and thus, the
performance quality in terms of how many users (capacity) that can share the

resources simultaneously becomes limited.

Figure 1 shows an exemplary multiple access scenario that may occur in
Wireless Networks. The radio terminals 102, 104 and 100b transmit signals that
are received at network access point 100a. In general not all of these signals are
intended for radio terminal 100a. They maybe signals from devices that belong
to other networks, presumably in unlicensed radio spectrum. In any case there
are ordinarily some users of interest that belong to the network to which 100a
provides access. The Network aims to make arrangements for all of these
signals to be effectively transmitted. Commonly the users may be required to
share the radio resource by, for example, transmitting on different frequencies or
at different times. Such techniques may be wasteful in terms of the expensive

radio resource.



3 The radio terminal 102 may have an associated user 103 who generates

and receives information (in the form of voice, video, data 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 5 communicated over the network3 This data may also be generated
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access point 100b may also wish to communicate with radio terminal™
asandy eretrRs H{SEMAtR(BsYBKARAS oIt tHepPneliBrRIC)IN Birgilarly, the
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provides an estimate of the transmitted symbols in terms of reljabilit
InfBPTERn A R BRALERPTS RSB R clrd AaP A J BB ARE A any
10 relrabifity ppiogmationrkased on the input from the detector. Information is then
exchanged in an iterative fashion until there are no further improvements.
This decoding strategy may increase capacity significantly, getting very close

to theor&aMANECIAIMIEEAPEEbhipIeNYAVERGIIThGRRAEY 6PdRs:tARP!YINg
ime&m@rﬁﬁa’%-dé%@ﬁsﬁcéﬁ&eémﬁbmv@a@groﬂ eflewisgPEoRIRIBYRlY possible

complex 25 for practical implementation, as the inherent comrgle_xit grows
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joiatraiesiusEydeecinntiedravbigbelg dermed iterative decoding. Here, a multiuser

detector first provides an estimate of the transmitted symbols in terms of
reliability information. This information is forwarded to decoders that also provide
20 reliability information based on the input from the detector. Information is then
exchanged in an iterative fashion until there are no further improvements. This
decoding strategy may increase capacity significantly, getting very close to
theoretical capacity limits at a complexity level within reach of practical
implementation. However, an optimal multiuser detector is prohibitively complex
25 for practical implementation, as the inherent complexity grows exponentially with
the number of active users. Instead, linear multiuser detection based on linear
filtering may be applied, where the corresponding complexity only grows linearly
with the number of active users. The inventor has identified that for practical
reasons related art linear filters for iterative joint multiuser decoding are based on
30 the received signal and the most recent information from the decoders as input to

the filter. These filters have been designed based on various optimality criteria.
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30 the received signal and the most recent information from the decoders as
input to the filter. These filters have been designed based on various
optimality criteria. 4 Where multiple users share common communications
resources, access to channel resources may be addressed by a multiple
access scheme, commonly executed b§ a medium access control (MAC)

protocol WHER fuFEREHICER e SRR Ko RANGHICAD AL ISR Stk

limited in a wireless 5 environment. It Is therefore desirable to use these

redBurEHRR effSRIHEPBsMBYsIBlcadMISRERY nhltifleTDdbiRdao agraes scheme,
COPYMADIRF HEEREHEBIES anfiskidal sishybanGRANMALSrissBes CadtRthnel

b |lidi ttempts. h, disturb : ually referred t
RO BER S VT e AN LS TebaTapaln BN (SR & Mariess
theMAGhattanpls to Sehreftuke désiravisntis sismsHesm Statioossirasreiictently as

an&&%\lé?i?ﬂﬁﬁﬂg%@ﬁ\ﬁ%th&%g si?sl}% %Mé&%ﬁ%%%ﬁr%‘é%sér& =SNaNARIror
resources simultanéous Y. AN example of this situation is illustrated in ijgure
2, diblierPanerss andl atpsiaresien GrpaeRely FROMAINErsRteRIsSMRtterftfionIech

SegRiGHiRNYIHRY sSaln) kR FtJ BRIARMINRTIaBREECHRYRIREKENS MirkIBss

access point shown on the lowermost 15 line, Physical layer receivers ma
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turn, creates self-interference similar in nature to multiple access
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A different problem, leading to similar effects, is caused by the multipath
nature of communication channels associated with, for example, a WLAN. The
multipath channel causes several delayed replicas of the same signal to arrive at
the receiver. This, in turn, creates self-interference similar in nature to multiple
access interference discussed above. In this case, the problem becomes a
limiting factor for the required power to achieve acceptable performance, which
translates into limitations on the coverage of the WLAN. An example of a direct
and a reflected version of the original signal arriving at the receiver is shown in
Figure 3, where the direct and reflected transmissions of the packet are
illustrated on the top two lines as shown. The presence of self interference is
indicated by shading in the received signal, represented by the access point on
the lowermost line as shown. Transmission range may be affected by the
interference mechanisms described above and also by the sophistication of the

diversity signal processing at the Receiver. Physical Layer receiver designers
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illustrated on the top two lines as shown. The presence of self interference is
indicated by shading in the received signal, represented by the access point
on 30 the lowermost line as shown. Transmission range may be affected by
the interference mechanisms described above and also by the sophistication
of the diversity signal processing at theSReceiver. Physical Layer receiver
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decision statistic exceeds a %iven threshold is selected as the time of arrival
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decoding of the bits contained in those si%nals. Moreover, receiver processes
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Si [@J his may lead to lower than optimum data rates due to poorly tracked
packets that are otherwise intact being discarded.

Generally, in packet based communication systems it is 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 transmitted signal. This may lead to lower than optimum data

rates due to poorly tracked packets that are otherwise intact being discarded.

In OFDM packet based communication systems channel impairments may
occur, which contribute to changing both the channel over which an OFDM signal
travels and also the received signal itself.  Collectively, these channel
impairments comprise variations in the transmission channel due to multipath
fading and, variations to OFDM symbols due to frequency and time offsets
caused by receiver inaccuracies and phase offsets due to combined

transmission and reception processes. These channel impairments may vary



25 In OFDM packet based communication systems channel impairments may
occur, which contribute to changing both the channel over which an OFDM
signal travels and also the received signal itself. Collectively, these channel
impairments comprise variations in the transmission channel due to multipath
30 fading and, variations to OFDM symbBols due to frequency and time offsets
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10 art schemes provide decisions on the synchronization of a received signal on
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In EP. 1387544 it is noted that time synchronisation of a receiver to the 20
indBAEY SIS i9BSEIREa S, EHRENRE ey iSaP o AGLSH RS to the
15 padkeisibased raeicaipposch speldahprr eattiassithiesedidatiby thie digmensiti¢istics

at g}?o%tsa%gfnumber of antennae resulting in degraded synchronization accuracy

and increased packet loss.

In EP 1387544 it is noted that time synchronisation of a receiver to the

20 incoming signal is essential for effective decoding of that signal. In 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

25 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
symbol, is employed to time synchronise the receiver instead of a preamble. In

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

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



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 25 cyclic prefix is a replica of a small portion of the last
section of a signal inserted at the start &f the signal. There are many OFDM
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the channel for use in decoding the next symbol. The decoding, demodulation

20 and channel estimation loops run according to the paradigm that the channel

estimate may use all outcomes up to and including the symbol to be decoded.
Each OFDM symbol is decoded once. The raw channel estimate is obtained by
multiplying the received OFDM symbol with the training symbols. These training
symbols may be from a decoding step. The raw channel estimate,
25 corresponding to one OFDM symbol, is stored in a database. Each time a new
OFDM symbol is to be processed all raw estimates in the database are
employed to yield the channel estimate at the processing wavefront. In this
disclosure the raw channel estimates are stored and a smoothing step is
executed every time the data base is accessed, which entails a relative degree of

30 complexity.



the channel for use in decoding the next symbol. The decoding,
demodulation 20 and channel estimation loops run according to the paradigm
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. y decode a packet the

re€oneidesedt In order to successfully decode a packet the receiver must

determine the packet time of arrival. Errors in this estimate may result in signal

power loss or failures in the synchronisation of high layer structures such as error

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

frequency offset. This parameter must be accurately estimated and its effect

removed or countered if the packet is to be decoded. Errors in this estimate may

result in demodulator failure and subsequent packet decode failure. When a

receiver has two antennae there is a possibility to employ these two signals to

25 improve estimation of time and frequency offsets. As disclosed in Czylwik,

conventional techniques for single antenna exist involving the calculation and

subsequent combination of two components. 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

30 applied to only that signal. In the second method disclosed by Czylwik, first and

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

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



determine the packet time of arrival. Errors in this estimate may result in
signal power loss or failures in the synchronisation of high layer structures
such as error 20 control coding and FFT windows. Another parameter to be
estimated is residual frequency offset. This parameter must be accurately
estimated and its effect removed or co$htered if the packet is to be decoded.
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single antenna exist involving the calculation and. subsequent combination o
AL AT S B IR A AN ord 5 R ER R VG AR MGG o
5 freperéorny bfHet éstimangnof rittbeotinst, prupasaeniva the sedpeted,Hildeduhoof the

fe?&é\(ﬁ%q% iSHEn %ﬁ@;ﬁ\’%&qp@l %%h@%rﬁ%ére 30 applied to only

that signal. In the second ose first and second
conventional components are computed for each antenna. The two first

COmpONesy fr&a@w@&a@rﬁena@cam@@ge%m%w%@ccmd RO $n  this
from 9 each antenna are added. The resultlng sums are then treate

coPREFTIERALRY Ssngrsdneee@indG R AgBmRIPRT WeigRtikgnot be
10 earikeorpanesdmiision teanabinisiasenasantdomsasgaidiopthe psigrat base

Ssnil MeAsHLE 0L 2REN\ SO RIRR"HNAANLEINR ISR KAEPSEO e united

Czylwik. ‘Fﬂlsmacfer%p on i Shown 1o g‘per orm better than any o fhe Other

prépessoinime e er. iaviryobmer residtindmenirityrdaiseof the disclosure
sygrhresistingrigmlso disclosed. Any discussion of documents, devices,

acts or knowledge in this specification is included to explain the context of

the invention. It should not be 10 taken as an admission that any of the

15 mBunHiRRYSGFINVENTIONrior art base or the common general knowledge
in the relevant art in Australia, the United States of America or elsewhere on

or before the priority date of the disclosure and claims herein. 15 SUMMARY
OF INVEINF|@Nobject of the present invention to overcome or mitigate at least one

of the disadvantages of related art systems.

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

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

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

30 a second signal processing means for receiving the estimated signal

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



It is an object of the present invention to overcome or mitigate at least one of
the disadvantages of related art systems. 20 In one form the present
invention provides an iterative decoding circuit for a wireless multiuser
communications receiver comprising: a first signal processing means for
receiving at least one received signal, sHld first signal processing means

comprising o lgastinma:iaean Jerative giars, R dRak ARARE HSHiNgRkeeding
iterative filter provides an estimate of a selected recelved signal to an
estipiation sxsrPrbthptesnding sE6YRd linear iterative filter provides estimates

of at le?ah%meemrﬁpmegréé@mlmgmmd BPB\RaSsItE raéanoey ApiRaAlls and
Input of sal

first i iterative filter; 30 d | pro ] S.
ToRHSLEI 1 S EREARP oy S BFeFe SN el Mol AU Rhe e
5 prmwidﬁingarfsigheisrmim@nggr!al 1Q est.imate to the input of the firgt si.gnal
process'r&%@ﬁ&ﬂ%ﬁ;&ﬁé‘ﬁ&&%%ﬁ%ﬂr ‘ﬁ%ﬂaﬁ%&'?ﬁﬁ@%ﬂﬁ%‘&%%%ﬂg-dQsed

another form t sent inventionprovides a method, apparatus a
sySfe A aRNeh ReRFIERIALE: multiple access network by iteratively receiving

5 multi ugRESHINAIY GPERURNSfsteigHRING iR sSBh Y S EmAbASiHBat h fpnel
the multi user signals_basedé)gn,linear channel constraints; determining a

seCORRfrants AN A dothnated HeRabeSiMBIESinear channel constraints and
10 the first gebeidingndhestecates;sED pfosigital tetisetendseinpusignathe step of

esgg]gltﬁﬁqﬁgiﬂpéjh;& @a‘:‘[ 8?%‘?99&%%&%@?&?9 the first set of signal estimates;

repeating above steps at Teast once. In‘a further form the present
invention PREGINGstas Aeext\riaRTahepsbPNeReiving multi user signals

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

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

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

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

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

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

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

component, which is input to said corresponding second signal processing



15 a first signal processing component for determining a first set of signal
estimates for the multi user signals based on linear channel constraints; a
second signal processing component for receiving the first set of signal
estimates and determining a second set of signal estimates based on
non-linear channel constraints; 20 whefdin the signal processing

COAGIUR AR OHTAILE'Y AAINGUEL-5Q 65t @aW%\éﬁ@‘étQ&etPa%%‘?ﬁﬂe?ﬂ%fnal to

signal estimates as input to the first signal processing componentin a _
sutteedtRytieh saih SR8 dISigaRhRMERTSOthTRTBARAEnthigvewistsPh At egid
angRATY 8iGHHI M FHELASS BENAS MBS Bp il s & @ RIetB itz Risaid

ool ROP e CIMUARBHOBEER T RESRED Brbsuefigpans feratr

5 conyptments having as input one or more received signals dependent upon
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one or more transmitted signals, wherein for each said signal processing
component pair the output of said first signal processing component is an 30
estimate 16f gt RebRTRIEoihe SERaBH eTiAfteryignalDaRIASh grparatus

Cugigdt S_Q%Mr‘%prcmﬁfﬁtﬂiéé{i%@? iAPHL ﬁiﬂﬁﬁﬂ%r%@@ E&tﬁiﬁﬂ(ﬁ@ S:tth'ﬂvely
proces_smg chl:rg@onent, which is input to said corresponding second signal

proteeYA RRSERCHEPEP S Ades a further estimate of said selected
transmittall sigrsahtpldlzerectmatr dimaidigeaipnd signal processing component,

h f all sgj . S , ' . Ve .
pair arehout & Gach LA Gl B oty ra S b S Riivec

paRackehsaneleceptipataatn detepine apaskessateleibrpethesitesent
inventioncprovideseeshas! i YBRAENAIS LANESEHMETHOMS IRNURIGRING HBtResis

multiple access network by iteratively receiving OFDM packets comprising:
10'%) Y9rAPR '8 A0JBI0E AT '%'itg?ﬂl,a’/@t%dlﬁs{he input signal with one of a

plurality aff priordeteredrieceivepdated 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 information bit estimates list.

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

a) sample a receiver input signal,

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

c) store the packet sample estimate;

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

with a selected previously stored packet sample estimate;
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packet sample estimates to determine a packet sample hypothesis; c)
determine an information bit estimate from the sample hypothesis for storage
in an information bit estimates list; 15 d) determine an updated received
packet sample estimate from the sample hypothesis for updating the plurality
of prior stored estimates; e) subtract theldpdated sample estimate from the

sample POt A6 TR RANSEYRSHER S NFRIM AR PRISRa .

hypothesis as the receiver input signal; 20 f) repeat steps a) to e) until"at
ledERAHRITHIRSRO ¢TI dhe paeketsaaralebynribrESH in the information bit

estimates) list. Inp@itanpthssteutbreRiasaPisioventiRrROYidRs & 86HhaE, with
apﬁa%ratugsa and %\//%?m of %?ommunicating in a multiple access network by
: .

itefAGVIRGASE B $GAREAPIE'8Simates list in an OFDM receiver
comprisimg:sé)l sanoibler foencive migsensiovahtondptevidawe a pattkat, sappplatus

mat ; e anal b
ek N T R e S T
inRIPVifitRCASeAEked infREVRI P E Bt pleskist dasiplafdihregeivep ceynprising:

Sleterm_ing_)an Uagﬁﬁlﬁ%ﬁbgﬁgﬁﬁ?ﬁ?&%g@@gw fﬁ‘eceil\/ert ir(ljput
ransmission modaelin e pac Samp e otheslis, Up ale e selecle
or B R B RO TR S AR R MR ed packot samplo

estimateb) In stidtamoiher darrimfhvenaitese ritiinestimaiteptovidesaalimgptitosl, packet

e OeBETE ; .
oC B R T SRS RO 38 L A Tos T a o
reéisicedingrgshsiyea) determine a packet sample hypothesis by adding a

receiver gput WighiRgSHECIRRbIFaKIH Bi LoHRhRAGKSH SHERIE ARIOFRviously

determined information bit estimates;

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

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

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

an OFDM signal cyclic prefix;

an OFDM tail portion, and;

an OFDM guard period,

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

an OFDM signal preamble and;

an OFDM payload data symbol.

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

system of communicating in an OFDM multiple access network comprising:
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10 b) determine an information bit estimate by decoding the packet sample
hypothesis with one or more of a hard decoding technique and a soft
decoding technique c) storing the information bit estimate with one or more
previously determined information bit estimates; 15 d) repeating steps a) to
c) until a complete packet is accumulatéd In yet another form the present

inventio j h - icating, i
muliple Dol R SREACHH R SYAS WM S . M o o
pa%mﬂ%ﬁﬁﬁﬂ@gﬁ%&?é%%&ié‘iﬁ@“Z@'YﬁLﬂ%r&(mgr@'ﬁrﬁétaérﬁamﬁﬂﬁadﬁ\é@ SO

appYastigbicasdvRESAEIIE efdnatatwithq dirlpaskct amainshsyeelation of
ap Iicattgf received seilm E estimate, such that the multiplexed time domain
sa%b'l% % pzﬂﬁ

(A8 RN SeEHYEE IR to one or more of: an OFDM
signal cybliyetreingthzb éorr fielptadqmb rinventonl; peavi@éDd/Imetiatpeppdratus
g o ; . ;
o e e B AT PO oG 1y RERRGH by
OFYMIpa)ishg aakeisrABHing 2l REEHSMTAPRPEYENt invention provides a

method, aRRARYS PEEKSYBIIMSHs@MmMunicating in an OFDM multiple
access network comprising: 13 performing multi-user interference cancellin
which cofTRRS RGN eLry R AL S BRTHAE R 1 RARKHL TG bEeRe

signals aptbessaimgplihg lepet sadasteedimn Bignaseaiueh thatifétreatatna of the

deﬂ%%g ﬁq@%‘e&m){ﬁ%ﬁcﬁ%@}ﬂgﬁt&%}] of R0 ﬁng%fg;rence signal at the receiver

inpu yet ano e présent invention provides a method,
apparatudetgnanisjrgetndsicisiamslalicta iy isPIning| @ RBEes cuRnAtetaidhe
neprsiksB¥d correlation signal with a power component of the processed input
signal;
nominate a point in time given by a predetermined threshold condition of

the decision statistic as a received packet arrival time.

In yet another form the present invention provides a method, apparatus
and system of communicating by tracking time varying channels in a multiple
access packet based communication network comprising:

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

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

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

In yet another form the present invention provides a method, apparatus
and system of communicating by estimating time varying channel impairments in
a multiple access packet based communication network, where channel
impairments comprise channel variation, signal frequency offset and signal time

offset, comprising:
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synchronizing packets arriving at a receiver comprising: receiving a packet
input signal; determining a correlation signal corresponding to the packet
input signal; 10 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 combifting a power component of the

processeg)correlafing;sioaaLurity L power sapMANEN olihe prosesser AR

signal; 15 'nominate a point in time given by a predetermined thresho

coRtRiGRG PN RYSH sta iiRee drddnredEcriMashRRet irival time. In yet
another f?)rm thsewmﬂgi@/@@&@l?@r@p@%ﬁﬁmmw caﬁm@yqor@fzéslsingothe
systemo communicatin ytrac INg time varying.channejs in a multiple
e R e R T s A
chahinehesiimgatebafesémegdsased on an initial channel estimate in a

received gacke greampia, b) ugraing e chenAel SNt alhcence asethe

h
on a packet data symbol channel estimate ina c portion of the current

andegIrpline ¢ Setivesy Bl sRtiAtes A8 ddpreh@stipeCsip b) at the arrival of

subsequent packptaig sipYBIsankd et another form the present invention
provides a method, apparatus and system of communicating by estimating

time varying channel impairments in 30 a multiple access packet based
communication network, where channel impairments comprise channel
variation, signal frequency offset and signal time offset, comprising: 14 a)
initializing a set of channel impairment estimates based on initial pilot and

preambldrsptiibanotherutesen ithe prespdHREken By PasRTrainteshadcapearatus
OP&FALIGPSUNCRCRBIRRRAIBIRCEHSIRO MiftiSet atcbannrhiBRaiByaihe varying
esgrrg%tﬁgl ggtcilnggﬁorr? (|:ne g/?gcgﬁ/%refg)}?e%%ti\?irnrgiﬂ'gnasr%?ttted packets, comprising:

a) estimating a frequency offset based on information included in a
received packet preamble;

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

c) determining a channel estimate using information included in the
received packet preamble;

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

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

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

g) transforming the transmission sample sequence into the frequency
domain;

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

i) repeating steps e) to h).
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5 of transmit symbol estimates; c) updating the set of channel impairment
estimates with the determined set of symbol estimates and received packet;
d) repeating steps b) and c¢). 10 In still another form the present invention
provides a method, apparatus and system of communicating in a multiple
access network by time varying channél@stimation in a receiver for receiving
transmitted packets, comprising: 15 a) estimating a frequency offset based

on information included in a received packet preamble; b) correcting a
received 1SighR'6&sH§ hersafiary. frégueprP bing RS '@irst rainiga h). which
chapasiastiayseisigeiicimmior dnpdaeddp R rits N diRREKGthe received
preamble; 20 d) transformipg a sample sequence of the received si n?I into
S AR o BB RS R L OSSPl B Bt e NGB S OB eduency
syddoisrand intervening cyclic prefixes; e) performing a decoding operation
which comprises processing the determined channel estimate and received
packet; 25 f) generating a transmission sample sequence using the decoding

results dRcRiRfEIMREIFIMIANG @RI & pRRR PSPEKieD I e tharsrhpaling shand

traé\ﬁféﬁ’ﬁi@ﬁo%ﬁﬁﬁmﬂiéﬁﬂ‘r{fﬂ?% iﬁi@ltﬁb%fé%@é%‘@hét\ﬂ@mﬁﬁgl;tmémﬂﬁﬁﬁ‘@ thannel
determined channel estimﬁte b\é combiningathe regeived 30 sam

. . . le ,
seGERALAN Y e TSRS FPEAMPR ARSI irPﬁ%?F%qWé‘ﬁ&% BEERTYP"
repetitngstOpOB) gymbds flora preteraedrvigadinaedt, tthestamisinireg retrieved

82%0$%%38qé55%€&)ﬁg§ ié%%qﬁgﬁﬂscg}ﬁpqg%mined channel estimate, is

a) determine a matrix of training symbols comprised of symbol estimates
derived from a decoder;

b) determine a matrix of frequency domain received OFDM symbols;

c) determine an intermediate channel estimate matrix by multiplying the
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 dimensional filtering;

f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.

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

(absolute value of the training symbol matrix)?.

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

a) determine a matrix of received OFDM symbols;
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sample sequence and the transmission sample sequence in the frequency 5
domain. In a further form the present invention provides a method, apparatus
and system of communicating in a multiple access network by time varying
channel estimation in a receiver for receiving transmitted packets, where the
receiver 10 retrieves OFDM symbols frotfi a received signal and transforms

the retieyed, UMRALS 10 B EESHEROH AOMAIN SAMOYIRRGL A AEIEINTHE Aot

matrix of training symbols comprised of sym ol estimates derived from a
deBYBER!HFoRRRIFRHINE A N AIASC ST PERRIBAL HBINAR dedasbaatgmbols;

syrrllbt?ls_;c;ﬁjhéiﬁglﬁzﬂl)@hrﬂ&nz amleﬁ@im@déatﬁ;hﬁ@anaﬂb%ﬁﬂm??ﬁnaémbused gf Ithe
multiplying the symbol matrix by the conjugate of the training symbo
B AR LRI £ U PR (B2 g the
absolute ddiitterdhéehEawaier hgssioroohmattkix; e) perform a smoothing
operatior,on inter |ate matti c ising 2 di io

filtering; %%é%%n%@%h@%%an%ﬁ eﬁgﬁ%ﬁﬁ%y %ﬁ%ﬁgn%%e @ré?c?cﬂ%eg %%n%% o
esARSAIEERRAFXVIUNRA the YrmAlaytienMiagsiasiaht matrix. In embodiments of
the invention, the step d) determining an intermediate 25 matrix of training
weights may comprjse other functions sych as, for example, (absolute valye
of the ralR A GIGT SRR ST T AORN: 5K 1o R e FRIVBRISh ooet
proviyelscausedheftbctippyratua randrsysferhapined estimatiadind on axawipiplein the
ac e estimating.Qffse i iV cejvi .
tralgﬂssgn?ﬁrt]eél\é%ﬁg%\tﬁs,%% erJi?si;(IFé]E:f a ggﬁﬁrorﬁ [ r?’éﬁﬁgﬁa ri(>)< 0 %%c%?vﬁ%}\wn by
syRfionsting thneernyingchametiinyidonaiadeediersyhiolpdatiegethatet of

da&%ﬁﬁ@bﬁ)ﬂ?ﬁﬁméﬂﬁééﬁ%%ﬁﬂfﬁ flePERasnhIReiaibing apdstisaattstes and

symbols; c¢) determine a 2 dimensional Fourier transform matrix comprised of
the(ecelved packet may comprise the above steps a) to e) for estimating offsets.

In a further embodiment, the above method may be used as the channel
estimator as required herein, in as much as updating the set of channel

estimates with the determined set of symbol estimates.

In yet a further form the present invention provides a method, apparatus
and system of communicating in a multiple access packet communication
network by synchronizing a received signal in a multi antenna receiver
comprising:

correlating a received signal observation at each of a plurality of antennae
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

predetermined threshold condition.



received symbol matrix multiplied with the conjugated symbol matrix; 5 d)
filter the Fourier transform matrix; e) determine time and frequency offsets by
locating peak power occurrences within the filtered Fourier transform. In a
particular embodiment, the above steps a) to e) for estimating offsets 10 may
be used effectively as a means of chanriél estimation. For example, in the

above dagched il e ﬁwefn@ganwm%mgx%ngwiaaa'og R¥mputer

estimating time varying channel impairments, the step c) of updating the set

of RERGFAMR NFABRAAeMPESiEates with the determined set of symbol

estimateg aa¢hpeeeivieddrackelimheomytsmihfateYasRPErayiant e and
estimating offsets. 15 In a further ee%‘goﬁﬁgaent, the aboy ethod may.

e be. .
usEARURE ERGARE SYSHrL R 5SrRB0! RBr%%‘g, m%?mﬁ}eﬁ %@“dﬁﬂé&?ﬁ&”g n
5 the setuttiplbannedsssitoratesniddtiche riEteorkinedidetompyte op eximaratgsodQct
In ggﬁr}?rg%m@er form the present invention provides a method, apparatus and
system of cOmmunicating in a multiple access packet communication

network 69R8PHEFTOFRARRPIS rec@sifedVEiRalSAIG reRMPateEnHaaRIBeirgdium  for

COpMRfbTIBiCOIsIRItREPsEepS NS disSapsd PRersiation at each of a plurality of
antennae 25 with a known signal preamble to provide a received signal

sequence; determine a power signal of each received signal sequence;

10 combine @tbaletsyautseahpgwele sigth alspierEcany disuteseadtina evsp eaifeatgpedand
weighting-base estli ' tr, f C . ; 30
e o 8 2 Sl o e
prétvaetigiined threshold condition. 17 In embodiments of the present

inventionTiRergriss R VIHRM FoROPIBUERSs RIRAFARIURS WG EORBRBSNGvireless link
between two communicating devices, for example, an IEEE 802.11a Access
15 Point to an IEEE 802.11a Station or between two nodes in a wireless mesh. The
present invention leads to enhanced key performance indicators for point to point
links, namely, range, power, data rate and reliability. This is achieved by
advanced signal processing techniques in the following areas to improve
performance
20 . Decoding
Synchronisation
Equalisation
Channel Estimation
Full Exploitation of Multiple Receiver Antennae.
25
As would be understood by the person skilled in the art, in addition,
techniques that exploit multiple antennas for transmission may be employed to
provide electronically generated directional antennas in an adaptive manner.
The following advantages stem from the present invention.
30 . Spatial rejection of interference,
Significantly increased receiver sensitivity,

Significantly increased robustness to fading, and



a computer usable medium having computer readable program code and
computer readable system code embodied on said medium for
communicating in 5 a multiple access communication network, said
computer program product comprising: computer readable code within said
computer usable medium for performing&he method steps as disclosed

herein. 10 Oth%&?Bg@ﬁg&%ﬂ&{@%ﬁ%&ﬁ%ﬁ?ﬁéﬂ? disclosed in the

specification and / or defined in the appended claims, forming a part of the
description of the invention. The present invention provides an improved or

enhanced ygfialessditiknbetwReAEMARO BIELIERL RE SRY RS RCRX SIS that
an |IEEE 802.11a Access 15 Point to an IEEE 802.11a Station or petween
twsrﬁoﬁ%%‘?ﬂ‘ﬁr%ﬁﬁla%f%om&ﬁ FHRD 58N hEN ?EHSE‘ttoorerﬁ’l‘? &b 'REgrest

5 pestmmend.ée'jala@itimgomlmf.m pigipﬂl&ipdaﬁshsk&mam_b@bihiangmt @Wgﬂ&dﬂ&iﬂy be
faﬁ%wee@mm- SR SrREhigyRd By %ﬁmﬁ;@. AR S 9herefore the
techniques in the foﬁowmg areas to |m%rove performance 20 Decoding

SyHERveRRtiEh | eRaNREABPMSRIRRAcR S tRTRARAN RACKSSloiRigERTSrS have a

M @Hﬂ%lRﬁgﬂM@Fé\rﬁ@nﬁ@@sﬁédA%W%d ragdislesstepadYHBE Re IHtantially
skilled in the art, in addition, technigues that ex?fl)é it multiple antennas for

traf SRS Al BE BRYFIG) B8/ SYBvilits A1BTRBIT AaR)! 4iggp that are not

10 direciimrzédrdendasr ot aceaal sptilernspatiar sidinst dodl @nihd & edtstquesislenthat
fro ti jon, ial reipcl i Significantly
I R e tacim,
and

Significantly, increasing the receiver sensitivity means that the receiver

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

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

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

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

data rate.

Robustness to fading provided by the inventive techniques disclosed

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

re-transmissions and fewer dropped packets.

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

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



18 Self configuration of antenna patterns Spatial rejection of interference
effectively ignores or rejects signals that are not emanating from the same
location as the current or point of interest 5 source. Rejecting these signals
increases the probability that a signal may be received without errors thus
increasing the reliability of the link and th@refore the throughput to lower
eSS U8 A LoRPSHBARKSIC NIRRT SR YE R PRAUEI ARG g
measured at the recelve antenna that Is substantially determined by their
potiadie Aelestaliadionsssible that transmitters that are not 10 collocated
could produce a similar spatial signature and it is also possible that
collocate transmittfers coul?l prod ce_diﬁ‘ereﬁt spatial sifﬂgtatures. |
Significafy, #reQliFE AR Fac ISPIKRSREHY THRLRR (TgArd Facal & fagP'e
5 opevaimarica@yrSNRK SigngiterNwite-dratiojthourtt tvbicts@rof thee SPoiahio-Point
be%%ﬁﬁglﬁg%c§mg Fgggé\ﬁq DOWRAt which the signal may be successfully

decode een reduced, the path loss may be increased by increasing

the distance between the red¥Rieplnfdielatedhiiter therBESsRIrBwSAPhe

raign g dlternatively, the presggphinvention allows the fraggmit power to be
decreased and still a link may be maintained. Increasing the receiver

seR&aviEG G PwEhs 20 thiat 04 power is required p&t bfand accordingly,

it e ppBSiRIRAdransmisoakigizer number of mftlramgpg] bits per

Cnncfnllnfinn cvmbol _This increacas the data rate Rahustness to-fading
Jirootoemaaaounrt U]IIIUUI- IILBIE A IEAYI AVl " Ce \wre uy u | ) vy At TG . TYTWOU U JltTvoo Tt Taaugn |s

provided by the inventive techniques disclosed 25 herein may decrease the
amount oftEacketszndrsioventmextesoe addddwanimeproaectiaisonéadéscBng
in ing. rob reli ' ISur
<RSI SRR Rl et A e Ml
10 fewdreardppedparigbthangefe (RRIGY nAyihIEanHAES ToP rahstiigkendacket.

reqgiyRAMCinTREANE tbetrRiRCHRA ok inissterenea b auisaVEE packet is
dirgec’;[(ia?pnicr)]feic?t rcr)%StlkJor\]/E/% fggc?ttjiggge”styaits tl]‘ig start of a packet. This estimate may

be used to decode the whole packet. However, if the relative speed between the
transmitter and receiver is great enough, the channel experienced at the

15 beginning of the packet is substantially different from that at the end of a packet
rendering the channel estimate incorrect for the end of the packet resulting in
decoding errors. There are other processes that manifest themselves as the
radio channel changing over the packet. These include mismatches between the
Transmit and Receive Radio processing resulting in residual frequency offsets

20 and misalignments in the time and frequency synchronisation. It is difficult to

build transmit and receive radio devices that match perfectly.

The advanced signal processing techniques of the present invention

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

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

receive radio processing. By way of example, typical performance measures of
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adaptive so no hands-on antenna orientation is required at install-time or
during the life of the installations. By way of example, indicative performance
measures of a sample 5 communications link are given with and without the
use of the Point-to-Point technology of the present invention. Typical of
Related Art Present Invention Range 380m 1km Required Tx Power 1.0W
O-5 YA i Bl RAle PACKDRR BN B TG QIERERYHR/ERUOR RIS Channel
prov es |mprove channel tracking™ capabilities. Channel trac
tecHaekeg tesanslaghe adaptation of the receiver, 10 when the channel

changes rapidly over the dy Iﬁygﬁéﬂ(ﬁ RelgiePARKEL. T ¥RICsEM: IR Ahigmnel

estimate thatis used to decode a received packetis determined from known

selflEipEO NNt art of a pﬁgl@?/ Rihis estimate may| HULBA o decode the

whole packet. However, if the relative speed between the transmitter and

receiver i %Deat en u h, the ch nneI exaerlen at the 15 belglnnlnl%of thethe

packet is su BERER Iy d?{étt‘é%t‘?r%"mp{r?é{ atthe end o & p(f'fc e n@néertﬁ'&?he

chegmevastisarvarsiandardiintenterangefrime pmlre§bnit@rtm ‘sRyveditapdard”
eriQirs NBrarafR AILSbRECEESSRRItI b IARTESH IRATMSC SR ADIRE: 'asiPs in a

channel changing over the packet. These include mismatches between the

TraHdHYB I PYaLeBiveoR Y (R Ce ERT MUSRIRNR iHGRReHaarrdRBnd)e same

offsatss@fttandominalignenesisinithetémeaanchiegasa oy syaebranisqlippet Wwith
dlffICL” ﬁ uild transmit and r CEIVF radllo devices that match g)erfectly r;}l’&eple

Iple fransmit antenna communication
adVahde signal processing tech nlqueso the presentinven ionY ANOWS &
recsiied maeemttteh)s:miharprHJ@reﬂmt@s:hmdwlrEst'htateharmgrams beed@te in a
Ché&&%ﬁm&éﬁ%@ﬂ%ﬁ%‘%h%‘ﬂa@ﬁj%‘E@“H&%&QWEHM@ Qﬁ@%?&é@@%ﬂ%m
such Channel Tracking technology is thMmmumcate und erwgy
mdBiRt) s N SRR RIeiSI2FgBraRiY \REEA Rt orks
reesivelira@dioy o racesaing: B ycor sfreKxdsiplge tyigiskd ity e GReBRASUIEoth
of schemes limit the use of the medium to a well defined frequency and time where
only one user may transmit. Packet collisions occur when two transmitters
inadvertently choose to use the same frequency at the same time. The
Interference Cancelling technology includes advance signal processing
techniques that benefit the following areas
Acquisition
Interference Mitigation
Range
Network Throughput

Reduced Control Overhead

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

retransmissions and dropping packets. Secondly, by removing the requirement



5

10

15

20

25

30

20 a sample communications link are given with and without the use of the
Channel Tracking technology. | Typical of Related Art Present Invention
Maximum Mobility 40 km/hr 400 km/hr The present invention also provides
interference cancelling allowing the 5 removal of same standard interference
from a signal. The term "same standard21refers to transmissions of similar

paﬂ‘a?to?’if?'%%qﬁa@ﬁﬁ‘it?ép%gﬁ%@eié; Q%%?P%&?érféﬁﬁﬁrﬁ’%?\gﬁﬂ%m@me amount

transmisslons (reflections) fr _transmitter, or iple transmit
antériFRifie thet cagelsr saddetereififppediwRnmAuRpIBeFansast dMrsrAYerifhis

a;llmﬂgelqisé @@%ﬂ@ﬁ% mgdrgleekﬁgacéiy&ﬂr%m@d&@r'd Fe§N@ERNing
the wijreless medium, This sharing may be done in a coagrdinate P
PR RSB R R GRS E CEMABR TP e ARG D02.11
frenetevecissiais Gepaaatalcocopaiest@dati@nipy iofficefroc networks by all
active 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 15
only one lisdhénpsranhate PHEk e RsioHEBcAMOWHER IR erarseR%tdransmit

inWHQYtéh@ﬁfé@éﬁ’t useibgraame & aaiensyridheasaanatbnestfiure may
Interference Cancellin technolgﬁﬁ/ inclg)ges advance signal {)I’OC%SSiF(Ig
e

te SHRRYRN & FREBH NS HRBRH Lt G RYAY S S0 R rre B cisceiver is
Mithgaticrbl&angerddedwioy kofhesag hplutthe ethiederiGg nsigh@vetheth 2 Senabling

Fuig@%ep&qgéif:saﬂf:g“gtf(mgrference Cancellation technolpgies of the present
invention resolve collisions between two or more transmitters from the same

standard transmitting at the same time on the same frequency. This has

numeroug ARYBREAGRSy FESthisBiled GolliIsioEnOsRYN. BHyERNAMIKES BAE Hiith

alreembodiments of the present invention. The resulting reduction in network
signaling overhead multiplies the benefits over and above the resolution of the
two colliding packets. Typical quantitative measures are a doubling of network
throughput and several orders of magnitude reduction in packet loss rate as

follows:

Typical of Related Art Present Invention

Throughput 10 Mbps 20 Mbps

The multi-hop technology of embodiments 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 others 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.

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

may employ dynamic route determination techniques to build and maintain the



received correctly increasing throughput and reliability by decreasing 30
retransmissions and dropping packets. Secondly, by removing the
requirement 21 that only one transmitter may use a given frequency at a
given time the amount of traffic that can be carried on the medium may be
increased. Moreover, this may give gred#er flexibility in infrastructure design

S“Fé%ﬁrﬁéﬁglﬁéﬁ@?@@@gm%&ﬂ%' tﬁ%t%?ﬁfér%%@%%ﬂf%@?&ﬂg% terms of

Networks 1 aS two IEEE 802.11 5 networks from separate companies in
adftspiitofrRiEbility medcepst afHeliashededred user and interfering users
transmit according to different standards, the interference cancellation

structure may_.employ a receiyer and re-trapsmijtter for all relevant standards.
The receh BFIRIT AR SHIELA EPMate hBbREBRSHHE el g Lign A imal
5 therlebyisgabling antgrferpieeneanhdelhad moCddhistensayapdésodeselyenh ia tagio
Physical ri [ ' invent
T e R G may
bebeM@ssiRie-and above the resolution of the two colliding packets. Typical
quantitative measures are a doubling of network throughput and several
orders of{n{%%njt de reduction in packet loss rate as _follows: Typical of
ag

Related Ar PRVENEERV SR SRAGR £ RhHPs!EB NBPOD0 FHgamic route

10 muléttopinatbnotogy séleatbadimentsudé tivdhpne fentdarentionwddoissblocked or

selegled ipnaDasIbly AL WIrdRSRASUIGES IR ACLATIOWES: JRATHE % etwork
k
packels from one device to another in a communication network. This means

thabaJEgIT2088 HevReinmaPIRs: i exrudebriotsrieesipralall faneraad i a
of HE@rquﬂiﬁ%aérﬂwmm ey brlnked tRiush adirdivanadBsiNRERfore
e

them, then they may communicate to each other by passing their message
thr@t%ﬁ’] fﬁg‘fi’?ﬁ%’eﬂﬁt&ﬂgﬁ Slai/_namlc route determination continuously adapts to

15 network configuration changes allowing for mobile network nodes.

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

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

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

25 . Mobile Multi-hop Radio Networks
Fixed Multi-hop Radio Networks
IEEE 802.11a Access Point Chipsets
802.16 Base Stations
OFDM Baseband Receiver Co-processor
30
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Depending on the particular network dynamics, the multi-hop technology 30
may employ dynamic route determination techniques to build and maintain
the 22 required routing tables. Multi-hop networks provide many benefits in
terms of flexibility, reliability and cost of infrastructure. Flexibility is achieved
through a self forming network that requdfes minimal 5 planning. The only

requiremepy isf f&%ﬁ‘&&' %’é?%é@aé/a@ﬁ IR & &Peq{ﬁ’néé‘ ﬁ’@élﬁa%sfﬁﬂ%m

the core network. All"configurations meetln]g this criterion m e possible. It
mibRs pRENsBieNveBIR Y Slseceast frotd tﬁwwgamqfo%bq@ments of

detrepieatianimantisiect a new route when the current route is blocked or
congestion is best avoided. Therefore if a device was to go offline, the

network may rearrange its routing tables to exclude that device from all

routes arfdréitlyl 2a dabpativilitooigh RadietNetwahusegeatngedfeotivst realtime

neglRO AN SO Re ) Fﬁsrecl’faPlS ﬁ""é’rﬁhﬁe@y”%ﬁl’sc [S:%gwee\g?t&féglﬁé‘%'%st-

continuously adapts to 1 network configuration change Ing for mobile

neBFk Yo REIrRAiRPAbPIBRIARIHY iz camauiealinm pibasiwents Betrobile
Pres@nbIrRnbefveliar AeiMmieaRIIand QY ovils& &g dandvwidissinkouters

over a wide area. Due to easy flexible installations, low infrastructure costs

and'8 RIGRSLLNSER: SRRBRS ik FHHITER oS e fRRYIR FORBRARPBrP X Hifishand
retoainkbonevestwmrki. A dinednesisvoflapaicatomsadtite comautiiccatioersrigbhcbrks

e e e g S AR Bhlf sna
RSB SRPIILIFch O RN A ebIE iIfE 866 1708 soehsyircloss
PaiptfehipseiswieRdS rBagesStaiippe BlelMrBassRand Recfivgs adapt to their

Co-processor. 30
environment in terms of link quality using, for example, data communications

methods as would be understood by the person skilled in the art. Embodiments
of the present invention provide a competitive advantage relative to other Multi-
hop Radio Networks in that the improved mobility and range, as noted above,
leading to a more efficient network is provided. Relative to related art Private
Communications Networks, embodiments of the present invention provide
significant improvements in Data Rate, Range, Mobility and cost of Network as

noted above.

Secondly, a Fixed Multi-hop Radio Networks is provided by installing
Wireless Routers at fixed user locations with links available to one or more
wideband backbone connections. The only requirement is that all routers must
be able to form a link (direct or hopped) back to a backbone connection. There
is no need for expensive base station configurations and ultimate range is not
limited by signal strength. The Fixed Multi-hop radio Network forms a flexible,
low infrastructure cost solution in providing a high bandwidth connection to a

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



23 The following describes each of the above identified applications in turn.
Other applications may also benefit from these technologies of embodiments
of the present invention. 5 Firstly, a Mobile Multi-hop Radio Network requires
effective real-time communication to networks of moving entities. This
concept provides cost- effective bi-direc&®nal high bandwidth communication

both betysediRAROH BAULIES AN SRBECATCS S AR BN e

entities. Wireless Routers " are where service Is required with re?ular

coRRBIAR (HacOrlarpatePME D ARLBIESSLRFHIRS Al AioNsoadthaplseto be
useghtdireanest toypshercaeiveprksitstichtasthe INteValiag OthesBliyateestimate

networks, Other than access to power and a sical mounting pojnt no
BT ot rtD R DALTIRG B arsL e Bne PR AP PsTrarec
5 m&Babelitesy advankaigedise foutesradapntO©Hi2M ssteosittenpredentisantion
i . i f _ iRieati
S HB! beutfe B SHBMARE £ FRMRER EFLRIA ER GO R R KRG
im%ﬁ@ﬁih%r@@iﬂ?ffﬁﬁftﬁ% &W%v%tﬁ@b%tﬁﬁv@'@?ﬁrﬁﬁ mmntomb\s Ruglidy of
NGtWéO'?é‘é&B_éBﬁt %Eﬂpfpﬁtﬁﬁbé@tBU}Wiﬁ&@diﬂ@gaeéédﬂ%eﬂwat_r@/QteFﬁﬂngd@p.
a more efficient network is provided. Relative to related art Private )
C&Wﬂﬂﬂiﬁ%ﬁ%ﬁs"ﬁl H?ﬁ/d?{&%é% BYSRIGAES: BRSBreQBNHIERRRSF pPaDRR!IBkPN
10 sigmifecarnirenjonos estiemisein ddte Ratki, lRengecdilahiltiganld aostsobhatteadrkrom
) . g . e dod
SR SRR A8 ChnB M MU IR RO R, BN Rese

or enehediPeente clsan@tbaeieo tiecdisadrastiagerhanshsorapigiier of isising iee
rouieseemustRe RN fesmrauiils (iraghaishRRAANBARK e @& battaoBkioring

connection, There is no need for expensive base station configurations and
ultRR% PAHF G Al 8P Sig AAPRIERGH MMEL QAP YANIRIRAY Treables
15 Nedexwdlifigrog adtgxibbsr towigntibsiocotdiegcdst $w@intiBoringpdoEedimg @drighbtion

bmﬁagﬁﬁggﬁ‘%%“gjﬁ%%ﬁéﬁ] é‘gf39t}6’|j%e aVe? Nomeik (aatisdrlahie §8Waes for
significantly improved symbol estimates, resulting in superior interference
estimates. This in turn allows support for significantly higher numbers of users.
Embodiments of the present invention do not require synchronised users to
20 enable improved multi user reception. Embodiments of the present invention
advantageously use decoder outcomes as training symbols rather than only
using demodulator outcomes. Advantageously, receiver coefficients for
beamforming may be determined without transmitter interaction. Also the use of
decoder outcomes to improve channel estimates allows accurate estimation of
25 the required beamforming coefficients. In accordance with embodiments of the
present invention, smoothing of channel estimate taps is performed in the
frequency domain as well as the time domain. Further to this, embodiments of
the present invention allow decoding of symbols more than once as a channel
estimate corresponding to its interval is improved resulting in increased receiver

30 sensitivity.
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24 Furthermore, the present invention enables all decoder outcomes to be
employed (decoder outcomes are stored across all iterations and able to be
combined) in the receiver filter structure providing improved estimate
determination. The number of users that may be supported is greatly
increased. 5 Particularly advantageous,2@r example, in OFDM systems the

present ipyaplion. dges Bt EOyia RIONIITVEL |Ae alrieasiln D ELasne

in forming estimates. Receiver performance is superior to that of the related
arf@perentHecau IRy dstailed rdesmsitionyaivssl hpaviriteby RIRIAG Hetbskgbe
in thrideabaniaemeEieRadinesistidie Migseiddmvestionmés, hasesl iRbicating
mter%rence cagcgjllatlon 1 \g%ere revious estimates of the nﬁu_llﬁiuse{_ |
reSERIEH o RARUDEN R AL 1S ”{Wé’r@é&\%‘é‘*@igaé(ai"f%ycé{ défshigtion only.
in.teiﬁeeeneeidbeyod:mmgesAmldfrdmgiﬁc#tiese eiitthodinee stsrd oamot §nﬁpet|mé the
disaObARIASGS DL CRIBPLRAIES Py SHBLECGER T HEIACRISA Dluetailed
multiuser signals which would necessitate exploring many paths through a

giVaSEeFEtioThe present invention advantageously enables 15 decoding of
each user's signal according to their Forward Error Correction encoding. This

use of strong error contral code structure provides for significantly improved
syﬁ\g %ﬁﬁ?ﬁﬂpﬁﬁmﬂg ?H%Bi%ﬁwmg#erence estimates. This in turn
allows support for significantly higher numbers of users. Embodiments of the

present i%ﬁ'ﬂg?rb%%@%E%gﬁﬁ%éﬁgmgi?&gﬁ%ﬁeg ?Qa‘ﬁﬂ%c?'%ﬁ%‘pa{?g& s of

multi user reception. the 'present invention advantageously

usthedueserionnIiier BaY &pihgtefmpERTsianpd i atosaIpkilstdn the relevant

degrogyaesraHEeO I aRe AR RUshL IS i P seiligieRtBdiments taken in
beamformin be determined wijthout transmitter jnteraction. Also the use

ma
of C&E&H&fé‘r"gu% 886 3RHHB0ABHAA N AR WOV SRRt DY Way o
estilnsttimtiv ofabythance thugedrbasshfonitimg toceBiGens. df thecprdseceinviéintion,
e@%%qw]gm%of the present invention, smoothing of channel estimate taps is
performed Iin the frequency domain as well as the time domain. Further to

this, embodiments of the present invention allow decoding of symbols more

than onceig§ra 4ha08@htes a related art multiple access wireless communication

system;

Figure 2 illustrates an example of a MAC failure in a related wireless
communication system involving an access collision;

Figure 3 depicts self interference in WLAN network of a related art
wireless communication system;

Figure 4 depicts a generic iterative receiver structure in accordance with a
first embodiment;

Figure 5 depicts the transmission system model for coded CDMA,;

Figure 6 depicts a canonical iterative multiuser decoder;

Figure 7 depicts an iterative multiuser decoder with linear multiuser
estimation in accordance with a first embodiment;

Figure 8 depicts the recursive filter A!”in accordance with a first

A (n=1)
embodiment for n = 1 the input signal is r while for » > the input signal is x; ;

and
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estimate corresponding to its interval is improved resulting in increased
receiver 30 sensitivity. 25 Further scope of applicability of the present
invention will become apparent from the detailed description given
hereinafter. However, it should be understood that the detailed description
and specific examples, while indicating 4§referred embodiments of the

inventions 3 0y /et e iliwALa Al ReiDeapiRyR RNEeRR e, |

modifications withinthe spirit and scope of the Invention will become
apParentdd theseyrinperiMitheadHskembpadinaRtbiled description. BRIEF

DESCRIRHGA @kHdis PRHICHNGIsted At eiHyRs pirt SHDMirBERE HRAlfevel

advantages, features and aspects of the present invention may be better
untiYSt8BH by those skilled in the relevant art by reference to the following
descriptidigaferefeltusttaiet ediavants tiakeot ithecsinglagiass WiEDMaeceiver high

ACROMRARY! e%‘?“l‘(i{i(l)%% %ﬁﬁ%@é@rﬁé‘ﬁ%@ WtM"QYs8E&5’d”&!ﬁH6§ﬁ’ﬁleﬂ{’% Afitate

thus are not limiting Yo the Scope of the present invention, and In which:
Fidigrativeraeites taginaledigst multiple access wireless communication

system; zGyhigure SndustertssHN SxipRIRI bR Ghailreta s fatadedcture for
wireless communication system involving an access collision; Figure 3

dePREL LT THHERSTOP AR e BRI SHTORAr&rRegdiment
communicigtion dystemowsicrirelybddpRisteagemérititaratveareseiwéthstiustoend
in gﬁﬁ%gﬁ%ﬁ,with a 25 first embodiment; Figure 5 depicts the transmission
system modelfor coded CDMA; Figure 6 depicts a canonical iterative

multiuseFE6dt; Fgwie 7 dapiciiesaderil Rerledsiate debGeirithSaiddard

MydesBE 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

Figure 18 shows an Example of a Typical OFDM Packet Physical layer
Format and an associated Multiplexer mapping;

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

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

Figure 21 illustrates an example related art time synchronisation decision;

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

Figure 23 shows an example of a filtered decision statistic in accordance
with a third embodiment of the invention;

Figure 24 represents an actual frequency domain of a related art radio

channel;



estimation in accordance with a first embodiment; 30 Figure 8 depicts the
recursive filter A(k) in accordance with a first A (n-1) embodiment for n = |
the input signal is r while for n >_ the input signal is xk and 26 Figure 9
depicts Bit Error Rate versus users after 10 iterations, N=8, Eb 1 No =5 dB in
accordance with a first embodiment; Fighfre 10 shows a typical related art

single p.ﬁﬁ@&%&%_?@(ﬁ?é\é@h@qﬂéewa U BRI YHI Rk 'U3UBIER Aeciver
adaptation™of the single pass OFDM receivér high level structure of figure 10
in BResecRIMEEMUeRCY SElsRY @HBsiMent to facilitate iterative receiver

technologigsir&igerecpresBa S @RrBIVbadiiase Hesriisiand BREERRMYILf a

structure for use in Iterative Receive structure in accordance with a second
enBEHiffiEnt; 10 Figure 13 shows a Hybrid Re-transmit in accordance with a
5 second éighodigTentpFegantsld showschdiarl Bstirodte aaiteR srvbathilagedomss

OF - r i | r ith a
segr}lf5 e% bo .r%é&?;‘8%?&%%@0%?%&%@@%&%@@%@L allf![’e for
OFDM SbfgMardd 3ensespiisas® rREdFanatarsifacaréonrticesbagicecnitfathe

serRRARINRRHE BBk EGHIfiAP sSWsisa structure for time domain channel
application process in accordance with a second embodiment; Figure 17

shows a SIAIERUFS FETRTERRIER S S R S5HEEREN b |estimate
10 acdatdleasreiwtdhcasacoedvtmbdourierimandi2@ftigtiteelif\@mdias; an Example

of a Typigg) (ELJy! i@%ﬁg%%ﬂ%@ec%lr' y]_@gkﬁﬁr@9&@.@%@??&%@}%%%% with

Multiplexer’mapping; Figures 19a an show a wireless mo
ind6Ipe&AHY a baseband receiver processor in accordance with preferred

embodimagtroBhes RIEISHDM symbol sub-carrier matrix structure in accordance
with a fifth embodiment of the invention;

15 Figure 32 is a representation of channel power (amplitude) over a sub-
carrier and OFDM symbol resulting from application of a fifth embodiment of the
invention;

Figure 33 is a representation of channel phase corresponding to the
waveform represented in figure 32;
20 Figure 34 is a representation of a synchronisation metric of a sub-carrier

and OFDM symbol in accordance with a fifth embodiment of the invention.
DETAILED DESCRIPTION
25 System Overview

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

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

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



invention; 25 Figure 20 illustrates a packet structure in accordance with
related art; Figure 21 illustrates an example related art time synchronisation
decision; Figure 22 shows triangle filter coefficients for a receiver filter in
accordance with a third embodiment of the invention; Figure 23 shows an
example of a filtered decision statistic irP&ccordance 30 with a third

gomg@mﬂmemﬁg '?¥85'i@88?s'i:é%f%lﬁﬂ)i@%%%&%r% %%E%&ff&ﬂ#?gﬁy given

of a related art radio channel; 27 Figure 25 represents the

frefRBiaaFianPbetiginesl dHarsettaner wihsandireqtientihomsesent

CO[QEHAON Ry APIRPrREBIISsHhBIERh BRItESTIPpR el altdcesSindal
of a receiver; 5 Figure 27 r%\%zfnts a radio channeEJ estimate after

sniGORRINY e POS S TORBRAS Szt eoraR iR lisf ok FmLELS 's
5 of theciosentersiriglihe PBressiseg tipiea e negigester théobasthatld receiver

er%‘?%*é@k%g ot H“v?/i@g‘éﬁ%’ﬁé’f%m#’%f?&&ﬁ'iﬁ]& %Vmﬁglﬁéﬁi%é%ﬁ 19b..
represents a raw radio channel eéstimate or channel estinfate” 10 database in
actHRIBAED FierHSBaY i anfseHaidAtesr atrd initd e Figyarean@lrgyg device
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emBoaMiRE AMETRRRBR: VNG JHE59' € 1B SREMRANBIEIcAIRYLpS and
10 podmr(gmpbhtsit_t)eom:ea/s@ Isigrmirimitab_té @FWisgmbalo@@ ondjditam

applgatian of ?nf;ﬂhgm'i’a%%eﬁhgfégﬁvéﬁ\éﬁéﬁbogh@%}é@tﬁé fé?ﬂﬁm for excitation

representation of channel phase corresponding to the waveform represente

in fAthe @rtenna.

The baseband receiver is responsible for determining the existence of any
15 packets and then to recover transmitted information estimates from the received

signal if packet(s) are deemed to exist.

A canonical baseband receiver processor Rx is shown in figure 19b. The

received signals for each antenna are supplied as input by the Radio Frequency
20 Circuit IC. These signals are then filtered 302 by filters 302a, 302b to remove

any out of band interference. The filtered signals 303 are then combined with the

current 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
25 except for the packet of interest. The packet of interest is then decoded by

feeding the Interference Cancelled output 309 to a Single Packet Processor 313.

The Single Packet Processor 313 takes a Multiantenna received signal as

delivered by the Interference Cancellation module 304 and produces an estimate
30 of the transmitted information bits 314 and an estimate of the received symbols
306 for the packet of interest. These symbols, along with the channel estimates

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



20 Figure 34 is a representation of a synchronisation metric of a sub-carrier
and OFDM symbol in accordance with a fifth embodiment of the invention.
DETAILED DESCRIPTION 25 System Overview In wireless networks a
signal received at a network device comprises components from all active
transmitters. These components, along #th noise, add together resulting in

th%@&%’%ﬁzﬁi%@orlﬁ‘es%l_?&s‘%?%e&re%\lyem - QL1096.R98,60 RIS itted

corresponding to a specific transmitter, is of interest. In other cases, such as
a r@d@gﬂb‘?ﬁﬁﬁbﬂ%ﬂ@dh@a'&t%@%ﬁ@%@@@% fRedideciféd components

are of interest. In either case the presence of the other signal 28

tsin th [ i | inhibits th t timati f :
aiven tra R R THEPSEE A L BN AEE e B &Rty o tnea
5 presagie pavkatiteclnsystem dredmadtheets @adappesatjsdivrppeckssiagae of
B e s

the BelRRIBHAS PEHEBIVEID REYESSIRTISRHORIPER SE RN GSNBATI0D 216 ek trtbe

in fgHRmatecatdntobindibPEadicHrerayshcyBransceiver 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
10 transceiveechmigpossthahioae dCeahepiifiassaresd d Ofdosvsparhverisatierreceived
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received signal if packet(s) are deemed to exist. A canonical baseband
receiver processor Rx is shown in figure 19b. The received signals for each
15 antenna Bkenspggiigd are iftumiddyythes&ache Fretecntyrfaerceadahbelldthese

SigRgiR R sdheTled 0% P ALRISE0%R iR LA NYRal generated 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
hypothesis since in ideal conditions all transmitter components are removed from

20 the received signal leaving behind only the random noise.

In applications sensitive to latency the feedback loops, both inside 310 for
decoder outcome assisted channel estimation, and between 304, 310 and 312
for multi packet interference cancellation may be executed at a rate higher than
25 the packet rate. In OFDM based systems the preferred choice for the loop rates
is the OFDM symbol rate with decoding and interference cancellation occurring
at the OFDM symbol rate.

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

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



any out of band interference. The filtered signals 303 are then combined with
the current 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 25 except for the packet of inteRést. The packet of interest is then
decoaRohRYhEainG| ﬁa'l’]&%&%f%'ﬂ?gg%ﬂ?Bgﬁﬁé?b‘f’é‘mlr’ér?@gn%o%r?ﬂa%‘%g
Packet Processor 313. The Single Packet Processor 313 takes a
M EareERAa PEERRASIgnal as delivered by the Interference Cancellation
module 304 and produces an estimate 30 of the transmitted information bits
314 and an estimate of the received symbols 306 for the packet of interest.
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mayiligsittain advanced or conventional 5 single packet techniques. The
multiuser interference rejection performance of the receiver will be better if

the Single Packet Processoy is of high quality. Techniques pertaining t
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searcher in the interference cancellation module 304. The searche
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15 interoesliaegigesdichthe received signal minus the estimated received
signal for all currently detected packets and is referred to as a noise
hypothesis since in ideal conditions all transmitter components are removed
from 20 tAB iereyatarsigriarIEHeTrieBienied affptieakasiivanheigelosed herein is

to exploit the fact that information provided by the decoders is initially only
marginally correlated over iterations, i.e. in the first few iterations, each iteration
20 provides new information. As the structure converges, the output of the

decoders also converges and eventually becomes completely correlated.

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

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

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

30 recursive expressions derived herein.
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In applications sensitive to latency the feedback loops, both inside 310 for
decoder outcome assisted channel estimation, and between 304, 310 and
312 for multi packet interference cancellation may be executed at a rate
higher than 25 the packet rate. In OFDM based systems the preferred choice
for the loop rates is the OFDM symbol fte with decoding and interference

cancellaton cgurigedae QEAN YRR el ARPIRALEMISHEn  are

packet based decoding and interference 30 cancellation may be performed at
th@piained raveraadifificaltha cieadiissdtiets crerguiss st HeuSivigle PaG@eneral
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processing gain gvailable when considering long sequences of symbols. In
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required. A controller determining which packet is to be updated may also be

utilised. With reference to figures 4 to 9, a first embodiment stems from the
10 gener&nfeEhizasome tlie e sy weiHBelobf iesPiNe NS R G 1RFESF Mge fisF sed
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structure converges, the, out%it of the decoders also converg%gs and
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closed herein'is to exploit the fact that information
provided by the decoders is initially only marginally correlated over iterations,

i.e. in thedirstfeydterpianoraneta aipibdinyise s iagRation Assing
the structure converges, the output of the decoders also converges and

ev@ﬁﬁﬁﬂﬁﬂﬁé}f&ﬂg\g W@?&W'BJW&(&@&%HQ BRYRsL2A8fs Sg?r?ii@? of first
based secartesiuriglerteessinallcavspiaidats 1, 2, the pairs of components being in

iterative configuration, each of the first signal processing components having as
input one or more received signals dependent upon one or more transmitted
signals, wherein for each said signal processing component pair the output of
said first signal processing component 1 is an estimate of a characteristic of a
selected transmitted signal based on the current and one or more previous
signals received by said first signal processing component 1, which is input to
said corresponding second signal processing component 2 that provides a
further estimate of said selected transmitted signal to the output of said second
signal processing component 2, the outputs of all said second signal processing
components of respective pairs are input to each said first signal processing

components of all said pairs in a succeeding iteration cycle.

In a further aspect of the first embodiment, the iterative signal processing
arrangement 10 according to that described above wherein said first signal
processing component 1 comprises at least two linear iterative filters wherein a
first of said linear iterative filters outputs an estimate of a selected characteristic

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



information from all previous iterations. This implies that the filter grows
linearly 25 in size by a factor equal to the number of users. This is clearly
impractical. Thus, the disclosed filter design makes it possible to use all the
available information through recursive feedback of the filter output over
iterations, without requiring a growing fi#&r. The size of the filter remains the
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according to thé 30 recursive expressions derived herein
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5 diffieesntisiratiegiitensing the principles disclosed hereln The recursive
filtering structure for iterative signal processing disclosed herein is not limited
to multiuser detection, but may also be directly applied within systems and
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de@&m%ﬁgn%mqywq,{@am%@ signals, wherein for each said
signal processing component pair the output of said first signal processing

component | is an estimate of a characteristic of a 20 selected transmitted
15 signal baFked aptihacuseitandtansue nfios ptieyi@ssinsitrslsfrebeivieahibynitted
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receiver structure comprises of two separate components (see Figure 4). The
first component 1 finds the optimal estimates, only subject to the linear channel
20 constraints, ignoring all other constraints. Only preferably these estimates are
shuffled by reordering according to a pre-determined order (de-interleaved) and
used as inputs to the second component 2 which finds the optimal estimates
subject only to all the other constraints, ignoring the linear channel constraints.
These estimates are in turn, preferably shuffled back into the original order
25 (interleaved), undoing the pre-determined reordering, and used as inputs to the

first component 1 in the succeeding iteration cycle.

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

constraints is often also prohibitively complex. To limit complexity, the

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

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



signal processing component 2, the outputs of all said second signal
processing 25 components of respective pairs are input to each said first
signal processing components of all said pairs in a succeeding iteration
cycle. In a further aspect of the first embodiment, the iterative signal
processing arrangement 10 according @&3that described above wherein said
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filters wherein a first of said linear itérative filters outputs an estimate o
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plus noise. The set of weighting factors represents a set of linear constraints
imBB%Et on the transmitted signals. Other constraints could possibly have
10 been imposed on the signals. These other constraints are independent of the

Sicture TeL D SRk e B RRET L R TR Y more

imResb¢reovigiamend RReppRereRiiptelanialdly cansputierbpignss, provided

prwi§@r@%§ﬁs@@%ﬂw@§@hﬁﬁer”ﬁﬂé’%u@pﬂ?BeﬁiQeitﬁﬁ@ﬁY%iéﬁﬁﬁW@cessing
structure comprises of two seig)arate com%%nents (see Figure 4). The first

coR PR L ES B Ll ES hi(PRS &% S8 inear channel 20

15 constraints, ignoring all other constraints. Only preferably these estimates are
R L R
estifatirst filter provides as output estimates of the selected transmitted signal

based on inputs of one or more of the input signals to the linear signal
processing component, the output of this first filter delayed by one processing

20 time period of the iterative cycle, and the output of the second filter delayed by

one processing time period of the iterative cycle.

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

some further detail with reference to and as illustrated in the accompanying
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subject only to all the other constraints, ignoring the linear channel
constraints. These estimates are in turn, preferably shuffled back into the
original order 25 (interleaved), undoing the pre-determined reordering, and
used as inputs to the first component | in the succeeding iteration cycle. The
optimal design of the first component 1,3hnforcing the linear channel

CoR Ur%ié‘.tsJr?ﬁé’ébe%ﬁ%ﬁgﬁﬁ%ﬁi@@@'ﬁlﬁgﬁﬁ@‘; %r?d'?ﬂgf Er?%ﬂ!%“%etn%tﬁ&ive of

component design itself can be constrained to be linear, leading to a linear
sighal Feiassifg BsmSorRAtiNTee. desrHPBETHRSn Ik gleachRYOBSsiRg other
comﬁmmﬁrﬁgfﬁﬁ@el%?ﬂg}guéﬁ ipthe rt:ﬁ@yr;l m&gjeego@f s _ﬂi§§i%‘1éf§e Withthe
respect to the 33_first embodiment. For the followjng description, the first

e ARCEIRRAIRR TR APEL OIS o GELLSRG o SER RO L b shown
pracdesiingycesipo meh s ocibee spdmelspge odicatioponent | in Figure 4. The
remaining part of Figure 4 is referred to as signal processing component 2. 5
The function of the linear signal processing component | is to separate a

selected IRiAseARediBIgRkISrdrseiked "RagHIRR rAvdHfaeeigrinsHAddEs)
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described above. 10 The input to the linear signal processing component |
aréhé?n‘@%i‘r%?e'WéESiv‘&!ﬁjs%rﬁ%ﬁgqaﬂﬁ%ﬂg‘%r' 8r'égé§{iW1%i'8 Sigm for coded
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trans e linear signal processing component | comprises
twielfedfiteilRe ernbodisteitarroriiedeshasid npipe sonftidesask asdinuiastéyany
trangmitted signal based on inputs of one or more of the input signals to the
linear signal processing component, the output of this first filter delayed by
one processing

The specification includes theoretical considerations expressed in an

appropriately precise fashion and uses mathematical analysis to prove the
correctness of the approach using assumptions as required. Not all proofs of
theorems used are provided herein. A disclosure such as that contained herein
has directed correlation 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 skilled in the art can readily translate the theoretical
configurations of elements disclosed herein into a variety of devices to solve
problems or improve the performance of devices and algorithm in a variety of
application areas some of which have been described previously and that will be

described herein.

This embodiment is intended for application to any communication system
described by a generic linear channel model. The received signal at the input to
the receiver is described by a weighted sum of the transmitted signals plus noise.
There could be multiple received observables pertaining to the same symbol

internal, ie, the received signal can be a vector of received observables,
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20 time period of the iterative cycle, and the output of the second filter

delayed by one processing time period of the iterative cycle. The second

filter provides as output estimates of one or more of the other transmitted
signals (interfering with the selected transmitted signal) based on 25 inputs

of one or more of the input signals to thé%inear signal processing component,
and the output of the second filter delayed by one processing time period of
the iterative cycle. The output of the :ﬁ@iibtefis the output of the linear signal(1)
processing component. 30 Specific embodiments of the first embodiment will

now be degeribed iRtasdMsidHERe b Rnyiitieierensetie ansi@tily sHaisd ifor
the accompanying 34 figures. These embodiments are illustrative, and not
meignabhearsbmidsvenofseheestipe of the embodiment. Suggestions and
descriptions of other embodiments may be included but they may not be
illustrated in the accompanying figures or alternatively features of the
embodintéertenthe beeslodweighitiribefdiciares i, noisgesepitesdnistheset of linear

ification. Thi bodi tisd ibed ysing li Iti imat
VLS AABTESE7 .88 Leq A0 ar A Hen attiomENISC oKDy oo Lpstrely
appécatioreaf itiEotech oy dec rsitheatie|d, of turbo-sledodisigeimoa tramtsohissimding,

for coded 10 CDMA i ided. Ho  as stated previously the,
S RRIE T THDRIE and RS SIHEID RGN A5 GRS AT oy Tmear

areasgifdimsdorposedibgtibadinkaldcidnuethe embodiment provided should
not be considered as limiting in any way. 15 The specification includes
theoretical considerations expressed in an appropriately precise fashion and

uses mathen&REEANERGSIad plioré e fingfrdbmeatiarates fptbachansmyited
as§iMAEORGHEJE AR hb AFRlbBEaOES RétrHIREIENTRIYSESHASE N Q¥ ideshibitively
hecr:%ir?fp e>§j .glc':lr%sé%g%Fc’aucctzl}g:éa}scggeelgco?‘riﬁ?épg&.hg\rseg}\ 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 only to all the
other constraints, ignoring the linear channel constraints. These estimates are in

turn, provided as inputs to the first component 1 in the following iteration cycle.

The optimal design of the first component 1, enforcing the linear channel
constraints is often also prohibitively complex. To limit complexity, the
component 1 design itself can be constrained to be linear, leading to a linear
filter. The design of this linear filter, given selected inputs to the filter, is
disclosed herein. The function of the filter is to separate a selected signal from
other “interfering” signals, based on the received signal which is a weighted sum
of all transmitted signal as described in (1). All the references provided in this
specification are incorporated herein by reference and for all purposes. An
innovation in the filter design disclosed herein is to exploit the fact that
information provided by the decoders is initially only marginally correlated over

iterations, i.e., in the first few iterations, each iteration provides new information.



has directed correlation to practical devices and configurations of filter
elements 20 of performing the functions described. Furthermore the
disclosure provided herein would be readily understood by those skilled in
the art. The disclosure is such that a person skilled in the art can readily
translate the theoretical configurations 86elements disclosed herein into a
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(see Figure 4). The
15 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
20 linear channel model, and where an iterative receiver as described above, is to
be applied. Examples of such applications include (but are not limited to) the
following:
¢ Decoding of coded transmission in a linear multiple access system.
e Decoding of coded transmission over an inter-symbol interference
25 channel.
¢ Joint channel estimation and detection/decoding of coded transmission
over unknown channels.
e Decoding of space-time coded transmission.
e Decoding of coded transmission with higher order modulation formats.
30
In the following, the design is demonstrated for multiuser decoding for a

general linear multiple access system.



15 first component | finds the optimal estimates, only subject to the linear
channel constraints, ignoring all other constraints. These estimates are
inputs to the second component 2 which finds the optimal estimates subject
only to all the other constraints, ignoring the linear channel constraints.
These estimates are in turn, provided a¥/inputs to the first component | in the
following iteration cycle. 20 The optimal design of the first component 1,
enforcing the linear channel constraints is often also prohibitively complex.
To limit cavsiRexMPedrbindMH BesriPeeRAURhEXATIRIEN be constrained to be
linear, leading to a linear filter. The design of this linear filter, given selected
inputs to the filter, is 25 disclosed herein, The function of the filter is tQ .
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desErAPAR kAl REIReRGARPIAVIAP AJadS SRAGHENIRA MBon botween
incorporated herein by reference and tor all purposes. An innovation in the

filtEreddrdhcsiakidReRARES eirfiar tdUER| GiRURE. fAte SRaEITSIFABHH AT6nRro il el

by dbecdagnrisasdsdadialy palyoRawiinmitieA iBlaefOuRs dFRIMIONSodE akd the
the first few jterations, each jteration provides new information. 36 The

. | he
diBRI08Y el GG ¥ BRLe S H Y $RERHHRRE uS@ MY Pkrshigecoding, there
10 infarenatiostfaints atlygrdwidbe itevdtmpescthss ichpi@sethabhdhdddtao grevimdividual

Iinﬁgélpéj%ﬁ%l Qr% a factor equal to the 5 number of users. This is clearly
impractical. Thus, the disclosed filter design makes it possible to use all the
available information through recursive feedback of the filter output over

iterationgaWiROWhiBSiIBAL2 SreWBIEHHER AR GIR ®br thefiHenVameang thevar
same. The filter desi%r: is based on two linear iterative filters, where the first

linBRH RS pPSUBRL Eh MRk YiaRe JasiHsg A5rRtaeaM dHAtYR Multiuser
15 reckivedesigndlsthmsadosi/éerentsiesiinates-oialt lineasigirdadnomemmatuared

pr%f%ﬂﬂ%%éﬁo &ﬂ%ﬁt&'\%l&% ?H&%%Qf d&'&? ?ﬁ?ﬁﬂn%ﬂﬂﬁaﬁiﬁﬁteée‘ﬁt?é&ms & a

vector of estimates of all user signals based on all previous inputs to signal
recursive Bayesian estimator. The proposed estimator yields estimates based
on the received signal and all the successive outputs provided by the error
control code decoders over all previous iterations. This approach is motivated by

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

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

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

We consider the K-use linear multiple-access system of Figure 5. User

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

C, to produce the coded binary sequence d,[I].

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

permutes their encoded sequence with an interleaver 7z,. Denote the sequence
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processing component 1. The two linear filters are shown explicitly in Figure
8. 15 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 20 linear ciannel model, and where an iterative

recsifh IHALTTLIBER ARQNE. 45 IR JpeanRlied, Fxamples of $igh apReAHONR. 4
mgfug?et( ﬁf olf(o a[(;}p %éa

X
but are not imited to) the wing:* Decoding of co

tragisiaission iy pdisane MotiRies FOCRED S VA tHoepedig £ ¢aed-shift keyed

transmission over an inter-symbol interference 25 channel. Joint channel
es(RSish @ighdbtecistetiatouinQofcottety ifans)ridaibn givieguseqoemces  of

channels. Decoding of space-time coded transmission. Decoding of coded
o TG, Gt AURED Brdel Db R rarmats o906 PRI e We
desigidde (GPIRSHALELFOSI MBI O L CRENth KT AFFSRNE8bHBESHEWHIE and
access system. 37 Sg/stem Model in Multiuser Decoding Example The basic

prin RS BARTALIASS HEREHHG ROTS BEDRENRiBbendently with 5 respect to

the various constraints imposed on the received signal. The overall

consran s SRERTBEC L LS RS T RUMEIRD, .. 1

Vi coders. For turbo cod se cons S are

payaliekheonRcAtanaieg ggé@a%iﬁgrs%tfb@n@eyayﬁf}w@nﬂb@y afgtheosepiielse of
e

code and the memory of the inter-symbol interference channel. For multiuser
desodiadinthepgueNses vdispeliod auehdangemiiaplthactaiassyhaohdusaiion by

dug ithH'edBRI¥IdHRINUSE S [ RO HRISHéNdBI SMPRAAIRAN AStRBAISY Fer users

framework for the derivation of linear
and time. For conceptual ease only, users are symbol synchronised, transmit

over an additive white Gaussian noise (AWGN) channel, and are received at the

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

chip-match filtered received vector r[i]e(]” at symbol time i=12,...,L as
rli]=s[ik{i]+ni] (2)
where S[i|=(s,[i] s,[i]....s,[i]), is a NxK matrix with the spreading
sequence for user £ as column k. The symbol [ represents the set of complex
numbers. The vector x[i]e 0° has elements x,[i] and the vector n[i]el" is a
sampled circularly symmetric i.i.d. Gaussian noise process, with covn[i]:o-zl.

The symbol Q represents the set of possible modulated symboils, e.g. QPSK.

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

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

t . . .
x. = (%, %, X, . X, %, ) tO indicate deletion of user k from S or x.

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

system, where for each user, we treat the error control code as one constraint
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multiuser estimators (MUES) suitable for use as part of an iterative multiuser
15 decoder is disclosed. We consider a two-input linear minimum mean
squared error (LMMSE) estimator which inspires our main result, the
derivation of a recursive Bayesian estimator. The proposed estimator yields
estimates based on the received signaP&nd all the successive outputs

PrayidafPYha. LR r%q{?ntéﬁ)' Er?%% JREQIRET QURLALRY eP’éQHﬁs'tﬁ{"JIHQ”éaer?{ﬁ:al

approach is motivated observation that these ‘estimates are loosely
coffSRIM Sty rmRfdr 'Eé'fﬁtﬁiﬁb Notation: P" is the space of probability
n-vectors (length n non-negative vectors that sum to 1). For random vectors
xandy, E [)\(JG? the expectatlon varx = ELx*x] and covx = <x,x> =

X'
Renime A GGy 1o DG AR AR LT & GG et o extinsic
MUHBSARRESS YSISAT FBNS St et alodrelieRCAE RIS Yeration

information sequience bk[l] using a rate R code C, to produce the coded

binary; seqienggdkll]. R0 frensitiaidiansopasing isthsiadn s BY defsmitted

Each user mde dently permutes their encoded sequence with an
inteyloaotsr irk[i &Qot& Wsdqueﬁbe 86t qutputtirosethef mﬂeﬂe&s:bteomm#ated

2L . P | d b
U T ARSIl {ecO U Yok (GRSl BT Soais
Q prébabifty gwmgrsepqukihdes @fsenodulataﬂarodﬁmﬁﬂmés delilnteteseing, the

i=1,2,...,L is the symbol time index. We 5 choose QPSK only for simplicity
aneiingieRan Hifesrorsamhae @mrﬁfarn@ananmwﬁ‘r@@@dmﬁé theepada & by

REBGATIn PALT & 8 T SHE R L Y et o e Qi pror
magietibesusseale ﬁBF@ﬁ’&Hﬂgﬁ%}H%?@%Né'é'ﬂd?ﬁﬁ%@#ﬁ]hﬁ%@eAmﬁFbﬁlﬁres

data symbol duration by Iettlng each element of sk[i] be independent and
mawmmail@mbueédlﬁkler teyens. aMpnishéowerr-eamplspitialedaseativgp, hewes been
s mbo %Xﬁﬁchronlsed ransmit over an dltgve white Gaussian noise

81 "AALNRR e R siarenitecture.

Consider the receiver structure shown in Figure 7. There is a bank of
linear filters A(,f), one for each user. The coefficients of these filter may be re-
computed every iteration. For the first iteration, n=1, the input to A} is just r
For subsequent iterations n=2.3,..., the input to the filter for user & is r and a set

of signal estimates for all the other users from previous iterations,

(2 :k'£k,me M}, where M < {1,2,..,n—1} is a set defining the memory order
of the iteration. Typically in the literature, M = {n—1}, although recently M =

{n—1,n—-2} has been considered [2].

The output of the filter A}’ is an updated sequence of estimates x\" of

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

the signal space onto the probability vector space using a symbol-wise mapping
7:0 > P9 The resulting sequence of probability vectors p!” are used as priors

for individual APP decoding of the code C. These APP decoders can output
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same power level. These assumptions however are not required. Write the
15 chip-match filtered received vector r [i] e D N at symbol time i =1,2,...,L as
rlil=s[i]x[i]+n[i] (2) where S[i]=(s,I'll s2I'll ...,sk[i]), is a NxK matrix with the
spreading sequence for user k as column k. The symbol D represents the
set of complex numbers. The vector x[if@ QK has elements xk [i] and the
veg} rn []eD N is a 20 §amipled c%g)%g@gymg@trk iid. Gaéhsessian nois

process, Cl’tﬁ%r(')?/rn[ﬂrzc TTRe M reprgé t%tt & BRIG possip)ﬁeve een

MadaiRARIMP e RealdRPK TN BRE: Eﬁ%%@ﬂgi%t@éd&?ﬁﬁ% in turn

specific symbol intervals and these indices will be omitted. For later use, we

defingSed=(scR2ontskthkesksibnal sépacesl 135 ksytxbaRwisakfuindtion. . xK)P o[ .
indicate deletion of user k from S or x. Regursive Filter from Multiuser

Esﬁmﬁi%W’Agpligﬁ{fé\lﬁﬁsth@ﬁjrﬁ‘a%‘?fﬁciBlfe toATR e d ik 18 Gaussian
MY B REEE St YGHEh Wﬁ@éﬁ f%ﬁ(?a\%}igﬁc%: W)gntreq\tj(;?e)?ﬁar contrpl gpde 5
the m otte

as one constraint 39 and ultiuser channel (2) as thé constraint,
resultsniothehomedoical icibei\venditiootlnmediigure 6[1]. An iteration nl, the
multiuser APP takes an input r and the set of extrinsic 5 probabilities gk-)
from user k=1,2,... K calculated in the previous iteration n-1. gk ") [ilePIQ1 is
the extringie gedpubiiteaiilyipriavedosmearainideead yseiWolierr[AeDaptework

us?cfr'fhg Ggrﬁgtfgni%f{tﬁﬁe?@t Hhall possible modulated symbols at the

transmitter. The multiuser APP calculates the updated extrinsic probability
vector p(kejjheod user k. After appropriate de-interleaving, the 10 extrinsics

pk are “S§9p SR foripdgp Q?ae,ﬂéé?%de\%d‘lﬂ&/%j ‘}ﬁ% COLGSF Wb £85Bkion
user, producing (after interleaving) the extrinsics gk which serve as priors for

thee sutaseqUe ateatmateTdtomarginalisatitun iotthervatidmssar #fPheqilinesL SE
summation over IQIK-1 terms. Many lower-complexity alternativ%sétflnnaqlgieebe

proposed while retaining the same basic architecture. or x
% = (x.a)(a,2) "a+mlb—(b,a)(a,a)"'a) given cis
15 (3)

where

m= (< x,b>—-<xa><aa>'<ab >X< b,b>—-<b,a><a,a>"'<ab >)_1

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

m= (< x,b>—-<xa><aa>"'<a,b >X< b,b>—<b,a><a,a>"'<a,b >)7l
(4)

F =<b,a><aa>"
(5)

g=<x,a><aa>
(6)

So far in the literature, linear filters A"}’ for multiuser estimation in iterative

1

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

current code symbol estimates of the interfering users x”. After n iterations,

we have however a sequence of such estimates available, namely
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15 Consider the receiver structure shown in Figure 7. There is a bank of
linear filters Ak), one for each user. The coefficients of these filter may be re-
computed every iteration. For the first iteration, n=1, the input to A(") is just r.
For subsequent iterations n=2,3,..., the input to the filter for user k isr and a
set 20 of signal estimates for all the othéf users from previous iterations, {xk

K\~ k.meM}. where Mc{1.2.....n-1}is a set defining th mory gorder of the
B Ty B el Pl oMU P cRRF oS % ot

{nitrﬁr?mwlf&@t@d?f@nﬁh@m& i[ﬂﬂ:fl?ﬁ?ﬁrllﬁ)ﬁs"[wt of tf&e filter A(k) is anI f
update equence o timates X e correspondin ode s ol 10r .
R k. THEDS BECHa  CTE  E Yl HER g SP B e o mput

prebaisliytereator, space using a symbol-wise mapping T:0 -> PIQI. The
resulting sequence of probability vectors pk) are used as priors for individual
APP decoding |&f the cdte!C. These APP decoders can output 40 either
posterior @n |@§§io§robabilities gk) (both approaches have been (7)
investigated in|the,lif rétare$>-The sequence of probability vectors gk) is in
turn mapped Ck orito the signal space by a symbol-wise function U:PIQI ->

0 TypicatiyedtcalaiigiRadbs vewprs Rk assuisEhat diésisraussdsus i
dlstr(lnl:))uted W%h) known mean and variance, xk): N(k ,S(n))n)l_lkemse_, a _
commort éhdice ol igithe condiffosifandamerae fRbwing ¥aYE Hraiegnsion

Ierwmg }pr\gxigﬁg,sq&ggg%(’gﬁneral framework for the derivation of filters A(K).
10 Lemma 1 Suppose that for a parameter x we have the vector observation
c=(a’b") InpRiregnbutEeratisiy@ fHaAMSseR s iatGiRFa &Hd weTean Lgeve the

estENGIENS theb¥em (8ha) 36U - (R RRh3IBRY Brsbiém(BY giving a recursive

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

Theorem 1
Make the following assumptions,

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

is circularly symmetric complex Gaussian with covn=c’l, and c’>and s are

known.

A2: The interleaved code symbol estimates of the interfering users ij;”)
coming out of the single user APP decoders can be written as " = x" + "
where ﬁ,ﬁ") is uncorrelated with x and also uncorrelated over time and iterations,
but not over users at a given iteration, i.e. <x,v»\" >=0,<v" v >=0 for
n#mand< ﬁ,ﬁ"’,f/;”) >=q,;-

Define Q{” =<v\" v\ >, with elements determined as shown above.

Let ¢{” be according to (7). Under A1 and A2, the LMMSE estimate of x,

given ¢'\” is given by the output X" of the recursive filter shown in Figure 8.

The update for the estimate is
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where m=(<x,b>-<x,a><a,a>-I<a,b+ b,b>-<b,a><a,a>-<a,b>)" We see that (3)
can be written as z = gat+tm(Fa - b), where 20 m=(<x,b>-<x,a><a,a>- <a,b+
b,b>-<b,a><a,a>- <a,b>)" (4) F=<b,a><a,a>-, (5) g=<x,a><a,a>-j 25 (6) So
far in the literature, linear filters A(,) for multiuser estimation in iterative
decoding have been designed based orf#he received signal r and the most
current cagg symbpl estimates of the\interfering users |. After n iterations, we
have howéver 5"5eq+urélr‘ic Lof sud fesAimates available, namely 41
fxk'),xk2),...xk)} together with r. It has been observed that the estimates are
not strongly correlated during the initjal iterations [2]. Consider the following
rocursiv el AL GEIE LR GF R SRAAELSTNE o the fiter A(), 115 ok
k~ = ck( k(@) :n_gv&ﬁ,#d«@ir_eg{,a lication of the LMMSE criterion results in
A(K) =<.xk,ckW >< ckW ¢k~ >-". 1t is clear however that A(k) grows in

dimensioMwitﬁép_vwmi)(isg@@mgti@ah)h*]spired by recursive Bayesian
estimation (RB ) [3],kwe can prove the' 10 following theorem that solves this
dimensiondlitthpreolesiveyupidatg equetionivior forad fiom A(,) (subject to
certain constraints T the input signal). TFeorem 1

Il

- - Y! —
wgcn) — wgcn 1) _(chn 1)) (I_W]‘(n 1))

n n— n— n— -1 n—
WO =W 4 ([- WD HE ) (1- W)
H?{nfl) _I +Q§\’H*2) _ Wk(nfl)
The initial conditions with ¥ =0 and X' =0 are m? =s.(SS' + 1),

MO =S.(SS" +c°1)" for n=landw® =s(SS' +1)'S_, W =S.(SS" +o°1) 'S,

forn=2.

Computer simulations have been used to evaluate the proposed
technique. For the purposes of simulation, each user used the maximum free
distance 4 state convolutional code naturally mapped onto QPSK. Each user is
therefore transmitting 1 bit per channel use. Binary spreading sequences with
N =8 were generated i.i.d. at each symbol for each user. Transmission is chip

synchronous and all users are received at the same power level.

Indicative simulation results are shown in Figure 9. Three curves are
shown. PIC is the parallel interference cancellation method of [4]. IPIC is the
improved parallel interference cancellation of [2]. RBE is the proposed recursive
Bayesian estimation technique. Each of the curves begins for small numbers of
users at the single-user BER near 10*. As each receiver fails to converge, its
curve deviates from single-user. For PIC, this occurs at K/N=1.125. For IPIC,
the limit is 1.625 and for RBE 1.875. The performance benefit of IPIC over PIC

is reported in [2]. The recursive Bayesian technique supports even higher loads.
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Make the following assumptions, 15 Al: The received signal r = Sx+n, is
described according to (2) where n is circularly symmetric complex Gaussian
with covn = c2l, and 62 and s are known. A2: The interleaved code symbol
estimates of the interfering users xk") coming out of the single user APP
decoders can be written as xk) = xkW +A8'kW 20 where OkO is uncorrelated

witfy ’fa%‘t‘df&lﬁ%P'ﬁ%‘?ﬁ%‘?léé?ﬁ'nQ}éE{L%HSr% Gd?eéﬂ’i%fr&na}étt&ﬂ%f%%ﬁl S§H8v9rﬁ Ghat

glven iteration, 1.e. < X,k In and <vk"

g JRBIEe?H’@QT@ _aknwt*)thm&w lpad %ﬁé\ﬁké@e‘!&ﬁ'ﬁﬁ@ﬂ%%hown above
Let ck) be according to (7). Under Al and A2, the LMMSE estimate of Xk 25

[ k y th t xk" of h Fi
The upo B TR SIS 1 ASTRHPIRNE ty P R T RSB i e
aréetefine dnadtitalérwiscodiig=-WhiY ok tbes/the)ebthdvhidto (- WilgMipt@kirom the
1)
AR RS ST A sl
- VBa¥3.0 The initial conditions with zk) =0 and x(0) =0 are m(1) s' SSI +C21

Mk)-Sk(SS‘+62I~forn tandwk~)=sk(SS"+1) Sk,Wk2)=S,(SS +62l) Sk
forn=2. Corg_grr?ir simulations have been used to evaluat the roposed 15

tec:hnlqugV YU e iBF &imlifalor] CedcRag88f & i s fded

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)
signal at the receiver input. These solutions are as follows:

e An overall system solution — Iterative Receiver Structure itself.

e Additional solution aspect — Samples Estimates list.

e Additional solution aspect — Information Bit Estimates list.

e Additional solution aspect — Multiplexing of Time/Frequency

Domain Channel Application Sample Estimates.

In one aspect, the second embodiment provides a system and method of
receiving OFDM packets comprising the following:

a) sample a receiver input signal consisting of signals from one or
more antenna;

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

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

d) determine an updated received packet sample estimate from the

sample hypothesis for updating the plurality of prior stored estimates;



distance 4 state convolutional code naturally mapped onto QPSK. Each user
is therefore transmitting | bit per channel use. Binary spreading sequences
with N = 8 were generated i.i.d. at each symbol for each user. Transmission
is chip synchronous and all users are received at the same power level. 20
Indicative simulation results are shown #ftFigure 9. Three curves are shown.

PIC s the ara@%b‘t’?é%f?rf&'lﬁ%&?é&‘:‘é%ﬁ’fﬁ?@ a9 ot ! S e hypothesis

improved parallel interference cancellation of [2]. RBE is the proposed
reddplemEBgEsHRisedivRatins eeRAiBIRYIde0r oPiFR RYROEBEARSTBresRiver
num@grg@ﬁ@S users at the single-user BER near 10-4. As each receiver fails
to converge, its curve eviates from sm le- Fg,er For PIC, this occu 1[8 at

KIN=1.135. For PPRa! HPRnitt 18 £5IBMARN 1BP%: 9B B 780 SR BACKStS
5 beaefiaofuPiCatecmRE irdoepetiteduit §2}intdtesdistirsive Bayesian technique

supports even higher loads. 43 In fact, further numerical investigations (for

smaller systems) have shown that RBE supports almost the same load as

using the hnatRRrasPect JReGRseAh eraReHMepb RTBUIEER AAKS tefcRiitt method

re@# residieg far yample Sakarative nidttiusesdeoeding -r@&%ﬂﬂ“%&ﬁﬁﬁéfﬂ@ the
ire history of outputs from the single user decoders in order to accelerate
"JBfce and to support greater loads. With reference to figures 10 to 18

10 a seconcbémboshmpm #srdesioebaghut Gigrieye there are a number of specific

solutionsygffereguhic ol L ot geneiah spluign oh O ealaliDeeiver

that) adap ing related art single pass receivers to |terat|vely receive
sighaw 8o sampling level allows the receiver to differentiate a desired

packet frgm an QQ@{N@?@%@t@amgf@gﬁﬁ%col|iSi0n) signal at the
receiver input. These solutions are as follows: 15 An overall s tem solution

_ Iterativé RecefRPEINR A RARKEISAMBHARAIRSHRBH %%?J'Q g Lap(uer input
15 Estitratesclistied gekitvimall g slotie @spettsainfisrastioatBjt Estimates list.

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

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

20

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

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

25 with a selected previously stored packet sample estimate;

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

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

30 determined information bit estimates;

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



Additional solution aspect - Multiplexing of Time/Frequency Domain Channel
Application Sample Estimates. 20 In one aspect, the second embodiment
provides a system and method of receiving OFDM packets comprising the
following: a) sample a receiver input signal consisting of signals from one or
more antenna; 25 b) add the input signgtvith one of a plurality of prior stored

received |EP%‘ﬁ'ﬁe£r?§gﬁlﬂJea§§Q@P,alﬁé QA5 DINERIRATHELRVBRIE DYRRHARsIS,

c) determine an information bit estimate from the sample hypothesis “for
StoR&EYROmh & IARSRRRINBITLIR e BiRTitte OTQMY) raetirAtin@2fiKelp FaIBRIFe RS TRREE
pagkeiorRING hestispase from the 30 sample hypothesis for updating the

lurality of prior stored estimates; 44, e) subtract the updated sample
catimate PONPIRE ShA I BUIALL S R BHRIRE R RyoTAERR et

5 ertdeat_fnequxeisemenﬂheshaaﬂehap@tcmiﬂm mmvmmhmepmamgpsm)that
to ﬁ?e%ﬂ'ltﬁ)%%ﬁttﬂﬂg GEMERESSRTB %&iﬂ?a‘ib%m%@%cﬁﬁ%&%@b%%&‘t&h@ne or

information bit estimates list. In another aspect, the second embodiment
provde$& system and method of providing a sample estimates list in an

OFDM regeye D RigHsirgdiepfefiewing: 10 a) sample a receiver input
signal; b) decﬁ:rmine _T#)ac_ket sample estimate from the sampled receiver
input sigf W R a1t RSPk ample estimate: d) determine a packet

10 sample rmpdtﬁ@susgmaﬂ@ni@dhe receiver_input 15 with a selected previously
stored p@gﬁgﬁe?ﬁ?ﬁ%'%%ﬁ%%d FdGLHL 85 A% RIAISH RAGKRIEANRSpped to

estimate by decoding and re-
correspond to one or more of;

an OFDM signal preamble and;

an OFDM payload data symbol.
15

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

a) selecting either the windowed matched received samples or the

20 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

25 a packet received samples hypothesis;

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

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

30 estimates;

g) subtracting said new packet samples estimate from said packet

received samples hypothesis to create a noise hypothesis; and
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transmission modelling the packet sample hypothesis; f) update the selected
previously stored packet sample estimate with the updated packet sample
estimate. 20 In yet another aspect the second embodiment provides a
system and method of providing a packet information bit estimates list in an
OFDM receiver comprising the following®a) determine a packet sample

nypothesiy by A SSEIVELIIALL SR REISHEY BIBYURY I/ Fhoker

packet sample estimate; b) determine an information bit estimate
detdPIgesBBRI®Gt sample hypothesis with one or more of a hard decoding

teChniqU@Iﬁi&disfl?@é% sssk@di@@at@a?iimwrﬁi@mg%&@}ipmﬁtiogl bit
estimate with one or more previously 30 determined information bit
esimatedd & HURAT SO SR T ORI RUEREIS ACKEINEISREP'e
45e $tiratitiem otk droas pech divey Secthed praviimdi maragrepli delseachy stem apturther
m%tgrg r@‘egetermining a hybrid OFDM received packet sample estimate
comprising the step of: multiplexing a time domain channel application

received isampl8ofislaeRding GAiH agieciad RackeinsamriReriEnalsplircafRrte soft
recejysgesapnsle estHeatpasueh Hisintatom wiiRisKed R eodPENMB S8 MG said

estimate is mapped to correspond to one or more of; an OFDM signal cyclic
pré'??:?,m%ﬂ' MILMBBHYRt and: 10 an OFDM guard period, wherein the
multiplexgd fregoénoyodaratiig ssaitplsadistanadees nbitppted toeaterrespandniitted
ongyﬂ{br&o(ggtm?@ OFDM signal preamble and;

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

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

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

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

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

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

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

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

paragraph wherein step e) further comprises:
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an OFDM payload data symbol. 15 In another aspect the second
embodiment provides an iterative sample estimation method for OFDM
packet based network communication comprising the following steps: a)
selecting either the windowed matched received samples or the 20 noise
hypothesis as the input signal; b) adding @&n empty packet estimate to a

samples gstim is ini i o i
of said Iisr? emrﬁgg;rﬁdfig%%qr@;%%i%%i{%t%ﬁﬁ%%‘%ﬁ%sﬂ %t%sﬁ)%égéﬁngﬁtgg%ar_d
sigifagest it apd Aoy dIethRicERRs3tPRpRsasiiRARSs{or dpieenitngriadaid
re{HRPERIRH Yt @PeHieg ipftsaid packet received samples hypothesis to
create a new p ckfﬁ: ar1ecgeive_ol samples estimate %g new information bit

I

estimates) f) uping'SakiaRsrAafoR B SAdES RSyt FER'hBriTRRRARted

bits3Oledtestitespg) subtracting said new packet samples estimate from said

packet r?écei"ego%%WPéﬁﬁ ¥|ﬁ’8tqﬁ%5'o‘8n%ﬁf"“z§1§d?w%i§%§¥9 SR 355%1%4&@&

updating Said samples estimate list entry with said new packet samples

esfRABKE hRAARICS EYRBBATSIRIA RIS IGRES YO S8 FRRIRS. In a

further agpect thgrageRAE MO dFReREPraxiKieniasBRTpVecsBmAIE From said
estimation method according to the previous paragraph wherein step e)

furliREP BB AXER9) SRR 0ding said selected packet sample estimate to
create sofj encomeclbite)asaddimpauietehframstidnsbitneitimatiesater with said

reiﬁ‘r%%”@&’r&%ﬂ S&ignmefprggﬂﬂ%?eb"ﬁoesémgestﬁiét;time domain channel applied

received samples estimate; and in parallel with steps t) and u);

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

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

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

z) multiplexing the time domain channel applied received samples

estimate for reinsertion into said list.

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

o OFDM Soft Output Decode 288

o OFDM Hard Output Decode 222

o Encode 224

J Soft Modulate 230

o Hard Modulate 226

. Acquisition 204

o Matched Filter 202

. Sum 208



10 ) soft modulating said soft encoded bits to create a transmitted symbol
estimate; k) constructing the time domain channel estimate from said packet
received samples hypothesis and said transmitted symbol estimates; |)
constructing the packet transmit sample estimate from said 15 transmitted
symbol estimate; m) convolving said tinfpacket transmit sample estimate
with said_time ggmf;\é nel estimate to create the time domain channel
applied received samples estimate; and in parallel with steps k) and m); n)
construcing thé&freeplga@daddomain channel estimate from said 20 packet
received ‘Samplﬁ:,ﬁjm%Rp&%sis and said transmitted symbol estimates; 0)
multiplying said frequéncy domain channel estimate with said transmitted
symbol estimaté8ne épebfepiient feRRISEINSy Hilspessana @y SyEaMpptandard)
5 copslpucting the frequency domain channel applied received samples

estimate from the packet received symbol estimates; and 25 q) multiplexing
the time 8omair BRSPSl Gelmnaidngies estimate with the
frequency domgirghemsiebapiliaCreerivEESmmapessstimate for reinsertion
into said samplens estjmate list, \ﬁherein é§4te S n% Eo ) are repeated for each
OFDM symbol i raep CRBEIA it YRBA Lﬁ IS t; fiye second embodiment
provides @n iter@iine | SO Bstmpie esitrntiationinyeiseddateadr diogttol 8ne 206
paragraph prevjous to the precedin ragraph wherein step e) furthe

10 Comprich: 47 1 REFR UL h L R SRR igte 213
create harabéhdoaled Titsla2donevidpackey ififo theatiombirr esiginaégeanfbprocess in
reigsentiRguiRta RRifle RIRIMIOR MRS IMAIRS st S) hard modulating said
hard encoded bits to create a transmitted 5 symbol estimate; t) constructing
the time domain channel estimate from said packet

15

20



received samples hypothesis and said transmitted symbol estimates; u)
constructing the packet transmit sample estimate from said transmitted
symbol estimate; 10 v) convolving said time packet transmit sample estimate
with said time domain channel estimate to create the time domain channel
applied received samples estimate; and% parallel with steps t) and u); w)
constructing the frequency domain channel estimate from said packet
received samples hypothesis and said transmitted symbol estimates; 15 x)
multiplying sai frequency:domain channel estimate with said transmitted

symbol estimates-to-cre
constructing ¢ freque

eate-packetreeceived-symbot-estimates;then y)
HEGHEHER TSR Er S pblied received samples

estimate from h ck
time domaln.'cu;lia%ggl_c

into said list! With refe

for receiver[si

embodiment; 25 OFDM S
Decode 222, "Encode

et reegivedisymbol estimates; and z) multiplexing the
pplied received-samples20-estimate-for reinsertion
réneetoTiHlires“tort 18 e following blocks are used

Q@ﬁm@@&ﬂmm@&mccordame with the second
oft Qutput Decode 288 O

EDM-Hard- Output
294 PSefriviodel &té230° Hard Modulate 226 30

Acquisition 20: R0 EIer.202, Sym=08.48 Subtract 21? Convolve
236 Multiply 240 : mas o
116 Maoise Fiypothesis
118 Completed Packet Information Bit Extimates
119 | Packet Transmit Symbel Estimates
] )
b = S
126 Time Domain Channel Applied Received Samples Estimale
122 Frequency Domain Channel  Applied  Received  Samples
| Estirruate
I -
| 126 5 Hard Encoded Information Bils
128 I ¢ Saft Encewded Informaticn B]E !
il = ez )
120 ll Time Domain Channel Estimate |
! —
132 | [’nch-tTransm‘.t Samples Eshimate
. L :
14 | Frequéney Domain Channel Estimate i
136 Packet Received Symbol Estimales I
- |

Table 1: Sigrals



Time to Frequency Conversion (dependant on system standard) 5234 Time
Domain Channel Estimator 232 Frequency Domain Channel Estimator 238
Time, Frequency Domain Multiplex 220 Samples Estimate List (including
associated Controller) 206 10 Information Bit Estimates List (including
associated Controller) 213 Table | and 3&ble 2 provide a key for the number
signals and process in each figure and the reference numbers in the text. 15
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;I:Tc 2: FuncHonal Blocks

The second embodiment of the invention is adapted for a Packet based
OFDM WLAN system (eg. IEEE 802.11a, IEEE 802.11g). A typical receiver for
such a system performs processing tasks in accordance with figure 10. The
input to the system is a complex, oversampled baseband received signal 1002
for each attached antenna. The signal received on each antenna is passed
through a band limiting filter 202 which is then followed by a packet detection and
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---------------- JY? I"1rit .;uni:E 1 t.t;0tr 7 tit. t. F:,vi -“n t'-1-ciallt. 1] x1:.
Is2,ru, ----"-"---...-...... e ..ot fiacb ttK :e: Sc'T azmatea 7a71t F:

I o _.Ate'~h9StF,1Z 4:Riu!k, nfr-G,. Pn' riaot
- L £ I ...9kble L, Funadcna3 B3eckc The

SGQXHQ;%HE%?B%IE DFQ‘RJH)’%%@%%@%B%@HP@&W% U 86h BfoBMuses

WLAN system . IEEE 802.11 a, IEEE 802.119). Atyglca elver for _
suefe e stee pirthien 8 pieled sitgrtasitenAaa&igiand8ith e ao0agketsis

INREGQrE I BISHRITOIGR CRIAGIENNOVRESAIOP IR RRESBR}OIEeARIYEESIGRAbassed

1002 for acip attached antenna. The signal received on each antenna is ..
pal8d8 ?t??@u&ﬁ RIBCHRE MG il hidh s YRR SRERE B dcpygdqure
detéctrary dediddifiyddbramitetading Atgutsrgotnap proesss jniddeke2@4. CHmiselling

Acg‘_l{ﬁ'tigémjépeq% Ses one or more of the matched filter antenna signals
1004. énce {i

packet is acquired it is decoded using either hard or soft
decoding techniques and passed on to a higher processing layer (eg. MAC).

The typiqgd Fe608/Re sl iVer B ARYIROSL PuRRYids Modified to an iterative
structure that provides interference cancelling
The input to the receiver is the oversampled digital I/Q baseband samples
from each antenna connected to the receiver called the Received Samples 1002.
The Received Samples 1002 are windowed over time and passed through a filter
202 matched to the pulse shape in order to produce windowed matched received
samples 1004. This constitutes the Noise Hypothesis 116 for the first iteration
(n=1). For all proceeding iterations (n>1), the Noise Hypothesis 116 is provided
by the feedback of the interference signal. This is depicted in Figure 11 by the n

conditioned switch SW,,.

An iteration of the receiver is a single execution of each of the following
processes:

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

o If a new packet is found, add empty entries 1006 to the Samples
Estimate List 206 and Information Bit Estimates List 213. Each entry in the
Samples Estimates List 206 has a corresponding entry in the Information Bit
Estimate List 213.

. Determine, from the evolution of both Samples and Information Bit

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

o Release to higher layer (MAC) then Remove Completed Packets
{y,...y,,} from the Information Bit Estimates List 213.
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at the sample level. Iterative Receiver Structure & Function 10 The input to
the receiver is the oversampled digital I/Q baseband samples from each
antenna connected to the receiver called the Received Samples 1002. The
Received Samples 1002 are windowed over time and passed through a filter
202 matched to the pulse shape in orde?4o produce windowed matched

received ;samp, 4 Thi ' he Nois thesi r
first iteration 15%??1:}?@)%} F%Eﬂ?@%@%%%étﬁe%a%g}(ﬁi% Eﬁ% E%ﬁi@ég é@ﬁmate
Hylpsti20sis 116 is provided by the feedback of the interference signal. This is

depicted in Fi 11 by th itioned swit: W,,. i i fth
roceiver b 2 SR EEHF ST TR a5 RO L SRt
to acquire a neWwddaz@etthetifecNiose Pyglath 8ssel ] USamgpldee Patiousei@08 of
204 If td , t | t .
ZOLIEEE A 8 1SS RS X SIS RS s
enfribitoReoRE S Hiaflesket RaceisdiSapudasddyReibesispbifding entry in the
informatin Bit SRS his Pt RIUBREINEs KA GHISR IHOUh nw

Samples and Information Bit estimates list, Completed Packets {yl...ym}, in
thd"fefaraiiRno Bictimaates'1t fobdn8oIRERse RaHighet Iafy%’r“(l\%ﬁC)DaCket
thexeBaeave SrapieteshBifickais1 {Wl. wemy frorDie dafermadiondgide and Re-
Estimateiélzist 213 ?é Remove Completed Packets {y,...y,,j from the
Satl[ﬁlﬂﬁég' RS 2L| t 206. Select a Packet k in the Samples Estimate List
206 to ProcessUpdide? it theldtedi pashetsket frecieive hExmaplies Bitiestiteates

ﬁl‘z)%pgﬁ]ejsri?sf%'ﬁﬁé%%@%%kﬁéﬁrﬁ%‘{& PREATRIAR FRIREIF HRHARIR BIPER RS tes
112.

. Update the selected packets’ k& previous Samples Estimate in the
Samples Estimate List 206 with the New Packet Received Samples Estimate
114.

o Subtract 212 the New Packet Received Samples Estimate 114
from the Packet Received Samples Hypothesis 110 to produce the Noise

Hypothesis 116.

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

repeated.
Iterative 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



116 to produce the Packet Received Samples Hypothesis 110. Generate

new Packet Received Samples Estimate 114 and new information bit
estimates 112 for the selected packet k from the Packet Received Samples
Hypothesis 110 using OFDM Soft/Hard Decode and Re- 10 transmit process
210. Update the selected packets' k préfous information bit estimates in the
Infessain Bl GeimAlRR L2 4R IBdh S w BED Hipn R PRI Packe
112. Update the selected packets’ k previous Samples Estimate in the 15

SRR TS REEI (T Al 105 New eI Ra bR S A Befpratthe
1hlégfﬁigﬁéa@b§é_8et;éﬂd\|ﬁéﬁtl?ﬁ§fﬁ& aﬁgqiv%sb&mmﬂﬁﬁ@émr?@tﬁéé&tmeaved
t acke ecelvel es pOt esIs to produce t olse
SIS A ROSS R L AR LR W6 AP dor e EiF e Smples
5 beErtiraktasttt fpovdubed rifprimattuftBibEseabds last RSt@nemithzd @tptecess

giértghetﬁgr{ %?é’ctéﬁ%%ﬁr@%%%%%%%%ﬁ%ﬁe\v Best%%l‘é’iﬁ@gﬁi’t%%dﬁfﬁ%

€ entire process repeate rference Ca

IntgeReEHee dandeAimecatNRis e amyRetaais rddGires the Jiawrdiesket Nrageived

Pagkpigraceprarames & sispaischlh fop eachimdicanp usiegdhr@tiM206.
oft/Hard Decode ang Re-transmit Zl(éprocess for ever'é Paéget found by
it N,

i R AV RO BrebLa A R A L B e HEa B e el

10 Estistiatetdd Acandribiatienl iof three Saeides| iz shroedsseidt (2keh printielifey clitaative

R E I TR R R R N

theprocess.

Samples Estimate List

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

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

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

30 Information Bit Estimates 112 as generated by the OFDM Soft/Hard Decode and

Re-transmit 215 process for each Packet found by the Acquisition 204 process.
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Soft/Hard Decode and Re-transmit 210 process to produce the Packet
Received Sample Hypothesis 110 for each antenna. The New Packet
Received Samples 5 Estimate 114 produced by the Soft/Hard Decode and
Re-transmit 210 process are then Subtracted 212 from the Packet Received
Sample Hypothesis 110 to generate antdpdated Noise Hypothesis 116. The

New PackgLiRAERIVGH g?ampé Sa'ﬁ%%%%ﬁ&f iof ?éﬁ‘é%%éf%?ﬁﬂglg@@aﬁfémauon
Samples Estimate List 206. The Noise Hypothesis 116 is then fed back
thiBl s imatgttiA thitgRaheyaiese1d dimatddeshrisebvbianpackets are

Er%w%&xepﬁgqm B?C%]?Qtlmmﬂdié‘gdf?ﬁﬁitir\;f_@r |€Biflﬁer;%l§\%lcﬁflﬂ(fﬁgir§amples
gure (0)Y] a grapnical rererence 1or tnis process. sampiles estumale
L Ao B RNATR BT 0B EBIRATY fioear S R eRLg uah 2

Sasigpiels fcstienatihd Irbad ge nérdtrdtion shpatfb DS afttH ardribecadecantbleted
Re- itfar for e recei Packet

B R L e s
selBegtdTRimargetsm praskesiphatiears fom the ls&errdan BihrFpinrissd-ist
onywmerous metrics e.g., sorted signal power, the minimum number of
processing cycles performed, order of arrival. This selection is depicted by

the k controlled switch SWKk in Figure 11, 25 where k is the current selected
packet. |Frewmtiopdtitdt stonaites lthetrd lie dnferntmatiom &t HetiPatgsdsSE&iBate

i | A . . . ) ’ :
o B R O 2 Y LR compiete
eaphaReiskist Asiriasy hirdnecduisition 2ontpriresyiBh Bhbhntdriation 11, where
B A R R R R e et o

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.
Hybrid Re-transmission

The Hybrid Re-transmission 215 process is depicted in Figure 12 and
Figure 13. It uses both Time Domain Channel Application 216 and Frequency
Domain Channel Application 218 processes to generate a New Packet Received
Samples Estimate 114. Both processes use the Packet Received Samples
Hypothesis 110 for each antenna and Packet Transmit Symbol Estimates 119 to
create Channel Applied Received Samples Estimate 120, 122 for each receive
antenna. The Time Domain Channel Application 216 process produces a Time
Domain Channel Applied Received Samples Estimate 120. The Frequency
Domain Channel Application 218 process produces a Frequency Domain
Channel Applied Received Samples Estimate 122. The Channel Applied
Received Samples Estimate 120, 122 are then multiplexed 220 together to form
the New Packet Received Samples Estimate 113 for each antenna. Each of

these processes is described in further detail below.
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complete is made by evaluating a metric for each packet in the Samples
Estimate List 206. For example, this metric may be based on indicators such
as 5 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

Estimateq,iH%t %a%&ﬂnﬁ?ﬁ%@‘f#&%ﬁ%‘iﬂﬁﬁe A?ere is an entry in both the

Samples Estimate List 206 and nformation Bit Estimates List 213. The
selection of completed packets is depicted by the {yl...ym} controlled switch

S}Ny itr) FWQ’M? D;&ﬂ&nf{athamﬁ& ﬁ_abm:liﬁbﬁfz%{nniteé@é_B?'Ehﬁakﬁsam@in
| stim S. eature e lferative receiver str. ure | a  packet's .
P R Tl or 6 S fOR EARE o8 et CaiatSa d B 1 N
Hypbénesis Edf6reteniide for ieacieesesivandntsroarespandiveg Ratkes ifrdootimnit
i _ . oS d Ret o

oS N T S S SRR BESe RS 21

CHYRRESAPBREafiitHRe 61 dnan gy Dortintehdneich ppresticd 22gmple
Proagssinedr 9e0atRBRMNENRABKET REFRiYRENSRIBPIRH ESMAlRbAL F0Men

processes use the Packet Received Samples Hypothesis 110 for each ,
anPéﬂﬂléCSﬁc?FPa%%%e(t'lfrmllt SEERHTENS 136 1598 Peateerhniansmit
Applieth R dtstirredeS atmPle I Esstitaake tl Dansa it fSaequibsréstivatan&haad Thime

Ti i . licat T i .
T A o e SR A R e R vi

CHAANBARPINCats® 2B ¢Heeclss prediire dherFldtge MSMBBmARPIeHaRsepived

Arplph e eaivedieamrias eadiimaiadma. The Channel Applied 30 Received
Samples Estimate 120, 122 are then multiplexed 220 together to form the

New Packet Received Samples Estimate 113 for each antenna. Each of
these prdtresgeshisyd@smiiiaCinginidioA piglizihtielo(FDGAY ime Domain
Channel Application (TDCA)

The Frequency Domain Channel Application 218 process is further
expanded in Figure 17. The Frequency Domain Channel Estimator 238
produces a Frequency Domain Channel Estimate 134 for each antenna using the
Packet Transmit Symbol Estimates 119 from the OFDM Soft/Hard Decode and
Re-modulate 214 process and the Packet Received Sample Hypothesis 110 for
each antenna. The Packet Transmit Symbol Estimates 119 are then multiplied,
one OFDM symbol at a time, by the Frequency Domain Channel Estimate 134
via the Multiply 240 process to produce the Packet Received Symbol Estimates
136. The Packet Received Symbol Estimates 136 are then converted into the
Frequency Domain Channel Applied Received Samples Estimate 122 using the

Frequency-To-Time process 234.
Time, Frequency Domain Channel Application Multiplexing (MUX)

Referring now to Figure 13, the Multiplexing 220 process takes the Time

Domain Channel Applied Received Samples Estimate 120 and the Frequency



The Time Domain Channel Application 216 process is further expanded in
Figure 16. The Time Domain Channel Estimator 232 produces a Time
Domain 5 Channel Estimate 130 for each receive antenna using the Packet
Transmit Symbol Estimates 119 from the OFDM Soft/Hard Decode and
Re-modulate 214 process (see Figure $8 and Figure 15) and the Packet

RaSENER %"P\M% RypRINaSiE il Y AR SRR 12 Fafr‘?cﬂ%ﬂﬁ%!lé%@%%m

Conversion 234 then ‘produces a Packet Transmit Samples Estimate 132
usirgaiheHadnedvearshvbrd NembarkaiRreeer Sampiephskaiateahnit

Samples Estimate 132 and Time Domain Channel Estimate 130 for each

t t li ly dvia the C lve 236
produce BECHd ORHIEI ApETRE ot SonSE ELHaE 1 voPoeont

5 eaembodéneat, TSRneonlg reypynaaty G ansfed oppicdhd m(RDEA) Therference.
Fiouns e[ ORE SRR BREHICEET S CR 1 AL SERET R ona

Fragligieyfitsmathech i elastintateel bagtnextipafRtendaising thewoPacket

ParketileansatiprRa R Fsiimates (&9 frerkiiREERMISOHIpRE Barrde 114
and Re-modulate 214 process and the Packet Received Sample H g%othesis
Bk BT 1R

1167157 SBARAMR NS, FhE Y RXLPH IR NS SYRIFYF rEShEAeY
10 muiipheaid, Ohen®dDADsiatbReatdytihSdoyies Fstiuatecyl PRmaliné hamadting

o e e B e PR L S e
thérinenemainnfengrnatrdqaiaey BepadriCRamriea fpitaaecéried In this

Saéﬂf-ﬂ%ﬁiW%@s&galﬁ%t%anr%‘%W&tTEP&iWQHGS%?%HTéﬁ?of the
Freguency Domain Channel A§plication Multiplexing (MUX) 30 Referring

noWW PR TscalerorimRisinG S5tRk okkss takes the Time Domain

15 Channel Applied Received Samples Estimate 120 and the Frequency 56

Domain GA3NNEARRIPHRBRSIEPAHSZIIYGE SFRMaICFg R g multiplexes

them

Preferred Area of Application

20 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 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

25 theart.

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

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

determination of packet arrival time.



together to produce a hybrid New Packet Received Samples Estimate 114.
OFDM modulation scheme such as those used in this second 5
embodiment, commonly employ a cyclic prefix to combat multi-path
interference. Also, due to time dispersion characteristics of both the radio
channel and band limiting filters, there are tails at the beginning and end of

the New ﬁa&‘ﬁ?taé%%‘&?it\ﬁ%dtrﬁﬁﬁé‘?#%%ﬁﬁ’igﬂﬁg%ﬂéeé\?%&ﬁ%%%eac@\é?ﬁus for
Samples Estimate 114 corresponding to the OFDM portion of the signal are
ta GBI GRENDr &3 e RY MRIEDBFRERT CRENNUN AR R/ &Y SHRFHESIZINg

Espigertasladivilgeatenmabeingr sampiemi) the New Packet Received Samples
Estimate 114 are taken from the Time Domain Channel Applied Received

Samples BSHIR%PPAT G AR SIABBiIment those samples comprise the

5 cyclic prefetandriag partioak ibrlegNe woRaskehRiegao/tk Paokplaadts sigate;
114. 15 : nulti IH%P&R i in.Rigur r
Area of Eg%ggtpéeﬁ%é'lﬁﬂ%l}pﬁéeﬁgi&ed are!?seo%‘??#gﬁz%t%n tt%ér{ t%tejigg%f){ﬁg e
enibRidigiantlana dhe rosesiativnesianal are Oerad receivers that may be used

with IEER&8eniding b BECRYh ha1idkE By SOsibrnyl &1 RGIAROWESIRSE of the

Local Area Network (WLAN) standards. However, the invention disclosed is
usBESIBSFPAnGPER L EEE HED [ 88%%&98%&%}%%&&%? RFSGREDAPUL
10 unsigretihod by the person skilled in 25 the art. With reference to figures 19 to

23 a thirc sppadmen s feseribad Whish SLe0us 9108 1SAERIP A Rafion of

reducing the distortions in one or'more of raw signals arriving at a
redep/decisien BDIA@S a tRaavien Ragkistienéwlditeean 30 overall
improvement in the decision statistic itself. Furthermore, appropriate
selection_of the means of reducing these djstortions leads to a more reliable

determindfBnPEPPRRHRE LHil 7. 871970 JBPULARE FRFFEIBYAigRAfE s
15 prpedesreddipodrendpparattre faveighted filter having a triangular impulse

response, a root raised cosine filter, a Hanning window filter, a Hamming window
filter, or a combined Hanning/Hamming window filter. The predetermined
threshold condition may be one of the decision statistic crossing the
predetermined threshold or a maximum of the decision statistic occurring above
20 the predetermined threshold. The determination of the correlation signal may be
performed every Kth sample of a sampled packet input signal, where K is an
integer greater than or equal to 1. The third embodiment of the present invention

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

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

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

is then usually normalised against the average power in the received signal. The
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communicating in a multiple access communication network by synchronizing
packets arriving at a receiver comprising: receiving a packet input signal; 5
determining 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 a@Sfiltered; determining a decision

StRISHE GARRIANG GRGHRICO %SPBBf;}U%e%BE%Zaeﬂn?é’éﬁ%'r'i’i“%_”selected

signal with a power component of the processed input 10 signal; nominate a
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thregbeitbalipetsie ipettipatine Shtliecer Hedainapisivalcm &Y iRR rpRIf a8k relator
every Kth sample of a sampled packet input signal, where K is an integer
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duration of the repeated signal component defining the preamble. The output
po\’X/'é‘PBWtﬂlée&or?gé]StFHﬁfBF EIROHBRT QTG HOFRERSES Haking e centre
avessigieted aes ingeh dlteceiitie ch sidgarajulBnéndy@ulse response for application to the

correlator outputs. This filter enables more accurate location of the time of the
packet arrival than is achievable otherwise and has an efficient implementation.
It is also proposed to use the maximum correlation power, once a threshold is
exceeded, as the decision point rather than the time at which 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 preamble for packet 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. 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. Threshold
testing of the normalised power of the received signal correlated with a delayed
version of itself is also contemplated. The delay is equal to the repetition 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:



point at which the normalised correlator output exceeds a threshold is
selected as the packet arrival time. This technique has a number of
deficiencies. For example, it does not optimally exploit the statistics of the
correlator outputs and thus may introduce larger error margins in the
determination of data packet 5 timing. I$%his third embodiment, a method is

discloseqzmgll Q)qw%gnr&%n[g_r gﬁgg,};&t’e determination of arrival time of a

data packet. Thus synchronisation errors may be reduced and, _
consequélrpueighiris & varagastdligt rieterabbegificamgy Meflisstnbishidias an

lingaciitaringIaRYPREBITO interpret the correlator outputs prior to powers
being calculated, thereby improving the quality of the 10 statistic used for

packet synchronisation. This is achieved primarily due to the noise

5 Supprelss‘igié Pé@@@éti%ﬁl_@hﬂﬁgcfﬂtﬁfasm@ S;\f@%i@ffdtr?edmﬂarogftﬂh@ﬂ&b{]éiﬁnum of
optima esigned against the characteristics of the preamble and.the radio
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'S HauaRal ansaiimdn RGNS AYRRGP e adfigy AR,
rejp})?oengg rf%r%gg icati%rr?tto fﬁ/g. cor el%ti%?)g%{p%lt\g #1% filter naglegénﬁ(()%ré data
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10 othniniseandaa R BfisiRptiveriesigniatifer folsralehPranaseddesyss dhene
maxiénu corgjlation power, once a threshold is exceeded, as the decision
I%%Ilﬁ“fh

poifl h the time at which the correlation 20 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
preambld i8ldetARRIGRRBnisation. The inventor has recognised that filters
are widely used in general applications and that the synchronisation of

packets may be treated as a filtering groblem. Accardingly, the inventoy 25 .
15 broposes [ ust Fw COIRGHIBF B IR0 cRBRLS R ifbul G USe HRI
centramaigiztioholirdtvenp fitéraoantiissions el etonadépussgriomiavptosrer structure
cAygylarian is BRethng MeRSURAl e pEVa LNl RRCKARIESHR] be
testing of the normalised power of the received signal correlated with a _
defageadveysriPoPitsBAR KpSSiEnNeAplatddsthedahy iSheyfidneianal device
refetibiony fgan technology preferably resides in the baseband receiver processor
20 Rxof a general receiver 190, as previously discussed and, in this embodiment, in
the exemplary form of a wireless modem 190 as shown in figure 19. The relative
logical location of the baseband receiver Rx is shown in figure 19 as the

“Baseband Rx”.

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

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

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



30 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:
59 Filtering of raw correlator outputs; Centre weighted averaged filter,
preferably a triangular filter which has afOefficient implementation; 5 The
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pafERaliionH &L S pERIFCANE thel Pie AABRIYRLY iSeIMpRTBENIGLRESSY rRdmeple (or
reRgEiERS AfArpRsRiraak Ehenfmctienal)deyige pipbRddirgiidechnelemd is

preferably resides ip the baseband receiver F;]Jroc,:esso_r 20 Rx of a general

rec&ivdr o0/ 2s pré S URARELY SHPURAHDEhSodiment, in the

exemplary forfrrﬁ?ﬁ@ wireless modem 190 as shown in figure 19. The relative
logical lo¢ation 4f' e baseband receiver Rx is shown in figure 19 as the
"Baseband Rx" 25 In more detail, in packet based communications systems
the timind luf treorgiatiahotalpacise tosntieaeschiméit athepareivér 10e. Grsseved
thi%&ngp\g:és determined the alignment of the remaining (typically data
bearing) portions of the packet may be determined using a-prior knowledge

of the pagket SKugture. Therefore without accurate determination of the
packet time paéket érrors may

to form a decision statistic ‘pf‘/af. The arrival time i is chosen when this

metric exceeds a threshold.

The inventor has identified that any noise present in the received
sequence r; is amplified by the squaring process and may cause the
synchronisation technique to pick the incorrect arrival time. Rather than waiting
for the statistic to cross a threshold, the algorithm may be adjusted to select the
maximum statistic by including a small amount of decision delay. This maximum
is chosen from those statistics above the threshold. A number of statistics

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

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

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

This may be achieved by filtering the sequences p, and o, by a centre
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30 be prevalent. A common technique employed is to transmit a preamble at
the start of the packet transmission that has a special structure permitting
efficient arrival time determination at the receiver 190. This structure requires
the 60 repetition of a short signal several times in the preamble. The
structure of a typical packet is shown irPfigure 20 where the Sync Word (SW)

s WQ%ﬁf&&’ |§®I‘T’§£§Ltﬁ(l:?}§r°: Athe G?aqiﬂﬂg“ﬂlf%frtf%ea&?

Eﬁém.ﬁ%‘?%m@ subsequent
conventional time synchronisation technique correlates the received 5 signa

wigfaaiRRE dNrepSideOFRE AT TSI Satliceratalitthe AsWgRiSE tR@sence
Sywm_\(Me%(%vf@rt@am&@qﬁiﬁaﬁeﬂﬁwg%m &@It B?]Hé@irﬂgl.mbmé)fﬁﬁ(\!vl may be
repetitions (L) minus one. This correlation is implemepted every sample (or.
v P LTSI IE VLSRRI ALY PO Co P AR BB el 2
is greférred erhbodied.a jitbhepl¢hfteoisedatplogatpbut at time i is 10 j=i This
correlation value is compared with the power in the observed sequence 6 =

Y, rj#rj j=i to form a decision statistic pZ/6Z. The arrival time i is chosen when
this 15 mMetii@rgigeElierahdse3RoiMPTIRe inoapeOs o Al cistitiiaNgiarariy Rl
preprakichiiiare U eRdicHREeRss ¢f i (Britied Int)gissiuang process and
may cause the synchronisation technique to pick the incorrect arrival time.
Rather th?n:v%ﬁmg 20 for the statistic to cross a threshold, the algorithm may
be adjusted toXeélect the maximum statistic by including a small amount of
decision delayofRiSAMRYRAUDY is gherenifiPradionsaalistine APQYBILE to the
threshold. A number of Statistics crossing a given threshold is shown in
figurdertying seefeneesMethedd o, ) then a typical result would be as shown in

figure 23. It can be seen that the threshold crossing technique has benefited

from the application of the filter, since it is now closer to the maximum as seen by
inspection of figure 23. The effect of the noise has also been reduced therefore
enhancing both the maximum and threshold crossing techniques. The preferred
method is to apply the filter to both raw sequences, compute the metric using the
filtered sequence and to use the maximum of the statistic that is above the
threshold. Advantageously, a more accurate synchronisation of arrival time is
achieved by filtering of the correlator output and power measurement processing
prior to decision statistic generation; using a maximum search within a window

defined by a threshold on the decision statistic.

By accurately estimating the arrival time of the preamble (and therefore
the packet), the number of packet decoding failures may be significantly reduced.
Apart from improving the chance of recovering the data payload this has flow on
effects to the network users since both network control and data packets are now

more reliably recovered.

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

that receiver sensitivity may be improved by improving channel estimates using
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In this method according to the third embodiment of the invention the
inventor exploits the profile of the autocorrelation of the preamble in order to
mitigate the negative effects of noise of the time synchronisation
performance. 30 This may be achieved by filtering the sequences p, and 6,
by a centre 61 weighted low pass filter.8%ote that this filter is applied prior to

BaPaufnLEd Uf%iﬂqbr‘}g U SEQH PR Y de %%Qé‘t séﬁgﬁilé:r&%%?aﬂr%bting

th
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tri filter h i I that is tri lar i ture, ificall
hETIRERNES G LY (L SR HRAFIETan K SRebR IR JEmiime
in gt} dhdrenéltestitestrdfed ialppoead dpphididdo the underlying

sequences (p, and 6, ) then a typical result would be as shown in figure 23. It
can be seen that the threshold crossing technique has benefited from the

applicatid¥ vaRtRORREBE it dheidonslh emvedianend prsintnP i seakahynay be

INSRRGHRNY ‘Pﬁémﬁ%nﬁb%?ﬁﬁﬁéiﬁfn@ﬁ Bﬁﬁﬁl&%ﬁ*ﬁ@t@%ﬂgﬁﬂ%ﬁﬁl decoding
therefore 15 enhancin%b%)th the maximum ar??d threshold crossin

teHMGAEL, THREBVBEL S ARG SSHT A5l Y RSl (& BTG the channel
seqsiimaés, foonspuisothe-mdtrc tisiagddraafiltened stbinge Micerarticetonese thannel
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correlator output and power measurement processing 20 prior to decision

statistic ggnRIASIAANESIRER ATBYIAUEBBANFRMIthE ;?ré’&@qqm&ﬂfaﬂ\e&&yldbs a
threshold on the decision statistic. By accurately estimating the arrival time of

th&|5HE8fh A aRYBIRET e Rlr & AHE9a RS, YRS M B Biesa ke Pu @Sy Pased
faibkinesnonsydtiersgysfecanidynm@ibicgd. 25 Apart from improving the chance of

recoverina% the ﬂ‘ﬁﬁ%l&zf%oggﬁghshQﬁgsftli%t%q'eference based on an initial channel
estimate derived from a received packet preamble;

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

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

The method preferably comprises storing the channel estimate reference
in a channel estimate data base at the receiver. The method preferably
comprises transforming the packet data symbol channel estimates to the
frequency domain prior to updating the stored channel estimate reference to
provide a time smoothed channel estimate reference. The method also
preferably comprises for each subsequent received data symbol within step b),
pipelining the steps of demodulating, modulating, and updating the channel

estimate reference with the further step of FEC decoding.

In the current state of the art, high mobility high bandwidth transmission of

information is limited by the inability of receiver processing techniques or
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effects to the network users since both network control and data packets are
now more reliably recovered. With reference to figures 24 to 31 a fourth
embodiment of the present 30 invention is described in which the solution
offered stems from the realization that receiver sensitivity may be improved
by improving channel estimates using 683 symbol estimates from the

e”ﬁ%gﬁ&‘dgq{)“ﬁg RIALARL g}?ﬂg&nﬁl}@ffw 1y cﬁbﬁﬁ?eFQ Nl aRlmaiaRe

based on recentyrecelved hannel estimates. A urther aspect
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channels in aé)acket ba ed_ 15 communication li‘ﬁﬁls‘??m comprisin

inifAfiZE AT HSRRENER rr%F OV parsviaeheas A RHF‘ SHHE?@&Y&&%G”
dedisuttEomby receiapidipacieeyipoe aradile ; bhamtta,tlrignhanmhanneirmtlnm for
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portio rrent and all previous receiv ata symbols %repeatlng
step b) at the arrival of subsequent packet data symbols. The method

preferably cqmipdags.Soflpa e, £ AR SRIMABARIRLEACE: I8 SHAMIER, an

estimate data base at the receiver e metho pre era Yy comprises

traPISRIFAMAJ asehesckderised shrboreahapeiate Sihmteer (o Ha\b s)relrldprsjs in
dograér RSianéURERIEGNESIIRY thrnoe! SrtivsHpIBiRyencer@spondingly, in
this embodiment, three statistics are exploited: the frequency domain statistics of
the radio channel at the OFDM symbol rate; time domain statistics of the radio
channel across OFDM symbols and; the outcomes of each decoded OFDM
symbol. These statistics are used to estimate the radio channel from OFDM
symbol to OFDM symbol. When a new OFDM symbol arrives the channel and
data estimates are updated for the corresponding symbol and some small
number of previous symbols. In this manner each OFDM symbol is decoded
more than once with an improved channel estimate each time. Prediction of the
radio channel from the received signal and knowledge of the preamble of the
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 art that this
embodiment permits the effective decoding of OFDM packets in rapidly varying
radio environments. Thus it offers benefits in terms of supporting increased
mobility at increased spectral efficiencies. It achieves this without increasing the
implementation complexity, or latency, while simultaneously increasing receiver
sensitivity. In this regard, it has potential in both high mobility and in fixed

wireless networks. Those practiced in the art will recognise that this embodiment
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provide a time smoothed channel estimate reference. The method also
preferably comprises for each subsequent received data symbol within step
b), pipelining the steps of demodulating, modulating, and updating the
channel estimate reference with the further step of FEC decoding. 30 In the
current state of the art, high mobility higbdpandwidth transmission of

current stte of the art, high mobilty highbe nsmission
R e P e A R SN i e 2 e

théngaryingtebangpbmansls wageforiheTRiferadiemapdiysehbrenighome

MR lEaNsd I FHOATIRRP Bronivtew datailatemtdniiis fewrthamedyPBm, or
a rec?iver technique that exploits OFDM signal structures is disclosed and

the"PARF FRAHISS OFDM signals are error control coded. Thus high
mobility, high bandwidth data transmission is permitted. Additionally, the

technique al its fi icali ' vorks by improving
receiver %&%&f\%@ﬁ%gg&ﬁaﬁ%?%§§ﬁ%ﬁ@g§@§%has been achieved

by developirtg dietticrigirannel prdrdats eatinatigiederebinthefiafabistimates
modulated packgts;ehiranadiag Hirk bRy hegmh i gistorted by a rapidly

varying radio channel, but without the need for compromising data rate by
the excessive USE@HIOt oferafithgSsgRHINNgn sipirderrstPaspédtBhthsymbols

fourth embodimgihieiedeatiR NN spigtHbMhas e R firutesddhhprdved

operate on a per OFDM symbol basis in 15 order to avoid increased
decoding laten&PSHMbmplexity. Correspondingly, in this embodiment, three

statri]stigsFatt)r I?/I' e@&ﬁé?!é'rt%tﬁ@ﬁ%@”@éﬁi@n%_ﬁﬁ@li?@%ﬁf@eﬁﬁ%@ qlhaf‘U)EbB”
at the symbol rate; time dogmain statistics of the radio channel across
OFDM symbor SIS BB 2R SR BB S5t

statistics ares usegdrcaotiraaientimerdioriherDd e IMEEDMNehelgsl loop
OFDM symbol Wheéw a new OFDM symbol arrives the channel and data

estimates are Q%%Iseﬁ (ﬁ%ﬁﬁ%%rresponding symbol and some small number
of previous symbsisetjuisimarieisaeiy® baidvwarmbagisriesneesata.

In this fourth embodiment a baseband digital receiver technology that
enables the effective reception of high data rate signals from a mobile device
travelling at high speed is disclosed. A brief performance analysis is also

presented.
Field of Application

This technology applies to a point to point communications link where
transmissions are made using coded Orthogonal Frequency Division Multiplex
(OFDM). In general, coded OFDM transmissions are formed by

1. forward error correction (FEC) encoding, over one (OFDM) symbol
duration, the information bits, then

2. conventional OFDM modulation.

The FEC coding over one OFDM symbol may be block coded or the

coding may continue across multiple OFDM symbols but per OFDM symbol



more than once with an improved channel estimate each time. Prediction of
the radio channel from the received signal and knowledge of the preamble of
the 25 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 art
that this embodiment permits the effecth® decoding of OFDM packets in

raRidly SR RS gl S MU SR eRISH S HlfeEs heaeis Ekb%ﬂ‘ﬁ@thodin on

supporting increased mobility at increased spectral efficiencies. It achieve
thi &M syrebein Pt nerseVRiRRERTEMAEBN complexity, or latency, while
simultaneously increasing receiver sensitivity. In this regard, it has potential

in both high mobility and in fixed wireless networks. Those practiced in the
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Adi&ntabeselalvenegialileertinb RhiBAtIAERAIES: raeeierdniarvanindiadre
estimaignewhgeaby tharixitial estimates are improved using data aided
techniques. Frequency domain smoothing stored across OFDM symbols 10
enabling release of time smoothed channel estimates for improved

10 decodingLaBerxydend QEQNES yinhivt lnisath Prestissteslsboyes in "CEDB"
(channel estimate data base) described in more detail, below. Prediction of
channel from CEDB to start up OFDM symbol loop 15 based processing.
Consequiénpastielleney, agyaraian sigiempbilkyraaeitant tadnmelgment the

embesieep-acoaspbandrisitakiscedisy lsealranéhakrienablesdhsis and the
e ading o G e e e b o o A Simportant since

15 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 symbol processing. That is, when a new OFDM Symbols
worth of signal arrives the Baseband Rx should release an OFDM symbols worth

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

20 an OFDM Symbol and the outcomes of decoding the Symbol must be of the

order of a few OFDM Symbols duration.
OFDM Channel Estimation in Mobile Environments

25 In mobile radio communications systems coherent receiver designs
typically require the use of accurate channel estimation methods in the baseband
receiver. The channel to be estimated is a multipath fading channel induced by
motion and reflections in the field. Among other uses, the channel estimate is
employed to drive the FEC decoder, a critical aspect of the receiver. In the case

30 of OFDM modulated signals the channel is normally measured in the frequency
domain, after the received signal has been sliced up into OFDM Symbol sized

pieces. In mobile communications systems the channel over which the signal
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travelling at high speed is disclosed. A brief performance analysis is also 20
presented. Field of Application This technology applies to a point to point
communications link where 25 transmissions are made using coded
Orthogonal Frequency Division Multiplex (OFDM). In general, coded OFDM
transmissions are formed by 1. forward @ror correction (FEC) encoding, over
on AQFOU SyRglChralion NP dMrBRALRT BliS e G, CABKEATANELnannel
OFDM modulation. 30 The FEC coding over one OFDM symbol may be block
cof&y shangecdiding mayassmirnoberekriultiprelesrbrrtspatiss tsehpisiues it
OE%MS%M%B@C:_%tdﬂ%;%gggﬂﬁn i@@g@mﬁm@awilmbéﬁamedmew _\mﬂhket
exploit the coding on_the ymbols to improve performance. As wit
o BT b, R TEHE A B B B ! BESERRGRbg) most
pretaralaydse@dp d b 8 Masebpagreemibier iprivepssuttdixabftive IadivéalSirket
in ! a wireless modem 190 as shown in figure 19. The
relﬁ%%ggﬁelﬁ]%ég{@r? %'f the baseband receiver Rx is shown in figure 19 as
the "Bas&baftimrd"Methostency and OFDM Symbol based Processing Loops
In packet based communications systems it is important to implement the
receiver Jarocessinghwith as little delaé getween the arrival of signals and the

[

decoding b BFTASNBLAEG NP QideaSpbadiment e ParbioRmg of the
simeeciethesityral- doo UD B Dikheédgrragideowledgesnants o ansigryifioartt atriiey itime
th D thi [

I osh R 1 ool - e e SRS i SO row

neRYORENP SYrENISYbRh dftagrrafelredeamihedinsabalse RxPivituIHG drshdbat
anyRF BN RIBINVGstnebidarnaatismbitthe edpudINReudhe as training

information enabling the decoding of 20_.an OFDM Symbol and the outcomes

of @é@mﬂgqﬁgré@mg%?mﬁgpﬁ (TN The statisticsof the way that the channel

changes with time and frequency are also exploited here.

An estimate of the channel in the frequency domain is obtained. The
inventor defines the CEDB as a Channel Estimate Data Base containing channel
estimates for each OFDM symbol, smoothed in the frequency dimension (across
sub-carriers), but not in the time dimension. The method comprises the following
steps, as set out below, for a packet with N OFDM symbols. Steps required for
OFDM window synchronization occur prior to the processing shown here. The
inner loop (3.4) is of length, L, OFDM Symbols and enables iterative channel and

data estimation.

Ref Function

1 Estimate Time and Frequency Offsets based on Preamble

2 Initialise CEDB based on Preamble

3 For Each OFDM Symbol (n=1:N) {

3.1 Transform Rx OFDM Symbol into Frequency Domain (apply FFT)
3.2 Correct Rx OFDM Symbol for Time and Frequency offsets
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order of a few OFDM Symbols duration. OFDM Channel Estimation in Mobile
Environments 25 In mobile radio communications systems coherent receiver
designs typically require the use of accurate channel estimation methods in
the baseband receiver. The channel to be estimated is a multipath fading
channel induced by motion and reflecti€s in the field. Among other uses,

of o recmnar ot e e TS Sy ST S LR o

normally meas$ef&Bin the frequency domain, after the received signal has

begn sliced U p:gﬁgé&hlpé\dehng?%y SpIR RQlife communications

systems the channel over which the signal 66 travels c .qnmaq with time and,

ifl A Vehitle spep&mqﬂ@ﬁt@rfc}ﬁw PR AR EFIRGLG AR ESHMRLS the

regepon pf a pachket hewatedADNESiv®ole@uiidnassitalisoassoased Hoatipper
the multipath fadlln r?annel is invariant over the packet enabling the one-off

estimation of the nel at the start of the packet. In most 5 standards (e.g.

IE'BE 802 11|a) a(ﬁreearatﬂéi’ wnmebmtmdmhﬂlaerrga?EGflaqmdleetOchmastly
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annel estirn?ta changes from OFDM Symbol to OFDM Symbol. The
eferred empodiment also exploits the fact that the OFEDM symbol is

ncoded, eh bling the use of decoded data as training information for the

OCD'OOO(D

annel estlmator The statistics of the way that the channel 15 changes with
a e alsg ited here. An estimate o neI
o B BT P L SBATREP Hb SROKRIH ML RRESTAE CERSL SR EifareP
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time dimension. The method comprises the following
OFDM Symbol dimensions) are independently controlled by a process not

described here.

Advantageously, the fourth embodiment provides:

1. Iterative Channel and Data Estimation whereby the initial estimates
(resembling those that would be obtained conventionally) are improved (step 3.4)
using data aided techniques.

2. Frequency Domain Smoothing stored across OFDM Symbols
enabling release of time smoothed channel estimates for improved decoding
(steps 2, 3.4.4).

3. Decoder outcomes drive channel estimates stored in CEDB (steps
3.4.3,3.4.4).

4. Prediction of Channel from CEDB to start up loop based processing
(step 3.3).

Parallelism may be exploited for implementation purposes by two

processes running in parallel comprising.
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steps, as set out below, for a packet with N OFDM symbols. Steps required
for OFDM window synchronization occur prior to the processing shown here.
The inner loop (3.4) is of length, L, OFDM Symbols and enables iterative
channel and data estimation. 25 Ref Function | Estimate Time and
Frequency Offsets based on Preamble 88Initialise CEDB based on Preamble

L S BMIAR A ofoh UARIRATEH I Sy UOldY Fetons

Frequency Domain (a ) 3.2 Correct Rx OFDM Symbol for e an
Fr@eﬂjénéyﬂ&@eﬂs“(ﬁ& @@ﬁérate Channel Estimate for OFDM Symbol n

by predicgion frcpmdﬁ%@&ﬁ@ espEagipyecent OFDM Symbol (m=n:-1:n-L) {
3.4.1 Demodulate OFDM Symbol m using Channel Estimate 3.4.2 FEC

Decode OFDM Symbol (outcomes also released to upper layer) 3.4.3

Generaté/\?lﬁi&irﬂngdeyssemgdmating ﬁEOM@ﬁnmmDﬁresewmindamg on
U&"’r\' E%FE%E?P% RYERPY3 6’5k ahead

Channg}f mate OFD Sym %}:om C DB }I} T ﬁannef?k anhea

préfR e %s@f@@’.‘:}?%@%) and generate channel estimate (step 3.4.5

above) both apply CEDB time domain smoothing across OFDM symbols in

their implementation. The strength of the smoothing (across Sub-Carrier and
5 OFDN DY TR HASRRES e Hafo BeAer Y OUAIE o oabeg oo
dedesibilzbtiere. Advantageously, the fourth embodiment provides:

Complexity

By exploiting pipelining of the FEC decoder function the most difficult
aspect of the receiver device is fully exploited while maintaining a highly adaptive
capability in terms of the propagation environment.

Sensitivity

By accurately estimating the channel, the performance of the decoder
stage may be significantly improved (typically in excess of 1 dB increase in
receiver sensitivity). This has been found to be the case even for time-invariant
channels and is realized by exploiting data symbols for training purposes. In the
case where mobility exists the ability of the receiver to track the channel in time
allows the receiver to operate effectively where conventional systems may fail.
At the same time, the benefits of iterative (multi-visit) estimation of the data

symbols are realized.

Latency

By employing per OFDM symbol processing and pipelining the FEC
decoder the inventor has obtained the earliest possible release of high quality
data estimates. Therefore the receiver operates without increasing latency
relative to conventional techniques. It should be noted that conventional

techniques may fail in high speed mobile conditions.Performance Analysis



1. lterative Channel and Data Estimation whereby the initial estimates 10
(resembling those that would be obtained conventionally) are improved (step
3.4) using data aided techniques. 2. Frequency Domain Smoothing stored
across OFDM Symbols enabling release of time smoothed channel
estimates for improved decoding (step$2, 3.4.4). 15 3. Decoder outcomes
drive channel estimates stored in CEDB (steps 3.4.3, 3. 4 4). 4. Prediction of
ep 3.3). Parallelism
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5 W(Hkmgm]a@FSIDMvsymbm tal@e Helowifset requires the predictor in Ref 3.3 to
look ahead one extra OFDM symbol. The benefits obtained by use of this
embodiment's technology are now 10 described. Complexity By exploiting
pipelining of the FEC decoder function the most difficult aspect of the

receiver device is fully exploited while maintaining a highly adaptive 15

capability i
estimating
significantl

sensitivity)|

rately
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in-terms-of the propagation-environment.Sensitivity By accy
tidriahdignel, the performance|dVsihgedecoddnitage may be
y improved (typically in excess of | dB increase in 20 receiv
Baigiwiitbeen found to be the'&a8e even fdtHiEne-invariant
Carrier Fregency 5.0 GHz
Number SubCarriers 256 SubCarriers
OFDM Symbol Duration 16 us
OFDM Symbols Per Packet 38 OFDM Symbols
Mobile Unit Velocity 30 ms”
CoherenceFrequency 3.0 MHz
Bits Per SubCarrier 2 Bits
Pilot SubCarrier Spacing 32 SubCarriers
Eb/No 8.0 dB
FEC Rate 1/2
FEC Memory 5
Derived
Channel Coherence | 48.0 SubCarriers
Frequency
Channel Coherence Time 62.5 OFDM Symbols
Packet Length 640.0 us
Doppler Frequency 0.5 kHz

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-
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channels and is realized by exploiting data symbols for training purposes. In
the case where mobility exists the ability of the receiver to track the channel
in time allows the receiver to operate effectively where conventional systems
may fail. At the same time, the benefits of iterative (multi-visit) estimation of
the data 25 symbols are realized. Laterd® By employing per OFDM symbol

PraGaSEIELAN B'W’ﬁ’é@é@dﬁ%@e%ﬁ%%ﬂ aYRer T%QQE?ngetg‘tﬁnates

earliest possible release ot high quality 30 dat estimates. Therefore the

re @St P et BAURMGLR T @RAINRY 18k sePRENERIeAdXotheshtRshal Symbol by
tecﬁyaifa@esa!i@hcrw Ra%mptﬂdm@aé&%uwﬁimmemiﬂ@@m fRbI8 Mishthis

ﬁed mobile cond| ions. Performance Anal sis 69 In this secti
ex

e R A R e R UL SUARATLCTTEE 8 BBl FATISIRG Glantiy and
corsvehbmmahedeafbsmbaasbtherprppquﬂaseceﬁmeopymﬂaﬁsmg thechetgives &eto

pr t e tions link used in the 5 example
ar%\éﬁﬂ 5 %tﬁi i&; : ggqrﬁat%/ \’ﬁue Unit Bandwidth 16.0 MHz

Carrier Freqency 5.0 GHz Number SubCarriers 256 SubCarriers OFDM
Symbol Duration 16 us OFDM Symbols Per Packet 38 OFDM Symbols
Mobile Unit Velocity 3Q ms Coherence Frequency 3.0 MHz Bits Per
SubCar%&“Zeéﬁ?ﬁvﬂb? RffESINEr spacing 32 SubCarriers Eb/No 8.0 dB
FEC Rate 1/2 FEC Memory 5

In conventional processing the radio channel is estimated based on the
preamble only. The main restriction with this approach is that the radio channel
(after correction) must be invariant across the frame. As shown in figure 25 this
is not the case since there is a phase change at around OFDM symbol 30 in
some of the sub-carriers. It is therefore expected that decoder failures starting at
around OFDM Symbol 30 of the packet will occur. This is indeed the case as

shown in figure 26.
Preferred Method (Perfect Training Symbols)

Figure 28 shows the performance of the proposed system is shown with the
possibility of decoder failures for training symbol generation eliminated. The
decoder outcomes for data recovery are still recorded hence the errors in figure
28. This represents the best possible case for data aided radio channel
estimation. It is possible to compare this result with that obtained using decoder
outcomes for training in the following section. Note that the number of errors has

dramatically reduced relative to the conventional technique.

Preferred Method

In this section the performance of the proposed method is evaluated. The
CEDB is shown in figure 29 and represents a good estimate of the radio channel

even though smoothing across OFDM symbols has not been employed. The



Derived Channel Coherence 48.0 SubCarriers Frequency Channel
Coherence Time 62.5 OFDM Symbols Packet Length 640.0 us Doppler
Frequency 0.5 kHz 10 The actual radio channel (measured after FFT
application in the receiver) is shown in Figure 24. The rapid phase rotations
in the Phase plot result from FFT winddi misalignment and residual
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5 esthmatddhisedrneetbddthaniied. Eomve pioicanBrnoeessingastly Irsepenentiondhe
pr%ﬂ%ﬁ%ﬂ%ﬂ%ﬁ%@%@@%ﬁ%@%@ _ased on the preamble only. The

main restriction with this approach s that the radio channel (after correction)
must be invariant across the frame. As shown in figure 25 this is not the case

since theygitis rRPGsECloAgR ey 8iotg4QHHY sipBaindéhinis asimssaf Wsich
sub-carriﬁrs. It is therefore expected that decoder failures starting at aroun
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channel estimate, and frequency and time offsets as they vary throughout a

packet.

15 In one aspect the fifth embodiment provides a system and method of
communicating in a multiple access packet based network by estimating time
varying channel impairments, where channel impairments comprise channel
variation, signal frequency offset and signal time offset, comprising:

a) initializing a set of channel impairment estimates based on initial

20 pilot and preamble symbols included in a received packet;

b) performing a decoder operation which comprises processing the
set of channel impairment estimates and the received packet to determine a set
of transmit symbol estimates;

c) updating the set of channel impairment estimates through use of

25 the determined set of symbol estimates and received packet;

d) repeating steps b) and c).

In another aspect the fifth embodiment provides a system and method of
communicating in a multiple access network by time varying channel estimation
in a receiver for receiving transmitted packets, comprising:

30 a) estimating a frequency offset based on information included in a
received packet preamble;

b) correcting a received signal using the estimated frequency offset;
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decoder outcomes for data recovery are still recorded hence the errors in
figure 28. This represents the best possible case for data aided radio
channel 25 estimation. It is possible to compare this result with that obtained
using decoder outcomes for training in the following section. Note that the
number of errors has dramatically reduééd relative to the conventional

technique, Ryeferred Methad, 30 | tQEiﬁ%@PGé@%ﬁﬁf@?FﬂéﬁBﬁeiRElL d in the

proposed method is evaluated. The CEDB is shown in figure 29 an
repPESBINS RAGHRIPERFMRIR of the radio channel even though smoothing

across Q@%ﬁfﬁhﬁiﬁ&%ﬁf%ﬁg@%@ﬁﬁﬁ%%i h%7¥eémhm%ﬂ@¢rﬂﬂ§ Ithe
sup-carriers is however evident. Once the smoothing across symbols
is Eﬁﬁ%{)&& i%?{}‘g%’&&‘ rtﬁ‘&?cﬁ’ﬁ“fosﬁ{api%tﬁ%ﬁ*?ﬁaﬁ?dﬁ%@fﬂ%ﬁ?% e?\‘/gé",o g and
shiovemvariige ey @8. prefoes;be seen in figure 28 and figure 29 the error

Obtainedgsﬁmﬁg@ﬁsﬁgégﬁﬂgﬁﬁ%ﬁwWﬂ?cﬁa&% Hgéé)%?ﬁ&'&%?n% the

the idealise e error performance is vastly superior to the
cofiotanmined shanoel gstinalRmis fietel/e® PagiKRtieference to figures 30 to 34

a fifth enfhgdinapitiig dassrdiadswhicBnPrMfRRdoesrrfiaaiiaadbaing results
receiver sensitivity ma% be improved by use of the 10 outputs of a receiver's

deRBAN QAR I A DIt S SFARARELPRTBEIS'Snd updating these iteratively

with eachys\trabsiarederyetidotrémsméssimulatioplef aeqbance|iegidintatefraqaency
fre&%g / and time offsets as they vary throughout a packet. 15 In one
aspect thé fifth embodiment provides a system and method of

communithatiRgating rheltisteapiest ehanee! RloatR Ao mPiBiIAepaahed
vagygpipienaBpebippadimacis, Wﬁﬁéﬁw@%ﬂfm@dmﬂ@irg@%l"d@lﬁfémari%dﬂéﬁﬂehcy
varjation, signal frequency offset and signal time offset, comprising: a)
iniff8f1Y a set of channel impairment estimates based on initial 20 pilot and
preamble)sgpdatisgratiypdes) to &)received packet; b) performing a decoder
operation which comprises processing the
In a further aspect the fifth embodiment provides a system and method of
communicating in a multiple access network by time varying channel estimation
in a receiver for receiving transmitted packets, where the receiver retrieves
OFDM symbols from a received signal and transforms the retrieved symbols to
the frequency domain, comprising:
a) determine a matrix of training symbols comprised of symbol estimates
derived from a decoder;
b) determine a matrix of frequency domain received OFDM symbols;
c) determine an intermediate channel estimate matrix by multiplying the
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 dimensional filtering;
f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.



set of channel impairment estimates and the received packet to determine a
set of transmit symbol estimates; c) updating the set of channel impairment
estimates through use of 25 the determined set of symbol estimates and
received packet; d) repeating steps b) and c). In another aspect the fifth
embodiment provides a system and me#fod of communicating in a multiple
access network by time varying channel estimation in a receiver for receiving
transmitted packets, comprising: 30 a) estimating a fre‘_guency offset based

on informBtksh AGtheE @sRectifeciifbuamkedinsaalprovidas) 2 shetefihgnd method
recRivesh Signahtishm tmeariRaiecss teaneik afisettifatieydstesminnoraceiver

chfnnel estimate USi?ﬁ information included in the received packet

prénf BT I LRSS RTL PR [E8EYtRNEe of the received signal into the

5 frequency)cﬂnmmilseld_‘mlaaigh:é rseeipdel ﬁmthhsﬁﬁbolsd_es OFDM.symbc_)Is
and 5.'”5%“’&&1@91%0“% F?ﬁ%%‘?%f?)c%% Qi’é'&‘go%t%le%gf%glao%ﬁ%}'&ﬂ WAt
comprises processing the determined channel estimate and received packet;
f) G¥AIRIAFSRRFHSSAIR SIbM QLN [Breamiia dealmneyAte *REaRIRR) TEHHRLS;
and inforgyatiqBrinithe seEeiveshBRFIE IRIEASR AR ) FANSIOEBINEHERY of the

transmission sample sequence into the frequency, domain; h) updating the
de’t’SPﬁiﬁ?é’d%H&?%é‘l‘%@frﬂ&Hé‘FH?@&YHBiH]ﬁ&?H&‘Pé&%WBB '%equence
10 and the tdyridten sseoRcsaiapiassiguancatiixthe frequency domain; 15 i)
repeating, st 0 ), furthe he fifth embod] rayides
cyarem S B g e o docm e B Ager
vaPfeideneaneYigdanitliered Fourier transform.

The fifth embodiment provides reliable estimation of channel impairments.

15 In the related art, that is, in the theoretical rather than practical context, decoder
outcomes are employed to assist with the estimation of channel coefficients and
synchronisation of received signals in radio communications systems and radio
networks. The difficulties encountered with these present theoretical approaches

to decoder outcomes include the appropriate treatment of the uncertainty of

20 these decoder outcomes in what would otherwise be conventional channel
estimation and synchronisation techniques. In other words , the difficulty of
applying one-shot or preamble-only channel estimation techniques or processing

to an iterative process leads to less efficient and less accurate channel estimate

and synchronisation performance. With this in mind, in this embodiment the use

25 of a channel estimation and a synchronisation technique that employ an entire
packet's worth of decoder outcomes (in addition to the preamble) is described.
While others also have advocated this approach (at least in general terms), in the
present embodiment, the specific method to manage uncertainty in the decoder
outcomes and subsequent processing are distinguished from the related art by

30 the features described here below. In this embodiment, in estimating the
channel, the inventor first employs the frequency domain version of the

remodulated decoder outcomes and preamble as training symbols. Then



in a receiver for receiving transmitted packets, where the receiver retrieves
20 OFDM symbols from a received signal and transforms the retrieved
symbols to the frequency domain, comprising: a) determine a matrix of
training symbols comprised of symbol estimates derived from a decoder; b)
determine a matrix of frequency domain/feceived OFDM symbols; 25 c)
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5 snmﬂdqemb&ahﬂlngemmrawtrbtmﬂar lto \teeamsehef aspiqmri.laavﬁfrtrand npt have
e”&%‘éﬂ}ﬁp&&{(gﬁlgGrgc_g|%g;ﬁgm??@ge@ﬁ%%g,oésql punicating in a multiple

access network by estimating offsets in a receiver for receiving transmitted
packets, comprising: 5 a) determine a matrix of received OFDM symbols; b)
determine a matrix of conjugated data symbols wherein the data symbols
comprise one or more g;}%reamble traininr? and estimated symbols; ¢

determind $PUIRRIBREFE SRkt RRIREmERIRRT é’(ﬁoéf’{he"? the fifth
10 recentedisyenbd atadrito inattkpliedovithridleas dhjiayte d g pstothlenpaicke t 1y dicing

filtgr the Eourier t X { [ i f )
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outcomes are employed to assist with the estimation of channel coefficients
anaommunlcatlons.
15
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
20 frequency offsets are obtained. These may then be employed to enable effective

synchronisation.

In another aspect a channel estimator has been provided. This aspect

employs the outcomes of soft FEC Decoding (e.g. SOVA) to improve the quality

25 of the radio channel estimate so that repeating the decoding step, using the new
channel estimate, offers improved outcomes. These soft outputs are used to
generate soft training symbols. Firstly, multiply the received OFDM Symbol
matrix by the conjugate of the Soft Training symbols to get an intermediate raw
channel estimate. Then compute a further intermediate matrix of training weights

30 equal to the absolute value, or absolute value squared, of the each of the soft
training symbols. Both of these matrices are then smoothed using filters based

on channel statistics. The channel estimate is then obtained by dividing the
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synchronisation of received signals in radio communications systems and
radio networks. The difficulties encountered with these present theoretical
approaches to decoder outcomes include the appropriate treatment of the
uncertainty of 20 these decoder outcomes in what would otherwise be
conventional channel estimation and syffchronisation techniques. In other

wal o MGG WA AR ARG Q15 SRAL ShBCRRTRAISANY I’natrlx in an

estimation techniques or processing to an iterative process Iea S to less
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decoder outcomes and su sequent processing are distinguishe from

relgRApale ipdocRt RAAKREINESERIRSI FetelberRAREHh TARIENTROIRREN, |hased

esgpg@é}r;\g Weh riANREbARENByestor first employs the frequency domain
version of the r modulated decoder outcomes, and %eamble as trai

in
symbols. ‘ﬁ‘?erf DWIBH REEPIE F e IR n S GO Rint M arfifSCEBH Rk rT]f thidth
traammgdiymehtl sequence and from the frequency domain version of this the
received signal. This may be achieved by either division or by minimum
mean square error_estimation or, via other estimation techniques. Any errors
in the decoder 5 pbifdomes wilktRogtspersdakarilibr to the use of|an

interleaver and nopgpve dire g,yng@fggg@}%ggg%glon of the channel
th

estimate. It should_be noted e _channel estimation approac of the fifth

10 embodiment isfHte to track IRKEA &Y G@RTEFHARS across the packet by

slicing the packetrgrinto segmetedhaéraresassimed invariant. [Thus the
practical impact jotthis-embodimentd -° that-morereliable-channel estimates

provide the oppo Ejnlty for s@ﬁ %Hﬂ ﬁ? p?%%ﬂqﬂformation packet recovery
in radio communitEEbNS. Inverse FFT

OFDM Orthogonal  Frequency Division
Multiplex

RF Radio Frequency
SOVA Soft Output Viterbi Algorithm

This fifth embodiment of the invention provides a suite of baseband digital
receiver technologies that enables the effective reception of high data rate

signals from a mobile device travelling at high speed.
Field of Application
This suite of technologies applies to point to point communications links

where transmissions are made using coded Orthogonal Frequency Division

Multiplex (OFDM). As noted above, coded OFDM transmissions are formed by
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15 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 20 frequency offsét@ are obtained. These may then be

employed to e r t C

catimator hes DO T B A e O Pl g
Decoding (e.g. SoaliRNderpfeeatienduitgitners of the radio channel

estimate so {hatsapeatbIhiRerARG ey SigRy using the new channel

estimate, offers improved outcomes. These soft outputs are used to

generate soft training symbols. Firstly, multiply the received OFDM Symbol

matrix byTHhe E@Quc@dmgfavers@ﬁbmmmg Syt |srigy0pt apldaietbeinis the
hanneal esti ate Theﬁg comp a&ﬂ%ﬁr mtermFd@t? matrgs%ﬁl}[alnlng |

welg Exclob e&ua? 0he 8650i0te™ va b€, or ansoite. vaﬁje square

eadhooftihg tsfbnicrinthghsyichbs aBatabdd thébe nesgivesmeay riainibetheding

usg}gtﬂg%ggﬁpg%gggi@ﬂﬂg &;gtbg%n:m%ghannel estimate is then

obtained by dividing the 75 smoothed raw channel estimate by the smoothed
training weight matrix in an element wise fashion. The impact of this aspect

on high rr|r9biﬂanyhi@é1 mmmgy%m@nmaﬁ@msﬁwmww&emm@bmf a
those Prsegctrlnce ﬂte mte %At%é[:%ri% S ‘Xmlowfeg éj; a4 Iéet loss r%tes mPﬁCﬁz

networ cap Increa y t6 Accommodate
rapidly changlng radlo channels and more reliably decode data

transmisgioRg K ALae &%ﬁﬂﬁﬁ@aﬁ%@%“é%ﬁﬁﬂé'ﬂ%%&&‘ﬂén@téﬁ%ﬁ&ﬂlent the
packet loss rates and increased ranwr OFDM based  systems with high

velSER)Y Ao BERCERSE oIy ditHsn abeesn it I§rﬂé§bl‘?{)tﬁ@f‘8ﬁ@ﬂfﬂh‘e
10hndggnhe™ i oMasietan iekaiiiilyas possible. 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 symbol processing. However as signal processing capabilities
improve it is envisaged that another, more powerful option, will become available
to system designers. The more powerful technique will employ the entire
observation in making decisions about every bit transmitted (e.g. Turbo Codes).
In current techniques only a portion of the received signal is employed to assist
with the decoding of any particular information bit. Typically, a local channel
estimate may be formed using a portion of the observation and then decoding for
that portion may be executed. The benefit of employing the observations, to
follow, to assist with channel (or any other unknown parameter) estimation is
currently not realised due to implementation complexity and performance of
currently available DSP technology. Here the fifth embodiment provides
techniques that employ the entire observation to improve the channel estimation
and hence reduce decoder errors. In addition, the transmitted waveform is often
structured to permit per OFDM symbol processing at the receiver. |If this

requirement is relaxed, frame based channel coding techniques may be applied
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DSP Digital Signal Processor FEC Forward Error Correction FFT Fast
Fourier Transform IF Intermediate Frequency IFFT Inverse FFT OFDM
Orthogonal Frequency Division Multiplex RF Radio Frequency SOVA Soft
Output Viterbi Algorithm This fifth embodiment of the invention provides a
suite of baseband digital receiver technbiogies that enables the effective

reGRiinng! F@?o@@t?h@t&eﬁérﬂgﬁ‘ééséf%ac%}ﬂP{lﬁm%%‘(u'&ﬁstﬁﬂ}f?""EQ( g@? of

speed. Field of Application This suite of technologies applies to point to point

coffserieelitingemRrEe 2oanuesroftRarkelideichinipeanvne asth§leskdg.g- Turbo)
OrthoarnhfreesnenEPiuigopcMivBIRC(SHRN. As noted above, coded

OFDM transmissions are formed by 76 forward error correction (FEC)
encoding, over one (OFDM) symbol duration, the information bits, then
conventi @D M KIhisinmeldEstiroatid nl imeNfeliile &shiniyarvaeatses OFDM symbol
may be block coded or the coding may continue across multiple OFDM
symbols but per OFDM symbol decoding techniques should be available.

The recellemfabieeXprin teTBBHIAG AR SOHENG sYRTIRMO IAfSI¥eE designs

perteimang 1&d )@icéibﬁ?ﬁ%t%ﬁﬁ@%sﬂﬁﬁ&%iﬁéb@nﬁ?ﬂ@%dﬁéc%\é@band
processor Ol%ﬁ wireless modem. This q?catlonﬁgsho in figure 19 as the

"BERHYRA RReIANGARRAI DRSSP LBIATRH R R ARpsHARHESd by
im pethent rtivdiore catde nuidipEs nopagiitias |htéhdetmtvoatweibe tharaamitédofind

S'%%Ev%’?da% ERidESCso 408 RES FANGNRLIRNE B! ARROIER'S The

his Is Important since
channel estimate is employed, among other uses, to drive the FEC decoder, a

critical aspect of the receiver. In the case of OFDM modulated signals the
channel is normally measured in the frequency domain, after the received signal
has been separated into OFDM Symbol sized pieces and transformed via the
application of an IFFT. In mobile communications systems the channel over
which the signal travels changes with time and, if the vehicle speed is high
enough, the channel may change over the duration of a packet. This translates
to the channel experienced at the start of the packet being substantially different
that experienced at the end of the packet when viewed from the receiver.
Related art receiver techniques assume that the multipath fading channel is
invariant over the packet, enabling 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.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.

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 transmitted symbols which, while not

absolutely accurate, are suitable for exploitation as additional pilot symbols.



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 symbol processing. However as signal
processing capabilities improve it is envisaged that another, more powerful
option, will become available 20 to systéfh designers. The more powerful
tecpiupall ey (E.cNIER ORSFUALGRRIR KPS ABAFARS ABRM SN
bit transmitted (e.g. Turbo Codes). In current techniques only a portion of the

redeR/EaIgRAY idBAMIRRY theEaisis: suiteripewrideanss erany pisgrigiae of the
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portion of the observation and then decodijng for 25 that portion ma
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thaoieRBRY teebiniine dlystriaddretewripriireapiimaiiamel Bsirdioshaonai@nd
hegiksuIE Hdt D slarRded&yrors. In addition, the transmitted waveform is often
structured to permit per OFDM symbol processing at the receiver. If this
requirement is relaxed, frame based channel coding techniques may be

10 applied 77 to further improve the performance of the communications link.

Exampleg of i cket level interleaving and
Block (e.S&%%%?%c%rgﬁzﬂvﬁﬁiﬁ%gﬁgﬁﬁﬁiﬁ performance benefits. 5
OFDM Channel Estimation in Mobile Environments In mobile radio

commuNicRiiRes Sy BFEk GRRRERHUEIBIMAE dafistSsEeadike therieestin of the
accurate channel estimation techniques in the baseband receiver. The

h
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different times therein decreasing the certainty in the time of arrival of the packet.

Conventionally, estimates of the frequency and time offsets are initially made
20 using the preamble of the packet and maintained using pilot symbols, inserted by
the transmitter, throughout the packet (e.g. 802.11a). An example of this packet

format for 802.11a is shown in figure 30.

Frequency offsets manifest as inter carrier interference and a constant

25 phase rotation across OFDM Symbols and Time offsets manifest as phase
rotations across the OFDM Sub-Carriers. The inventor assumes that fine Inter-
frequency offset estimation is required consistent with the residual errors after an

initial frequency offset correction. The phase offsets induced in the received
symbols are due to the combined effects of the data modulation, transmission

30 across the radio channel, imprecision in the frequency synchronisation during
down conversion and imprecise time of alignment of the OFDM symbols during

the time to frequency conversions. In order to estimate the radio channel, the



channel is normally measured in the frequency domain, after the received
signal 15 has been separated into OFDM Symbol sized pieces and
transformed via the application of an IFFT. In mobile communications
systems the channel over which the signal travels changes with time and, if
the vehicle speed is high enough, the cHnnel may change over the duration
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the FEC decoder on the recejved signal %fnerates an estimate of
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10 exploitation as additional pilot symbols. 78 Typical examples of data aided

channel ﬁgﬁgg&&] I(ﬁ’étﬁchM are implemented in the frequency domain and
therefore suffer power losses due to discarding of the cyclic prefix from each

received OFDM symbol. The discarded cyclic prefix is theoretically useful for

channel esiimadipB ApebpocalheAS FOHRRSRIIO HO &R IRaRL 6 shad eRRH(AS of

signal energy. Since the transmitted sympols determining, the cycling prefix
) DEE - AP R P ARV RS s B e Bl LS g estimate
15 illustchfed thel oesaltthetiestohatioref ke cpdindchiareneffasid sbhddy vatyeacross

d'%ﬁ%rgggkéto E’&%%%ngl ‘?\%‘?eﬂ%% @ﬁﬁﬂgfgp%aélﬁ@cts of the multipath channel
combined with the frequency offsets induced by the RF or IF to baseband
conversion and the time offsets caused by time misalignments in the time to
frequency conversion as channel impairments. On the first iteration, the channel

20 impairments are estimated using the pilot and preamble symbols nominated by
the transmission scheme. These estimates are used to drive the initial execution

of the decoder and generate the first transmit symbol estimates. Iterations
thereafter use the transmit symbol estimates of the previous iteration as new pilot
symbols to aid in the estimation of the channel impairments. The new channel

25 impairment estimates are then used to re-run the decoder and generate new
symbol estimates. This process may be repeated / times where / is the number

of iterations and is an integer greater than equal to zero.

The details of the specific channel impairment estimators will be described

30 in the following sections.



Frequency offset arises due to the imprecise down conversion of the
received signal from RF or IF to baseband. Time Offsets are commonly
caused 15 by inaccuracies in the packet arrival time estimation due to the
impact of multipath fading channel and noise. Multipath, or Time dispersive,
channels result in multiple copies of thé&ansmitted packet arriving at the
receiver @hg}ﬁgﬁgwmgﬁ&nerein decreasing the certainty in the time of
arrival of the packet. Conventionally, estimates of the frequency and time
offsets are initially made 20 using the preamble of the packet and maintained

using pilqtvwmm@d@%eét%d&wue%rwmmntbf%h@&btbﬁmetdﬁé;may
11 a), A ple of this packet formatBFor 802.11ais showg&g 8ure
|

30 %Hé?ﬁ?ew Stéaﬂigrﬁ RS dAiRP ieeraehQueh e pf the

5 25peicase motdrsoretmmﬂzsém@thl&jﬂdfolsTaBdommemfmmﬂmam|ﬁelsera$he radio
phgﬁgmgg Q,tépgg Q%Q?ﬁ t%@@%%% %@&@grs The inventor assumes that
fine Inter- frequency offset estimation Is requwed consistent with the residual
errors after an initial frequency offset correction. The phase offsets induced
in the reqséRbrodTH4Se ACHHHM &P ERirTIBIN RSt Biaoi of the data
modulation, transmission 30 across the radio channel, imprecision in the
frequency synchronisation during down conversion and imprecise time of

10 alignment toé maﬁwmdbclsaduéhgsmhmtbndéedmeqdm appliessiaimn lihe
ORI SR (B hANEl NG S GG BT BRI s
preamble pllot or un nown recelve S|gna must first be removed
thé@éb?'%&/m@l@ﬁﬁy QH@éff&ﬁMﬁﬂﬁé'?aEﬁ@%Y%ﬁwﬁéPFQMcﬁﬂmtﬁfH@al?é?@WGd prior
offgeighe rUh@M%?r%W%ﬁm@%&%rﬂlB?ﬁlF@%W@ ferdeRRMRs AN IOTEDM

and hence their removal is possible at the receiver. Using related 5 art
mé&tABas: tﬂ@%ﬁﬁ?%?ﬁ?é‘gggé{faﬂﬁﬁoﬂ?éﬂsare effected by data are not

15 available to aide in the estimation of the frequency and time offsets since the

data-symbols-are-notknown-at therecetver—Thefifth-embodimenthowever;
enfpedys ddtaredien techniques to significantly improve the performance of
the_estimation by making many more symbaols available to the estimation

prdcess. Estimate Frequency Offset using Preamble

2 Correct Received Signal for Frequency Offset

3 Estimate Channel using Preamble

4 Convert Rx Sample Sequence to Frequency Domain

5 For Some Number of Iterations {

5.1 Decode Packet using Current Channel Estimate

52 Generate Tx Sample Sequence using Decoder Outcomes &

Preamble/Pilots

5.3 Convert Tx Sample Sequence to Frequency Domain
5.4 Estimate Channel By Dividing Rx Sample and Tx Samples in Freq
Domain
}

Steps 1 through 3 are common operations performed in typical OFDM
receivers. Step 4 would not normally be found in an OFDM receiver.

Conventionally the received sequence is sliced up into small OFDM Symbol
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10 Proposed Method The method proposed here is an iterative process that
uses the outputs of the decoder as additional pilot symbols for recalculation
of the channel estimate 15 and for the recalculation of the frequency and
time offsets as they vary across the packet. Collectively herein we shall refer
to effects of the multipath channel comBihed with the frequency offsets

InqpeedOYsls R 8"y a@spanﬂrﬁf%%wmmm @gc%%%&ﬁ%eééf%ﬁ%e

by time misalignments’in the time to ogjency conversion as channe

imPAiRYeney"Alhésfitsaneieim ticHBAnErIosRfYaifeEAte At @stirhfitedor
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scheme.olhese estima({es are used to drive th? initial execution of the
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th@@amuuperﬂoe WI W@Sﬁm@@&ﬂﬁ@fmteéipnegiqns itet@tiba deqesncy
p"%rﬁzﬁm%'se%erg We%?eﬁég“&%ﬂ?éln"fc%ﬁQF‘BQ&M&?‘E@%E@%@e@%BS"Yevel.
channel 25 impairment estimates are then used to re-run the decoder and

gehBifeHEWRS RN s tinRged- T A8 DR ¥diRRP IR vepE AdtyROMESE Of the
whaierd [sabketymiaientylicans RarkininedriREar. gnpaike thagueaes! demain

zero. The details of the specific channel impairment estimators will be
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arelasadapledizeesfimiatifactofstexpudiedcirasted. he May stepused wheoulthebe
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B e S
vaR&eLYdetin duration of the packet. Sequence Based Channel Estimation
for OFDM 10 The sequence based channel estimator described here applies

when the_channel is jnvariant gver a packet or, any substantial fraction
thereof. ﬁn§“@%ﬁﬁﬁ@aéﬁﬂo‘ﬁg%l%ﬁﬂéaé\m%ﬁm’&?éﬁ/ed energy and is

implemented prior

The channel estimator described here operates in the frequency domain
of a conventional OFDM receiver. It is assumed that the received signal has be
sliced up into OFDM Symbols, the Cyclic prefix discarded and the resulting
OFDM Symbols converted to the frequency domain, via the use of an FFT.
These processes are found in conventional OFDM receivers. The proposed
method of the fifth embodiment is an iterative process that uses the symbol
estimate outputs of the FEC decoder as additional pilot symbols or “Soft Training
Symbols” in a re-estimation of the radio channel. By doing so (while noting these
symbol estimate outputs may not be precise) the estimate of the radio channel is
improved such that a subsequent execution FEC decoder produces an improved

result over the previous execution.

Many different types of “soft output” decoders are available presently,
including Soft-Output Viterbi Algorithms (SOVA), A-Posteriori Probability (APP)
Decoders and various types of Turbo Codes. These soft outputs are used to
generate soft training symbols according to techniques that may be found in the

relate art literature, which would be understood by the person skilled in the art. It



to the OFDM symbol slicing conventionally employed in receivers for OFDM
signals. The steps executed are as follows 15 Ref Function | Estimate
Frequency Offset using Preamble 2 Correct Received Signal for Frequency
Offset 3 Estimate Channel using Preamble 4 Convert Rx Sample Sequence
to Frequency Domain 5 For Some NurmiiZer of Iterations { 5.1 Decode Packet

“SiQQh@ﬂES'btfﬂ?e%’é’?dflEEHmﬂEf%r%t%?é‘@ﬁi‘&ﬁ TG BANRIE SRANGASGEISI and

Decoder Outcomes & Preamble/Pilots 5.3 Convert Tx Sample Sequence to
FréfuBREG VOB ieainiIueEs fpReseh a8 By Dividing Rx Sample and Tx
Samples in Freq Domain } Steps | through 3 are common operations

performed in typical OFDM receivers, Step 4 would not normall d
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perfectly in this ideal noise free case as

h=r.ld, =h,
15

where, similar to the ‘.* operator, the ‘./’ operator corresponds to an

element-wise division of the vector elements. In data aided techniques the
decoder outcome, d. is used instead of the actual transmitted data. This

estimate is subject to errors. The fifth embodiment involves a technique that
20 accounts for this uncertainty in the “training” symbols. The method may be
employed for time varying or invariant radio channels and takes a slightly
different form depending of the channel variation. The following is a description
of the estimator for time varying radio channels.
Assume the following is provided:
25 1. an entire packets worth of received OFDM Symbols R, and
2. an entire packets worth of soft training symbols D (some may be
“hard” pilot symbols).

It is possible to structure these two objects as matrices as shown in figure
30 31 for M sub-carriers and N OFDM Symbols, where the rows are sub-carriers

(tones or frequency bins) and the columns are OFDM Symbols (time).



10 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. Channel Estimation with Soft Training Symbols 15
The channel estimator described here operates in the frequency domain of a
conventional OFDM receiver. It is assurf@d that the received signal has be

sliced upd EDM. I ch fixedl d S
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exgg]b%%r? 'FEg 'ﬁ;o%gégr%]r%ﬁhub?éﬁg\%p\@%dﬁe% Silgrlrr%ﬁeg %éfje\l;i%ﬂg a two
ex@tnEoFoNMArileNffefontgisesbliostie sinpureeeberarcardmgaAag &equency.

pPreseatlyitdnclydibeneoftrilyipweVitgsbi ANaesttimH(S G Ak risRasier@Hoothing
Probabilihy APP) 30 Decoders gnd variousﬂtgvrge_s of Turbo Codes. These

soffSeREURCANY (RdAJ'GinaRdd EGHIRMiAG IR T8 MR dBRAIngPtYmNS or vice
10 teckensz)es thananegnipgexitind Ththestistetie ait liberdimee vatyicly wbatahéleis then
U”Q&ﬁ%@&gsby the person skilled in the art. It 82 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,

OFOM Sytnbol bl 10 hedibney) BN channel. f an OFDM ystem has
N sub-carriers (frequency bins) then we may define vectors of length N to
15 e e R AT ARl SIS SREE R s
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
20 symbol estimate from the channel estimation process. Note that in the next
iteration the symbol estimate may have firmed up, due to improved statistics
driving the FEC decoder, increasing its reliability and therefore it may now be
included in the channel estimation process. In the ideal case the decoder will
output correct, hard decisions and all data symbols will be used as perfect

25 training to yield a very accurate channel estimate.

In the case that the channel is assumed time invariant across the packet
the filtering function simply adds up the column and resulting in a column that is
assume to apply over the entire packet.

30
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case is r; = d; ." h;, where the operator '." corresponds to element-wise 10
multiplication of the vectors. In the case where d; is known perfectly at the
receiver (e.qg. if it were a pilot symbol) then the channel could be recovered
perfectly in this ideal noise free case as h.-n./d.=h. 15 where, similar to the ".
operator, the './' operator corresponds t®4n element-wise division of the

ector elements,
Ynstead of the actua?ggansnﬂﬁ%bgggﬁ;%%%%&ﬁgtgg fglsﬂugb%ga t%o1 ﬂrrtr%rssd%?%“ed
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thendeiniagessiabale. VERg g eiasheasiaatmanegdor time varying or
invariant radio channels and takes a slightly different form depending of the

channel Vriatioff )7he (@liowitg: it Hebdtilion of the estimator for time
varying radio channels.. Assume foIIo |s provided: 25 1. an entire
packets w%‘ﬁh f?gc&;%/erg %EBVQ/# yr%rggwng and 2. an entire packets worth

of soft training symbols D (some may be "hard" pilot symbols). It is possible

to structujg;HieRRMAhANFEHRH YIRS RS AR INiGHEE28FPF for M
sub-carriers and N OFDM Symbols, where the rows are sub-carriers (tones

or frequency bins) and the columns are OFDM Symbols (time). 83 Firstly,
multiply ttmetm:ebmaﬁw ﬁmﬁbmﬁéhbwmmmj@gﬁeefw@waﬂé@% on
theaqihLainipg symbls i get an iisrmodiale o Ehagoet esmaleni e

SCohventional & ép Fasa scribed above) woufd prescr
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Then app gsmoothlq‘lg to both of these matrices using a two dimensional

filt8ratHx bR RIaR daizasirBPelsHRedhey RrRaapIg HEriBAY) estimated. The

FFT output is then filtered to suppress noise, and a search for the peak power

across the resulting 2 Dimensional space of metrics is executed. The filtering will
have an impact on the maximum offsets that 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, determines the

time and frequency offsets.

The granularity and range of the estimation is 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

Resolution Limit
Frequency OFDM Symbol | OFDM Symbol
Offset Frequency / N Frequency
Time Offset OFDM Symbol | OFDM Symbol
Duration / M Duration

An example for the system parameterised by is now given.
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This filter outcome may be approximated by implementing smoothing
independently in the time and frequency domains (rows then columns or vice
10 versa) to save complexity. The estimate of the time varying channel is
then derived as H, =f(V)./f(T)=f(R.*D ).If(IDI) 15 The uncertainty in the
decoder outcomes is accounted for in tf®step where the absolute value of
the training symbols was obtained. Small training symbols result from

uncertain soft output
will output a zero wh
Multiplication (in the
estimate from the ch

from the FEC decoder st

p. A soft outy

ut FEC decoder

Cparspietde estimate can
R.*D* step) by a zero effe

NQglpge determ

ctively exclude

ined.
s that 20 symbol

aNmehmtiOTa[imeprocess

Nagi@ that in th

e next iteration

UUC

the symbol estimate g & gfmproved-statistics driving
the FEC decoder, ing¢ rggg?ﬁarrgfrgygblf)g and tt?erefore it may now be

included in the channél@stigrathgnesess. In (H¥ideal case|the decoder will

output correct, hard decigi i sed as perfect
25 training to yield a \very accurate’ channel estimate. In the ¢ase that the
channel is assumed tif@UaVBFREhPHERIsS the pdbReét the filtering function

simply adds up the ¢ assume to apply
over the entire pack hereby the two
dimensional filter f applied to the raw channel estimate and training weight is
different wa Wt@éﬂ&ﬁdﬁhéh%ﬁ@pﬂ&&@ el tithaseatog/ehianfiglre 32 and
es imate ould b =fi(V)./[fz(T)=f (R* I 5 wher f1 and f

imf:')?éjrrne di ﬁeﬁ‘l eréyr? %iio%lm(% J'HH ré%ﬁ(grn t? Ea Pma?ﬁgtr? lﬁrs]?rtléhe
2DpPaR lmlmibeaspeecbﬂtm@aﬂm eoditioimiest w&aeimov@‘ Do HilanpfitaecOFDM
datgy pip of QitherRhass ifterente P ervee B BAIRERIsaYRERIS IaiIRERBR M hese

received matrix as
estimates match the actual time and frequency offsets as shown in the above

DAERIAPRAECSEED N a C

1. 30 84 |n some cases,

ORIEmN that is

n_anproach w
T

~
a3

table of parameter values in the model.

By accurately estimating the channel, the performance of the FEC
decoder stage is significantly improved, typically in excess of 1 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 to track the channel in time allows the receiver to
operate effectively where related art systems may fail. At the same time, 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 received 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. It should be noted that in order to determine
the coefficients for combining an initial timing estimate must be determined. The
calculation of these coefficients will require, in practice, initial coarse timing and

frequency offset estimation by other means. The quality of the initial timing
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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 to suppress noise, and a search
for the peak power 15 across the resulti®@ 2 Dimensional space of metrics is

exS&ﬁ‘rﬁ‘?&eW%gﬂ'ﬁi%%w {HaNCRR 'BRaEL] @Pﬁafﬁg/‘.imﬂ% S o AL MR rs

be measured and 1t is therefore recommended that only very weak filterlnfg _
beleihiSoPERLEPRB0LALHA 6PIRRINBENINR Y dearrEaBvimpziastinataef high
regiaqidle of figure 31, determines the time and frequency offsets. 20 The
granularity and range of the estimation is limited as follows. If there are M

Sub Carriers and N OFDM Symbols then the range and resolution available
from thislteehfisfuasiseas tizosixtinetmdddilnamh giResielsitorystant &requethoy of
OF mho r Jime Qff
o T o S ok Tt o
systenrigardmett AsENBY [SSRIVEHRRTAPBENGarameter Value Number Of

Tones 25&rRI4iRe b Alcawelalg sl Joebemiieal @aen 4Pa GRISIBNEEantennae
ols 50 Actual Freq Offiet 0.05 Actual Time Offset 0.20 With the actual

Sym _
ch¥HR& KPR hB BREOCIARIRYIASiG P& ewegional 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
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
composite signal,

determining a time of arrival of the received signal by correlating the

composite signal with a delayed version of itself.

In related art, metrics used for synchronisation are based on outputs of
correlators for the preamble of a packet. In the case of multiple receive
antennae, a method for either combining or deriving a new method of metric
generation for synchronisation is desirable. Related art schemes propose
making decisions per antenna and then majority voting or adding the metrics
prior to decision. Neither of these approaches addresses sufficiently the
variation of the signal statistics across antennae. The net result of this is
degraded synchronisation accuracy and increased packet loss rates. A further

issue relates to the effective use of multiple antennae for data carriage but poor



figure 33 we get the metric shown in figure 34 for peak detection. Note that
the 5 peak is in the expected relative position, i.e. a fraction of 0.05 along the
OFDM Symbol 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 above table of parameter &&lues in the model. 10 By accurately

esﬂ%%?%ﬁﬁ@%gh&&& gﬁ‘; | ﬁ%ﬁﬂﬁﬁs%ftig?ﬁ FEtheE‘QQ(?r %@Qﬁsisthat could

significantly improved, typic excess of | dB increase In receiver
seffigiitiseTPRsdRoPdBLMAY RSt HrsesA PariBRYRSAFRISAlRNISRSIeed by

exploiting data symbols for training purposes. In the case where mobility
exists the ability of the receiyer to track the channel in time allows the . .
oceiver 1 TED R Ate SRBE VER i re D SHERF o SRS (o PRI Per
5 saameime, riredribe reefdsfof itetademestiratnbimoighecctzs aytebokeaie order to
roal : : : inven ) ; .
pr?&?ﬁ#t%(? %rﬁ” t {Ecuse of firstly ﬂ%&%ﬁr@% E’F]gew'r.erlﬁé%ygzé g?gggﬁa@@%%#ggem}a”y
antéAndteRs mUMspRE28NeRRa s eelHiIFALAE afivAE nRY rRANiEPH e dien rsiepidpd
pregihblevinchtiRABeaPRisACRMPIREIGIAS coTiRigied sitraheestQisees for

each %ntenna based on estimgt%ﬂ antenna signal stren%th. It should be

nofEG AT 0RLT APIRRINGM & @ L0RFHARNES 18P SIBIATRY AN thitRythe time
10 timangregtichateighti sdse dleteresinadtebhenteamoal atgprabstieegghc o fittiesdsoldllis

ool RS VTR E0RR TS AATL R figgluency offset estimation by

other m e quality of the initial timing 86 estimate may be worse than

that desireduitherarapethefifbentbrteopibedimamhelaiescta thtptinghe rapid
cogyainah el YaibiRadh  sctining mlimaéeopiidihaaualibh adpneafiishna and

athect the sixth embodiment provides a sgstem_and method of
coMfurifatrgaINe HRpteetedsS' PRk ARINBH Y LRcAPORSRIG oF these
15 recewfidicsignal Tha prokteasitenneorddeinen corqeesings ciorréHatiraatedt catvedth
5'%?P%Fﬁ&@'9%%&%‘6883%%@}%5? pLagL é;}_‘é&rs%ﬁho? HOQ " AgR&tion of
preamble to provide a received Signal sequence,
this aspect of the sixth embodiment is in the synchronisation of wireless
communication links involving the simultaneous use of multiple receive antennae
where the multiple antennae are used to increase the robustness of the

20 communications link primarily through increased diversity.

In a further aspect, the signals from each antenna are combined
according to Minimum Mean Square Error criteria where the combining
coefficients are dependent on a background noise measure on each antenna as

25 well as the received signal energy. The processing would then proceed as in the

related art with correlation of this composite signal with a delay version of itself.

It is particularly advantageous that the sixth embodiment provides for: a
combining method for the metrics over antennae; currently does not require
30 OFDM specific characteristics, and; a version with OFDM specificity may be

defined for clarity.
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10 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 15 predetermined
threshold condition. An preferred aspecB®f the sixth embodiment of the

invention cqmiises, JSLAUY YA AL SHIBATE 146 SIRINALIRRE A not

amplitude coefficients of a receiving channel for e antenna; combining a

receniBetedy il ifitH IRl iR aRAEHET GERISAIPrNRSEP D AGifiRssife the
Si%régéi!ﬂtﬁf%irﬁtilaﬁ_aﬁ@m@tléﬁ &Udi%@| QféféﬁfgcéimﬁchﬁiﬁléﬁﬂdMﬁwgﬁﬁﬁgdhﬁe
composite signal with a delayed version of jtself. In related art, metrics use
oS HCH AL ST Br TSRO RRARS SP T GRS BVEE prlalbge
of appaetiatethtiat vadeusfmadifipkdioasatae Fntearmeithonetepdfingfther the
COmBIAOARIVRGEARGY PRUNGR! BRI R IBN LSRN R
is desirable. Related art schemes propose making decisions per antenna
antehisle @ibsoiety VedHigIHOASHAG ESREBRES prior to decision. Neither of
these approaches addresses sufficiently the 30 variation of the signal
statistics across antennae. The net result of this is degraded synchronisation
accuracyV4hieinkie afR e MRk s s HeaiJIosHiRAG s ipaneriteR twithespecific

effesthRinsenes niwdigle antepmagéor s SRBIRABRULPGET S1palsie 0bf further

Itip|e ant for synchronisation. In thi kets that could
oS BEVE oSy B UCAC S 7 e Gy RO A FGEARES AR o

smu_aqmmmmmmavmmmécmmgdd mmwrmeipg_mlés afitdrengvention
i s AT S

stefeWrher seis e araier ¥ kneh dBevsHte Yoty bR Ratatns and as

may be applied to the essential features hereinbefore set forth.

As the present invention may be embodied in several forms without
departing from the spirit of the essential characteristics of the invention, it should
be understood that the above described embodiments are not to limit the present
invention unless otherwise specified, but rather should be construed broadly
within the spirit and scope of the invention as defined in the appended claims.
Various modifications and equivalent arrangements are intended to be included
within the spirit and scope of the invention and appended claims. Therefore, the
specific embodiments are to be understood to be illustrative of the many ways in
which the principles of the present invention may be practiced. In the following
claims, means-plus-function clauses are intended to cover structures as
performing the defined function and not only structural equivalents, but also
equivalent structures. For example, although a nail and a screw may not be
structural equivalents in that a nail employs a cylindrical surface to secure
wooden parts together, whereas a screw employs a helical surface to secure
wooden parts together, in the environment of fastening wooden parts, a nail and

a screw are equivalent structures.



signal with a known preamble in a first step. The power of the sequences for
each antenna is determined and added across antenna according to the time
10 averaged weight based on estimated antenna signal strength. A threshold
is then applied in order to determine the time of arrival. A further aspect of
the sixth embodiment relates to obtainirfiPa rapid estimate of the relative
phase and amplitude of the channel on each antenna and then to combine
the received signal according to the conjugate of these 15 coefficients. The
processing WHRIESHEATPRESE WEHRR eerelaibis fRerification dkaldbsbiarfgecify
Cﬁmeﬁ&éigegbwm@qie@#u@&siq;r]ﬁtég‘_eirgglétéﬂfaol&afmwnaﬂﬁ,a@_megbeé not
the sixth embodiment is in the synchronisation of wifeless commupnication
inREERER 05 8RR B EUUL e TR e B EAivS R RHETS diePe
5 multipipometen ey cmepasberemiricrease the robustness of the 20

communications link primarily through increased diversity. In a further aspect,
the signals from each antenna are combined according to Minimum Mean
Square Error criteria where the combining coefficients are dependent on a
backgroyggksxapedgeasure on each antenna as 25 well as the received
signal energy. The processing would then proceed as in the related art with
correlation of this composite signal with a delay version of itself. It is

10 particulaftlj advih@gBRees tHaiBh&Sshidyembdiinfdatqrderdestbrd.aAsenstorfer,

33"&@&%\&% MIBOSIACIGBICIICE BYRA ANSRRRS: ﬁé‘é?%}ﬁ%%%%%ﬁ&éﬁ%%gﬁce,”

specific characteristics, and; a version wit specificity may

be/Efeffidéatoreprtgusg PRI iBe188Br&88te P98 those skilled in the art, that
the inverm;ﬁn isqotgsHkeAE, iInBits. U%é@tﬁ‘,isa%rttﬁu|E(/é’fi§?”%‘iﬁ‘@\ﬂt§§‘i[3?ﬁﬁve

|
neither is rferesent invention restricted to its preferred empodiment with

ne . [
re§AU3H e BIEHRRISRRIEIRLUAR: O FRYSE R RSRIARE &P dRpiktes- 'EEE
15 heteinSjimpill /b STapprec(ated timgtoabo0s) pd@difidaljo?@0dan be made

without d[%j]ar“ éTOE‘a(gﬁr?, %@Qﬁtigl%%,"fdgﬁ%){ P Vnd "BIUR Kiman Fiter,

invention should be understoo
Springer Verlag, 1989.

[4] P.D. Alexander, A.J. Grant, and M.C. Reed, “Iterative detection on
code-division multiple-access with error control coding,” European Transactions

20 on Telecommunications, vol. 9, pp. 419-426, Sept.-Oct. 1998.



include all such modifications within its scope. While this invention has been
described in connection with specific 10 embodiments thereof, it will be
understood that it is capable of further modification(s). This application is
intended to cover any variations uses oggdaptations of the invention
following in general, the principles of the invention and comprising such
d@bé\‘l%‘ s from the present disclosure as come within known or customary
practice within the art to which the invention pertains and as 15 may be

applied lo the RRdEHALY AR PIRSRIRIDErBFEPLEE BRI NRYIBE present
invention may be embadie ip steve(rjal formg without degartin from the girﬁ1
of the e Q08 QI 9TG Relin S SrIRY SREST A orah B B ShaRg e Tt
t : - h 1t 20 e

e SRR R M AR LOUIGHR PR of e RH0ona
SpiiLaEsl R eBm e BRINMEDIRNRSIRTINGHLIB AP RERTIPE CAIMSs MaFonSent

modifications and equivalent arrangements are intended to be included

Withih theespiiinang seapmibledeitivas!ioamarshappeassied LiringnENgiRiesssing
the specific embodiments are to be understood to be illustrative of the many
waysporighdachheeppotiplssidffitsé Jigesé ptangssitigreonspyobe ndriaciicedtitmate
the following claims, means-plus-function clauses are intended to cover
stiechemateristidofiminglested drimsinitindtiignahblasedsmythraroetiaal and one or
equivalents, but also equivalent structures. For example, although a nail and
aBerRR IR USot bt StaRAlR AP eRfuRAIRNEAN hrst SIH87 RAGHEROCTRARRANT,
surface to secure 30 wooden parts together, whereas a screw employs a

AL <Birt3RY P <RGr €O P ESEYEnANR (RECEPRAIOAHRAIPGNeNt that

fastening wooden 1S, a nail and a screw are equivalent structures. 8 .
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PLERGRGE Kb SAB LIRS OLRISTEnEIGRS BRBIOODERE BHIALENY signal
preclude the presence or addition of one or more other features, integers,
SiBEesRiRgNEBAINERE POWRSHEIRROTairs are input to each said first signal

processing components of all said pairs in a succeeding iteration cycle.

2. A method of communicating in a multiple access network by
iteratively receiving multi user signals the method comprising the steps of:

determining a first set of signal estimates for the multi user signals based
on linear channel constraints;

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

providing the second set of signal estimates as input to the step of
determining the first set of signal estimates;

repeating the above steps at least once.
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having: one or more pai n signal processing component

”é%tiHﬁsifésofaﬁ@rHQ@ﬂﬁﬁH%Beénsﬂe%H@r%ﬂ%f%ﬁﬁﬁ”@ﬂ%t@é‘%éﬁd%ﬁﬁ%-Iinear
signal processing components having as input one or more received signals
demanag tbngdeimease or more transmitted signals, wherein for each said

signal processing component pair the output of said first signal processing
componemérnsiathestigretiep rotassivey acapshe s case eptedtitreip somted ety nalas
based on the current and one or more previous input signals received by
stidfrgidsidhaliseransssai @aigi estimalgscs in b e tosfirgtcignalpsachsging
second signal processing component that provides a further estimate of said
SEREERANFHAR R iBleeraRsRY {EStRBPURYEIEOf said second signal processing
component, the outputs of all said second signal processing components of
respective pairs are input to each said first signal processing components of

all said gairs ig\a su ceqedigg iteration %¥cle. 2. A method of communictatin in
-9 method o comm%mlcI |ré% In. a mlﬂtlpe accessI Qﬁwor by
a multiplé access network by ~iteratively receiving multi'user signals the

"i‘@‘i%‘ﬂ%%??%e@ﬁ)iﬂ% @FE[%WBﬁ&JétS the method comprising the following steps:

a) sample a receiver input signal consisting of signals from one or more
antenna;

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

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

d) determine an updated received packet sample estimate from the
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 information bit estimates list.



determining a first set of signal estimates for the multi user signals based on
linear channel constraints; determining a second set of signal estimates
based on non-linear channel constraints and the first set of signal estimates;
providing the second set of signal estimgges as input to the step of
determining the first set of signal estimates; repeating the above steps at
least once. 91 3. An iterative receiver for receiving multi user signals
comprising: a firs;&s%ij%nal processing component for determining a first set of

signal SstimafesTETAE nfliIFAEPURTAIRD A8 A oM tIlNRS AffRts) network by

c?nst .air]ts; a second signal proc ssiqg C(Pmponent LSR)FeiVi”%the first se
era |v<?y growcfm ao%rq%e estimates_list"in a[n > recerver th% method
of sighal ’estimates’and determiiing a Second set of sighal estimates base

ogoprgrmgm ec%gw%ge [aints; wherein the signal processing

components are opera connected so as to provide the second set of

signal egfimatggrasidnputieitae ififitigpal.processing component in a
succeeding iteration cycle. 4. A method of communicating in a multiple

access petwodeyniineadyrivkacrinpe: @stimdtearkatttheamelbadeceiver input
comprising the following steps: a) sample a receiver input signal consisting of
SEigdd from one or more antenna; b) add the input signal with one of a
plurality of prior stored received packet sample estimates to determine a
packet Samplestoyp dhiecaske) srmumeieriima@iaformation bit estimate from the
sample hypothesis for storage in an information bit estimates list; d)

determiﬁ)_a an dpteaRRPR REPhaRUt S dpRNesiu e AERIHHE SarfjyRy input
AR RS SRR LAY SRR AR PATIERGD derermin a noise
hypothegs angRIOVIAR IS (RS PIREP LA SLEGEDy decoding and re-
transmission modelling the packet sample hypothesis;
f) update the selected previously stored packet sample estimate with

the updated packet sample estimate.

6. A method of communicating in a multiple access network by
iteratively providing a packet information bit estimates list in an OFDM receiver the
method comprising the following steps:

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

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

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

determined information bit estimates;



input signal; f) repeat steps a) to e) until at least one or more complete

packets are accumulated in the information bit estimates list. 92 5. A

method of communicating in a multiple access network by iteratively

providing a sample estimates list in an @5DM receiver the method

comprising the following steps: a) sample a receiver input signal; b)

determifie a pERRRAEUNFHO T 3NitAALURGh? (PRTRIAIP IRRCKEL dhRITHPUHatRE nal;
c) store the packet sample estimate; d) determine a packet sample

hypothesis by adding the receiver input with a selected previously stored
packet §amplep\est‘j_}rtrr1]%t§;o§) determine an urpdatednpqcket sample est'n}at?jzug% g

decoding and rem[ransm|ss?85nm%r38ﬁlthn§theaperpc P éaa?ﬁ:p e ynpeot%%rsis?

u elec ew fi '
S T R TSRE Y R B e, 7 oo
agSRDHSRNMAK N itgratively providing a packet information bit estimates list

in an OFDM receiver the method comprising the following steps: a)

determingi@iegket samidedbyiathesimby adsinghaoie cebedapsinypih éstimate
selected previously stored packet sample estimate; b) determine an
infithreafren ush e oets by Heered imgpt va fpac ket esasdpdaniplp atbissteyiducnéhat
or more of a hard decoding technique and a soft decoding technique c)
stoeirmuitiel@xentrtiatio ddsiais thamie evitslioraieols MsrePeE lio e et ritnete or
information bit estimates; 93 d) repeating steps a) to c) until a complete
pAKE1E accumulated.

an OFDM signal cyclic prefix;

an OFDM tail portion, and;

an OFDM guard period,

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

an OFDM signal preamble and;

an OFDM payload data symbol.

8. A method of communicating in an OFDM multiple access network
comprising the step of:

performing multi-user interference cancelling which comprises adapting a
single pass OFDM receiver to iteratively receive signals at the sampling level so
as to allow the receiver to differentiate a desired packet from an observation of an

interference signal at the receiver input.



7. A method of communicating in a multiple access network including
determining a hybrid OFDM received packet sample estimate the method
comprising the step of: multiplexing a time domain channel application
received sample estimate with a frequegiey domain channel application
received sample estimate, such that the multiplexed time domain sample
estimat8-is mdb B¢ RfeQBAY RiCEHRI N nFo B WPk TEEN SRmANEYeRdion
prefix; an OFDM tail portion, and; an OFDM guard period, and wherein the

rAERESY REMIERRY A ma LS AR RS AR & e SRR el B0 raspyRNG the

ofie or more of: an OFDM signal preamble and; an OFDM payload data
sym%of.’ 8. A method of communicating in an OFDM multiple access network

comprisriggemﬂggBa%fké}qﬁf@gpy@gépulti-user interference cancelling which

comprises adapting a single pass OFDM receiver to iteratively receive

signals gé ARG IRISESR s P IPYL HhRdRERINehdp difkeisRataignal;

desired packet from an observation of an interference signal at the receiver
input. 9frétedgingtiinsl ipboommautieasiagon SignalslechcarRasA0BHBUBIRANPhe
network by synchronizing packets arriving at a receiver the method

compr sgvgatlheddtepsavfelaca\siggal pexkideraput signal; determining a
correlation signal corresponding to the packet input signal; processing the
input ardetssméninib e sigaisions iiatistia by |sasineofaovigsLraspsemdthibe
correlation signal are filtered; determining a decision statistic by combining a
pBWE??iﬁﬁp@ﬁféﬂ?B?ﬂ@igna' with a power component of the processed input

signal;
nominate a point in time given by a predetermined threshold condition of

the decision statistic as a received packet arrival time.

10. A method according to claim 9 wherein the step of processing at
least one of the input and correlation signals is performed by one of:

a center weighted filter having a triangular impulse response;

a root raised cosine filter;

a Hanning window filter;

a Hamming window filter;

a combined Hanning/Hamming window filter.

11. A method according to claim 9 or 10 wherein the predetermined
threshold condition is one of:

the decision statistic crossing the predetermined threshold and;



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 decision statistic as a received packet arrival time. 10. A method
according to claim 9 wherein the step oggrocessing at least one of the input
and correlation signals is performed by one of: a center weighted filter having
a triang81APMAPIHEE PESPENnI_CiUD HRHRICH Qe8I tBPoNSH HithiRtp dRkIBUNed
filter; a Hamming window filter; a combined Hanning/Hamming window filter.
11728hl¢hod according to claim 9 or 10 wherein the predetermined

threshold condition is one of: the decision statistic crossing the

predetermined threshold and; 95 a maximum of the decision statistic

occurting,aboye e pIAdEIIinEd (ashaih 1o AnainadasehIing Gep o

claim 9, 10 or 11 wherein the ste determining the correlation signal is

PastermpiheVerY KihSREuesRfASRMRIAERBgHEIdRP WA IgaRl NS & Ksisribd

integer greater than or equal to 1. 13. A method of communicating by tracking
tipxpaiipgt S elsnisre KiwHiplategecgrepaskabhases gangnunication
network the method comprising the steps of: a) initializing a channel

estimate reference based on an initial channel estimate derived from a
received packet preamble; b) updating the channel estimate reference based
on a padRet d&aneihmbaifcermnuirisatingt®yntraddaedipervery vfaisbauraisiin a
and all previously received data symbols; c) repeatin%]step b) at the arrival of
Sgbg@dgéﬂc}g%mcggfapg?ﬁq)ggpmun|cat|on network the method comprising the

steps of:

a) initializing a channel estimate reference based on an initial channel
estimate derived from a received packet preamble;

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

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

14. A method according to claim 13 further comprising the step of:
storing the channel estimate reference in a channel estimate data base at

the receiver.

15. A method according to any one of claims 13 to 14 further comprising

the step of:



14. A method according to claim 13 further comprising the step of: storing

the channel estimate reference in a channel estimate data base at the
receiver. 15. A method according to any one of claims 13 to 14 further
comprising the step of: 96 transformingghe packet data symbol channel
estimates to the frequency domain prior to updating the stored channel
estimat& FeRiPERNDI S BroFekeh dalR symbetHaehahpelipsatpaale fefef@asency
16. A method according to claim 13 wherein the method further comprises

tHOLRIPPELTE? HRERIIH NG BT TANEE! RRUBIR BBISRAHR LRy pyide a time

pi rﬁggfﬁgdt?ﬁasw S q[f demo Iatlngfand modulating, and; updating the

cRANNE] Estmate re er'cranr?ég With The Turther step of FEC decoding. 17. A

method of communicating by estimating time varying channel impairments in
a multiple access packet based communication network, where channel

impairrrmts Cﬁzma%eh%es}mﬁaa&@nc@mah HEQI}F)%;'PQM offret AthRI9M@ther
time offset, the method comprising the steps of: a) initializing a set of channel
irppaipR ststaiestased on initial pilot and preamble symbols included in
a received packet; b) performing a decoder operation which comprises

processding ébehsstibseduanhettaipaitndatd aytinbatesitiia Hteprdoeipgeipacgethe
to determine a set of transmit symbol estimates; c¢) updating the set of
chiepsafidgmaduéaiingstindareowiatingeaniditermined set of symbol estimates
and the received packet; d) repeating steps b) and c). 97 18. A method of
commuHRERRYirt nﬁb‘ﬁi@ﬂ’@'a@é@@?ﬁt@fﬁf@ﬁ%iﬂ@ the further step of FEC

decoding.

17. A method of communicating by estimating time varying channel
impairments in a multiple access packet based communication network, where
channel impairments comprise channel variation, signal frequency offset and
signal time offset, the method comprising the steps of:

a) initializing a set of channel impairment estimates based on initial pilot
and preamble symbols included in a received packet;

b) performing a decoder operation which comprises processing the set
of channel impairment estimates and the received packet to determine a
set of transmit symbol estimates;

c) updating the set of channel impairment estimates with the
determined set of symbol estimates and the received packet;

d) repeating steps b) and c).



varying channel estimation in a receiver for receiving transmitted packets, the
method comprising the steps of: a) estimating a frequency offset based on
information included in a received packet preamble; b) correcting a received
signal using the estimated frequency oftggt; c) determining a channel

estimate using information included in the received packet preamble; d)
transforifing a'sAAMeSSh OB HRENSdBIMSIHRR RIBSER NREMRIENRY time
domain such that the sample sequence includes OFDM symbols and
infRNBRIE BYRE BTERALR e DB HTRIMG ol e ERTRNY Gp ERRFSHRHidRckets, the
anrg%rci)saes Pnrgﬁelﬁsirt)ﬁetrsl% %eggrmined channel estimate and received packet;
f) génerating'a HaAsMissIon sample sequence using the decoding results

and info AL s fBeakeE, RARKPHRLABAIGOMARTHENARANG o received
transmission sample sequence into the frequency domain; h) updating the
deteKpingEFhaanel estimate by combining the received sample sequence
and the transmission sample sequence in the frequency domain; i) repeating
steps ebiabiretlng dnetbafsigmanisganad: Kimandtpde eaeassfieiyvork

by time varying channel estimation in a receiver for receiving transmitted
packetscwheter@itie eecshaenettrstien@FDdihgyinfmladtam andodaeddn the
signal and transforms the retrieved symbols to the frequency domain, the
niededdpagirelinteanebieeps of: a) determine a matrix of training symbols
comprised of symbol estimates derived from a decoder; b) determine a

matrix d?kré@ﬁéfﬂf?’d&nﬁin%ﬁ@l@eé@F‘mesWﬁbtﬁl@; EeRAVEAMiPIeNah into the

intermediate channel estimate matrix by multiplying the
r;‘lrequency domain such that the samplfg sequgr?/ceglncludes OFDM symbols and

intervening cyclic prefixes;

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

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

g) transforming the transmission sample sequence into the frequency
domain;

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

i) repeating steps €) to h).

19. A method of communicating in a multiple access network by time

varying channel estimation in a receiver for receiving transmitted packets, where



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; €) perform a smoothing operation on both
intermediate matrices comprising 2 dimgnsional filtering; f) determine the
channel estimate by dividing the smoothed channel estimate matrix with the
s dfr&Vaaishig VesiGH At nDolsafiemdtRoteefiverh sl ansg tiansforms the
multiple access network by estimating offsets in a receiver for receiving

SR IIRYEL the ey maRingameeliof SOPRyHRIhRiRERS Of:
matrix of fr uency domain re {'ved.OFDM bséllmbOIg b; dé:tefrmin%a]m trix ¢
of coni a0 TIEs ShiBR X eI 5 SRR e sth sy ibd S iates

o&g&ggg@&gnga&g%gpd estimated symbols; c) determine a 2 dimensional

Fourier transform matrix comprised of the received symbol matrix multiplied

with the5eiuieaRiRE SRRk BratiyuehEltabiis i A EPORIORMS PIabhs; ©)

determine time and frequency offsets by locating peak power occurrences

within thy tkesadireuieittanséainte Bhathof seetherd ohaprmyMeatipyiiyathe

multiple access packet communication network by synchronizing a received

sighBNhsgmialtinzarttenbg thre ceinjpigtie ofidtledchcongsisiiol coatelating a

received signal observation at each of a plurality of antennae with a known

signal plieatatsemingrevidetarreedinied wigfial obdiriniog; weightsineomptsiey the
ignal of each received signal sequence; combine the determined power

S
sRPRRL R rieerabined RIfNg BTePRLERG e weighting based on estimated
antenna )ss%r%% streré%éh for each antenna; determine a time of arrival for the

received A 3SBPGHHEE QRETH Pred et MMHEMAARRJRALLTRIRGTPTISINg

2 dimensional filtering;
f) determine the channel estimate by dividing the smoothed channel

estimate matrix with the smoothed training weight matrix.

20. A method of communicating in a multiple access network by
estimating offsets in a receiver for receiving transmitted packets, the method
comprising the steps of:

a) determine a matrix of frequency domain received OFDM symbols;

b) determine a matrix of conjugated data symbols wherein the data symbols
comprise one or more of preamble, training and estimated symbols;

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

d) filter the Fourier transform matrix;

e) determine time and frequency offsets by locating peak power

occurrences within the filtered Fourier transform.



22. A method according to claim 21 further comprising the steps of:
determining an estimate of the relative phase and amplitude coefficients of a
receiving channel for each antenna; combining a received signal with the
estimated coefficients to provide a comggsite signal; determining a time of
arrival of the received signal by correlating the composite signal with a
delayed version of itself. 23. Apparatus adapted to communicate in a multiple
access communication network, said apparatus comprising: processor

means &dapted td6te H aCCBVIHRIE It dbrétiefBHiNEd ATSESRdIRCket

set, 100 said apparatus, in conjunction with said .instruction set, bein
-SSR P TR o TR el 5 2 (8 amgpree
c r - prising: a computer usable medium having
PRV tﬁéﬁgﬁ%&%ﬁwaﬂ )

computer rea e program code and computer readable system code

embodigg RI-%RlE MRG0T EP5IGRAIPHEUCAINShIBL BIBHILPLS BEFSRS of antennae
communication network, said computer program product comprising:

CafpHRdRadadiRIgedamiibBi fosaisl iy apasusablgnaedigaehee; performing
the method steps according to any one of claims 2, 4 to 22.
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

predetermined threshold condition.

22. A method according to claim 21 further comprising the steps of:

determining an estimate of the relative phase and amplitude coefficients of
a receiving channel for each antenna;

combining a received signal with the estimated coefficients to provide a
composite signal,

determining a time of arrival of the received signal by correlating the

composite signal with a delayed version of itself.

23. Apparatus adapted to communicate in a multiple access
communication network, said apparatus comprising:
processor means adapted to operate in accordance with a predetermined

instruction set,



100

said apparatus, in conjunction with said instruction set, being adapted to

perform a method according to any one of claims 2, 4 to 22.

24. A computer program product comprising:

a computer usable medium having computer readable program code and
computer readable system code embodied on said medium for communicating in
a multiple access communication network, said computer program product
comprising:

computer readable code within said computer usable medium for

performing the method steps according to any one of claims 2, 4 to 22.





