ANALOG SPACE- TI ME RELAY METHOD AND APPARATUS FOR A W RELESS COWMUNI CATI ON
RELAY CHANNEL CROSS- REFERENCE TO RELATED APPLI CATI ONS The present
appl i cat iwo 20/an®7of two patent applications clai mng pCr®G2000/00028M US
provi si onal patent application no 61/089,617. The present patent
application relates generally to space-tine coding, whereas the other
'ﬁ)'ﬁtent ﬁppl i cat idon rel ates particul ar ?y to the usage of cyclic prefixes.
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This invention relates to an anal og space-tine relay nmethod and apparat us
for a wirel ess conmunication channel. Wreless relays have shown potenti al
for extending communi cation range and providing good quality of experience.
I n gener @k oskherPrRERCEYPo WgadTES | AypiSiehemesyhi ch can be categori zed
based on the processing done at the relay stations: digital domain
processing

The present application is one of two patent applications claiming priority from US
provisional patent application no 61/089,617. The present patent application relates
generally to space-time coding, whereas the other patent application relates particularly
to the usage of cyclic prefixes. The techniques described in the respective two patent
10  applications are independent since either can be used without the other, although it is
equally possible to construct systems which combine techniques from the respective

two patent applications.

FIELD AND BACKGROUND OF THE INVENTION

15
This invention relates to an analog space-time relay method and apparatus for a wireless

communication channel.

Wireless relays have shown potential for extending communication range and providing
20  good quality of experience. In general, there are two broad relay schemes which can be
categorized based on the processing done at the relay stations: digital domain processing
and analog domain processing. The “decode and forward” (DNF) scheme is a digital
domain processing scheme that has been shown to remove noise at the relay station,

although it demands intensive signal processing at the relay nodes. The DNF scheme



and anal og donmai n processing. The "decode and forward" (DNF) schene is a
digital domain processing schene that has been shown to renpbve noise at the
rel ay stawoaenio/eiidnough it demands intensive signal pro®essiGagoanohe rel ay
nodes. The DNF schenehas al so been classified as a "regenerative" relaying
schenme where the signal has to be "regenerated” for transm ssion. The
signal received at the relay station fromthe source is decoded and where

errors 1ae1RMHReE Blasdified 116 48cadRMive? Bl ing LERAR WOt siddal hoeopagat ed
fromthe relay station to the destination. In relation to anal og signal
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that is very si I sadvant ag ere noi se collected at
the relay, is i fied and transmtted . to the destination ng with the
tosi r ade Lt ARG g eor B PORREHGER P RotF I BaL S use a

di stributed space-tine coded (DSTC) schene where higher diversity may be
achi evepropsgated fiem tes relgyrgntionANthep$tipMon. DSTC can be i npl ement ed usi ng

ei ther ANF or DNF schenmes. DSTC however suffers fromthe sanme di sadvant ages
as that of ANF or DNF i.e. when inplenented using ANF, noise collected at
the relay is anplified and transmtted on to the destination, and when

| npl enent REktids ik gn RN si gl posticin Esdhetes ahe tRBplifylaY foiwaid O\ NF gispropagat ed
fromthe relay station to the destination.
analog scheme that is very simple, but has shown a disadvantage where noise collected

at the relay is amplified and transmitted to the destination along with the desired signal.

10  Another way of performing relaying would be to use a distributed space-time coded
(DSTC) scheme where higher diversity may be achieved than that of simple ANF and
DNF. DSTC can be implemented using either ANF or DNF schemes. DSTC however
suffers from the same disadvantages as that of ANF or DNF i.e. when implemented
using ANF, noise collected at the relay is amplified and transmitted on to the destination,
15  and when implemented using DNF, decoding errors at the relay station are propagated

from the relay station to the destination.

It is an object of the present invention to provide an analog space-time relay method and
apparatus which addresses at least one of the problems of the prior art and/or to provide

20  the public with a useful choice.



It is an object of the present invention to provide an anal og space-tine
rel ay nethod and apparatus whi ch addresses at | east one of the probl ens of
t he priorwenv1muyer to provide the public with a usef ulPCtlscom/ 0BUs8ARY OF
THE-1 NVENTION I n a specific expression of the invention, there is provided
an anal og space-tine relay nethod for,a wreless conmunication rel ay
channel, the w rel ess comruni cation relay channel including first and
second rel a t enna iko relay an information signal transmtted
froma MV nation station, the nethod conprising the
steps of: (i) receiving a first synbol sequence at the first relay antenna,
the first synbol sequence conprising the information signal and a first

noi se element .~(1Li). receiN C ﬁggg 1. ond rel ay
antenna,mfﬁgedslg(f’:%}?ﬁ esgifglbog?{ﬁé;ga%gﬁoglé&c&g% I SI E%éﬁe |%S§%rr%{u?%nr§%?gnal and a
second noise element; (iii) transm.ttin irst signal by the first relay
ant enna m¢thed %r laé"(lré?sé %amr%@f% on Ly F%"?’QS g éhet\ﬂu?lﬁ%sgcé)gggwﬁcag&p%gﬁay sequence
recei ved at the second relay antenna; (iv) transmitting, g second signal by
the §ecohdumadingjuding Bishand sependretnmnteg arrangsd ie TAEHEIAPERIMt h the first

synbol sequence received at the first relay antenna. o
signal transmitted from a source station to a destination station, the method comprising

the steps of:
(i) receiving a first symbol sequence at the first relay antenna, the first symbol sequence
comprising the information signal and a first noise element;

10 (ii) receiving a second symbol sequence at the second relay antenna, the second symbol
sequence comprising the information signal and a second noise element;
(iii) transmitting a first signal by the first relay antenna, the first signal being associated
with the second symbol sequence received at the second relay antenna;
(iv) transmitting a second signal by the second relay antenna, the second signal being

15  associated with the first symbol sequence received at the first relay antenna.

In one variation, preferably, the second symbol sequence includes a complex conjugate
of the information symbol, and the method further comprises the step of negating the
complex conjugate of the information symbol for deriving the first signal. The method
20 may further comprise the step of combining the negated complex conjugate of the
information signal and the first symbol sequence for deriving the first signal. The
method may further comprise the step of combining the first and second symbol

sequences to obtain the second signal.



hi one variation, preferably, the second synbol sequence includes a conpl ex
conjugate of the information synbol, and the nethod further conprises the
step of mEQavimgiidhe conpl ex conjugate of the informati @OTSERWOI006285
deriving the first signal. The nmethod may further- conprise the step of
conbi ni ng the negated conpl ex conjugate of the information signal and the
first synbol sequence for deriving the first signal. The nethod may further

COMpr i 5 AdgntBE@RLI9! A BEHER el it t o SCARMGRYHROL-PRONEDGEP 10

obtain the second Signal.Advant ageously, the neth er conprises the
step of e I t I ik . .Se d _signals using Al anmouti coding prior
to the rglp%gkggéﬁpggégé?é%ﬁgﬁgsr%ﬁ@sF?P%?W8%3Pg§§%83&nay be enpl oyed as a
training scheme and in this case, the information synbol may include at

| east one training signal and the nethod may further conprise the steps of:
encoding the first and second received synbol sequences using Al anouti

codi ng t dheBrdicnprepson max be smplessd ohd teingngbehefusrandrinisistasj ha by t he
respective relay antennas. Preferably, the method further conprises the
step bf, idbrmdtendgsbohany dichsdeadt il @st ontetgahing Gignhkarfd ths inelingd e nthesi gnal s
to obtain channel estimates for the wrel ess communication relay channel.

The net hegmphye thy klepeof: CROTTASBiclG sBH/Bcd reddivdd§mii? Eé({ﬁ@ﬁééé‘ Rsiat i on,
calculating a nean of the fi rst and second signals to obtaln channel
. Alamouti coding to obtain the first and second signals for transmission by the respective
relay antennas. Preferably, the method further comprises the step of, at the destination
station, negating the first and second signals to obtain channel estimates for the wireless
10 communication relay channel. The method may further comprise the step of, at the

destination station, calculating a mean of the first and second signals to obtain channel

estimates for the wireless communication relay channel.

In a second variation, the information symbol may include two consecutive symbols. In
15  such a case, the first symbol sequence may include a combination of the two
consecutive symbols and the second symbol sequence may include a difference of the

two consecutive symbols.

Advantageously, the method further comprises the steps of, combining the first and
20  second symbol sequence for deriving the first signal for the first relay antenna;

combining the first and second symbol sequence at the second relay antenna for

deﬁving the second signal for the second relay antenna. The method may further

comprise the steps of encoding the combined first and second symbol sequences using



estimates for the wirel ess conmmunication relay channel. In a second
variation, the information synbol may include two consecutive synbols. In
such a cawe,20te1$7r st synbol sequence may include a comrbirseRowoeBst he two
consecutive synbols and the second synbol sequence may include a difference
of the two consecutive synbols. Advantageously, the nethod further
conprises the steps of, conbining the first and second synbol sequence for

deriving the first signal_far the first.re nt enna; .combi ning.the first
Gnd seconamoypoting i fERdae Bist et sscend gty PRRTRR SRS ABPRYIy  he
second signal for the second relay antenna. The nethod may further conprise
t he st epslagfnigaedsdi ng t he conbined first and second symbol sequences

usi ngAl anouti coding to formthe first and second signals for transm ssion
by the respective relay antennas. In a variation to the training schene,
the information synbol may include at |east one training signal, and the

first simgnalariaiel wies tainsanicheakethe infoliRatiacambos wiyahclsdoptéaseonecei ved at
the second relay antenna. The nethod may further conprise the step of: r e

transm tti.n f i . i t a
e e e e A e R A O

second Srle quelzd Me Lg,erclsglllc&’| ge?ayaantenna. The method may further comprise the step of: re-

transmitting the first symbol sequence by the first relay antenna at a symbol interval
different from the transmission of the first signal. The second signal may include a
negative conjugate of the first symbol sequence received at the first relay antenna.

10
Preferably, the method may comprise the step of: re-transmitting the second symbol
sequence by the second relay antenna at a symbol interval different from the
transmission of the second signal. The method may further comprise the step of, at the
destination station, negating the first and second signals to obtain channel estimates for

15  the wireless communication relay channel.

In this training variation, the method may further comprise the step of, at the destination
| station, calculating a mean of the first and second signals to obtain channel estimates for
the wireless communication relay channel.
20
As an alternative training scheme, the first symbol sequence may be re-transmitted by
the first relay antenna over first and second symbols intervals, and the method may

further comprise the step of transmitting a negative conjugate of the second symbol



negative conjugate of the first synbol sequence received at the first relay
antenna. Preferably, the nmethod may conprise the step of: re-transmtting

t he secommloxymiaaiissgequence by the second rel ay ant enna RCT®G290900285 nt er val
different fromthe transm ssion of the second signal. The nethod nmay
further conprise the step of, at the destination station, negating the
first and second signhals to obtain channel estinmates for the wrel ess

comuni cation relay channel. In this training variati.on, t hod may
further CORPICEIeretyrd agﬁsgﬁeg;n,d Tgley AREEIBR 8V FY Féﬁy’gﬁ%ﬁtlflf?ﬁv,aﬁggtl‘%s‘éti ng a
mean of the first and second signals to obtain channel estimates for the
wi r el essmeyhetransritted averal fayrtle kgnbd|intergelan al ternative trai ni ng schene,
the first synbol sequence may be re-transmitted by the first relay antenna

over first and second synbols intervals, and the nethod may further
conprise the step of transmtting a negative conjugate of the second

synbol sepmenetol &Rl MaHerdonipiRe SRCDHSE JrediamitaitonRarasatittAglatesativey ool
interval. The first naybe transmtted over a fourth synbol interval. The

met had gy of 4 Sc{/l %@{H]gée %ﬁ%ltﬁggc@yqtgﬁg%tenﬁé %r&?@%yﬂﬂbolﬁﬁmm&ii ng a

negative Seco ce | secon el ay antenna over the first
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symbol interval. The second signal may include the negative conjugate of the first

symbol sequence is transmitted over the third and fourth symbol intervals.

10  In a third variation, the information symbol may include even number of symbols, and
the method may further comprise the step of combining the first and second symbol

sequences to obtain the first and second signals at the respective antennas.

Advantageously, the method may further comprise the step of encoding the first and

15 second signals using Alamouti coding prior to the respective transmissions.

As a further training scheme variation, the method may further comprise the steps of
combining the first and second symbol sequences to form the first signal and
transmitting the first signal over a first symbol interval. Preferably, the method may

20  further comprise the steps of: negating the first signal; and transmitting the negated first

signal over a second symbol interval.

The method may further comprise the steps of: obtaining a complex conjugate of the

first signal; and transmitting the complex conjugate of the first signal over a third and



symbol interval. The second signal may include the negative conjugate of
the first synmbol sequence is transmtted over the third and fourth synbol
i nt erval swol2n10e0213%7r d vari ati on, the information synbol PemigG2emloness even
nunber of symbols, and the method may further conprise the step of
combining the first and second synbol ssequences to obtain the first and
second signals at the respective antennas. Advantageously, the nethod may

further conprise the s of encodi he first i i

AT amout foegf’ﬁis Boh ook eRBd Bt Rrhes ot R el SRR, Ut N0
rai ning schene variation, the nethod furth [ th

conbi ni nepmbiaing the firsh apd second geRess|to g%éh@%%@%é?&%gﬂﬂlbfsﬁ%%% :E egisggfal

and transmtting the first signal over a first synmbol interval. Preferably,
the met hosmpiey chujngdteof emprinsesigriab negaiing be pomeéstqonblgﬁir@@fﬁhq sacord gnal ;
and transmtting the negated first signal over a second synbol interval.
The met hg@niaynd widshetting dhepidgatedidompideqmjudate aftthabetiond signeloywsk & conj ugat e
of the first signal; and transmttrng the conpl ex conjugate of the first

si gnag o%ﬁﬁaﬁdggkﬁgsﬁﬂg&gﬁ&§@ﬂ§ynbol interval. The method may further

conprise the steps otf, sinultaneously, conbining the first and second
sequences to formthe second signal, obtaining a conplex conjugate of the
second signal, negating the conplex conjugate of the second

Preferably, the second signal is transmitted over the third symbol interval. In such a case,
the method may further comprise the steps of negating the second signal and
transmitting the negated second signal over a fourth symbol interval.
10
In a second specific expression of the invention, there is provided an analog space-time
relay method for a wireless communication relay channel, the wireless communication
relay channel including first and second relay antennas arranged to relay an information
signal transmitted from a source station to a destination station, the method comprising
15  the steps of:
(i) receiving a first symbol sequence at the first relay antenna and the first relay antenna
retransmitting the first symbol sequence as a first signal, the first symbol sequence
comprising the information signal and a first noise element;
(ii) receiving a second symbol sequence at the second relay antenna, the second symbol
20  sequence comprising the information signal and a second noise element;
(iii) transmitting a second signal by the second relay antenna, the second signal being a

reordering of the second symbol sequence.

Preferably, the second signal is a reversal in the order of the second symbol sequence.



signal, and transmtting the negated conpl ex conjugate of the second signal
over the first and second synbol intervals. Preferably, the second signa

is transmvotet/avir the third symbol interval. In such acessegostonessret hod
may further conprise the steps of negating the second signal and
transmtting the negated second signag over a fourth synbol interval. In a

second specific expression of the invention, there is provided an anal og
space- t I rh&hWm fipflsdfh SleB% ob AL ¢ B the
Wi rel ess connunlcgflon re channe? .Rcﬁﬁ§H§ ?&PR% offiy® éggbn relay
ant enna or ma | transm tted froma source
statlon%(ﬂ{i&%ggg Pﬁg §%ﬂ%ﬁg$¥%n hﬁ?ﬁ§%ﬁg dﬂggﬂﬁPPEFﬁaﬂFH%Q%? ps ﬁf f(|)
receivin nbol e e at the first relay antenna and the first
rel ay aﬁ‘g%% StyFﬁ’gPSt ¢h¢ compleg canypated Gﬁ%‘i‘if ed seeond pypkel si gnal
the first synbol sequence conprising the information signal and a first
noi se elSE#HSAES. () receiving a second synbol sequence at the second rel ay
antenna, the second synmbol sequence conprising the information signal and a
secofid noi se elenent; (iii) transmtting a second signal by the second
relay antenna, the second signal being a

Preferably, the method further comprises the step of reversing the order of the even and

odd numbered symbols of the complex conjugate second symbol sequence to form the

second signal. The method may further comprise the step of encoding the first and

second signals using Alamouti coding prior to the respective transmissions.

10

In an even further variation to the training scheme, the information signal may include a

first training signal and a second training signal, the second training signal being a

negation of the first training signal. The method may comprise the steps of transmitting

the first training signal over a first symbol interval and transmitting the second training

15 signal over a second symbol interval, the second symbol interval occurring after the first

symbol interval. The method may further comprise the step of, at the destination station,

negating the first and second signals to obtain channel estimates for the wireless

communication relay channel. The method may further comprise the step of, at the

destination station, calculating a mean of the first and second signals to obtain channel

20 estimates for the wireless communication relay channel.

For both expressions and the variations, the information symbol may be modulated

using OFDM. As an alternative, the information symbol may be modulated using Single

Carrier ~ Cyclic Prefix.



reordering of the second synbol sequence. Preferably, the second signal is
a reversal in the order of the second synbol sequence. The net hod nay
further cwoppicei1idhe step of obtaining a conpl ex conjugace/Ssckowheo2seor der ed
second synbol sequence. The nethod may further conprise the step of
negati ng odd nunbered synbols of the conpl ex conjugated reordered second
synbol sequence. Preferably, the nethod further conprises the step of
reversing the order of the even and odd nunbered synbols of the conpl ex
conj ugat e second synbol sequence to formthe second signal. The nmethod may
further conprise the step of encoding the first and second signals using
Al amout i PESERaRly> Bieitgst and sependrsignsbscare veded uingn sedingimatriznbasad ewdne f ur t her
variation to the training schene, the information signal may include a
first traimbagofsingemaks strttie selsestativd. Thainnithel siag fiather thapsechadtdprodi ni ng
signal being a negation of the first training signal. The nethod may

conpri septifemsing fifies proceasinfut th Aestinafioh kfabnt I ai Ni ng signal over a first
synbol interval and transmitting the second training signal over a second
synbok interval, the second synbol interval occurring after the first
synbol interval. The nethod may further conprise the step of, at the

desti nat 0 ealabh o NSIRLENG, LOE. iR 209 398900, SR f GiLaT "

relay stations.

The first noise element or the second noise element may include additive noise of the

10  communication relay channel.

Preferably, the information signal from the source further comprises a cyclic prefix, and
the method further comprises the step of removing part of the cyclic prefix at the relay
station; and fransmitting the remaining part of the cyclic prefix with the first signal or

15  the second signal to the destination.

As an alternative, instead of removing part of the cyclic prefix, the method may further
comprises the steps of:
removing the cyclic prefix at the relay station;
20 generating a second cyclic prefix at the relay station; and
appending the second cyclic prefix to the first signal or the second signal for

transmission to the destination.



communi cation relay channel. The nethod nmay further conprise the step of,
at the destination station, calculating a nean of the first and second

si gnal s twoabteiznsochannel estimtes for the w rel ess comrcmsiGean000ess el ay
channel . For both expressions and the variations, the information synbol
may be nodul ated using OFDM As an al jernative, the information symbol may
be nodul ated using Single Carrier - clic Prefix.Preferably, the first and

second signals are coded usin codi ng mat.ri.x based on the,nunbe f

ant ennas 38 TShey TR S59UenSE 8% TUrHE CHBPRSH? AR H&S%arm@ogr\%ﬂ} E”%“Wﬁecgt ep of
perform ng |linear processing at the destination station. The first and
second afiemmiashemspyece tipnalgstinedipea Suther destipption gatiom Theseeandyi f f er ent
relay stations. The first noise elenent or the second noise el enent may

i ncl ude aded semencs swy dirthen eomprivam fuwtiter onfomedtion sigrahmetsmifedfremabl y, t he
information signal fromthe source further conprises a cyclic prefix, and

the met hgginbriduRed sieiinddsans fobe fetiep deftiftibhviatign.part of the cyclic prefix
at the relay station; and transmtting the renmaining part of the cyclic

prefi§< with the first signal or the second signal to the destination.

The information signal may comprise a first header and the concurrent information
signal may comprise a second header, the cross-correlation value obtained by
correlating the first header and the second header with no offset is equal to the cross-
correlation value obtained by correlating the first and the second header with offset

10 greater than zero.

In a third specific expression of the invention, there is provided a header for a frame
structure, the header comprising a sequence of symbols having a correlation value
obtained by correlating the header with a copy of itself, the correlation value being a
15  first value when there is no offset between the header and the copy of itself, and the
correlation value is a second value when the offset between the header and the copy of

itself'is greater than zero.

Preferably, the first value is equal to the number of symbols in the sequence and the
20  second value is zero. Sequence may be of CAZAC type or Frank-Zadoff type. The

sequence may be of Maximum length sequence type.

Preferably, the first value is equal to the number of symbols in the sequence and the

second value is -1.



As an alternative, instead of renmoving part of the cyclic prefix, the

nmet hod may further conprises the steps of: renpving the cyclic prefix at

t he rel aywetaatoami97generati ng a second cyclic prefix at PCmSGeeloago2ss ati on;
and appendi ng the second cyclic prefix to the first signal or the second
signal for transmssion to the destination. The first synbol sequence may
further conprise a further information signal transmtted froma further
source station destined for a further destination station. The second
synbol sequence may further conprise a further information signal
transmtted froma further. source station destined.for urt her

dest i naEhilB oufhiRegiic CYRIFSTIRY 8?%3’7“671‘ SRGASP 15@?’"@%9’6@?@"‘;0{ ‘itl‘?rg’ﬂn%]%ader and
the concurrent information signal may conprise a second header, the

cr oss- c 6PP@] At GoBHILHE Toiea SBRbelsegBye eorpaying thegtarRelf i rst header and the
second header with no.offset is equal to the crosscorrelation val ue

obt ai ned by dOr r elrenersigg theerfien ofithasyunidheegenond header with of fset greater
than zero. hi a third specific expression of the invention, there is

provided a hedyer pefforminkladi®eniéy ttehufadion bhehdiRadesd Syl isehidgc® Sequence
of synbols having a correl ation val ue
The present invention also relates to apparatus or device for performing any of the
above discussed methods or those which are described in the preferred embodiment(s).
For example, certain features may be implemented on a integrated circuit used at a relay
10  station. Specifically, in a fifth specific expression of the invention, there is provided
apparatus for performing analog space-time relay of an information signal transmitted
from a source station to a destination station over a wireless communication relay
channel, the apparatus comprising:
1) a first relay antenna configured to receive a first symbol sequence which includes the
15  information signal and a first noise element; and
(ii) a second relay antenna configured to receive a second symbol sequence which
includes the information signal and a second noise element;
wherein, the first antenna is configured to transmit a first signal which is associated with
" the second symbol sequence received at the second relay antenna; and wherein
20  the second antenna is configured to transmit a second signal which is associated with

the first symbol sequence received at the first relay antenna.

In a sixth specific expression of the invention, there is provided apparatus for

performing analog space-time relay of an information signal transmitted from a source



obtained by correlating the header wwth a copy of itself, the correlation
val ue being a first value when there is no offset between the header and

t he copy wD 201297 and the correl ation value is a secordTisahum/0vssh t he

of fset between the header and the copy of itself is greater than zero.
Preferably, the first value is equal HB t he nunber of synmbols in the
sequence and the second value is zero.”“Sequence may be of CAZAC type or

Fr ank- Zadof f % gg. The sequence may be of Maxi num | ength sequence type.

Pref er ab|3§a,“0{1 % PR FAROT QVEE durareless comanunieasion reley shanvel, thd n t he
sequence. and the second value is - 1.In a fourth specific expression of the
i nvent i ofPPHRBE €OMPIIFNEY| ded a met hod of deriving a conpl ex conjugate for a
synbol sequence conprising the steps of: (i) reversing the order of the
synbol sequence; (ii) perform ng a conplex conjugation on the reversed
synbol sequence. The present invention also relates to apparatus or device

for perf @)nifiigt RRY adfenhh CorsRY& t@iégéf%sﬁﬁrs@@mg&issﬁﬁentcg 95810l nﬁg €

described in the preferred enbodi ment (s). For exanple, certain teatures my
be inpl enghEL ' L C Ui d.a rel ay station.
Spec??icalIy,gﬁﬁﬂgﬁfFQ%ﬁgi%%gl ?@géﬁb@Sg%%&%“%?ﬁ$WB@F%VQH¥FEH$f?%ere is

provi ded information signal and a first noise element;

(ii) a second relay antenna configured to receive a second symbol sequence which
includes the information signal and a second noise element; the second relay antenna
further configured to transmit a second signal which is a reordering of the second

10 symbol sequence.

In either or both the fifth and sixth specific expressions, the apparatus may be in the
form of a relay station and the first and second antennas may be co-located at the relay
station. In the alternative, the apparatus may include two relay stations and the first and

15 second antennas may be located at separate relay stations.

In an seventh specific expression of the invention, there is provided an apparatus for
deriving a complex conjugate for a symbol sequence , the apparatus comprising:
@) areverser for reversing the order of the symbol sequence;

20 (i)  aprocessor for performing a complex conjugation on the reversed symbol

sequence.

The information signal from the source may comprise a cyclic prefix and the apparatus

may further comprise :



apparatus for perform ng anal og space-tinme relay of an information signal
transmtted froma source station to a destination station over a wreless
comuni cawpanwels®y channel, the apparatus conprising: PLT&GR0HDIASE] ay
antenna configured to receive-a first synbol sequence which includes the
information signal and a first noise g enment; and (ii) a second rel ay
antenna configured to receive a second synbol sequence which includes the
information signal .and a second ngise el ement; wherein, the first antenna
is confi 66’?%%55% Wé?&‘rﬁm&mg PP of Biepyslic prtierat the welay statigneandai t h t he
second synbol sequence received at the second relay antenna; and wherein

t he secordraamienforitenspifting thesemeining partof the sydaquefix sidyhalmaeskigeitoi s
associated with the first synbol sequence received at the first relay

ant enna. thendeatisdtionh specific expression of the invention, there is provided
apparatus for perform ng anal og space-tinme relay of an information signal
transmtted froma sourcestation to a destination station over a wreless
comuni cation relay channel, the apparatus conprising: (i) a first relay

ant enfia ORI GERHVE IhE SRS ' .synbol sequence and to retransmt the
first synbof sequeﬁde as ‘a ¥§$§%§g§g%%<¥ the first synbol sequence

conpri si Q%rcgc%(sasing unit configured to remove the cyclic prefix, generate a second cyclic prefix,
append the second cyclic prefix to the message; and transmit the message with the

appended second cyclic prefix to the destination.

10 It can be appreciated from the described embodiment(s), that the method and
apparatuses:
- requires little signal processing at the relay (as opposed to digital processing
means)
- significantly lower implementation costs and power consumption
15 - only requires linear processing to achieve maximum likelihood decoding
- the flexibility of deploying either multiple antennas at the relay nodes, or
multiple single-antenna relays.
If OFDM is used, it offers the following advantages:
- achieves complete mitigation of ISI in the relay channels
20 - only analog domain processing required at the relay

- only linear decoding required at the destination



information signal and a first noise elenent; (ii) a second relay antenna
configured to receive a second synbol sequence which includes the

i nf or mat iwo 28i0gnado7and a second noi se el enent; the secomrdTiS&2e0p/0a08ENNa
further configured to transmt a second signal which is a reordering of the
second synmbol sequence. In either or 1g'oth the fifth and sixth specific
expressions, the apparatus may be inthe formof a relay station and the
first a e - ted at the relay station hi the

al t er nat= vﬁﬁgcﬁ:&h @5%’9%@%@?w relay stations and the first and
second antennas may be | ocated at separate relay stations. |In_an seventh
speci fi c expriB¥¥iayRf sramme opkyy apg ?rdnpretmb%hmgntwcb%élasv&hewﬁgr atus for
deriving a conplex conjugate for a synbol sequence , the apparatus

conpr i simfgrer(ce)o theragvanpayirfendrawengsy imiwigich:he order of the synmbol sequence;
(ii1) a processor for perform ng a conplex conjugation on the reversed
synbol sequengigureling ai sohdhi iRt drawing cadonfhenitdtive ot BaviBy aGotiREi Se a
cyclic prefix and the apparatus may further conprise :a processing unit for

renoul NGy RS Qbial BEHGY Rl dnf dRERIk¥n #atib D, W8 AYing t&hh BRimABd

embodiment;

Figure 2 is a schematic drawing of a transmitter for the source station of Figure

Figure 3 is a schematic drawing of a receiver for the relay station of Figure 1;
10 Figure 4(a) is a schematic drawing of a receiver for a destination station of
Figure 1 where sequence reordering is not required,;
Figure 4(b) is a schematic drawing of a variation of the receiver of Figure 4(a) in
which sequence reordering is required,;
Figure 5 is a flow diagram of a general ASTC transmission method over the
15 communication channel of Figure 1;
Figure 6 is a flow diagram of a channel training and estimation method used in
the flow diagram of Figure 5;
Figure 7(a) is a schematic drawing of a frame structure according to the example
embodiment;
20 Figure 7(b) is a variation of the frame structure of Figure 7(a) in which there are
two or more training sequences;
Figure 8 is a flow diagram of a method of implementing ASTC transmission

using the frame structure of Figure 7(a);



atransmtter for transmtting the remaining part of the cyclic prefix and
the nmessage to the destination. In the alternative, the apparatus my
conpri se:wa2prooee®3i ng unit configured to renove the cy@CirSGRo®H0DRSS
generate a second cyclic prefix, append the second cyclic prefix to the
nmessage; and transmt the nmessage withh the appended second cyclic prefix to
the destination. It can be appreciat fromthe described enbodhxient(s),
that the nmethod and apparatuses: requires little signal processing at the
rel ay (as oppd8¥a tidadiogi tiasrapy feasihng f%%m')m%%@mqﬁpe%’fﬂ pSPordine
I npl ement ati on costs and power consunption - only requires |inear
pr ocessithg exanple Anbodimeaki num | i kel i hood decoding the flexibility of
deploying either multiple antennas at the relay nodes, or nultiple
si ngl e- ant enriigiirel18ys a flokvCQEBMamsofisssefleme tforohbatiag thdicfatlixsianeprdiigant ages:
achi eves conplete mtigation of ISI in the relay channels

to the example embodiment; and

5 Figure 11 is a flow diagram of an alternative scheme for inserting cyclic prefixes

according to the example embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

10 Figure 1 shows a communication channell according to an example embodiment. This
channel consists of a source station/node 110 (S), a relay station 120 (R) and a
destination station/node 130 (D). The source and the destination each have only one
antenna, and the relay has two antennae 122,124. Only one relay node will be used for
communication and the proposed analog space-time coded (ASTC) relaying schemes is

15  then be carried out on the selected relay in a straightforward manner. The ASTC
relaying schemes in this embodiment is applied to orthogonal frequency division
multiplexing (OFDM), in which the ASTC encoding is applied to individual subcarriers

over two consecutive OFDM symbols.
20  Alternative embodiments may also apply the ASTC relaying schemes to single-carrier
cyclic prefix (SC-CP) systems where the ASTC encoding is also applied to individual

symbols over two consecutive SC-CP blocks.

Alternative embodiments may also have more than two antennae at the relay station.



- only anal og domain processing required at the relay only |inear decoding
required at the destinati onBRI EF DESCRI PTI ON OF THE DRAW NGS By way of
exanpl e owbyoloomesser nore enbodi nents will be descri bedPairsSic2o0mfoes28fhce t o
the acconpanying draw ngs, in which: Figure 1 is a schematic draw ng of a
conmmuni cati on channel having a source.station S, relay station R and
destination station D, according to iﬁ exanpl e enbodi nent; Figure 2 is a
schematic drawing of a transmtter for the source station of Figure |
Figure 3 is a schematic drawing of a receiver for the relay station of
Figure 1; Figure 4(a) is a schematic drawing of a receiver for a

dest i naffiigume 8tshowoan ofanfilg reesniittahfor sheswyuenrseording tl9dhs sgmmde not r equi r ed;
Figure 4(b) is a schematic drawing of a variation of the receiver of Figure
4(a) i n evoaimae qWase OFDA isheset g thesmbéujatioe tbehige) QFBMisymdolsl ow di agr am
of a general ASTC transm ssion nethod over the communication channel of
Figure lonsisting of N words each enter the module 202 where an N-point inverse discrete

5  Fourier transform (IDFT) converts the frequency domain signals to the time domain.

Alternative embodiments of Figure 2 can use SC-CP as the modulation technique, in
which case the module 202 is not necessary and symbols arriving at the module 202 can
pass through unchanged.
10
During a first symbol intervals Zg; a first symbol denoted x; leaves the IDFT module
202 and the switch control 210 directs x; down the path 216. The symbol x; arrives at
the parallel-to-serial converter 212 and then to a module 214 where cyclic prefix
insertion is performed. The symbol x; with the cyclic prefix inserted is then transmitted
15  using the antenna of the source.
During a second symbol intervals Zg,, a second symbol denoted x, then leaves the IDFT
module 202 and the switch control 210 directs x5 to the processing unit 204 where

signal conjugation is performed by the sequence re-ordering unit 206, the resultant then
negated and conjugated by the conjugation unit 208. The conjugated symbol x, arrives

20  at the parallel-to-serial converter 212 and then to a module 214 where cyclic prefix
insertion is performed. The symbol x; with the cyclic prefix inserted is then transmitted

using the antenna of the source.



Figure 6 is a flow diagram of a channel training and estimation nmethod used
in the flow diagramof Figure 5; Figure 7(a) is a schematic drawing of a
frame strwotzare2a®cording to the exanpl e enbodi ment; Fi @UTSGZ(19)000285 a
variation of «the frame structure of Figure 7(a) in which there are two or
nore training sequences; Figure 8 is a flow diagram of a nethod of

I npl ementi ng ASTC transm ssi on using t’he frame structure of Figure 7(a);
Figure 9 is a flow diagramof a nethod for deriving a cyclic prefix

accor di nyterpativeeenbedipends earblrde mesiititchRioglrele2 10owhish gpdrhtgaby idirgeting ofd a
schenme for inserting cyclic prefixes according to the exanple enbodi nent;
and Fi guyenbbls desvrathe lpeth Licagitikmves sambalstags diaédtadeto siodmioeedsng unitsX¥t | ng
cyclic prefixes according to the exanpl e enbodi nent. DETAI LED DESCRI PTI ON
OF THE PREFERRED EMBODI MENTS Figure 1 shows a communi cati on-channe
according to an exanpl e enbodi nent. This channel consists of a source

station/ lﬂgﬁ]l% k8w @rece@vé’r%b@}foﬁh@}é‘lgy stk DR qug'e . It can be implemented

5  either with the radio frequency (RF) circuit, or after the analog-to-digital converter

(ADC). In the latter case, the signals are still clocked at the high sampling frequency.

The symbol sequence (i.e. x; and x, ) transmitted from the source is received at the
antennae of the relay station over two consecutive symbol intervals ¢z ; and #z5.

10
During tg 1, the signals rg 11 and rp2; are respectively received at the first antenna 302
and the second antenna 304. Signal rg 1) is sent to the first delay unit 330 where the
signal r 11 is delayed for a time period of 7, where #p is the duration of one OFDM
symbol. Signal rg5; is sent to the second delay unit 332 where the signal 72 is delayed

15  for a time period of 1p.

During tz», the signals 7z 12 and rr 2 are respectively received at the first antenna 302
and the second antenna 304. Signal rg 1, is sent to the first processing unit 306 where

signal conjugation is performed by the sequence re-ordering unit 308, the resultant then
20 negated and conjugated by the conjugation unit 310. The resultant signal is — 7y ,,.

Signal rg 2, is sent to the second processing unit 312 where signal conjugation is

performed by the sequence re-ordering unit 314, the resultant then conjugated by the

conjugation unit 316. The resultant signal is 75 , -



destination station/node 130 (D). The source and the destination each have
only one antenna, and the relay has two antennae 122,124. Only one relay
node wi | Iwbeouwgeds97or conmuni cation and the proposed an&COFCEROEIAH e
coded (ASTC) relaying schenmes is then be carried out on the selected rel ay
in a straightforward manner. The ASTCg el aying schenes in this enbodi nent
is applied to orthogonal frequency division nmultiplexing (OFDM, in which
the ASTC encoding is applied to individual subcarriers over two consecutive
OFDM synbol s. Alternative enbodi nents nay al so apply the ASTC rel ayi ng

schenmes to single-carrier cyclic.prefix (SC S ens where the ASTC
encodi ngAitEnaPEW A ip isdakenafor s HERELess ﬁﬁ‘@]‘%)og\?éﬁ SR5C 8EUE¥e SC CP

bl ocks. Alternative enbodi ments may al so have nore than two antennae at the
relay st agit B fo 1gspeetiRels baimcasigealanpt,g dandansmAfiaripftbe delapedsognat of
according to the exanpl e enbodi mrent. When OFDM i s used as the nodul ation

t echni que, OFDM synbol s consi sting of N_words, h enter. the npdul e 202
wher e an’mn ges e ik Fioe 1HFEE FRE lﬁop@pq%ﬁgg r‘?ﬁ(’“lti%??’}‘ RIAVE s t he

frequency domain signals to the tinme domain. Alternative enbodi nents of

Fi qure 2 350 SnbR5 LG Todu Abian 860 Qye, i whi ch case the
28 ynmbo

modul e I's not necessaty and? s artivihg &t 't A% nodul e 202 can

The delayed signal of 7g2; and the signal — 7';_12 is also sent to the second combiner unit
322 after T_D. An addition operation is performed at the combiner unit 332 to combine
rra1 and — 1,10 produce ua, 1.6. U, =1 ~Tgis -

10

The signals #; and u, can then be rearranged for re-trahsmissi_on from the relay station

Y:[y” yu}____{lﬁ uz*’J
Yo Vo U, —U

Y in this case is Alamouti coded and the symbols y;; and y;» are transmitted from the

in the form of

15  first antenna 302 of the relay respectively over two consecutive symbol intervals #z3 and
tp4. The symbols yo; and yy, are transmitted from the second antenna 304 of the relay

respectively over two consecutive symbol intervals £z 3 and tz 4.

Figure 4(a) shows a receiver 400 for the destination station D. The received signals are
20  converted to the digital domain and then packet detection, frame synchronization 402
and frequency synchronization 404 is done. Serial-to-parallel conversion 408 is done to

convert each group of N serial symbols into an N-point vector. An N-point DFT is then



pass through unchanged. During a first synbol intervals a first synbol
denoted | eaves the | DFT nodul e 202 and the swtch control 210 directs down
t he pat h wo@siofinessgynbol X1 arrives at the parall el -to- ®emiSakowone2sst er 212
and then to a nodule 214 where cyclic prefix insertion is performed. The
synmbol X1 with the cyclic prefix inserted is then transmtted using the
antenna of the source. During a secontf synbol intervals ts,i, a second
synbol denoted x2 then | eaves the | DFT nodul e 202 and the switch control
210 di r edenp ipZ10 gn theeNmoseierssiongonvérting g Mitimredwhgjnaymbelsjntgdf i on is
performed by the sequence re-ordering unit 206, the resultant then negated
and conj figaiendy bympdrentso Ghugsd edimationt41208thehperfoongdigith ¢tk Ay obdle X n
arrives at the parallel-to-serial converter 212 and then to a nodul e 214

wher e cygbdder RigRécs ahd $RIdih©8equsndRerkiRy tHB detedfich SN petforiistiie dipgaicyclic
prefix inserted is then transmtted using the antenna of the

. Al t] [ - ak S\ whi ch t
by i oot S i By e € Ban Lo o hh f e ekl A 2 ¢ i Tect ea

to the processing unit 204. Figure 3 shows a receiver 300 for the relay
station D of Figure 1. It can be inplenented either with the radio

frequency (RF) circuit, or after the anal og-to-digital_ converter
Alternative embodiments of Figure 4(a) can use SC-CP as the modulation technique, in

which case an inverse discrete Fourier transform (IDFT) can be performed after signal

detection is done in the detection unit 414,

10 Figures 4(b) shows an alternative receiver 450 for the destination. The received signals
are converted to the digital domain and packet detection, frame synchronization 452 and
frequency synchronization 454 are performed with the aid of the header sequence and
training sequence. A sequence reordering unit 456 then performs a left-shift on those
symbols that were reordered earlier at the transmitter. A serial-to-parallel conversion

15 458 is next done to convert each group of N serial symbols into an N-point vector. An
N-point DFT is then done in 460 on the N-point vector, converting the N time domain
symbols into N frequency components. Channel estimation 462 is then performed and
signal detection is performed at the detection unit 464 using linear maximum likelihood
detection on a per-subcarrier basis.

20
Alternative embodiments of Figure 4(b) can use SC-CP as the modulation technique, in
which case an inverse discrete Fourier transform (IDFT) can be performed after signal

detection is done in the detection unit 464.



(ADC). In the latter case, the signals are still clocked at the high
sanpling frequency. The synbol sequence ( and x ) transmtted fromthe
source i swpeowoeemd7at the antennae of the relay stati onPOYTSIG2008000285
consecutive synbol intervals and During the signals and r are respectively
received at the first antenna 302 and_the second antenna 304. Signal is
sent to the first delay unit 330 wheré0the signal r* pis del ayed for a
time period of where is the duration of one OFDM synbol. Signal is sent to
t he secoblcnoatagtuneni t 332 where the signal is delayed for a tine period of
f. During , the signals and are respectively received at the first antenna
302 and the second antenna 304. Signal is sent to the first processing unit
306 where signal conjugation is performed by the sequence re-ordering unit

308, t heng%?@Wa?%oﬁs@ﬂ?arﬁ@%&@re%@ 2808HiHGab ek BniheehOoiH@aL Tae unit 310.

The resultant signal is -7"" 12 . Signal i's sent to the second processing
t 312 d
i 314ﬂ%&%@%&”@g}ﬁ?ﬁ%ﬁ%&ﬁ?ﬂ%%@%ﬁ%g R R S S

resul%ang ilgnal isAtime period of tDis taken for the first proceSS|ng
unit 306/%d the second processi ng

The header 702 is a unique word sequence which is to be used for packet detection and
frame synchronization. This unique word sequence will possess the following properties:

s A constant amplitude;
10 ¢ A good auto-correlation property. If the header sequence w(n) has N,, samples,

ie., n=1-,N,, ideally, it should have the following property:

Ny =
Zw(n)w* (n D k) = { Ny ok .0

- 0 ,otherwise

The above represents an autocorrelation operation, in which the N, sample long header

sequence (i.e. w(n) for n=1,---, N, ) is correlated with its conjugated and cyclic-shifted
15  version (i.e. w' (n) for n=1,--, Ny ). k represents the sample offset between the header

sequence and its conjugated and cyclic-shifted version, and when & = 0, there is no

offset. w(n) represents the n-th symbol in the header sequence, where n=1,--,N,, .

When (n+k) = Ny, w(n ) k) represents the (n+k)-th symbol in the header sequence and

when (n+k) > N,y, w(n @ lc) represents the (n+£-N,)-th symbol in the header sequence.

20
The header sequence can be chosen to be the CAZAC sequence or the Frank-Zadoff

sequence.



unit 312 to respectively produce signals and After the del ayed signal of
and the signal / is sent to the first conbiner unit 320. An addition
oper at i orwp2o0parisrnmed to conbine and to produce U , i PeT/SGhaoded2ayed
signal of and the signal - is also sent to the second conbiner unit 322
after T_D. An addition operation is pg{forned at the conbiner unit 332 to
conbine rR 2\ and to produce The signats W and u2 can then be rearranged
for re-transm ssion fromthe relay station in the formof Y in this case is
Al amputi coded and the synbols and _ are transmtted fromthe first antenna
302 of the relay respectively over two consecutive synbol intervals ~ 3 and
The synbahsther ahdcarfe thedradert tegderfaeoim thb ensd@oomdengtheseque@e4winth thae r el ay
respectively over two ‘consecutive synbol intervals and Figure 4(a) shows a

recei ver céafint Bhplifude 466 theTollbwihgSudd-toiel Bionihiepdecei ved signals are
converted to the digital domain and then packet detection, frame

synchroni zati on 402, and frequenc iync@gg@ization 404 i s done.
Serial -to-parall el qﬂypﬁ%h@m; ' dbhe to convert each group of N seri al
synbol s into an N-gai nt” vector. I N> @emwisOF T is t hendone in 410 on the
N- poi nt vector, converting the N tine domain synbols into N
5
Following the header sequence 702 is the training sequence 704. The training sequence

704 is used in channel training and estimation, as will be elaborated later.

The payload sequence 706 may be sub-divided into a payload header sequence 708 and
10  a payload information sequence 710, in which case the payload header sequence 708
follows the training sequence 704 and the payload information sequence 710 follows the
payload header sequence 708. The payload header sequence 708 contains information
needed to decode the payload information 710. The payload header 708 may also
include the error control coding scheme, coding rate, modulation scheme, payload

15  information length, etc.

It is also preferred that the frame structure 700 enables robust packet detection, robust

frame boundary synchronization, robust training for channel estimation and robust

decoding at the destination. Further, it is advantageous for the frame structure 700 to
20  enable packet detection, frame boundary synchronization, training for channel

estimation and decoding at the destination to be implemented in digital domain..



frequency conponents. Channel estimation 412 is then perforned with the aid
of the header sequence and training sequence while the detection unit 414
per fornms wheosvgn®? det ecti on using |inear maxi mum | i kelPChsedo®v@ssi on on
a per-subcarrier basis. Alternative enbodi ments of Figure 4(a) can use
SC-CP as the nodul ation technique, in ﬁQiCh case an inverse discrete
Fourier transform (I DFT) can be perfo? d after signal detection is done in
t he det ecrhi ?ﬁn unit 414. Fi ggre 4%b) shows an alternative receiver 450 for
the dest iIARPABT STRFLre M0 enables thd rassing of swewial @avived idermstigntfel  domai n
and packet detectjion, frame synchronization 452 and frequency

synchr oniPgdet @mmat@p@nééﬁp@ﬁmor hgiframe stmichire 700 maidahetdedvasageence and
trai ni ng sequence. A sequence reordering unit 456 then perforns a

| ef t - shi that anthe heiens saubehe THatrecwdescthe payided eduerdd 7080 ATt he transnitter.
A serial-to-parallel conversion 458 is next done to convert each group of N

seri al SMﬁMhiSsibmWhQﬁaINrepﬁbﬂaheV&éiés@i&nateﬂ'b;’\{'hg@ﬂaiﬁin?f%h%cetm%ag%Qﬁ in 460
S

on the N-point vector, converting the N ti'me donain ols into

f r equency,ARARS loafh Le 86¢ | Lan . i.s then perforned.and signal
det ect | onpriqs per f rO}rasr‘r/eog at 5t Eee de(§ élcr:gt} ?%rﬁgﬁlﬁ?%‘}ﬁzgle tﬁ%l}sﬁsﬁl?nnrgggbl i mum
| i kel i hood detection on a per-subcarrier basis.
Figure 7(b) shows an alternative embodiment with a modified frame structure 750 with
two or more training sequences 754, 755. This embodiment may have the advantage of
simplifying the frequency synchronization process at the destination. The two or more

10 training sequences 754, 755 results in a frame structure 750 with a periodic training

sequence. This permits the frequency error to be more easily estimated at the relay

station and destination.

Transmission of a frame

15

Figure 8 shows a method of implementing ASTC transmission at the relay station 120

using the frame structure 700 according to the example embodiment.

In 802, packet detection and frame synchronization is performed to detect the arrival of
20  apacket at the relay station 120, and to identify the symbol timing in the packet.
Frequency offset compensation may follow after symbol timing synchronization is
achieved. Packet detection and frame synchronization 802 may be implemented using
the header information 702 transmitted in the frame structure 700 and the relay station

120 receives the header 702 at both the first and second antennae 122, 124.



Al ternative enbodi nents of Figure 4(b) can use SC-CP as the nodul ation
techni que, in which case an inverse discrete Fourier transform (I DFT) can
be perforwodowfieso7si gnal detection is done in the dete®CrsG20m10002864. Fr ane
structure Figure 7(a) shows a frame structure 700 according to the exanple
enbodi nent. The frame structure conprb§es a header 702, a training sequence
704 and a payl oad sequence 706. The héader 702 is a unique word seguence
which is to be used for packet detection and frane synchroni zation. This
uni que word sequence will possess the follow ng properties: A constant
amplitude; A good auto-correlation property. If the header sequence w n)
has Nw sdrske«ctection ang degie synchmonizagen at thavelaystatios| I28vinaxgbp potfemat  The
above represents an autocorrelation operation, in which the Nw sanple |ong
header segingneenatéhed. filigrnnplomnerted oothreehral @l dvinkin. iAssthe driadgal@dof kit
cyclic-shifted version represents the sanple offset between the header
sequence fadtk ithrteeTD0Gas egoaddutoyetdlsticiplopady, War shvithis pRAE (IMRghher e is
no offset. represents the synbol in the header sequence, ere

5  the output of the matched filter can be used to indicate a valid packet as well as the

starting reference symbol of the packet.

Thereafter in 804, the relay station 120 performs training signal encoding using the
training signal 704 that is received from the source 110. The purpose of training signal
10-  encoding 804 is to enable the destination 130 to estimate the channel state information
(CSI) parameters. These CSI parameters will then be used when decoding transmissions

during the ASTC transmissions step 806.

Following the training signal encoding 804, ASTC transmission 806 can then be
15  performed to encode the received payload sequence 706 and transmit it over the
communication channel. The steps of channel training signal encoding 804 and ASTC

transmission 806 may be implemented using any of Coding Schemes 1 to 6.

Coding Scheme 1

20  Channel training and estimation using Coding Scheme 1

Figure 6 shows a method of channel training and estimation according to the example
embodiment. This permits the estimation of the channel state information (CSI)

parameters /ip, hpp that are required for decoding at the destination. The CSI



When represents the th. synbol in the header sequence and when represents
the i synbol in the header sequence. The header sequence can be chosen to
be the CAYOComanu®dnce or the Frank-Zadoff sequence. Anot ireT/SGhaiomeoBdr t he
header sequence is the maxi mum | ength sequence whi ch has constant anplitude
and the follow ng auto-correlation property: Follow ng the header sequence
702 is the training sequence 704. Th@4training sequence 704 is used in
channel training and estinmation, as will be el aborated |ater. The payl oad
sequenc eardtetenprgebtsingd usivg o dinieg grustpaynd ghponelasimagion pedel g and a
payl oad i nformati on sequence 710, in which case the payl oad header sequence
708 f ol lreysirdshalyt ooy mocseiggenthe rZlad saridnt he payl oad i nformati on sequence
710 foll ows the payl oad header sequence 708. The payl oad header sequence
708 contains information needed to decode the payload information 710. The
payl oad header 708 may al so include the error control coding scheme, coding

or et er 1 ot st s BB D e S e o R o,
oy DB Th0E RS ORbEA b 1 A4Rhbch S2fulth 8w Bhre SRR he
training sequence is formed where
w=[x]
In 604, the source to relay link is activated. The source transmits the symbol sequence w

over a symbol interval 5 7;. This transmission is done using the single antenna present

10  atthe source.

In 606, the symbol sequence transmitted from the source is received at the two antennae
of the relay station in the symbol intervals #z ;. At the first antenna, the symbol
sequence consisting of the signal 71 g 7 is received. At the second antenna, the symbol

15  sequence consisting of the signal r; g ris received.

Hoar = Mg+

har = hys+ny;

hi.s is the channel coefficient between the source node and the first antenna at
the relay node, while &, s is the channel coefficient between the source node and the
second antenna at the relay node. ny rrepresents the additive noise present at the first

20  antenna. ny rrepresents the additive noise present at the second antenna.



decoding at the destination. Further, it is advantageous for the frane
structure 700 to enabl e packet detection, frame boundary synchroni zati on,
trai ni ng wonommeni¥el estimati on and decodi ng at the desPCmsGran/oveshe

i npl emented in digital domain..The frame structure 700 al so enabl es the
passi ng of essential payload informat '50n for packet denodul ati on and
decodi ng. The frane structure 700 nmay~have the advantage that as the

trainin uence 704 precedes the payl oad sequence 706, ASTC transni ssion
Wit h chgﬂﬁgﬁ tﬁaﬁmﬁéﬁ UGDSES e SPTbinetiel anteana ang wudigR dee et an be
applied to the payl oad sequence 706 in order to inprove the transm ssion
rel i abi |anfepna cagiher be eppngiddnstransmdbyien frami theraasbasdY n¥ ean wiaferablyrhedi f i ed
frame structure 750 with two or nore training sequences 754, 755. This
enbodi meXemeesi chdadeast he advant age of sinplifying the frequency

synchroni zati on process at the destination. The two or nore training
sequences 754, 755 results, i frame- sttucture 750 with a periodic
training sequence.YmE 1 peyﬁﬂ} “ehe f%{jéq ency error to be nore easily
estimated at the rel ayystati pnliapd deskf pation. Transm ssion of a frane
Figure 8 shows a nmethod of inplenenting ASTC transm ssion at the relay

St at Lo 11290 U8 QA {5, Skt WGk A fied A0 PRE Sl Bab o E 1E59TP! ©
respectively over two consecutive symbol intervals ¢z r» and #g r:3. The symbols y2; and

¥, are transmitted from the second antenna of the relay respectively over two

consecutive symbol intervals g 7> and g 73.

10 In 612, the symbol sequence transmitted from the relay is received at the antenna of the
destination over two consecutive symbol intervals ¢p r; and #p, 5. At the destination, the
symbol sequence consisting of signals rp r; and 7p 12 are respectively received during

the intervals #p r; and #p 72 and can be represented as

o1 | | Poafimr FhpaTamr + Vip

Tpra hpityrr = hpoligr +Vap
15 hp,1 is the channel coefficient between the first antenna of the relay station and
the destination, while %y, is the channel coefficient between the second antenna of the

relay station and the destination. v; p and v, p respectively represent the additive noise at

the destination present in the signals rp 7 and rp 15.

20 In 614, the channel state information (CSI) parameters hp 1, hip2, characterizing the

product channel are thus be estimated from rp,r; and rp ra.



In 802, packet detection and frame synchronization is perfornmed to detect
the arrival of a packet at the relay station 120, and to identify the
synbol tiwDregroiaz139Me packet. Frequency of fset conpensat iPom/Sgagoofood2spw af t er
synbol timng synchronization is achieved. Packet detection and frane
synchroni zati on 802 may be inplenenteg usi ng the header information 702
transmitted in the frame structure 708%and the rel ay station 120 receives

t he header 702 at hoth the first and second antennae 122, 124. Packet
detection and franme’synch b,ﬂlihzsafihg)_ghz'@ﬂ—(hp@urelh@ynzs,tdabli,)() 120 may be
perfornmed using a natched| filter i %I efpnted i;n 1he an3l og domain. As the
header 702 of the frafk! strifctlr e®70® had & goéd 1gut Gedd r el at i on property,
an obvi ous peak (or trougpk,atvthe output of the matched filter can be used
to indicate a valid pack®& has+$el as the starting reference synbol of the
packet. Thereafter in 804L %*he ¥l ay station 120 perforns training signal
encodi ng using the training signal 704 that is received fromthe source
110. The purpose of training signal encoding 804 is to enable the
destination 130 to estimate the channel state information (CSI) paraneters.
These CSlAlpafativeb@bsditidnts daneilsoite 5660 WMBiRoAEE0H IsPABLbT AMFBESL 0N, dur i ng

the ASTC transm ssions step 806. Follow ng the trafning signal encodi ng
804, ASTGHPOSIHRSaflEs 898, £athd 11;'3%9 sBSuld be negated. Alternative embodiments

5  may also repeat the channel training and estimation of 602 to 614 multiple times. In this
case, the channel state information (CSI) parameters /1, hpp,may be taken to be the

mean of the multiple channel state information (CSI) parameters estimated.

ASTC Transmission using Coding Scheme 1

10

Figure 5 is a flowchart which provides an overview of the ASTC transmission.

In 502, two information symbols represented by x; and x, are arranged for transmission

from the source. x; and x, may be from the payload sequence 706 of the frame structure
15 700. The complex conjugate of x, is obtained as x,.x; and x, are then arranged to form
the symbol sequence w.
w=lx, x|
In 504, the source to relay link is activated. The source transmits over two consecutive
symbol intervals 5; and #g,, the symbol sequence w. The symbols x; is transmitted in

* . . . . . » . .
20 15y and x, is transmitted in #5,. This transmission is done using an antenna present at

the source.



performed to encode the received payl oad sequence 706 and transmt it over
t he communi cati on channel. The steps of channel training signal encoding
804 and ABDCotwem®m ssi on 806 may be inpl emented usi ng &OY/SGR00GHAI28E)
Schenes 1 to 6. Coding Schenme 1 Channel training and estimation using

Codi ng Schene 1 Figure 6 shows a nmethod of channel training and estimation
according to the exanpl e enbodi nent. 2thi s permts the estinmation of the
channel state information (CSI) paraneters that are required for decodi ng
at the destination. The CSl paraneters are obtained using a training
structure and channel estinmation protocol that requires only anal og

pr ocessilag0a} thekembel seyuaicatiapgmitied fEOR theanuicefiorenavedat thy ibohntemmeesent ed
by x is arranged for transm ssion fromthe source, x is chosen to have a

synbol V@ tHerMy statfdnSonEPBho SQAUENER sYnbEPMmes At k/1Gnl ke, It ddfiRg sequence is
formed where In 604, the source to relay link is activated. The source

for ed v to relay linkis d. The source
done usi REEERL TSNP SEe Bl A o S il B B B E e oy mbol

sequence_tr.ansmi fromith r is r Y h ntenn
d % receive durEI}getﬂe 1ntgrva s tg 1 asn%utR,geAt fRe S&cond agt%m?é, t}tle s?yn%bo see}lutegce ae

consisting of the signals rg»; and rg 2, are respectively received during the intervals 7z

and tRyz.

The signals received by the first and second antenna can be represented by a matrix rz

10  where

| TR TRz
Yr =

"Rt TR

g * By By
= Xy
s My By

r *
_ hsx)+ny higx, +hy,
- *
Lhz.sxl F 0y hysEy Ty,

hy s is the channel coefficient between the source and the first antenna of the
relay station while /i, 5 is the channel coefficient between the source and the second
antenna of the relay station. »; represents the additive noise present at the i-th antenna at

15  thej-th time.

In 508, the relay obtains a symbol sequence U by processing ry in the analog domain,

where



of the relay station in the synbol intervals At the first antenna, the
synbol sequence consisting of the signal is received. At the second

ant enna, wbeosyar97 sequence consi sting of the signal i 2CI8Ge0090®0d0285s t he
channel coefficient between the source node and the first antenna at the
rel ay node, while is the channel cer&icient bet ween the source node and
the second antenna at the relay node.“represents the additive noise present
at the first antenna._represents the additive noise present at the second
antenna.In 608, thg s ol sequences fromthe first antenna and fromthe
second antenna can thgp |be arranged for transmission fromthe relay as Y. Y
can preferably be Al apoati coded_as In 610, the synbols and * are
transmtted fromthe Mgsthan en a |of, thg (rel ay respectively over two
consecutive synbol in grval g elsy | s and yxi are transmtted from

t he second antenna of -t’fe réF éctively over two consecutive synbol
intervals and In 612, the synbol sequence transmtted fromthe relay is

r ecei vedndhe ¢dmptati@nefa, efcomplexdesitigat dfon 20y eompwied eod sepcesehted asynbol
intervals and At the destination, the synbol sequence consisting of signals

and are fespeabiMed YorhSeL bftleAIb! A9, is also computed and represented as 73, .

. . . * . . - *
11 is then combined with 7, ,, to form u;. gy is also combined with Tz to form uy
5  where

*
Uy =Tgy +en

* Ed
= Iy o) + hy g%, + (nll + nzz)
%
Uy =101 —TR12

= hy g%, — Iy g%, + (n21 - nlz)
The components of the symbol sequence u can then be arranged for transmission from

the relay as Y. Y can preferably be Alamouti coded as

Y:I:yn y12j|={u1 u;’l
Yo Vm Uy, —U

10
In 510, the symbols y1; and yy, are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals 7z 3 and £z 4. The symbols ys; and o,
are transmitted from the second antenna of the relay respectively over two consecutive
symbol intervals 7z 3 and tz 4.

15

In 512, the symbol sequence transmitted from the relay is received at the antenna of the

destination over two consecutive symbol intervals #p; and ¢p,. At the destination, the



the intervals and t and can be represented as ho, i is the channel
coefficient between the first antenna of the relay station and the
desti nat iw0,20Wi2l#®7h i s the channel coefficient betweenPCiSGIE®ONESANt enna
of the relay station and the destination. and respectively represent the
additive noise at the destination present in the signals and In 614, the
channel state information (CSl) parar?@t ers characterizing the product
channel are thus be estimated from andAl ternative enbodi ments can al so use
in 602 aynibdi esqilhdcidnsighiBobf siglalterQfanin- whire Fespaswelyhecaatdidsingfthen shoul d
be negated. Alternative enbodi ments may al so-repeat the channel training
and esti M 02 to mul tie%#% times. In this case, the channel
state inf ffDdr?ng@‘:? ﬁmdp%ﬁn PRFPENFC 3¥ay be taken to be the mean of the
mul ti pl e chanpel _state information (CSI) paraneters estimted. ASTC
Transmi ssi on U&i;rg (Cédi nghSchene (v Figure 5 is a flowchart which provides
an overvi ew of .t € |ASFC t pan {p +S|p In 502, two information synbols
represented by °dAd x dr'e aft r transm ssi on fromthe source. x \ and
X2 may be fromthe pax[ oaf, st k{gnca J bzﬂ@ﬁ*g tiructure 700. The
conpl ex conjugate }15 o%ta as, X re thena r» nged to form

D.2 D,1 |

0 s s Py — Ay 2

_| o hoo [ hs g l:xl} + \:hD.l hu,g:l{n“+n;2}+[le
=5 iy, | Pos ~ s | %, —hpy iy, Ay — M v,

hpy is the channel coefficient between the first antenna of the relay station and
5  the destination, while Ap is the channel coefficient between the second antenna of the

relay station and the destination. v; and v, respectively represent the additive noise at

the destination present in the signals rp; and 1, ,. 1, denotes the conjugation of 7, , .

" In 514, a product channel matrix Hp is defined

] hp, hP.Zj
HP = * *
|~ hps  hp, ]
I O A )
10 _| " D2 | s 25 }
- hp, hp, i _hz's —hy g
_ _hD,lhl.S +hpohys Ry, 1h;s —hy, ”kl*S iI
_h‘;.th.S - hg,zhl,s‘ hD 1h1 s hD le s

Estimates of the information symbols %, and X, can then be obtained using a linear

operation as



t he synbol sequence w. In 504, the source to relay link is activated. The
source transmts over two consecutive synbol intervals and the synbol
sequence WO 20tv2839nbol s x \ is transmitted in and is tr&OFSIGR0@D0I285 Thi s
transm ssion i s done using an antenna present at the source.ln 506, the
synbol sequence transmtted fron1thed§furce is received at the two antennae
of the relay station over tvvo consec ve synbol intervals and . At the

first antenna, the s nbol ence consisting of signals and are
respectively recel he intervals and At the second antenna, the
synbol sequence co Of the signals and are respectively received
during the |nterva s nd t Si nals received by the first and second
antenna can be represen ere is the channel coefficient
bet ween the source and= Wsﬂ na |of the relay station while Ais

t he channel coefficient betmeen t e‘ o F e and the second antenna of the
relay station represents the additive noise present at the z-th antenna at

t hey-th Whess.
= QhD.l ’ +lhD,2 ’ ) +‘hz,s‘2)

= IhD,ths'2 + 'h’D.zh’Z.Slz + lhz).lhz,s‘2 +’hD,2hl.S‘2

s [+ s

and

5 }:1 GDI‘ +|hD2‘ h1:.s hy g ”11"‘71%2 N hg).l ~hps Vi
Y, hz,s —hyg || Mgy =1y, hpy  hpy Vs

hp; and hp, are the channel state information (CSI) parameters characterizing
the product channel that were estimated during the channel training and estimation. HZ

represents the conjugate transpose of Hp.

10  Coding Scheme 2

An alternative coding scheme according to the example embodiment is described below

using Figure 6.

15 Channel training and estimation using Coding Scheme 2

Figure 6 shows a method of channel training and estimation according to the example
embodiment. This permits the estimation of the channel state information (CSI)

parameters Ap; and hp, that are required for decoding at the destination. The CSI



In 508, the relay obtains a synbol sequence U by processing r™ in the

anal og domai n, whereln the conputation of u, a conplex conjugate of is
conput ed woadorapi®3ented as . A negated conpl ex conj ugaPeTsiG20091080285 SO
conputed and represented as Uis then conbined with to formU is also
conbined with to form Wwhere The cog%onents of the synbol sequence u can
then be arranged for transm ssion fr the relay as Y. Y can preferably be
Al amouti coded as In 510, the synbols ~ and are transmitted fromthe first
ant enna pdrambiery &t aptaines peigi ateliying semctiwoancdmhgeal estinsatopmivofocolithgr val s and
The synbols and j; are transmtted fromthe second antenna of the relay

respectimﬁyepﬁgyaﬁﬂg pm@gg@ngtdtm@wmﬁdnnterval s and In 512, the synbol
sequence transnmtted %romthe relay is received at the antenna of the

destination over two consecutive synbol intervals and At the destination,
t hesynbol sequence consisting of signals /~ 1 and rD * a are respectively

recei vedydu 09 i 08n R 0P rebRestntB8 By i e hrrBila Bt REmi SRISGR R as
5  source. x is chosen to have a symbol value of 1. A symbol sequence w representing the

training sequence is formed where

w=[x]

In 604, the source to relay link is activated. The source transmits the symbol sequence w
10 over a symbol interval #5 7;;. This transmission is done using the single antenna present

at the source.

In 606, the symbol sequence transmitted from the source is received at the two antennae
of the relay station in the symbol intervals zz r;. At the first antenna, the symbol
15  sequence consisting of the signal | g ris received. At the second antenna, the symbol
- sequence consisting of the signal r g ris received.

Npr =Ms+hp

Typr =Hys +hyyp

hisis the channel coefficient between the source node and the first antenna at
the relay node, while /,,s is the channel coefficient between the source node and the
20  second antenna at the relay node. ny,r represents the additive noise present at the first

antenna. n, rrepresents the additive noise present at the second antenna.



ho, \ is the channel coefficient between the first antenna of the relay
station and the destination, while is the channel coefficient between the
second anwermm/isdrhe rel ay station and the desti nati onPCVBGANNY/00@285
respectively represent the additive noise at the destination present in the
signal s and denotes the conjugation of, In 514, a product channel natrix Hp
is defined Estimates of the information synbols x, and X1 can then be

obtained using a |linear operatign aswhere and and 2 are the channel state
i nf or mat '“&%)8(%IW"|§8 %%?‘g?%"léﬁﬁ%?@ﬁ?f ?ﬁe é‘ﬂﬁf b%lﬁé?mctﬂ?aﬁ‘??&’gt hat were
estimated during the channel training and estimation. represents the

conj ugat ¥tennamep dhea befarapgeddon irapsTUsHeREom e ralpy 8¢ Xatisfe codi ng schene
according to the exanpl e enbodi ment is described bel ow usi ng Figure 6.

Channel training and §}tli rﬁe};i 0, u iMng C;deTi ng*R§chege 2 Biglre 6 shows a
met hod of channel Mafnl ng and ‘esti (e} ac‘%br ding to.the exanple
Y yz; Va3 Vo Ihrr “Hrr

5 In 610, the symbols yy1, y12, ¥13 and yy4 are transmitted from the first antenna of the relay
respectively over four consecutive symbol intervals ¢z 12, tr 73, tr 74 and fz 75. The
symbols yy1, 22, 23 and yo4 are transmitted from the second antenna of the relay

respectively over two consecutive symbol intervals tr 72, tg 7.3, tr 74 and tr 7.

10 In 612, the symbol sequence transmitted from the relay is received at the antenna of the
destination over four consecutive symbol intervals tp 71, ip, 12, Ip,13 and p r4. At the
destination, the symbol sequence consisting of signals »p 11, ¥p,12, ¥p,r;3 and rp,r4 are
respectively received during the intervals p 11, tp 12, £p,73 and fp 14 and can be

represented as

o1 =hpatirr ¥ Vip
=hpy

‘* h* 3k

I'nra =fpifarr TVap
= h’P,22

15

T'prs =Npalarr T Vip

= hp.u
* I * . *
Fpra =—Npslipr T Vap

= hP.zl

hp 1 is the channel coefficient between the first antenna of the relay station and

the destination, while /p, is the channel coefficient between the second antenna of the



enbodi ment. This permts the estimation of the channel state information
(CSl) paraneters and that are required for decoding at the destination. The
CSl par anewense1anesdobt ai ned using a training structure amrdTSiGaom®no28s
estimation protocol that requires only anal og processing at the relay
station. In 602, an information synbo 3represented by x is arranged for
transm ssion fromthe source, x is chosen to have a synbol value of 1. A
synbol seguence w representing the training sequence is formed where w In
604, therekyiptationgd e dptinating. Vi Aepi ‘@ataég Varp P%C&UFlaefePfrC%‘Wgﬁiet s the symbol
sequence w over a synbol interval This transnmi ssion is done using the

si ngl e awtdtiveengisectbairis peesenttie thegiignads 7om, BOB, 7 hiendynhopt Bedersingion.
transmtted fromthe source is received at the two antennae of the relay
station in the synbol intervals At the first antenna, the synbol sequence
consisting of the signal r is received. At the second antenna, the synbol

sequence consiS¢i4)ehehabi stkSRBrmasioh S@Si)\pﬁﬂl_mdﬁér B, darddeizatemsel
coefficient between the source node and the first antenna at the rel ay

node,s Wil .l nifl GRARRELSHRRRI hGh DY,  B5LUSET, R sour ce node and the

Alternative embodiments can also use in 602 an information symbol value of x = -1, in
which case the values of ¥p 11, ¥p.12, 7p,73 and rp 74 should be negated.

10
Alternative embodiments can also repeat the channel training and estimation of 602 to
614 multiple times. In this case, the channel state information (CSI) parameter Hp can
be taken to be the mean of the multiple channel state information (CSI) parameter
estimated.

15

ASTC Transmission using Coding Scheme 2

The ASTC transmission using this scheme will now be described with reference to
Figure 5 again.

20
In 502, two information symbols represented by x; and x; are arranged for transmission
from the source. x; and x, may be from the payload sequence of the frame structure. x;

and x, are arranged to form the symbol sequence w where.



second antenna at the relay node. represents the additive noise present at
the first antenna. represents the additive noise present at the second
ant enna. IWw0@08y0213%¢ synbol sequences fromthe first anteocmsGasd/opo28som t he
second antenna can then be arranged for transmssion fromthe relay as Y
where In 610, the synbols y and_y are transmtted fromthe first antenna of
the relay respectively over four cons&tutive synbol interval and The
synbols and y are transnitted fromthe second antenna of the relay
respectively over two _consecufive gunbol interval and In 612, the synbol
sequence transnitt6ﬂ=ﬂWonWh [{eLé1;| received at the antenna of the
destination over four consecuttve ol intervals and | At the
destination, the synbol sequence consisting of signals and XG respectively
recei vedidguring the intervals t t and I and can “e represented as ho, i is
t he channel coefficient between the first antenna of the relay station and
the destination, wyjle, ho,i is the channel coefficient between the second
antenna of therelay'station and the destination. and respectively represent
the additive noi se W.iati 7$2present in the signals and at the destination.
In 614, the channel state information (CSI) paraneter H characterizing the
wy is thus obtained from the addition of x; and x, while w, is obtained from the

5  difference of x; and x;.

In 504, the source to relay link is activated. The source transmits over two consecutive
symbol intervals 75, and zg5, the symbol sequence w. The symbols w; is transmitted in
ts1 and w, is transmitted in Zg,. This transmission is done using an antenna present at the

10 source.

In 506, the symbol sequence transmitted from the source is received at the two antennae
of the relay station over two consecutive symbol intervals g ; and fg>. At the first
antenna, the symbol sequence consisting of signals rg 11 and rg 1, are respectively

15  received during the intervals #z; and 7z>. At the second antenna, the symbol sequence
consisting of the signals rz2; and g2, are respectively received during the intervals z

and fg 2.

The signals received by the first and second antenna can be represented by a matrix rp

20  where



product channel are thus estimated fromand Y Alternative enbodi nents can
al so use in 602 an information synbol value of , in which case the val ues
of and shwol2dioaeissegat ed. Al ternative enbodi ments can alPSo/SGepmanI2she
channel training and estimation of 602 to 614 nultiple tinmes. In this case,
the channel state information (CSlI) paranmeter Hp can be taken to be the
mean of the nultiple channel state infdrnation (CSI) paraneter estinated.
ASTC Transni ssi on using Codi ng Schenme 2 The ASTC transm ssion using this
schene will now be dg{f]beﬁ”gth reference to Figure 5 again. In 502, two
i nformation synbol $;Fepresentgd by x\ and re arranged for transm ssion from
the source. X1 and X2 ld&ybdrfariom t he payl oad sequence of the frane
structure. x \ and x djare arranggg tg, fprmthe synmbol sequence w
where.i.e. is thus obt i1~%§wlfmgﬂn he addjtion of X1 and x2 while W2 is
obtai ned fromthe diffldrence OF abfi| 25604, the source to relay link is

activated. The source t;{lsa@?mlti_‘_gxerhltsw LoNSEL) ive

s (xl + X, ) iy Mg (‘xl — X, )+ %
hy s is the channel coefficient between the source and the first antenna of the
relay station while h, g is the channel coefficient between the source and the second
antenna of the relay station. n;; represents the additive noise present at the i-th antenna at
5  the j-th time.
In 508, the relay obtains a symbol sequence U by processing rz in the analog domain,

where

and
Uy =T T
10 =2h ¢x + (nll + 7112)

Uy =Tpoy FHigan
=2h, g%, + (”21 - ”22)

The components of the symbol sequence u can then be arranged for transmission from

the relay as Y. Y can preferably be Alamouti coded as

Y=[y” y12}=|:u1 “;*}
Yau Vo U, —Uu

15 In 510, the symbols y;; and y;, are transmitted from the first antenna of the relay

respectively over two consecutive symbol intervals 7z 3 and fz 4. The symbols y2; and y»



synbol intervals and the synbol sequence w. The synbols WL is transmtted
ints, \ andW is transmtted ints,i. This transm ssion is done using an
ant enna pwe=erwo2ai97t he source. I n 506, the synbol sequemce/SGren®ndzssed from
the source is received at the two antennae of the relay station over two
consecutive synbol intervals and . At_the first antenna, the synbol
sequence consisting of signals and ar&respectively received during the
intervals and -At the second antenna, the synbol sequence consisting of the
signal s aadrahsmmdrf&mp&mtsbwmidwmmeioﬁﬁtb layiregpettively overtwalcenseadivehe
signals received by the first and second antenna can be represented by a
mat ri X WaeRed \intervaks ik Nendhannel coefficient between the source and the
first ant'enna of the relay station while h*s is the channel coefficient

bet ween the source and the second antenna of the relay station ny
represents the additive noise present at the z -th antenna at thej-th tine.

| n 508’ @ﬁhglr%%h a%lmobbrl géqullgn%tr g})jl(i)tlteds i‘%&n%ﬂ relay 18 ¥ec%1v%8 ?ﬁle%t agpﬁeanal 09

donumi n,

5  destination over two consecutive symbol intervals p; and zp,. At the destination, the

symbol sequeﬁce consisting of signals 7p; and rg.z are respectively received during the

intervals #p,1 and #p» and can be represented as

Fpi _ hp, hD.zhul}_i_{VIjl
I'pa —hp, hb.l 2 i
_ kD;l hlffz ] hl s ][ :| N {n“ + n;;zil N {v{l
—hps hD.l Plop =7 Vs
s By hpa s 0 | x N By, (”11 + ”22)‘*‘ iy, (”21 - lz;;)+ v,
- h;.z ]11*3,1 0 hz,s Xy - h‘;.?, (nn + ”;2 )‘*‘ h’]*),l (n21 - ”:2 )"’ v;

10 Ap,; is the channel coefficient between the first antenna of the relay station and the

destination, while /p,, is the channel coefficient between the second antenna of the relay

station and the destination. 7, , denotes the conjugation of r,, . v; and v, respectively

represent the additive noise present in the signals rp1 and rD*,2 at the destination.

15  In 514, estimates of the information symbols X and X, can then be obtained using a

linear operation as

2 pa

= ZQIZDJ g

teld

e

’lzDv2




and The conponents of the synbol sequence u can then be arranged for
transm ssion fromthe relay as Y.Y can preferably be Al anouti coded as In
510, the worhol®i1397and y n are transnmtted fromthe fireCTaHcReva028f t he
rel ay respectively over two consecutive synbol intervals and . The synbols
andaxe transmitted fromthe second angenna of the relay respectively over
two consecutive synbol intervals and I'n 512, the synbol sequence
transmtted fromthe relay is received at the antenna of the destination
over two consecutive synmbol intervals and At the destination, the synbo
sequence_consj sting of signals and are respectively received during the

i nt er val SlrdhdhamRpnaglsiaie appaiin Sl nesameter abima ngchanysl EREHE bet ween
the first antenna of the relay station and the destination, while is the
channel eonéfstingationtthdichenacierizércthe produd: chanesinBheprotiies chaingymetrit Herisand t he
destination. denotes the conjugation of and V2 respectively represent the
addi tive noi se present [i7n thg siignals and at the destination. In 514,

esti mates of the i Mpeyafi'on 8ynbols and 2 can then be obtained using a

| i near operation asis t/fe.chémnel state information (CSlI) paraneter

estimated during chanT€4h;fa'ELg hs 0
0 7y

* *
L hp, hp,

Coding Scheme 3

A second alternative coding scheme is described below referring to Figure 6.

Channel training and estimation using Coding Scheme 3

10 Figure 6 shows a method of channel training and estimation according to the example
embodiment. This permits the estimation of the channel state information (CSI)
parameters /p; and ip, that are required for decoding at the destination. The CSI
parameters are obtained using a training structure and channel estimation protocol that
requires only analog processing at the relay station.

15 In 602, an information symbol represented by x is arranged for transmission
from the source. x is chosen to have a symbol value of 1. A symbol sequence w
representing the training sequence is formed where

w =[]



and estimation that characterizes the product channel. The product channel
matrix Hp is Schene 3 A second alternative coding schene is described bel ow
referri ngvocof/gusve 6. Channel training and estinati on BETSG2@O®00YS Schene
3 Figure 6 shows a nethod of channel training and estimation according to

t he exanpl e enbodi ment. This permts the estimation of the channel state
information (CSI) paraneters and that 38re required for decoding at the
destination. The CSI paraneters are obtained using a training structure and

channel @6 604qBh¢ Purdy WOirelRgllink Adictivedt TIRS seRty/ raRalie ghdd sédi@ned wt he
relay station. In 602, an information synbol represented by x 1s arranged

for trangygssipibd E&%ﬁﬁﬂf%&&aﬁgrﬂ@i&m%ﬂehg&ng%‘siﬁglé Or%&&ﬁ%éﬁ? of 1. A

synbol sequence w representing the training sequénce i$5 ereln 604,

t he sour%?ﬂk%o&%ggy link is activated. The source transmts the synbol

sequence w over a synbol interval This transm ssion is done using the
single antenna present at the source. In 606, the synbol sequence
transmtted fromthe source is received at the two antennae of the rel ay

station in the synbol intervals ( -At the first antenna, the synbol
5 In 606, the symbol sequence transmitted from the source is received at the two antennae

of the relay station in the symbol intervals iz 1. At the first antenna, the symbol
sequence consisting of the signal r; z ris received. At the second antenna, the symbol
sequence consisting of the signal », p ris received.

Her =hg+tn;

herr = hz,s +n,r

10 hi s is the channel coefficient between the source and the first antenna of the
relay station while £, s is the channel coefficient between the source and the second
antenna of the relay station. »;; represents the additive noise present at the i-th antenna at

the j-th time.

15  1In 608, the symbol sequences 7  r from the first antenna and 7, ; 7 from the second

antenna can then be arranged for transmission from the relay as Y where

¥ *
Y_[yu Yoo Vi y14} _|: Ferr Trr ~Thrr Togrr ]

Yo Yoo Yz Yu ~TNherr Topr T rl:kR,T - rlTR,T
In 610, The symbols y11, Y12, 13 and y14 are transmitted from the first antenna of
the relay respectively over four consecutive symbol intervals #z 12, tr.13, tr 74 and tz 75.
20 The symbols y21, V22, ¥23 and yp4 are transmitted from the second antenna of the relay

respectively over four consecutive symbol intervals g 15, tr 13, fr 74 and g 5.



sequence consisting of the signal is received. At the second antenna, the
synbol sequence consisting of the signal is received. is the channel
coeffici ewD 2bB02e®n t he source and the first antenna of PCSGeeloayo2ss at i on
while s is the channel coefficient between the source and the second
antenna of the relay station ny represents the additive noi se present at
the i-th. antenna at thej -th tinme. I# 608, the synbol sequences fromthe
first antenna and fromthe second antenna can then be arranged for

t r ansmi sEhafollbwing dreeationk Agveas b¥ penereed to @idnp yThesynded Bs@ndndj ; 14 are
transmtted fromthe first antenna of the relay respectively over four

consecut irMenSyfieel fhetfesvalesn@and The synbols ~ y n and are transmtted from
the second antenna of the relay respectively over four consecutive synbol

ntervals an(ood e faldanhDdeRer ANIAANE L& PL, BRI EOLTRR 1Rei9bd ai n and

and transm t rom first antenna: over t rst and the second

synbol intervals.i.e. and tRt.3, the received signal. at the first antenna
i.e.r’ir is tﬁﬁﬂéﬁﬁﬁFéﬁﬁﬁﬁkFﬂ%iaés%Tﬁ%ﬁFEHP%“gviﬁgﬁﬁgn%%ﬁ%d synbol interva
i.e. , the negative conjugate of the received . _

5 ¢ over the third symbol interval i.e. iz 74 , the negative conjugate of the received

signal at the second antenna i.e.~ 71, ., is transmitted to the destination;

e over the fourth symbol interval i.e. tg 75 , the conjugate of the received signal at
the second antenna i.e. r; rr 18 transmitted to the destination.
The following operations have to be performed to obtain y1, Y22, ¥23 and y-4 and

10  transmit it from the second antenna:

e over the first symbol interval i.e. tg 12 , the negative received signal at the second
antenna i.e. -rp g r is transmitted to the destination;

e over the second symbol intervals i.e. fzr3, the received signal at the second
antenna i.e. ¥ g r is transmitted to the destination;

15 e over the third and the fourth symbol intervals i.e. tr74 and #zrs, the negative

conjugate of the received signal at the first antenna i.e. —7; . is transmitted to

the destination;

In 612, the symbol sequence transmitted from the relay is received at the antenna of the
20  destination over four consecutive symbol intervals #p 71, tp.12, tp.73 and #p r4. At the
destination, the symbol sequence consisting of signals rp,r1, #p.7:2, ¥p,73 and rp 74 are

respectively received during the intervals tp 71, tp, 12, tp,r3 and #p,74.



signal at the second antenna i.e. z is transmtted to the destination;
over the fourth synbol interval i.e. the conjugate of the received signal
at the sewondien®nna i.e. is transmtted to the desti naCir®S62000e028d] | owi ng
operations have to be perfornmed to obtain J and J 4 and transmt it from
t he second antenna: over the first synbol interval i.e. the negative
recei ved signal at the second antenna4f.e. is transmitted to the
destination; over the second synbol intervals i.e. the received signal at
t he secoid6ahtieneianhelataté andsmmnisrri(CSBq)atamététdlﬁielﬁrﬁdﬂaiz'iwthe pooidrct t he third
and the fourth synbol intervals i.e. tR” and t “r.s, the negative

conj ugat eh&fnel H@ thRGRHMELIFENA, - A% F eD;gmt;Dalqtagnnal . is transmtted
to the destination; In 612, the syr’r% sequence transnmtted fromthe relay
is received at the antenna_of the des nat1 on over four consecutive synbol
intervals t and Ate[ khe ql?estg tiony, b ﬁe symbol sequence consi sting of
signals and 5 resp ctlvelpy recel ved during|the intervals andln 614, the
channel state information (CSI) paraWTt_qr Tp characterizing the product

thz hP"I]— ’DT3 pra

1 1

where
...k
1 Bp11 P12
5 H, = 7 7
P21 P22

Alternative embodiments may also use in 602 an information symbol value of x =-1, in

which case the values of rp 71, p,72, 7p,73 and #p 74 should be negated.

10 Alternative embodiments may also repeat the channel training and estimation of 602 to
614 multiple times. In this case, the channel state information (CSI) parameter Hp may
be taken to be the mean of the multiple channel state information (CSI) parameters

estimated.

15  ASTC Transmission using Coding Scheme 3

The ASTC transmission of information may be done in the same manner as that for

Coding Scheme 2.

20  Coding Scheme 4




channel are thus estimated from 2" as where Alternative enbodi ments may

al so use in 602 an information synbol value of x , in which case the val ues
of shoul dwbeoragaised. Al ternative enbodi nents may al so PepS&RoMNe28hannel
training and estimation of 602 to 614 nmultiple tinmes hi this case, the
channel state information (CSI) paraneter Hprmay be taken to be the nean of
the multiple channel state informatiodl (CSI) paraneters estimted. ASTC
Transm ssi on using Coding Schene 3 The ASTC transm ssion of information nmay
be done A mitd'8ics@ie ¥BAME scldind habrdigg 10GRdicRgmBel et dnerCadiagrimaheme 4A
third alternative coding schene according to the exanple enbodi nent is
describ I Figure 6. Channel training and estimation using

Codi ng égﬁgﬁ%8§@2§%€§g'e shows a net hod of channel training and estinmation
according to the exanple enbodinment. This permts the estinmation of the
channel state information (CSl) :

Channel trainine and estimation using Coding Scheme 4

5  Figure 6 shows a method of channel training and estimation according to the example
embodiment. This permits the estimation of the channe] state information (CSI)

parameter Hp that are required for decoding at the destination, where

10 The CSI parameters are obtained using a training structure and channel estimation

protocol that requires only analog processing at the relay station.

In 602, an information symbol represented by x is arranged for transmission from the
source. x is chosen to have a symbol value of 1. A symbol sequence w representing the

15  training sequence is formed where

w=[x]

In 604, the source to relay link is activated. The source transmits the symbol sequence w
over a symbol interval #57;. This transmission is done using the single antenna present

20  at the source.

In 606 the symbol sequence transmitted from the source is received at the two antennae

of the relay station in the symbol intervals fg 71. At the first antenna, the symbol



paranmeter Hp that are required for decoding at the destination, where The
CSlI paraneters are obtained using a training structure and channel

esti mat i oNoppor@edr that requires only anal og processi nGCaSGRim/oneisay
station. In 602, an information synbol represented by x is arranged for
transm ssion fromthe source x is choggn to have a synbol value of 1. A
synbol sequence w representing the trafrning sequence is forned where In
604, the source to relay link is activated. The source transnmts the synbol
sequenceswum@rcoﬁﬂstyqﬁﬁfﬁh@ pigealvak r Fricseivedh A the sdcord prfernan thepsyinbgl t he
singl e antenna present at the source. In 606 the synbol sequence

t ransm t sendediceaonsibimgsafithe sighal 1o gewineeeivat. t he two ant ennae of the rel ay
station in the synbol intervals . At the first antenna, the synbol sequence
consi sting of the sﬂgn@% i $,received. At the second antenna, the synbol
sequence consisting” of the si’gnal is received. his is the channel
coefficient betweerth®/ sotifiee and the first antenna of the relay station
while h 2,s is the channel coefficient between the source and the second

antenna of thg, riehaycHahAtliceBrYent BRLR2E MSsdufte Addhd fiMeafBhpSMhesent at
the z'-th antenna at they-th tine.
5  relay station while /4, s is the channel coefficient between the source and the second

antenna of the relay station. n; represents the additive noise present at the i-th antenna at

the j-th time.

In 608, the symbol sequences r1 g 7 from the first antenna and ; 7 from the second

10  antenna can then be combined to form ur where

Ur =Tipr T ey
= <h1.s + Ry ) + (”1,7“ + nz,r)

uris then arranged for transmission from the relay as Y where

Y_:_I:J’u Yo Y3 y14}=|:“7 _uj 7"; u;:l

* *
Yoo Yoo Vaz Vo —Up —Up Uy —Up

15  In 610, the symbols yi1, ¥12, ¥13 and y14 are transmitted from the first antenna of the relay
respectively over four consecutive symbol intervals #z 12, tr 73, tr 74 and fg rs. The
symbols ya1, Y22, ¥23 and y»4 are transmitted from the second antenna of the relay

respectively over two consecutive symbol intervals ¢z 12, tr 13, g 74 and g 7s.

20 In 612, the symbol sequence transmitted from the relay is received at the antenna of the

destination over four consecutive symbol intervals ¢p,r1, p,r2, tp,r3 and fp,r4. At the



In 608, the synbol sequences fromthe first antenna and fromthe second
antenna can then be conbined to formug where UT is then arranged for
transm sswonrrofwam9rhe relay as Y where In 610, the synbeCs/Senehdhoe@ss
transmtted fromthe first antenna of the relay respectively over four
consecutive synbol intervals and The synbols and are transmtted fromthe
second antenna of the relay respecti ¥y over two consecutive synbol
intervals A and In 612, the synbol sequence transmtted fromthe relay is
r ecei vede@inatibe thntgnbd sefuehbecdsstingatfisignalover:, Fous, roonsetut t4ase synbol
intervals and At thedestination, the synbol sequence consisting of signals
and ar e £ &3RAfdY Mebived 8a@iy@E idteald e NgLvaldspand | n 614, the channel
state informati'on (CSI) paranmeters H and characterizing the product channel
are thus estimated fromr and Alternative enbodi nents can al so use in 602
an information synbol value of x , in which case the values of and should

be nega ﬁg@ ternatjve Q@?Odinen an_al so repeat 5t he ,c el training
and est |L[ fdhe ghargighstatg 1 Hn?ﬁﬂnt(f(% Peigs™ }If’Prlﬁ)’tl?ﬁ%’ }gpals}ea?ﬁpﬁé“ channel
state information (CSI) parameter Hp can

5  characterizing the product channel are thus estimated from rp,r1, #p 12, 7p,73 and rp,74.

~ 1

Ren =—(’bT1 _’b,r.z)
2

PR

lp1a = ~\prs ~'pra

P12 T

- 1 .

Bp o =_(7D r1TTp T,z)
2

- 1 )*

Bp —;(7DT3+’DT4

Alternative embodiments can also use in 602 an information symbol value of x = -1, in

which case the values of rp 1 and rp r» should be negated.

10
Alternative embodiments can also repeat the channel training and estimation of 602 to
614 multiple times. In this case, the channel state information (CSI) parameter Hp can
be taken to be the mean of the multiple channel state information (CSI) parameters
estimated.

15

ASTC Transmission using Coding Scheme 4

The ASTC transmission using this scheme will now be described referring again to

Figure 5.



be taken to be the nmean of the nmultiple channel state information (CSl)
paraneters estimated. ASTC Transm ssion using Codi ng Schene 4 The ASTC

t ransm ssworrouwgizngp7t hi s schene will now be descri bed refPemrSiGagIngessn t o
Figure 5.1n 502, two information synbols represented by X1 and x2 are
arranged for transm ssion fromthe source. X1 and x2 nay be fromthe

payl oad sequence of the frame structuwde. X1 and X2 are then arranged to
formthe synbol sequence w. In 504, the source to relay link is activated.
The sourla&oR| ansifdrmative syhbols cepreatetibye:; aydbodre iantiegedabs tramsthisdien synbol
sequence The synbols X1 is transmtted ints, \ and is transmtted in This

transm sghpind SRS, MR N A baRs RN H SRR udice bR thesPHRE Srudhite 206, the
synbol sequence transmtted fromthe sdource i's received at the two antennae

of the rela ' r ' ol intervals and At the first
antennaq£¥%%a%%%%%?g?%%ﬁéﬁEQB%%%Eﬁéﬁyﬁgﬁglﬁ%sgnals and are respectively
received during the intervals and At the second antenna, the synbol
sequence consi stind ot*it Welsignals and are respectively received during the
interval s :

5
In 504, the source to relay link is activated. The source transmits over two consecutive
symbol intervals g1 and Zs», the symbol sequence w. The symbols x; is transmitted in
ts1 and x, is transmitted in Z5,. This transmission is done using an antenna present at the
source.
10

In 506, the symbol sequence transmitted from the source is received at the two antennae
of the relay station over two consecutive symbol intervals 7z ; and fz>. At the first
antenna, the symbol sequence consisting of signals rg 11 and 712 are respectively
received during the intervals #z; and 7z». At the second antenna, the symbol sequence
15  consisting of the signals 7z and rz22 are respectively received during the intervals iz

and #g 7.

The signals received by the first and second antenna can be represented by a matrix rg

where

| 1, ny My |

5 1 2

20 = [,x1 X, ] + 2
by s oy Ty |

hygx, + 1y hy gx, + 1y,

| Fiy 5%y 1y By %y + 1y |



and The signals received by the first and second antenna can be represented
by a matri x wherehi,s is the channel coefficient between the source and the
first antwonaioaRi1i9ne relay station while h¥s is the chamaoglsSGeawfohdzss ent

bet ween the source and the second antenna of the relay stati on represents
the additive noise present at the z-th antenna at they-th tine. In 508, the
relay obtains a synbol sequence U by ﬁocessi ng TR in the anal og domai n,
where and The conponents of the synbol sequence u can then be arranged for
transm ssion fromthe relay as Y. Y can preferably be Alanouti coded as In
510, the synbols and 2 are transmtted fromthe first antenna of the relay
respectively gyeis tha\ehaposseefficiane bayrbothe soumewat] sheafict Fitenrsyaftlod s yi\ and
n22 are transmtted fromthe second antenna of the relay respectively over

two CO”S‘?&%;{ LSS W IO, | Ries Miahsel ’pEHERi Al Betwichie tH)sBhrRk afe Gitaeend r ansni tt ed
fromthe relay Is received at the antenna of the destination over two

consecut iaﬁ’t%m%ay gpcﬁle nialgytl gt'él’é{(% Sn,-j ?&)%dg‘ﬁts ttlbe%&ﬁé&é Rtd ﬁ@senﬁ: Bffhe i-th antenna at

5  thej-th time.

In 508, the relay obtains a symbol sequence U by processing r in the analog domain,

where

10 and

U =Trn T e
= (hl.S +hy s )xl + (my + 1)

Uy =Ty T 1pm
= (th + hy g >x2 + (n12 + 1122)

The components of the symbol sequence u can then be arranged for transmission from

the relay as Y. Y can preferably be Alamouti coded as
15 Y:‘:y“ y1z}=li“1 “;*} |
Yo Vo U, —Uu

In 510, the symbols y1; and y; are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals 7z 3 and #z4. The symbols y2; and y2»
are transmitted from the second antenna of the relay respectively over two consecutive

20  symbol intervals tz 3 and #g 4.



synbol sequence consisting of signals and are respectively received during
the intervals and and can be represented as is the channel coefficient

bet ween tWwe 2biweis9ant enna of the relay station and the ®€3iSiGaani0002ss whi l e
AN 2 is the channel coefficient between the second antenna of the relay
station and the destination. V1 and v2 respectively represent the additive
noi se present in the signals and at t4e destination. denotes the
conjugation of In 514, estinmates of the information synbols and can then be
obtained using a linear operation as whereCodi ng Schenme 5 A fourth
alternative coding schene according to the exanple enbodi nent is described
bel ew usinil 2Fih@4s@b6l seGheitaelanimaiediftgn diedegtis reatived attht agtefinadofitie Schenme 5
Figure 6 shows a nethod of channel training and estimation according to the
exanpl e &éﬁﬂ%@lfw W% ShsBIHE kImbBEnRST 416 28 ¢0f. AthBe eoaRAGIn, HeAt €

i nformation ) paraneters that are required for decoding at the
destination. The CSI paraneter. re obtai ned using.a trainig%'strﬂgture and

J d S
channel @@thlrﬁfzqugﬂcepqogts%g%g ) ﬂg]geﬁ.f, @qu}de &y meyrespe tively received duiing

5  intervals #p; and #p and can be represented as
_ ..

"pi hpy  Rpy Y1

* = * * + *

Tpa i hpo  hp, i Luz Va
by, hD.ﬂ (] I X1 gy Ry + Vi
= * * CRBUECRY B *
|~ 7p2 py | Xy | [Py Ty V2

hpy  hpy | % hpy  hpo |l gy + 1y ¥
= (hlS + h?.S * % + * * + s
' “l=hpy hpy | %, |~ pa hpy ||y + 70y V2

hp,; is the channel coefficient between the first antenna of the relay station and

|

the destination, while /p > is the channel coefficient between the second antenna of the

relay station and the destination. v; and v, respectively represent the additive noise

10  present in the signals rp; and 7y, at the destination. 1y, denotes the conjugation of 7, , .

In 514, estimates of the information symbols X, and X, can then be obtained using a

linear operation as

JR . =hy,
1 — h +h f.l 'D.2 l:,l
{ :l ( v 2‘S) |:l’b.2 hpy | 702
r " ~
2 2 2 '.’\’l Vl
=g + Iy g th\ +|hp B }{v}

Hl R

18]

15 where

V= (hl.S +hy s )* (lhm}z + 'h‘D.Z‘Z X”n + 1y ) + (hl.S + g )* (hD,lvl + }113.2";)

’ X"l’l Ty ) + (hl.S +hys )* (— h;.’lvl + h;.l"; )

2= (hl,s +hy )* hD,x}2 +‘hD.2



anal og processing at the relay station. In 602, A synbol sequence w
representing the training sequence is fornmed where In 604, the source
transm t swohze10802m%0! sequence w over two synbol intervalPSTISGaod/006282 t - Thi s
transm ssion is done using the single antenna present at the source. In
606, the synbol sequence transmtted fromthe source is received at the two
antennae of the relay station. At the4first antenna, the synbol sequence
consisting of the signal and r respectively received at the synbol
intervals and t At the second antenna, the synbol sequence consisting of
the signal and are respectively received at the synbol intervals andh\ s is
t he changglingo®htimeisent between the source and the first antenna of the
relay station while is the channel coefficient between the source and the

second ant - [ I -1 .Se.present

A S R A S S e DS s S el

t hen be §%@%ﬂ%%%%$or transm ssion fromthe relay as Y where In 610, the
a

synbol s 'FSM'tted fromthe first antenna of the rel ay
respegtively over two consecutive synbol intervals and The synbols and

Channel training and estimation using Coding Scheme 5

Figure 6 shows a method of channel training and estimation according to the example

embodiment. This permits the estimation of the channel state information (CSI)

parameters that are required for decoding at the destination. The CSI parameters are
10  obtained using a training structure and channel estimation protocol that requires only

analog processing at the relay station.

In 602, A symbol sequence w representing the training sequence is formed where
w =[x1 x2]= [1 —1]
15
In 604, the source transmits the symbol sequence w over two symbol intervals #57; and

ts2.1. This transmission is done using the single antenna present at the source.

In 606, the symbol sequence transmitted from the source is received at the two antennae
20  of the relay station. At the first antenna, the symbol sequence consisting of the signal

rir 7 and 7o g r are respectively received at the symbol intervals 7z 71 and tp 2. At the

second antenna, the symbol sequence consisting of the signal 721z 7 and vy g7 are

respectively received at the symbol intervals #z 71 and 7z 7.



are transmtted fromthe second antenna of the relay respectively over two
consecutive synbol intervals and In other words, at the relay station, for
each traiwpnglees®7on of two synmbol intervals, the recePcggsGagwernsse at the
first antenna is transmt fromthe first antenna to the destination w thout
any further processing. For the received sequence at the second antenna,
the first synbol of the sequence is n#§ated and conjugated before

transm ssion fromthe second antenna to the destination, and the second

synbol of the sequence |irg,£om,ygat (khpetdq_p t rapnsniskion fromthe second
antenna to the desfinat iron. I n, 612= 51 e symotr| sequence transnmitted fromthe
relay is received at thel&ht efitd- ofl the c{“éé i h4ri dieover two consecutive

synbol intervals and to,t,2- At the destination, the synbol sequence
consi sting of hgs @hiad chahnerdefficimebetospe dicl soetcy anddled frstardennand thde
intervals and t and can be represented as hn, \ is the channel coefficient

bet ween {dig; dthtit wBIM BINR (1S chbhe] LE¢fRikicht Bétivesn BRGohike afl€ Bleis8adddon, whil e
is the channel coefficient between the second antenna of the relay station

the charinel coef i crer sec relay’st:
fhat 15 proekh hoRigbauch, APRet SRR TR G RRRER A0 PPN ALY o

(Csl )5 pa{haer}g&ef*lrn%e.and characterizing the

In 608, the symbol sequences in rz T can then be arranged for transmission from the

relay as Y where
Yu Yo Nurr  TorT
Y{ | s T
Yo Yo —Farr Torr

h1,s —hg By Bp
= h* l * + % *
“hys T hyg Hop =y

10 In 610, the symbols y;; and y» are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals ¢z r» and 7z 3. The symbols y,; and
vy, are transmitted from the second antenna of the relay respectively over two

consecutive symbol intervals #z 72 and g 3.

15  In other words, at the relay station, for each training session of two symbol intervals, the
received sequence at the first antenna is transmit from the first antenna to the destination
without any further processing. For the received sequence at the second antenna, the
first symbol of the sequence is negated and conjugated before transmission from the
second antenna to the destination, and the second symbol of the sequence is conjugated

20  before transmission from the second antenna to the destination.



product channel can be estimated from and as Alternative enbodi nents can

al so repeat the channel training and estimation of 602 to 614 nultiple
times. | rwOhor/a®eE, the channel state information (CSIPpCp&Gametesssand hPP
can be taken to be the nmean of the multiple channel state information (CSl)
paranmeters estimated. ASTC Transm ssi oy usi ng Codi ng Schenme 5 The net hod of
ASTC transm ssion according to this schenme will now be described referring
again to Figure 5. In 502, two infornmatjon nbol s. represent ed X1 and x2
are arrafgd =%§WP9W§HP%‘§’FWW%&@?@ é’&f?@ s elé{ﬁfgg&tge AR ‘%’r%?n t he
payl oad sequence of the frame structure. X1 and X2 are then arranged to

f or m t hedesipmdsion cyerivememsogutive sHokol intgevalsinm ant é, 122 Pa{ha daskngtionglei vat ed.
The source transmts over two consecutive synbol intervals and the synbol
sequenc esymbol beusycdbainsisiie bBsignAsvsni tandd pjrp atesreipeatieblx Pecemed dansgri tt ed in
This transm ssion is done using an antenna present at the source. In 506,

t he Synbﬂilahﬁéﬁbll%%?l LR BASTahd 66h Bd RptdshResasr ce i s received at the two
antennae of the rel'ay station over two consecutive synbol intervals 1 and

At the first [r , ]
DT, D.r.2

5 = [hD,] h’D.Z{ hLS- s } + [hD.l by {nil 7112* :l + ["1,0 v2.D]

- h;,s - h;.s Pyy  — Ry
* I -1 Ay By [ ]
= [hD,lhl.S hyahys 1 -1 + [hD.l hps Loy +Mop Van
2 21

hp,; is the channel coefficient between the first antenna of the relay station and
the destination, while Ap is the channel coefficient between the second antenna of the
relay station and the destination. v1 p and v, p respectively represent the additive noise
that is present in the signals »p 71 and rp 2.

10

In 614, the channel state information (CSI) parameters hp; and hpj characterizing the

product channel can be estimated from rp,7;; and rp 72 as

o == )
lpy = 5 pr1 ~Tpra

~

hp, = "% (’b,TJ + "D.T.z)

15  Alternative embodiments can also repeat the channel training and estimation of 602 to

_ 614 multiple times. In this case, the channel state information (CSI) parameters ?ZPJ and

17,,_2 can be taken to be the mean of the multiple channel state information (CSI)

parameters estimated.



antenna, the synbol sequence consisting of signals and n are respectively
received during the intervals and . At the second antenna, the synbol
sequence wonsimRiisg of the signals and are respectivel yPrasezeedoessi ng t he
intervals »~ 1 and The signals received by the first and second antenna can
be represented by a matrix r* mherehissds t he channel coefficient between
the source and the first antenna of the relay station while hzs is the

channel c¢ gﬁQj gent.betmeen t he rce and the second antenna of the relay
station rry-ré%@%%%ﬁ?%ggﬂ%ggﬁg iRFBCMEOse present at the i-th antenna at
they' -th &%ne. IH]SOB, the signals and can then be arranged for

transm ssi8nTEH9MOL ke Teiragpmission acpoyshing forthisschams wilknaw dedesiribedded as | n
510, the synmbols J 11 and V12 are transmtted fromthe first antenna of the
rel ay respéeringegsintwBiguta consecutive synbol intervals and The symbols vy
>2\ and .V22 are transmtted fromthe second antenna of the rel ay
respectively over two consecutive synbol intervals and In other words, at
the first antenna, the received synbol sequence is re-transmtted

5 In 502, two information symbols represented by x; and x, are arranged for transmission

from the source. x; and x, may be from the payload sequence of the frame structure. X1
and x; are then arranged to form the symbol sequence w.
w=|y 1]
In 504, the source to relay link is activated. The source transmits over two consecutive
10 symbol intervals #5; and 755, the symbol sequence w. The symbols x; is transmitted in
Zs1 and x, is transmitted in 7g,. This transmission is done using an antenna present at the

source.

In 506, the symbol sequence transmitted from the source is received at the two antennae
15  of the relay station over two consecutive symbol intervals #z; and #z,. At the first

antenna, the symbol sequence consisting of signals 7 1; and 7z - are respectively

received during the intervals 5 ; and zz,. At the second antenna, the symbol sequence

consisting of the signals rg; and 7z 2 are respectively received during the intervals #z |
and ¢ R

20

The signals received by the first and second antenna can be represented by a matrix ry

where



unchanged, and at the second antenna, the follow ng operations are carried
out before the signals are transmtted: i . the received synbols and are
conj ugat edQ 20i0/02m®gat e t he odd- nunbered synbols i.e.iii PCTSGRo®MGAE or der
of the even and odd- nunber ed synbols The operations i . to iii. are
carried out in the anal og domain, granple of which is in the radio
frequency circuits, or at the output the anal og-to-digital converters
(ADCs). hi 512, t he synbol  sequence transmtted fromthe relay is received
at the antenna of the dgﬁtﬂnatlon over two consecutive synbol intervals and

At the destinati&n™ yhe s sequence consisting of signals r and T are
respectively recelved he |ntervals and and can be represented as is
t he channel coefficient: tmee e fihpst antenna of the relay station and
the destination, whiFg, {HheJL neI coefficient between the second
antenna of the relay fon and e &stination. and 2 respectively

represent the additiv inpgaaiprdﬁ L+nm the signals r and at the
destination. Signals= q out tjo be In 514, estimtes of the
i nformation synbols 3 2érid %@2 ééﬁ’?ﬁ@ be obt ai ned using a

hy,s 1s the channel coefficient between the source and the first antenna of the
relay station while %, s is the channel coefficient between the source and the second
antenna of the relay station. n; represents the additive noise present at the i-th antenna at

5  thej-th time.

In 508, the signals rg 11, & 12 , 7r21 and rgo» can then be arranged for transmission from

the relay as Y. Y can preferably be Alamouti coded as

Yu Yo TRit Tr2
Y = = e *
Yo Vam Fros  ~Tra

10 In 510, the symbols y1; and y;» are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals ¢z 3 and #z 4. The symbols y,; and y»,
are transmitted from the second antenna of the relay respectively over two consecutive

symbol intervals tz 3 and iz 4.

15 In other words, at the first antenna, the received symbol sequence is re-transmitted
unchanged, and at the second antenna, the following operations are carried out before
the signals are fransmitted:

i. the received symbols rz2; and rz22 are conjugated;

ii. negate the odd-numbered symbols i.e. - 74 ,;



| i neai - operation aswhere Coding Scheme 6 Afifth alternative codi ng schene
w Il now be described bel ow using Figure 6. | n the coding schene, the
frame strwotzare2wal d have the foll ow ng additional reqBCTSGROHI28F t he
header sequence and training sequence: The header sequences used by each
of the two sources should have as | ow_as possible a cross-correlation,

e.g., orthogonal sequences. The traiﬁ'ng sequences used by each of the two
sources shoul d be orthogonal. This requires at | east two synbols of
traini ng 8 ghieseily gaerRidhe syereandpddonpmeleredgmbolanpl e, the first source
can transmt w= [l |I] , and the second source, For this coding schene to
be adopted in OFDM systens, ranging needs to be performed so as to align
the received signals at the relay in the cyclic prefix w ndow. Channel

t r ai ni ng Tedpestionai. ite fii.usé Bgried duhth the hang Gchan)ah dkimpli dTOVIABHE is in
estimation can be done in the sane manner as that for Codi ng Schene 5. ASTC
Transm s ghOpdaush leﬁ‘%dd:i{’&ié%%eﬁougtlﬂ AT ardal AR i 5% @BnTRIROG 80T di NG

to this schene w now be descri be
5 In 512, the symbol sequence transmitted from the relay is received at the antenna
of the destination over two consecutive symbol intervals tp; and ¢p,. At the destination,

the symbol sequence consisting of signals rp; and rp are respectively received during

the intervals #p,; and #p» and can be represented as

’ .
R,11 R,12
[’D.l ’D,z]“ [hD.l hD.Z{ * }‘ [Vl Vz]

¥
TRoa  ~Trn
hsxi+ny Rgx, +ny,
= [hD,l hpal v+ s N [Vl Vz]
hysxy 0y —hy X =1y
FS1E X TR T
= [h'D.lhl.S hpohos) . w1t [h’D.l hpaf . « |t [Vl Vz]
Xy T X flpp —Hhy
10 hp,1 is the channel coefficient between the first antenna of the relay station and

the destination, while /p is the channel coefficient between the second antenna of the
relay station and the destination. v; and v, respectively represent the additive noise

present in the signals rp ; and rp at the destination.
15 Signals rp; and rp, then work out to be
py hp s hpohss | % Ry 1y + By oty + V)
* = #: ) =x.~ ; * + * ’ * * T *
Tpa —hpohyg  hpihyg || X hp sty = bp o7y + v,

In 514, estimates of the information symbols X and X, can then be obtained using a

linear operation as



referring to Figure 5. In 502, information synbols are arranged for

transm ssion fromthe first source and the second source. x denotes the
signal treozrioceed’fromthe i-th source during they-th sgmischoonvesyal . I n
504, the links between the first source and the relay, and the second
source and the relay are activated. The transm ssion is done from both
sources to the relay over two consecu fve synbol intervals »~ 1 and The
first source transmts the synbol in and X1-2 in ts,i- The second source
transmts the synbgly fin @nd in 1 n;506G hp,.synbol sequences transmnitted
from both sources aré |eecei¥etf at thHe>fwo| dhtennae of the relay station
over two consecuti Ve,gy thhiﬁrdahﬁmg d M- the first antenna, the synbol

sequence consisting of signals and 7 are rj:p?r
o

ively received during the
[Vs guence consi sting of

ct
intervals and f At the_§€ ortd, apt epna?it he? ls¥yinbo

the signals and are re§blévr$%FB'? @éJ&%ﬂﬁ-q{ﬁﬁE $he intervals andAssum ng
perfect synchroni zation, the signals receiv by-the first and second

antenna can be represented by a matri x where denotes the channel
coef fi ci %% corresponding to the z-th antenna of the

—~ * * 3k * * * & £
Vi =hphg (hD,lnll + Ry oty V) )" hpahy g (hD.lnl?. —hpalty + Vz)

—~ * * * % 3 *
Vo =hpohy g (hm”u +hp oty +V; >+ hpihy g (kD,lnlz = hp oty + vz)

5  Coding Scheme 6

A fifth alternative coding scheme will now be described below using Figure 6.

In the coding scheme, the ‘frame structure would have the following additional
requirements for the header sequence and training sequence:
10 e The header sequences used by each of the two sources should have as low as
possible a cross-correlation, e.g., orthogonal sequences.
¢ The training sequences used by each of the two sources should be orthogonal.
This requires at least two symbols of training signals to be used by each source.

For example, the first source can transmit w =[1 ], and the second source,

15 w=[l -1].

For this coding scheme to be adopted in OFDM systems, ranging needs to be performed

so as to align the received signals at the relay in the cyclic prefix window.

20  Channel training and estimation using Coding Scheme 6




relay station and the th source represents the additive noise present in
the received signals at the z-th antenna during they-th tinme. In 508, the
si gnal s ,wpand2t#®n then be arranged for transm ssion fPOWSGhe9red8y as Y.
Y can preferably be Al anpbuti coded as The codi ng schene used for this
schenme is simlar to that used for Coding Schenes 1 to 5 for
single-direction relays. This may hav % he advant age that the coding
operations at the relay node may b e carried out in the analog domain. In
510, the (RBIIEAIRAY %3/ estimpadios pap be done rthe Ran¢ mesner4a thaifer Gédingie rel ay
respectively over two consecutive synbol intervals and The synbol s andare
transni t tSellethe 6m t he second antenna of the relay respectively over two
consecutive synbol intervals and In other words, at the first antenna, the
recei ved synbol sequence is re-transmtted unchanged, and at the second
antenna, the follow ng operations are carried out before the signals are

transm ttmcﬁrmshq§lg@mg@gdlﬁggp@ﬁe gnhd are conjugated; ii. negate the
odd- nunbered synbo . 111. reverse the order of the even and

odd-n 4 nbelrh%ckﬁ at%r%ngmlssmn method according to this scheme will now be described

referring to Figure 5.

In 502, information symbols are arranged for transmission from the first source and the
second source. x;,; denotes the signal transmitted from the i-th source during the j-th

10  symbol interval.

In 504, the links between the first source and the relay, and the second source and the
relay are activated. The transmission is done from both sources to the relay over two
consecutive symbol intervals tg; and £g». The first source transmits the symbol x; ; in £5;

15 and x;; in #5. The second source transmits the symbol x»; in fg5; and x; in £55.

In 506, the symbol sequences transmitted from both sources are received at the two
antennae of the relay station over two consecutive symbol intervals ¢z ; and #z,. At the
first antenna, the symbol sequence consisting of signals rz1; and 71, are respectively
20 received during the intervals 7z ; and ¢z,. At the second antenna, the symbol sequence
consisting of the signals 7z, and rg2, are respectively received during the intervals 1z

and IR2.



The operations i . to iii. can be carried out in the anal og domain, an
exanple of which is in the radio frequency circuit, or at the output of the
anal og-t owgi2givehsoconverters (ADCs). In 512, the synbol PSESGRONMOM00285
transmtted fromthe relay is received at the antenna of both destinations
over two consecutive synbol intervalssso. \ and to, 2- Assum ng symetric
channel s, the received signals are AI am)utl -coded and can be represented at
each destinatjon

S e P E2 DA% AIRA oS i, iRl (LI (RRL ERALH 008 alfcif T 07 L

destinati on can be the sane node as t he f| rst source, as is the second
dest i nat FERbEEEATBEehRy 8 A TREHENEE t he second source. Alternative

enbodi ments however are possible within the scope of the invention as

Wi llbe clear to a skl{gg reader, for exanple where both sources are

conpl etely differedt =nNodes fro the destinations. At the first destination,
after subtracting the i"@inalR’ nponents related to and the synbol sequence

consisting of signals [gpdjare respeégti
and and can be repr eser}te xas Amf B,

By, + by ox,, 1y, by %, + hyoxy, + 1, }

Xo1  Xaa

Lo

[vel y ricfwednlglj‘ri ng the intervals
: 2

oy gy

.....

_]7'2,1 Xpg F Ry ooy ¥ 0y By Iy X0 + 10y

5 h;j; denotes the channel coefficients corresponding to the i-th antenna of the
relay station and the k-th source. n; represents the additive noise present in the received

signals at the i-th antenna during the j-th time.

In 508, the signals rg 11, 7r12 , 7r21 and rg2p can then be arranged for transmission from

10  therelay as Y. Y can preferably be Alamouti coded as
v = [J’u y12} _ {i"[:ll "R.lz :i
Yoy Ym "Rz ~Tr2

The coding scheme used for this scheme is similar to that used for Coding Schemes 1 to
5 for single-direction relays. This may have the advantage that the coding operations at

15  therelay node may be carried out in the analog domain.

In 510, the symbols y1; and y;» are transmitted from the first antenna of the relay

respectively over two consecutive symbol intervals g3 and #z4. The symbols y»; and y2,



V and respectively represent the additive noise that is present in the
signals and At the second destination, after subtracting the signal
conponentwonrelmnesd7t o and x where the synbol sequence c@®ngisskoer@oeBssi gnal s
and are respectively received during the intervals to, \ and and can be
represented asand v2,2 respectively represent the additive noise that is
present in the signals and Using the ﬁ@tation of and as well as K= 1 for
the first destination and K =2 for the second destination, the signals tc
and /c 2amafdas@itedtforh thd sechidant@sihiofticas]Sirefgtetivdly ot drmtvodnsacatiot s and
can then be obtained using a linear operation as where and refers to
perform Rl spose. Cyclic Prefix Insertion The franme
structurgﬁgggqls ag?%gg%%ﬂ?br transm ssion over multiple synbols. This
transm ssion can be carried out using any one of Coding Schemes 1 to 6. In
order to

In other words, at the first antenna, the received symbol sequence is re-transmitted
5 unchanged, and at the second antenna, the following operations are carried out before

the signals are transmitted:

1. the received symbols rz2; and rg2y are conjugated;
it negate the odd-numbered symbols i.e. -1 ,,;
1ii. reverse the order of the even and odd-numbered symbols.

10  The operations 1. to iii. can be carried out in the analog domain, an example of which is

in the radio frequency circuit, or at the output of the analog-to-digital converters

(ADCs).

In 512, the symbol sequence transmitted from the relay is received at the antenna of
15  both destinations over two consecutive symbol intervals #p | and #p,. Assuming
symmetric channels, the received signals are Alamouti-coded and can be represented at

each destination as

r r
R R12
[’ x1 ko ] = [ x M { * :1 + [VK.l “’K.z]

"1:22 —TRai
where K = 1 for the first destination and K = 2 for the second destination.
20 According to the example embodiment, the first destination can be the same node as the
first source, as is the second destination can be the same node as the second source.

Alternative embodiments however are possible within the scope of the invention as will



mtigate the effect of the inter-synbol interference (1Sl) caused by
frequency sel ectivefading, cyclic prefix insertion is perfornmed at the
transm t twp 20f0o/2h®7sour ce and/ or the relay station to each/Sekowweo2synbol s.
Figure 9 shows a nmethod of inserting a cyclic prefix. In 902, the
information to be transmtted is cont aé?ed in a synbol sequence X1
consisting of N words denoted by Xn whefe In 904, a cyclic prefix CP of

| engt h .S _Grea b opyi ng the |ast Ncp words OF XL In 906, the cyclic
orofix oy Sriaaakifpattadet B Sampie whas ol soigpscrrcaradelch ot ol o
for transm ssion Synbol Conjugation To perform conjugation in the frequency
domai n asPqdes GerethsylestiatingsTC schemes, an OFDM synmbol sequence denoted by
x™ that is without a cyclic prefix can be reversed and conjugated as tine
domai n synmbols to produce X5 . The foll ow ng nmappi ng can be used: where )
and ) respectively denote the n-th word in the synbols x and denotes the
nunber of Anbedastteesi®ion] M@ uFthRtihe Y 4 bl ' o he time
dormain to produce is a v%al id OF-DM sgnbogllgrvgglfglggtén%%cgﬁt%% ’é??‘%(ﬁ‘z\i\hen an
N-poi nt discrete Fouri . X
5 i.e., [(hl,l )2 ]lz’] ~T 1’1 1':; } here
X.

12 T Xy

2

By, = h,,h,,,the symbol sequence

consisting of signals 7|1 and 7, are respectively received during the intervals #p; and

Ip> and can be represented as

[r - ]_ [l ; ooy +my hyyx,, +my,
(SRS Sl [C NI CRY RPN * TV Via

* * *
Byyxy, +1, — hy 5%y, =1y,
X X n n
_ x 2.1 2,2 1 12
= [hm h, hy, hz,z * s T [hl.l Boy] s » |t [vl.l Vl.z']
Xag T Xy Iy, —Hhy

v1,1 and vy 5 respectively represent the additive noise that is present in the signals

10 11 and Fi1a.

At the second destination, after subtracting the signal components related to X1 and x; 5,

iieo [, ]

21 X9y Xpo
hoo| | & | where
Xan T Xqy

consisting of signals 7, ; and o, are respectively received during the intervals Ip,1 and

hy,

_____

15 #p, and can be represented as

[r - ]__ o ygxy +ny o by, +n,
20 NSy My, T[Var Vag

* * * * * *
hz,lxl,z + 7, "hz,lxm — Ty

* xl ] xl ) 1 12
_ . 2 1l 12
= [hl,lhl.z By by, :{:x* x|t [hl.z by + [v.’l.l Van ]
1

_ * *
1,2 X1, Hoy =1y



transform (DFT) is performed on the format will be maintai ned because of
the reversal in the order of the word sequence. In an alternative

enbodi mrerwp 20w/@e3eve the conjugation in frequency donmeCm/SGeepeion@ds by t he
ASTC schenes, an OFDM synbol sequence x”™ conprising a cyclic prefix of the
| ength Ncp and N words can be reverse%%and conjugated as time domain
symbol s to produce XB- The follow ng ppi ng can be used: where x~(n) and X
B (n) respectively denote the word i all&g synbol s XA and is 1ilhe nunber of
words in X* storofpaz TeWFé?ﬁV@é(G?Hrﬁ?‘FPt E’éfeélo}sé\?}éartésaﬁ’re%qﬂt e S*ﬂqgls
resultant is conjugated in the tinme domain to produce is a valid OFDM
synbol witilkndrgyclic prefix. Wien an N-point discrete Fourier transform
(DFT) is performed on , the format will be maintai ned because of
thereversal in the order of the word sequence. Therefore, the inter-synbol
interference (ISI) mtigation property maintains. When conjugation is

per f or megising tﬁ@ﬁotaﬁd{ﬁofd?rfah@; 10 RAVAHUEE * 1, fot IR FON dBSRATI NG X £ eGeNCY
dormai n sequence for w | e., the phase-shifted conjugate sequence.

5  the second destination, the signals r,; and rg» work out to be

* *
o || healig Pxolog | Xxa Py g Ty + D oMy + Vi
¥ - * * ] * L + l # * * *
Tx o ~hg g Bgihig || ¥k U 1Thy — Py 2Py + Vg

In 514, estimates of the information symbols X, and X, , can then be obtained using a

linear operation as
~ . H
Aral bty Ry ol Txa
~% - * * * *
Xx.o —hgohox  hgihug Tk
2 21 X 17,
2 2 Xk K.
:Q]ZKI * +| -
. ' y
Xk.2 Vg2

—~ % * * * #® * * #*
Vi =l g (h'K,l Hyy Ry oy + Vg, )" by o by i (hK,lnl?. =Dy oPly + Vg o )

ol s

hy i

10 where

~ * #* * & * *
Vo =Ry ofy (llm”n T hg oMy + Vg )+ by 1 by i (hK.Ian —hyg oMy Vi s )

and [ |7 refers to performing a conjugate transpose.

Cyclic Prefix Insertion

15
The frame structure 700 is arranged for transmission over multiple symbols. This
transmission can be carried out using any one of Coding Schemes 1 to 6. In order to

mitigate the effect of the inter-symbol interference (ISI) caused by frequency selective



The synbol conjugation nmet hod nakes use of the Discrete Fourier Transform
(DFT) properties of: Linearity: Cyclic Shift Symretry where we use x and
y to denowe 20tv2139me domai n sequence, X and their corre®porsdiony/obe2sguency
domai n sequence, N the DFT size, and The synbol conjugation nethod may have
t he advantage that only anal og domain processing has to be done at the
relay, and only linear processing ha$% o be done for nmaxi numlikelihood
decodi ng at the destination for each subcarrier. Cyclic Prefix Schene

1Fi gur e fi@nghs¥hc prefighaveetidois perforndd aghe yahdntttpr eftha ssreccadraithe to t he
exanpl e enbodi nent. Let x be the synbol sequence that is to be transmtted.
In 1002, ; I eesgqlgocjlg.rst cyclic prefix (denoted CP1l) with length
r CP] sﬁg%ptgtﬁgltgﬂﬁ(ggarcggglﬁ%s t he maxi num del ay spread fromthe source to the
z'-th relay antenna (denoted here as R ) in terns of nunber of sanple
durations. In 1004, the source inserts CP1 in front of x. and then

transm tFSigIErg% srlggvlél latrger]chocf gpljglgel:ﬂing a cyclic prefix. In 902, the information to be

5 transmitted is contained in a symbol sequence X, consisting of N words denoted by x;
wheren =0 ... N-1, i.e.
X, = [xo e x, xN—l]
In 904, a cyclic prefix CP of length Ncp is created by copying the last Nep words of X,
CP= lxN_Ncp e Xyos xN_l_I
10 In 906, the cyclic prefix CP is inserted in front of x; , producing the resultant symbol x;

for fransmission

D e A ) V|
- J A —_

CyclicY Prefix X

Svmbol Conjugation

15 To perform conjugation in the fréquency domain as is done by the ASTC schemes, an
OFDM symbol sequence denoted by x4 that is without a cyclic prefix can be reversed
and conjugated as time domain symbols to produce xp, The following mapping can be

used:

, B XA(n) ,whenn=0
%5 (n)= X A(N - n) ,otherwise

20  where x,(n) and x, (n) respectively denote the n-th word in the symbols x4 and xz. N

denotes the number of words present in x4 or Xp. The resultant Xz is



sequence In 1006, the relay station receives In 1008, after performng tine
synchroni zation, the CP1 ' portion with length tcn in each OFDM synbol is
renoved Iwewnrg2x397. In 1010, if no signal conjugation PSTIS€2e®®N0285 second
cyclic prefix (denoted CP2) with length t is derived fromx' for each OFDM
synbol and inserted in front of x' , resulting in the sequence Wen the
antennas are distributed across nulti@e relays, is chosen such that > max{
i.e. represents the nmaxi mum delay spread fromthe z-th relay (i.e. Ri) to
the destination inxecfs of fthe nunbery6f sanple durations. Nl-denotes the
nunber of antenna or antennae préesent at the relay station.Iln 1012, if
signal conjugation _is needed, the OFDM sypbol sequence is reordered

accor di n¥s tscopiyapted deHettiaae €oreain &nptadues Xand The conj ugate of X0111 is then
derived and denoted as A second cyclic prefix (denoted CP2) with length r
CP2 is then derived from X and inserted ahead of resulting in the sequence

x, is a valid OFDM symbol without a cyclic prefix. When an N-point discrete Fourier

5  transform (DFT) is performed on x;, the format will be maintained because of the

reversal in the order of the word sequence.

In an alternative embodiment, to achieve the conjugation in frequency domain required
by the ASTC schemes, an OFDM symbol sequence X4 comprising a cyclic prefix of the
10  length Ncp and N words can be reversed and conjugated as time domain symbols to

produce x3. The following mapping can be used:

XB(”>: XA(NA —n—l)
where X, (n) and X, (n) respectively denote the »n-th word in the symbols x4 and x5. Ny

15  1is the number of words in x4 such that Ny = N + N¢p. The resultant x5 will be a reversal

of x4, i.e.
XlexN_l »-~_x,, Xy Ay Xy xN—NCpJ

The resultant X is conjugated in the time domain to producex, .

20  x, is a valid OFDM symbol with a cyclic prefix. When an N-point discrete Fourier

transform (DFT) is performed on x,, the format will be maintained because of the



In 1014, other necessary steps for the ASTC i npl enentation at the rel ay
station perforned and then the synbol sequence of either is transmtted to
t he destiwet2omm21idn 1016, the destination receives eitheCTAGRe/0hI28se
synchroni zation, the destination renmoves the with length tCP2 in each OFDM
synbol. In. 1018, the destination perfornms the ASTC decoding in the
frequency domain. Cyclic Prefix Scheneél2 The maxi mum del ay spread of the
source to relay station channels is denoted as r s(r)L sanple durations,

and the nexémalm ded aylespf thadvopd sédiendee Tayresiraf the nttesyahetsd] iimatrbepeh@nnel s is
denoted as sanple durations. The delay spread of the product channel is

denot ed byitigafbh Brobirts ROMGAR al ternative scheme for inserting cyclic
prefi xes according to the exanple enbodi nent. Let x be the synbol sequence

that is to be transmtted. In 1102, the source derives a first cyclic
prefix (denoted CPl) with length hi order to conpletely mtigate the IS,

t CP1 shoul d not be shorter_ than ) ) R .
en conjugation is performed in the time domain to producex , , the corresponding

5  frequency domain sequence for xp will be
X* (k)WAI]c(N—Ncp—l) = X* (IC)W];k(NCpH)

i.e., the phase-shifted conjugate sequence.

The symbol conjugation method makes use of the Discrete Fourier Transform
10 (DFT) properties of:

o Linearity: ax(n)+by(n) < aX(k)+bY (k);
e Cyclic Shift x((n+m)y) < Wj\}km X(k);
o Symmetry x" ((-n)y) < X (k)

where we use x(n) and y(n) to denote the time domain sequence, X (k) and Y (k)

15  their comesponding frequency domain sequence, N the DFT size, and

27
Wi =expl — j—|.
o] )

The symbol conjugation method may have the advantage that only analog domain
processing has to be done at the relay, and only linear processing has to be done for

20  maximum likelihood decoding at the destination for each subcarrier.

Cyclic Prefix Scheme 1




In 1104,

the source inserts CPi into x. and then transmts the resu
synbol sequence In 1106, the relay station receives . In step 1108,
per f or m nygotzor2g3pmchr oni zati on, the first synbols in treTCB2009/0pE8s

each OFDM synbol is renoved, |eaving a sequence represented as The
resulting OFDM synbol w Il then have N signals. In step 1110, if no

conjugation is needed, no processingfps done. In step 1112, if signal

conj ugat

deri ved

desti nat
renoves

t ant
after
i on of

si gnal

ion is needed, the OFDM synmbol sequence is reversed to produce the
out put sequencewhere , denotes the length of , and The conjugate of

is then

and denoted as x In 1114, other necessary steps for the ASTC

i pl enentighieon Mbwh hackhafor sisattingreyaliepifixtosnerlingth thheratple synbol
sequence of either or is transmtted to the destination. In 1 1 16,

t he

%nglgo%ﬁ%ﬁ[i. Fé’csx ﬁi&%@gﬁ%r Slqubd@TRat SYROY iskakdon, the destination

engt

performed in the frequency domai n.

5

10

15

In 1002, the source derives a first cyclic prefix (denoted CP1) with length 7y, such that
Tep 2 max{f soni}- Tsom Tepresents the maximum delay spread from the source to the

i-th relay antenna (denoted here as Ri ) in terms of number of sample durations.

In 1004, the source inserts CP; in front of x. and then transmits the resultant symbol

sequence [CP1 x].
In 1006, the relay station receives [CP! x'].

In 1008, after performing time synchronization, the CP/ portion with length 7, in

each OFDM symbol is removed leaving x'.

In 1010, if no signal conjugation is needed, a second cyclic prefix (denoted CP;) with

length 7.y, > max{z,_,}is derived from x’ for each OFDM symbol and inserted in front
of x', resulting in the sequence [CP, x']. When the antennas are distributed across
multiple relays, 7ep, is chosen such thatzg,, 2 max{r Riosp > TRacsp o s Thicsp s 5T RN,._,D}
i.e. Tgp, represents the maximum cielay spread from the i-th relay (i.e. Ri) to the

destination in terms of the number of sample durations. N, denotes the number of

antenna or antennae present at the relay station.

each OFDM synbol In 1118, ASTC decoding is



Al ternative enbodi nents may have nore than two antennas at the rel ay
station, in which case antenna sel ection can be adopted. Only two antennas
are sel ecweaotom2iivpl enent the proposed schenes based onPpI&GA@NiONEES
selection criteria, e.g., best product channel SNR, etc. Alternative

enbodi nents may al so have nultiple relay stations where relay sel ection can
be perforned in which one relay statiéd is selected to inplenment the
proposed schenmes based on pre-determ ned selection criteria, e.g., best
product channel SNR, etc.Alternative enbodi nents may al so have nultiple
relay stations where Coordinated Delay ASTC is inplenented at each rel ay
station, [an@1phe ﬁ%@d]déoﬁﬁigﬁdo@% ASdA! ehed IHDMdsydbdlli def@deBtis rebrdyregdt at i on.
In this case, the delay durations appfied at the different relay station is
a design parameter obtained froma central control. This enbodi ment nay
have t he advantage that the carrier frequencies do not have to be

ort hogonal and thus signal collisions will not occur. A further possibility
is to inplenent cogpﬁgﬁgj m 3 ng at -"&8¢* 1 ho relay stations. Using Code
Schenes 1to 3, i nfore i o QH?ﬁSLﬂﬂ)iS,bﬂﬁk@ﬁented between the at | east two

relay stations and the at I'east’ two relay stations can then participate in
the ASTC transm ssi.on. Althou%h t he descri bed enbodi nent does not i ncl ude
power 3 scathery Xat= He MoaLionetes ihe length of x,,, and n=0,1,---, N, —1. The conjugate

in>

of x_is then derived and denoted as x_

out out *

A second cyclic prefix (denoted CP5) with

*

and inserted ahead ofx’

out *

length 7, is then derived from x resulting in the

out
sequence [CP2 x:m].
10 In 1014, other necessary steps for the ASTC implementation at the relay station
performed and then the symbol sequence of either [CP, x'] or [CP2 X:;ut] is
transmitted to the destination.
In 1016, the destination receives either [CP, x"] or [CPZ' x;f”]. After frame
15  synchronization, the destination removes the CP, with length 7, in each OFDM

symbol.
In 1018, the destination performs the ASTC decoding in the frequency domain.

20  Cyclic Prefix Scheme 2

The maximum delay spread of the source to relay station channels is denoted as 7_,,

sample durations, and the maximum delay spread of the relay station to destination



relay nodes, but this nmay be enpl oyed depending on the type of deploynent.
For exanple, the power scaling may be incorporated in the channel

esti mat i onoant/2h®refore it is transparent to the abovePprTspesrdieshenes.
VWi | e exanpl e enbodi nents of the invention have been described in detail,
many variations are possible within the scope of the invention as wll be
clear.to a skilled reader. CLAIMS 1. At anal og space-tine relay nethod for a
Wi rel ess conmmuni cation relay channel, the wirel ess conmunication rel ay

channel dhagddilisigndied at 3Ny ssRpRMrdRNSY TR AR RcadloTANGRAIL& dhehY an
information signal transmtted froma source station to a destination

station, the nethod conprising the steps of: (i) receiving a first synbol
sequencds denatekb¥ rp sthareray tant eina —thefirs {syabots eqerniae.,tonpri si ng
the information signal and a first noise elenent; (ii) receiving a second

nbol d I he s d synbol
Compri s gEnd hAYs P PR AR SR SR B S Beaie pR

transmtting, a first signal by the first relay antenna, the first 'signal
bei ng a§§%@ﬁgﬁ%ﬁw WPﬁmfg€t§EE FYEPRbefqusRerBRdR o RedEmgdtiet t he second

rela% ant enna;

In 1102, the source derives a first cyclic prefix (denoted CP;) with length

Tepy 2 Tsz + Tro,p - In Order to completely mitigate the ISI, 7, should not be shorter

thanz'P .

10 In 1104, the source inserts CP; into x. and then transmits the resultant symbol sequence

[cp, x].

In 1106, the relay station receives [CP{ x’]. In step 1108, after performing time
synchronization, the first 7, symbols in the CP/ portion of each OFDM symbol is
15  removed, leaving a sequence represented as [CP! x']. The resulting OFDM symbol

will then have N, = N + 7, 0r Ny =N+ 7, —7,_, signals.

In step 1110, if no signal conjugation is needed, no processing is done. In step 1112, if
signal conjugation is needed, the OFDM symbol sequence is reversed to produce the

20  output sequence

Xout(n) = Xin(]vR —n _1)



(iv) transmtting a second signal by the second relay antenna, the second
signal being associated with the first synbol sequence received at the
first relwoamiensya. 2. An anal og space-tinme relay nmet hedraceodoergst o
claim1l1, wherein the second synbol sequence includes a conpl ex conjugate of
the information synbol, and the nethod further conprises the step of
negating the conpl ex conjugate of the®$nformation synbol for deriving the
first signal.3. An analog space-tinme relay nethod according to claim 2,
further conprisdereg x, he[GPepxdf, CONpi @drogest hire négaitied othI’fQPf)quOI;lj ugat e of
the information signal and the first synbol sequence for deriving the first

signal. 4. An analo ace-tine relay _nmethad accordi ng to.any preceding
claim f&T ﬂ&"’gﬁiﬁ?iiﬁﬁﬁorﬂwt%?éﬁwd? ﬂt?BrﬁiBPﬁ?dﬁ%}‘dt‘iE‘Fé‘oﬁ%r@txaand second synbol
sequences to obtain the second signal. 5. An anal og space-tine relay nethod

according to any preceding claim further conprising the step of encodi ng
the first and second signals using Al anputi coding prior to the respective

transm sgi QNp4, GherAlbciiahOSesP &t ABTE ehleniBtRE ACHOTHIPGtddnChali M 1,
wherein the informati on synbol includes at | east one trainihg signal and

the et hggrfgrlrjr{etdha%rd then the symbol sequence of either [CP, x'] or [x*

ont

] is transmitted to

the destination.

¥

In 1116, the destination receives either [CP! x"] or [x ] After frame synchronization,

out

the destination removes the CP, with length 7, =7, —7,,, from each OFDM

10 symbol
In 1118, ASTC decoding is performed in the frequency domain.

Alternative embodiments may have more than two antennas at the relay station, in
15 which case antenna selection can be adopted. Only two antennas are selected to
implement the proposed schemes based on pre-defined selection criteria, e.g., best

product channel SNR, etc.

Alternative embodiments may also have multiple relay stations where relay selection
20 can be performed in which one relay station is selected to implement the proposed

schemes based on pre-determined selection criteria, e.g., best product channel SNR, etc.



conprises the steps of: encoding the first and second recei ved synbol
sequences using Al anputi coding to obtain the first and second signals for
t ransm ssworzotyo213¥¢ respective relay antennas. 7. An an2CoEGERm®ee285 ne
relay method according to claim6, further conprising the step of, at the
destination station, negating the first and second signals to obtain
channel estimates for the wirel ess cofffruni cati on relay channel.8. An anal og
space-tine relay nmethod according to claim6 or 7, further conprising the
step of , Adterrtahige chestodima¢ritomast atsb deyve cabitipleatélay stativparwindre tCmrdinated and
second signals to obtain channel estimates for the wirel ess conmuni cation
rel ay channgl ASIC Animplamestes pacerch i rdRyr §htddh, Ridhdd anedingdicd ddyscirai m 1,
wherein the information synbol includes two consecutive synbols. 10. An

anal og s Bg@?e'dt dt '&?fféri@ﬂtgé{la%{aﬁeﬂ A% rcgéef‘ etc%}]ag Rlrichs a\ffﬁﬁ&? hhd Hﬁ%%ﬂ['tst

synmbol sequence I ncludes”a conbination’ o two conSecutive sy s and
t he second s ol .sequence incl.ud a differenc cqQnsecuti ve
o o, Py YR8 8 F S S MRS ekt L BER Lol THE AR

further conprising the steps of, conmhining.the first ang second synmjol
sequence a3rhays rtﬂ?/ F“i&u‘ﬁmf%@ tﬁ’i‘trfgf’ ng%leq’f‘%}mqs Rotrhave tg Ica’éyoré‘f‘?g%‘i‘?i égg
conbining the first and second synbol sequence at the

thus signal collisions will not occur.

A further possibility is to implement cooperation using at least two relay stations. Using
Code Schemes 1 to 3, information passing is implemented between the at least two relay

10 stations and the at least two relay stations can then participate in the ASTC transmission.

Although the described embodiment does not include power scaling at the source and
felay nodes, but this may be employed depending on the type of deployment. For
example, the power scaling may be incorporated in the channel esﬁmation and therefore

15  itis transparent to the above proposed schemes.

While example embodiments of the invention have been described in detail, many
variations are possible within the scope of the invention as will be clear to a skilled

reader.

20



second relay antenna for deriving the second signal for the second rel ay
antenna. 12. An anal og space-tine relay nmethod according to claim 11,
further cwoppimizngy7t he steps of encodi ng the conbi ned fiPCTISGaod/o8@sdNd
synbol sequences using Alanmouti coding to formthe first and second signals
for transm ssion by the respective relay antennas. 13. An anal og space-tine
relay method according to claim1, whéfein the information synbol includes
at | east one training signal, and the first signal includes a conjugate of
t he seco@dAsyIisbol sequence received at the second relay antenna. 14. An
anal og space-tine relay nmethod according to claim 13, further conprising

the step; of : ARuhiBRSPAdeLttRgrdlAEMEIHDIL fof ¥ WRR]esS BoMBRGRaNYN Fdey Eianatl, r el ay
antenna at a synbol ‘interval different fromthe transm ssion of the first

signal . ﬁ% 1@?68@@8#}1%11?&?18% 3l e[nﬁk%cﬂi%ﬁﬁ]g\?@rs@&rﬁ%e@bﬁkﬂreﬁ@ &{t]élh{g% 13 or 14,

wherein e second signa |nc s a negat| conjugate rst synbol
sequence received. at the fir.st reI ant. space-tinme
ol'ay motREEed B MRty petel 'ﬁfﬂlﬁ%cf B Y st B Egb:
re-transmtting the second synbol uence by the second relay antenna at a

synbol ﬁ@@@méhewtﬁwércewpnﬁméﬁhw@vsw nsmi ssi on of the second signal .

(i) receiving a first symbol sequence at the first relay antenna, the first symbol sequence

comprising the information signal and a first noise element;

10 (i) receiving a second symbol sequence at the second relay antenna, the second symbol

sequence comprising the information signal and a second noise element;

(iii) transmitting a first signal by the first relay antenna, the first signal being associated
with the second symbol sequence received at the second relay antenna;

15
(iv) transmitting a second signal by the second relay antenna, the second signal being

associated with the first symbol sequence received at the first relay antenna.

2. An analog space-time relay method according to claim 1, wherein the second
20  symbol sequence includes a complex conjugate of the information symbol, and the
method further comprises the step of negating the complex conjugate of the information

symbol for deriving the first signal.



17. An anal og space-tine relay nethod according to any of clains 13-16,
further conprising the step of, at the destination station, negating the
first andweeocmdi®irgnal s to obtain channel estimtes foPCTISE2009r00285S
conmmruni cation relay channel. 18. An anal og space-tinme relay nethod
according to any of clains 13-17, further conprising the step of, at the
destination station, calculating a meagg of the first and second signals to
obtain channel estimates for the wireless communication relay channel. 19.
An anal 0. spacen thdieg ﬁ;ﬁalc&)ﬁ_rr[&*elh@drﬁﬁ&@ééﬂoﬂﬂn%@b Ao Of fufthal éBFnar;lrél heWher ein
the first synbol sequence is re-transmtted by the first relay aritenna over
first andtpeFes i # : further ¢o i ses the
&p ShbPNAD BleSh o8 c&ﬁ}g%x Sggﬁgﬁ%feof?ﬁg N8 L Ne ag angs)guﬁiﬁﬁt

step of transmtting anegative c € second s ce

recei ved S%bg?geﬁgggc%qgra&l@%%%@tg%&g?%}o er a third synbol interval. 20. An
ce-ti C

anal og sp relay net g to claim19, wherein the first
signal is transmtted over a fourth synbol interval. 2 1. An anal og
space-tine relay nmethod according to claim 20, further conprising the steps
of, simultaneously, transmtting a negative second synbol sequence by the
second rétay dHt erpes smpse-tintearetay metthe advotding teanyairecdihg daitt, singlmgrt t i ng t he
second synbol sequence by the second relay antenna over the second synbol

i nt er val comprising the step of combining the first and second symbol sequences to obtain the

second signal.

5. An analog space-time relay method according to any preceding claim, further
10 comprising the step of encoding the first and second signals using Alamouti coding

prior to the respective transmissions.

6. An analog space-time relay method according to claim 1, wherein the
information symbol includes at least one training signal and the method further
15 comprises the steps of: encoding the first and second received symbol sequences using

Alamouti coding to obtain the first and second signals for transmission by the respective

relay antennas.

7. An analog space-time relay method according to claim 6, further comprising the
20 step of, at the destination station, negating the first and second signals to obtain channel

estimates for the wireless communication relay channel.



22. An anal og space-tine relay nmethod according to claim2l, wherein the
second signal which includes the negative conjugate of the first synbol
sequence WO 20reemsivirt t ed over the third and fourth synbolPCirsGeeosabess 23. An
anal og space-tine relay nethod according to claim11, wherein the

i nformati on synbol includes even nunbgé of synbols. 24. An anal og
space-tine relay nethod according to aim 23, further conprising the step
of conbining the first and se(iond synbol a.e uen esrﬁtao7o tain the first and
second sPgnal $nanalogsPReesHBe 5 PemsHIOf RIS 1o ARG 0Ty e-tinme rel ay
met hod according to any of clainms 23-25, further conprising the step of
encodi ngcerprifing te stapcbisadbadessingtied station, sgjcwlpbing & meag odthefirprandr to t he
respective transm ssions. 26. An anal og space-tine relay nethod according
t o cl ai nsdeondl wighhieto cowinrdhahigy ettr@aiet &pshowirelerbeommgnichigorf teiagtchametl.second
synbol sequences to formthe first signal and transmtting the first signal
over a first synbol interval. 27. An anal og space-tine relay nethod
according to claim26, further conprising the steps of: negating the first

signal; and transmdotdo N 46 rG9 AeRfbd dcbsin @ imY Shefeif Bftond symbol

i nterval :

information symbol includes two consecutive symbols.

10. An analog space-time relay method according to claim 9, wherein the first
symbol sequence includes a combination of the two consecutive symbols and the second

10 symbol sequence includes a difference of the two consecutive symbols.

11. An analog space-time relay method according to claim 10, further comprising
the steps of, combining the first and second symbol sequence for deriving the first
signal for the first relay antenna; combining the first and second symbol sequence at the

15  second relay antenna for deriving the second signal for the second relay antenna.

12. An analog space-time relay method according to claim 11, further comprising
the steps of encoding the combined first and second symbol sequences using Alamouti
coding to form the first and second signals for transmission by the respective relay

20 antennas.

13, An analog space-time relay method according to claim 1, wherein the
information symbol includes at least one training signal, and the first signal includes a

conjugate of the second symbol sequence received at the second relay antenna.



28. An anal og space-tinme relay nmethod according to claim?27, further
conprising the steps of: obtaining a conplex conjugate of the first signal;
and transwDtoiogiidhe . conpl ex conjugate of the first sipgmsiG2ae®no2ast hird
and fourth synbol interval. 29. An anal og space-tinme relay nethod accordi ng
to any of clainms 26-28, further conprising the steps of, sinmultaneously,
conbining the first and second sequendés to formthe second signal,

obtai ning a conpl ex conjugate of the second signal, negating the conpl ex
conjugate of the second signal, and transmtting the negated conpl ex
conjugate of the second signal over the first and second synbol intervals.

30. An anal og AsPaGRyct dpiB-fiflk N afBlNRA RE&AND tBQ:latnS’i &l ﬁirfﬁe?gom s‘%ﬁ in the
second signal is transmtted over the third synbol interval. anal og

space: | T 6) & R ALH! ARG LAl Ry oA gteg@“sg“g the steps

of negating e second neg &ohd si gnal
over a four . nteryval . 32. An anal.o ace-tinme relay nethod for a
wirel ess S%ﬁ%ﬂ%@?ﬁ Atfferend fgm @WM@PISS]PHé’f\Tﬁer%FE§§n%omni cation rel ay
channel including first and second relay antennas arranged to relay an

i nf ortration si gnal transmtted froma source station to a destination

station, the nethod conprising the steps of:
15, Ananalog space-time relay method according to claim 13 or 14, wherein the

second signal includes a negative conjugate of the first symbol sequence received at the

first relay antenna.

10 16.  Ananalog space-time relay method according to claim 15, further comprising
the step of: re-transmitting the second symbol sequence by the second relay antenna at a

symbol interval different from the transmission of the second signal.

17. An analog space-time relay method according to any of claims 13-16, further
15 comprising the step of, at the destination station, negating the first and second signals to

obtain channel estimates for the wireless communication relay channel.

18.  An analog space-time relay method according to any of claims 13-17, further
comprising the step of, at the destination station, calculating a mean of the first and

20  second signals to obtain channel estimates for the wireless communication relay channel.

19..  An analog space-time relay method according to any of claims 13-18, wherein
the first symbol sequence is re-transmitted by the first relay antenna over first and

second symbols intervals, and the method further comprises the step of transmitting a



(i) receiving a first synbol sequence at the first relay antenna and the
first relay antenna retransmtting the first synbol sequence as a first
signal, twe2biweis593ynbol sequence conprising the infornerCIreG2ei9@neE8s and a
first noise elenent; (ii) receiving a second synbol sequence at the second
relay antenna, the second synbol sequence conprising the information signal
and a second noise elenent; (iii) tramgmtting a second signal by the
second relay antenna, the second signal being a reordering of the second

synbol  segusieeonfdate ¥F tROMO80 SRR sbiiBict Rl 5t MRdcna Ll AGchs Cl @i m
3

32, wherein the second signal is a reversal in the order o e second

synbol S%ﬂ%ﬁgﬁﬁr 4 ]ﬁ@hﬁ&%bﬁg space-tine relay nethod according to claim 32
or 33, further conmprising the step of obtaining a conplex conjugate of the

reordered second synbol sequence. 35. An anal og space-tinme relay nethod
according to claim 34, further conprising the step of negating odd nunbered
synbol s of the conplex conjugated reordered second synmbol sequence. 36. An
anal og spdte- tapengleg ggacadioglaycedhed aepording kaflging 39, whareindhe fitshpri si ng
the step of reversing the order of the even and odd nunbered synbols of the
conpl éx signal is transmitted over a fourth symbol interval.

21.  An analog space-time relay method according to claim 20, further comprising
the steps of, simultaneously, transmitting a negative second symbol sequence by the
second relay antenna over the first symbol interval and re-transmitting the second

10 symbol sequence by the second relay antenna over the second symbol interval.

22. An analog space-time relay method according to claim 21, wherein the second
signal which includes the negative conjugate of the first symbol sequence is transmitted
over the third and fourth symbol intervals.

15
23.  An analog space-time relay method according to claim 1, wherein the

information symbol includes even number of symbols.

24.  An analog space-time relay method according to claim 23, further comprising
20  the step of combining the first and second symbol sequences to obtain the first and

second signals at the respective antennas.



conj ugat e second synbol sequence to formthe second signal. 37. An anal og
space-tine relay nethod according to any of clainms 32 to 36, further

conpri si yorzhw/1®p of encoding the first and second si @goalSs20®i00ge8Al anout |
coding prior to the respective transm ssions. 38. An anal og space-tine
rel ay nmethod according to claim32, wherein the information signal includes
a first training signal and a second ﬂ@aining signal, the second training
signal being a negation of the first training signal. 39. An anal og
space-ti B r eldayamibigrpdcatmerelanmetimciaordi@Bio dnyrof lekime 83325i Birthgr t he st eps
of transmtting the first training signal over a first synbol interval and
transni t thmgritihg tieegepelf dncadinp g Bisgaad s@vfd signaleasing AAyabed codiher val , the
second synbol interval occurring after the first synmbol interval.40. An

anal og spaGLrlthBPeshdiA¥% tHRkARGAcCcOrding to claim38 or 39, further
conprising the step of, at the destination station, negating the first and

second signals to obtain channel estimates for the wirel ess conmuni cation
rel ay channel. 4 1. An anal og space-tinme relay nethod according to any of
cl ai 38 to 40, further conprising the st of , .at_the destination
station %éal cdLTAIRg SPafsHmesplay method atcoufine Belayl. Hhen commmispig;thf n

channel estimates for the wrel ess comunication relay channel.
steps of combining the first and second symbol sequences to form the first signal and

transmitting the first signal over a first symbol interval.

27.  An analog space-time relay method according to claim 26, further comprising
10 the steps of: negating the first signal; and transmitting the negated first signal over a

second symbol interval.

28. An analog space-time relay method according to claim 27, further comprising
the steps of: obtaining a complex conjugate of the first signal; and transmitting the

15 complex conjugate of the first signal over a third and fourth symbol interval.

29.  An analog space-time relay method according to any of claims 26-28, further

comprising the steps of, simultaneously, combining the first and second sequences to

form the second signal, obtaining a complex conjugate of the second signal, negating
20 the complex conjugate of the second signal, and transmitting the negated complex

conjugate of the second signal over the first and second symbol intervals.

30. An analog space-time relay method according to claim 29, wherein the second

signal is transmitted over the third symbol interval.



42. An anal og space-tine relay nethod according to any preceding claim
wherein the information synbol is nodul ated using OFDM 43. An anal og
space-ti rneonreloa1svet hod according to any of claim1-41 PCHisez@iornoi2ss

i nformation synbol is nodul ated using Single Carrier - Cyclic Prefix. 44.
An anal og space-tine relay nmethod according to any precedi ng clains,
wherein the first and second signals @ e coded using a coding matri x based
on the nunmber of antennas at the relay station. 45. An anal og space-tine
relay nmethod according to any preceding claim further conprising the step
of performng |inear processing at the destination station. 46. An anal og

space- 1 4% 1 el FRLNGH AGHORAMNG i I IRIEHAA ) Alfler YRR L he 17 st

I

and secohd ané%nnas are | ocate the sane relay station.47.  An anal og
space-ti rel ay nmet.hod accordi.ng.to.any of..clai 0 46, wherein_ the
Trrst andeotdsminarraRmasar ratd dq e R MeRetel 7000 PS8t s an
anal og space-tine_relay nmethod according to any preceding claim wherein
the firstouaty yambsl 8%&wal | ncl udes additive noise of the communication rel ay
channel . 49. An anal og space-tine relay nmethod according to any preceding
clainy wherein the second noise elenment includes additive noise of the
communi cation relay channel

32. An analog space-time relay method for a wireless communication relay channel,

the wireless communication relay channel inctuding first and second relay antennas

arranged to relay an information signal transmitted from a source station to a destination

station, the method comprising the steps of:

10
(i) receiving a first symbol sequence at the first relay antenna and the first relay antenna

retransmitting the first symbol sequence as a first signal, the first symbol sequence

comprising the information signal and a first noise element;

15 (i) receiving a second symbol sequence at the second relay antenna, the second symbol

sequence comprising the information signal and a second noise element;

(i) transmitting a second signal by the second relay antenna, the second signal being a
reordering of the second symbol sequence.

20
33. An analog space-time relay method according to claim 32, wherein the second

signal is a reversal in the order of the second symbol sequence.



50. A header for a frame structure, the header conprising a sequence of
synbol s having a correlation value obtained by correlating the header with
a copy ofwpteesld2)ssrhe correl ati on val ue being a first vacCuscamonotdsere is
no of fset between the header and the copy of itself, and the correl ation
value is a second val ue when the offset between the header and the copy of
itself is greater than zero. 51. A heder for a frane structure according
to claimb50, wherein the first value is equal to the nunber of synbols in

the sequence m_canmfag spRRCide Yahy B ettdd2eEdtdinpdo chifigaden3afededi ng to claim
50 or 51, wherein the sequence is of CAZAC type. 53. A header according to
cl ai m 50.0F,9dn s WAL JF obDEnAE AWBRGRH Dnfifeald Hike fREREE dkPfa SAnbdh header
for a frgnepst?%ctuf§ aéEorJ?gg to$claiﬁ?%%} mhe?ein t he firs%ﬁgalue is
equal to thenqynber of synbols in the sequence and the second value is -1
55. A hefdef™&tcording to any of clains 50-54, wherein the sequence is of

Maxi mum | engt h sequence type. 56. A nethod of deriving a conplex conjugate
for a synbol sequence conprising the steps of:

5 35.  Ananalog space-time relay method according to claim 34, further comprising
the step of negating odd numbered symbols of the complex conjugated reordered second

symbol sequence.

36. An analog space-time relay method according to claim 35, further comprising
10 the step of reversing the order of the even and odd numbered symbols of the complex

conjugate second symbol sequence to form the second signal.

37. An analog space-time relay method according to any of claims 32 to 36, further
comprising the step of encoding the first and second signals using Alamouti coding

15  prior to the respective transmissions.

38.  An analog space-time relay method according to claim 32, wherein the
information signal includes a first training signal and a second training signal, the
second training signal being a negation of the first training signal.

20
39.  Ananalog space-time relay method according to claim 38, further comprising
the steps of transmitting the first training signal over a first symbol interval and
transmitting the second training signal over a second symbol interval, the second

symbol interval occurring after the first symbol interval.



(1) reversing the order of the synmbol sequence; (ii) performng a conplex
conjugation on the reversed synbol sequence. 57. An anal og space-tine relay
met hod acwordiongi139o any of clains 1 to 49, wherein the iPaT®SGaew00028si gnal
fromthe source further conprises a cyclic prefix, and wherein the nethod
further conprises the step of renoving part of the cyclic prefix at the
relay station; and transmtting the r@&smining part of the cyclic prefix
with the first signal or the second signal to the destination. 58. An
anal og space-tinme relay nethod according to any of clains 1 to 49, wherein
the information signal fromthe source further conprises a cyclic prefix,

and wher g4 n tﬁr%aﬁﬁgl&@% adeith O Rl FRGHOSREOE (5 LERR 38lgr sveRmiNbNg Lhe cyclic

prefix at 't he ation. enerating a Second cyclic prefix at the

I TR R L

space-tine relay nethod according to any of clains 1 to 49, 57 and 58,
wher ei n Phainfghagpel estipales & dhrwir e?%?ctrﬂ’é‘f‘m’(%ﬁ*ﬂi‘r‘ie?é(sc a4<lr t her i nf or mat i on
signal transmtted froma further source station destined for a further
destidation station.

41. An analog space-time relay method according to any of claims 38 to 40, further
comprising the step of, at the destination station, calculating a mean of the first and

second signals to obtain channel estimates for the wireless communication relay channel.

10 42. An analog space-time relay method according to any preceding claim, wherein

the information symbol is modulated using OFDM.

43. An analog space-time relay method according to any of claim 1-41, wherein the
information symbol is modulated using Single Carrier — Cyclic Prefix.

15
44, An analog space-time relay method according to any preceding claims, wherein
the first and second signals are coded using a coding matrix based on the number of

antennas at the relay station.

20 45. An analog space-time relay method according to any preceding claim, further

comprising the step of performing linear processing at the destination station.

46. An analog space-time relay method according to any preceding claim, wherein

the first and second antennas are located at the same relay station.



60. An anal og space-tinme relay nethod according to any of clains 1 to 49,
57 and 58, wherein the second synbol sequence further conprises a further

i nf or mat iwo 28iognado7transmtted froma further source staCrse2oe9vé2sed for a
further destination station. 61. An anal og space-tinme relay method
according to claim59 or 60, wherein the information signal conprises a
first header and the further informat?on signal conprises a second header,
a cross-correlation val ue obtained by correlating the first header and the
second header with no offset is equal to a cross-correl ation val ue obt ai ned
by correlating the first and the second header with offset greater than

zero. 6244Ap p%ﬁ%ﬁ% [gfr ggﬁcegﬁﬁlg ?{:jlg% R LG dRRA6 & :bf"@laigrﬁé Yo 86, viHlirein

information sig nsmtte roma sourcé station to a destination

station qve i rel ess communi.cat i .ela nnel . the apparatus

conpri si 2165 ﬁr@?‘}n\lgasef"?ri afm?nélla%&re&ﬂ?%?fﬁ% (fé%?ﬂa %{tgr%{ragépat%c?h?‘ecei ve a first synbol
sequence which includes the information signal and a first noise el enent;
and (ii) a second relay antenna configured to receive a second synbol
sequence which includes the information signal and a second noi se el enent;
wher ebn, 48he fAmr atal egrpennrtimiescley midthpd asdondmng toans pracedingiclaim, wihgigsl whi ch
is associated with the second synbol sequence received at the second rel ay
ant enna; tafrswhsisetlBmehEincludes additive noise of the communication relay channel.

49.  An analog space-time relay method according to any preceding claim, wherein

the second noise element includes additive noise of the communication relay channel.
10 °

50. A header for a frame structure, the header comprising a sequence of symbols

having a correlation value obtained by correlating the header with a copy of itself, the

correlation value being a first value when there is no offset between the header and the

copy of itself, and the correlation value is a second value when the offset between the

15  header and the copy of itself is greater than zero.

51. A header for a frame structure according to claim 50, wherein the first value is

equal to the number of symbols in the sequence and the second value is zero.

20 52.  Aheader according to claim 50 or 51, wherein the sequence is of CAZAC type.

53.  Aheader according to claim 50 or 51, wherein the sequence is of Frank-Zadoff

type.



second antenna is configured to transmt a second signal which is
associated with the first synbol sequence received at the first relay

ant enna. 08.20ppaat us for perform ng anal og space-ti mePC&lS&pomfooeEss
information signal transmtted froma source station to a destination
station over a wireless comunicationyyelay channel, the apparatus
conprising: (i) a first relay antenna configured to receive a first synbo
sequence. and r et r.anspi I I I si.gnal , the
st sytpol SdstErid Shkbe Mt RoRHIB A BRME AT iR A

el ement; (i] second relay antenna configured to, recejve a second synbol
s equencee‘i%ﬁi éﬁg? H‘(‘:‘Pg?fé)sf O}SﬁF&?ﬁﬁPwegpgﬁéﬁ segpRf ‘éﬁﬁg%@o‘ﬁd noi se el enent ;
the second relay antenna further configured to transmt a second signal
which is a reordering of the second synbol sequence. 64. Apparatus
according to claim6 1 or 62, wherein the apparatus is in the formof a
rel ay st#f.i onAdrdddrhecdriiingtto ang of eleomdSGxhf emmasindhesemed@daved at the rel ay
station. 65. Apparatus according to claim6 1 or 62 wherein the apparatus

i ncl uespasiintiglienstistdubiesygid the first and second antennas are |ocated
at separate relay stations.66. Apparatus for deriving a conplex conjugate
for a synbol sequence , the

56. A method of deriving a complex conjugate for a symbol sequence comprising
the steps of:
(1) reversing the order of the symbol sequence;
10 (i)  performing a complex conjugation on the reversed symbol sequence.

57.  An analog space-time relay method according to any of claims 1 to 49, wherein

the information signal from the source further comprises a cyclic prefix, and wherein

the method further comprises the step of removing part of the cyclic prefix at the relay
15  station; and transmitting the remaining part of the cyclic prefix with the first signal or

the second signal to the destination.

58.  An analog space-time relay method according to any of claims 1 to 49, wherein

the information signal from the source further comprises a cyclic prefix, and wherein
20  the method further comprises the steps of:

removing the cyclic prefix at the relay station;

generating a second cyclic prefix at the relay station; and

appending the second cyclic prefix to the first signal or the second signal for

transmission to the destination.



apparatus conprising: (i) a reverser for reversing the order of the synbol
sequence; (ii) a processor for performng a conplex conjugation on the
rever sed wonholo2s®quence. 67. Apparatus accordi ng to anpCefSGeim@ion®ss2 t o
66, wherein the information signal fromthe source further conprises a
cyclic prefix, the apparatus further gonprising: a processing unit for
renmoving part of the cyclic prefix at the relay station; and a transmtter

for transmtting the renmini part of the cyclic efix . a e ssage to
the dest¥nat |A&han%% Spﬂﬁﬁg%rg]gyé‘&%%‘?(gﬁ?fé’r 158 \é‘h?nyo‘f ciefllé]isrerBtO g‘g’ % J/:(;a%grs whgr ein
the information signal fromthe source further conprises a cyclic prefix,
t he appaiawbereinihe hast syobpt segrerpe fartherooaansisaya HRiher BEMHRAIoRSEREb r enpve
the cyclic prefix, generate a second cyclic prefix, append the second
cyclic prafmiteddrdrhe fomissagexce anaton dastareidtfot hrtmesdestioatvin dtatidue appended
second cyclic prefix to the destination.

5 60.  Ananalog space-time relay method according to any of claims 1 to 49, 57 and

58, wherein the second symbol sequence further comprises a further information signal

transmitted from a further source station destined for a further destination station.

61.  An analog space-time relay method according to claim 59 or 60, wherein the

10 information signal comprisés a first header and the further information signal comprises
a second header, a cross-correlation value obtained by correlating the first header and
the second header with no offset is equal to a cross-correlation value obtained by

correlating the first and the second header with offset greater than zero.

15 62.  Apparatus for performing analog space-time relay of an information signal
transmitted from a source station to a destination station over a wireless communication

relay channel, the apparatus comprising:

(i) a first relay antenna configured to receive a first symbol sequence which includes the

20  information signal and a first noise element; and

(ii) a second relay antenna configured to receive a second symbol sequence which

includes the information signal and a second noise element;



10

15

20

WO 2010/021597 PCT/SG2009/000285

79
wherein, the first antenna is configured to transmit a first signal which is associated with
the second symbol sequence received at the second relay antenna; and wherein the
second antenna is configured to transmit a second signal which is associated with the

first symbol sequence received at the first relay antenna.

63. Apparatus for performing analog space-time relay of an information signal
transmitted from a source station to a destination station over a wireless communication

relay channel, the apparatus comprising:

(i) a first relay antenna configured to receive a first symbol sequence and to retransmit
the first symbol sequence as a first signal, the first symbol sequence comprising the

information signal and a first noise element;

(ii) a second relay antenna configured to receive a second symbol sequence which
includes the information signal and a second noise element; the second relay antenna
further configured to transmit a second signal which is a reordering of the second

symbol sequence.

64.  Apparatus according to claim 61 or 62, wherein the apparatus is in the form of a

relay station and the first and second antennas are co-located at the relay station.

65. Apparatus according to claim 61 or 62 wherein the apparatus includes two relay

stations and the first and second antennas are located at separate relay stations.
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66.  Apparatus for deriving a complex conjugate for a symbol sequence , the
apparatus comprising:
1) areverser for reversing the order of the symbol sequence;

(i) a processor for performing a complex conjugation on the reversed

symbol sequence.

67. Apparatus according to any of claims 62 to 66, wherein the information signal
from the source further comprises a cyclic prefix, the apparatus further comprising:

a processing unit for removing part of the cyclic prefix at the relay station; and

a transmitter for transmitting the remaining part of the cyclic prefix and the message to

the destination.

68. Apparatus according to any of claims 62 to 66, wherein the information signal
from the source further comprises a cyclic prefix, the apparatus further comprisiné:

a processing unit configured to remove the cyclic prefix, generate a second cyclic prefix,
append the second cyclic prefix to the message; and transmit the message with the

appended second cyclic prefix to the destination.



