1 ANALOG SPACE-TIME RELAY METHOD AND APPARATUS FOR A WIRELESS
COMMUNICATION RELAY CHANNEL CROSS-REFERENCE TO RELATED APPLICATIONS 5 The
present application/ig e of two patent applications claiming priority from (S Srcreisionaspatent
application no 61/089,617. The present patent application relates generally to space-time coding,
whereas the other patent application relates partigularly 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. A{gelid!dpeiRlbrAe site Ivapneiib B AIRpahic saUbiRBRANNIqUES ffom
the respective two patent applications. FIELD AND BACKGROUND OF THE INVENTION 15 This

invention relates to an aRgiRg FRARECHMNAIAIESTRIR IEINPE a3 favBIwireless 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; i be Sdecedeanddoryad! (OND) seremeAgrodigital domain processing scheme that has
been shown to remove noise at the relay station, although it demands intensive signal processing at
the reley nodes. The DNF scheme WO 2010/021597PCT/SG2009/009285 2 has also been classified
as a "regenerative" relaying scheme where the signal has to be "regenerated" for transmission. The
signal receiurchadsthe sehalatian dhemfthe sawcesispiiesticrdckithinp ereetydismrgpresent in the
decoded signal, these errors will be propagated from the relay station to the destination. 5 In relation to -
analog sigpadarasesyngschphesidnec aiiptycaid ThewasstntAdstient spmiicatmogekgheme that is very
simple, but has shown a disadvantage where noise collected at the relay is amplified and transmitted
to the destinaéealialongadittihe delirgd-digral. the Ahatipetontapoli pridoreintgs redajimtaiould be to use
a distributed space-time coded (DSTC) scheme where higher diversity may be achieved than that of
simple ANFoaheiRage oD GG ccpreireinfie tecmbrhesingwittedrin e weBR T ettie PRESMDSTC however
suffers from the same disadvantages as that of ANF or DNF i.e. when implemented using ANF, noise
collected ashbomtlaysisrarmdifieddentisiransiflicecrobeassd witbgnathsrpther, although it is

‘equally possible to construct systems which combine technigues 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



15and 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 wlaygmmethrdand apparatus which addresses at least one of threpratdesmsootihe prior art
and/or to provide 20the public with a useful choice, WO 2010/021597PCT/SG2009/000285 3
SUMMARY OF THE INVENTION In a specific expression of the invention, there is provided an analog
space-time relay method for a wireless communication relay channel, the wireless communication
relay 5chhnnelsinbredintpfiificd nd s &aganeratine Aretanag seremgsdheserdiagieraitiariedion signal
transmitted from a source station to a destination station, the method comprising the steps of (i)
receiving ‘étffﬁ‘@li@”yﬁﬁ@’bf@éﬁ%ﬁ?éésﬁﬁﬁ@ﬁ%@éﬂéﬁ%ﬁi?@ﬁﬁé}hﬁéﬁiﬁgﬁmg%ﬁb%%%mprising the
information signal and a first noise element, 10(ii) receiving a second symbol sequence at the second
relay antéﬁﬁé?@ﬁé%%W&%?ﬁB@P?éﬁHé?ﬁE’étéBﬁg’ﬁr @dﬁgeg‘rﬁﬁ}rﬁ%ffﬁﬁr?@@ﬁéﬂ’ a second noise
element; (fii) transmitting a first signal by the first relay antenna, the first signal being associated with
the secorfBAEBEAEidhe solateRiien dp the JeUIFPBlay antenna;  (iv) transmitting a second
signal by the second relay antenna, the second signal being 15associated with the first symbol
sequénce received at the first relay antenna. In one variation, preferably, the second symbol sequence

includes a complex conjygate of the informatign symbol, and m tgod finst mprises the step of
negating W@Sﬁ?ﬁlé&%@#}%ﬁ@% Pfﬂ‘éeﬁﬁ%?rﬁ%@%éy?‘ﬁﬁom{g@rﬁ% X gﬁgfs?%m}.s The method 20
may further. comprise the step of combinjing,the negated,.complex conjugate of the,information signal
and the fi%@%%FSBF@ee Eie 5o W\gﬁ%ut%}éaﬁrsgfosglvgnn% .%ge]‘})ar??ce Yod r??g)}l ﬁ?&%oﬁlceg%%%rise the step
of combinig (e s A A8 P YRRl A2 S ACE A4, aRIAIN a8 SRR 4R0RLa sigma.

10  Another way of performing relaying would be fo 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.



WO 2010/021597PCT/SG2009/000285 4 Advantageously, the method further comprises the step of
encoding the first and second signals using Alamouti coding prior to the respective transmissions. The
first expresswo maydhesemployed as a training scheme and in this case, thecinvkamediconzymbol may
include at least one training signal and the method may further comprise the steps of: encoding the
first and second received symbol sequences using Alamouti coding to obtain the first arid second
signals for transmission by the respective relay antennas. Preferably, the method further comprises
the step okgh g destinptanSiRignnrgRting 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. |n a second variation, thef'nformati n syrqbol may include
two conseSuthESHHbBIE 8 LT LGRS PRY ?%8’81&8?18@ ﬁ%’&ﬁ‘ﬁ%&hﬁ & & combination of

the two consecutive symbols and the second s{ymbgl Sei:r.lt nce. n?g includ%ﬁamqlitfer{er&ce of the two
consecutivE SRS & KA ESTER AN MEIRY ST RS KB HsaE he Steps 410 tomBining the first
and 20 second symbol sequence for deriving the first signal for. the first rela tenna; combining the
first and s&(%&ﬂﬂ%&?ﬁgﬁs%% éﬁ% Séetcﬁwné srglcgnadl?% afllsan %nr%cg #grraigﬁvilﬁé&t%%%%nd signal for the
second relay antenna. Th ethod may further co ise the %{bg é%ggagcg com ined first and
second symg’&%]s%ﬁffgﬁlégg g S\?\%&%ﬁféﬁ ?Lg%%ﬁ%&%%%% 2%% 5 Alamaouti coding to form
the first an#ése%on%ls,ignals for transmission by the respective relay antennas In a variation to the
training sc en’?e?pt%e information symbol may include at least one 5 training signal, and the first signal

includes a @?g RIEL %ﬁ%ﬁg%?gg% el sequeRas faeehadakicsereagipiaxanianea. The

method m fther (,gompns . re- transmitting the first symbol seéquence by the first relay

anterma atc% ﬁ%@s%%ﬁ%eﬂﬁmg{%@@ggﬁr‘@ﬁ@% mm%s@%@e first signal. The second signal may

include a negative conjugate of the first symbol sequence received at the first relay antenna. 10

Prefergbly, Hj%@&@?&?i@@%&@%ﬁ%ﬁ the,sleR af fe-tapsmitingdhesacendsysmbaelsapuence by the

second relay antenna’at a symbol interval different from the transuiission of the second signal. The

method may, fudher comRKse Hheisterekia thedesinationstlione epaaiing the first and second

signals to obtain channel estimates for
(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.



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 chanmab estamaies for the wireless communication relay channel. 2@ & strait@mass/e 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 fu#ther comprise the step of transmitting a negative
conjugate of the second symbol WO 2010/021597PCT/SG2009/000285 6 sequence received at the
second reladydaprétasausintethi athodriydhén tormatiseh éhfir stemeaf) dvecifims thi e torer sadond th symbol
interval. The method may further comprise the steps of, simultaneously, transmitting a negative 5
second syniisBrkdiimhdaBPHiecodiemprien 4y thansapectve tnsissiopmbol interval and
re-transmitting the second symbol sequence by the second relay antenna over the second symbol
interval. The second signal may include the negative conjugate of the first symbol sequence is
transmitted gver the third and fourth symbol intervals. 10 In a third variation, the information symbol
may include B/ERtRISET.of SmikesTaer it hicirdrina sy iamA ene dhibireshetitep of combining the

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

AdvantageSHSRPAHRARGIRG T et AOrATEe freiningsignahapdiths mendmanafaniecond signals
using Alamouti codi rior to, the respective transmissions. As a further training scheme variation, the
method ma@ﬁ?f?ﬁé’r%%%fﬁ‘?s%fiﬁﬂ%ﬁg By ARG KA SV SARRSrEd8iRences to form

the first signal andﬁtralasmitting}the f'rstﬂsi nal over a first symbol interyal. Preferably, the method may
20further COMPISE (s SYB 5% R i Efqtﬂlé FRACL SR AN AFRGTRIRE B R ERReFee

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 seguence may include a difference of the

two consecutive symbois.

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

deriving 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



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 W020101024597PCT/SG2009/000285 7 fourth symbol interval PCisS&rethooorsay further
comprise the steps of, simultaneously, combining the first and second sequences to form the second
signal, obtaining a complex conjugate of the secosd signal, negating the complex conjugate of the
second signal, and transmitting the negated complex conjugate of the second signal over the 5first and

second symiag]intecvaiss R eferabiy, #he SeraRdRigngh isdtransamitietuvebitadhigpayinbol interval. In
such a case, the methO(fmay further comprise the steps of negating the second signal and

transmitting;the.prgated 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
destinatiorstatiatatihietontib adinompeising, thtHeftepsioh sfedeivipignal fidstaéyeabiotsequence at the
first relay antenna and the first relay antenna retransmitting the first symbol sequence as a first signal,
the first symhialsedpencaddhepfisinggin infbilatierceigngitarnd thiisscomisehartaquencyii) receiving a
second symbol sequence at the second relay antenna, the second symbol 20sequence comprising the
informationesigined anitiassecohtehyiseteiomaht nithpdmavifither seaongedimarbyfnesecond relay
antenna, the second signal being a reordering of the second symbol sequence. WO
2010/021597RETRE 2e0E0enabsl gequence 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 2 symbol interval different from the
transmission of the second signal. The method may further comprise the step of, at the
destination station,l 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



The method may further comprise the step of obtaining a complex conjugate of the reordered second
symbol sequence. The method may further comprise the step of negating odd numbered symbols of

the complexwenipgaieggeordered second symbol sequence. 5 Preferably pihgdaeihatoiaggher
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

wansmissiqns 400 Ansven b eLyARRlian Indisdraling aghemen diaforinalign signal may

include a first'training signal and a second training signal, the second training signal being a negation

of the first @9@9@&%&@@%%%@%@%@%? steps of transmitting the first training signal

over a first symbol interval.and transmitting the second training 15signal 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 fon, g ikl 955,CRRIBUAIERHNE felay-phanemTimeaathodmaw el comprise the step of,
at the destination station, calculating a mean of the first and second signals to obtain channel

20estimates:fonthe wiselesseamRBYRicaemmEIak g hanieh Hai B HaxXRIeSSIDRsavdl the variations,

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

be modulatedsinaifingladsanial sy@yelieddtrtice ByRtrfesakly e fitgeans sesanessigndls are coded
using a coding matrix based on the number of antennas at the relay station. The method may further

comprise thestep piaehioTingdindaiprdcessinglatitb destinatangiation obthbafitst and second
antennas may be located at the same relay station, or at different relay stations.  The first noise
element or shelssicaaddanotss atementihayeinbkitérd ddifieunbisgrtbdhmtbBrelsmmunication relay
channel.

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



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 transmitting the
remaining paroQbibexyelic prefix with the first signal or 15the second signattosbmaestinsgion. 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 statior 26generating 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 destiatian. W1 20400219 ARGHISEAPARHEP2REpHAN e ftgisyfniohsequente may further

comprise a further information signal transmitted from a further source station destined for a further

destination sfatipning bR seaond syohoOkegskipRsRofaM tithercadnpise, abuthiginformation signal
transmitted from a further source station destined for a further destination station. 5 The information

signal may &orpriseoa;tissiheatiesana dhtgpah eyt jrifercatisiesignil gagyof dmsrsemé second
header, the cross-correlation value obtained by correlating the first header and the second header with

no offset isggnia) 4adhecioningdiciatiated atsrdirainsd dyeati etathegriheifinel aver the second header
with offset 10greater than zero. In a third specific expression of the invention, there is provided a
heades for afrpme sicusiuremtiodingadalscomprising a sequence of symbols having a correlation value
obtained by correlating the header with a copy of itself, the correlation value being a 15first value when
there is no offset between the header and the copy of itself, and the

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 inerval.
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;
(i) 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.



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 valugis zgbRz 3g6uence may be of CAZAC type or Franic-Zadoff typgysdiecseassgnce 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. 11 In a fougth specific expression of the invention, there is
provided a method of deriving a complex conjugate for a symbol sequence comprising the steps of:

(DreversingHaerettied akinrsyekohaatiahesidp(baifamiing asomplexganigation on the reversed

symbol sequence. The present invention also relates to apparatus or device for performing any of the
above disaussédaheibadsspmiiul sequbicts. drkedasttividad4n fhetprefenipt smkagiment(s). For example,
certain features maybe implemented on a integrated circuit used at a relay 10station. Specifically, in a
fifth specifircgxfingssio nuohbkedsientiols, dhitvecsnyrizxdedjagpadatta-derededarndsgniindlog space-time
relay of an information signal transmitted from a source station to a destination station over a wireless
communicstiremetay channel, the apparatus comprising: i) a first relay antenna configured to
receive a first symbol sequence which includes the 15information signal and a first noise element, and
(i) 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 Rbterehtyadsosithed Wirkheneapos Synskn sbtpyentiag deemddrarfthe semornd relay
antenna; and wherein 20the second antenna is configured to transmit a second signal which is
associatedPdRURE Fedtssyrhpl ehasnerrtec eprdecatanecanst sumiohneanmee fn Brixthespecific
expression of the invention, these is provided apparatus for performing analog space-time relay of an
inform atioﬁ%@%ﬁiﬁﬁﬁs%ﬁééew@ﬁﬂﬁaéfoﬁ%}éﬂ 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

L
t

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.



WO 2010/021597PCT/SG2009/000285 12 station to a destination station over a wireless
communication relay channel, the apparatus comprising; (i) a first relay antenna configured to receive
a first symbglgeguanegand to retransmit 5the first symbol sequence as apfirstaignakdggirst 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 10symbol 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 pidhe:splavstatianatn sheAltamativatbsRBRARILS A NElude fuRelaystations and the

first and 15second antennas may be located at separate relay stations. In an seventh specific

expressionphiber Dy eitianadhetBd sadp vislesh amapparabdsfay datingompARIHEXcaNigate for a
symbol sequence , the apparatus comprising: (i)a reverser for reversing the order of the symbol

sequence; oy piptassppiocReniorntng Renmplexseaniygation on the reversed symbol sequence.
The information signal from the source may comprise a cyclic prefix and the apparatus may further

comprise : WO 2010/021597PCT/SG2009/000285 13

The first and second antennas may be located at the same relay station, or at different

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 transmitting 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.



a processing unit for removing part of the cyclic prefix at the relay station; and a transmitter for
tran,witting the remaining part of the cyclic prefix and the message to the destination. 5In the
alternative, thep@ppaeaissy may comprise; a processing unit configured to renoxe theoyetss prefix,
generate a second cyclic prefix, append the second cyclic prefix to the message; and transmit the
message with the appended second cyclic prefix tpythe destination. 10 It can be appreciated from the
described embodiment(s), that the method and apparatuses: requires little signal processing at the

relay (as oppasedio digitalpresessing meassisigniicantiviowerimalempe siatianeasiseead power

consumption 15 only requires linear processing to achieve maximum likelihood decoding the flexibility

of deploying githermnbipie.aRienRnas althedelyarades: aedmdtiplessingle-gntapsnelays. If OFDM is
used, it offers the following advantages: achieves complete mitigation of ISl in the relay channels 90-

only analogsflapilisepresessing fediredabiie setaytenhnfneatidecogdisigreguiteedai-theadestination
WO 2010/021597PCT/SG2009/000285 14 BRIEF DESCRIPTION OF THE DRAWINGS
further source station destined for a further destination station.

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 corfclating 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 foset 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.



By way of example only, one or more embodiments will be described with reference to the
accompanying drawings, in which: Figure 1 is a schematic drawing of a communication channel

having a sougsBskabegy D, relay station R and destination station D, accosingid a9 66ag8pe
embodiment; Figure 2 is a schematic drawing of a transmitter for the source station of Figure 1;

Figure 3 is a schematic drawing of a receiver for {he relay station of Figure 1; 10Figure 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 {ifeuih cpesifitisigrbiatoahemnelafdnigst elsre is FigWR O ixafliow siagmmoh a channel
training and estimation method used in the flow diagram of Figure 5; Figure 7(a) is a schematic

drawing ofcarfrpime @htfighisef@cceydibgl dhenexanpieismbodisento?0Figure 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 metkidd of imvptemetiteng S 3T Heayarbissiequusdag the frame structure of Figure 7(a);
WO 20101021597PCT/SG2009/000285 15 Figure 9 is a flow diagram of a method for deriving a

cyclicprefix accofding tpdifermmgrpiemplbodimggttion on the reversed symbol sequence.

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 séquence 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



Figure 10 is a flow diagram of a scheme for inserting cyclic prefixes according to the example
embodiment; and 5Figure His a flow diagram of an alternative scheme for inserting cyclic prefixes
according teiheoexampte embodiment. DETAILED DESCRIPTION OF THERPREHERRED
EMBODIMENTS 10 Figure 1 shows a communication channel according to an example embodiment.
This channel consists of a source station/node, 119 (5), 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 antenngeribadol 2 dednin ainasebivoess wilbRssusechioh caauRYBisation,A0ddhe proposed analog

space-time coded (ASTC) relaying schemes is 15then be carried out on the selected relay in a
straightforwgidrmanoehpisp 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 applie@Ye fsividapnhsiembaterdigrbdcocebsee e SEnHRINQaS VMR to retransmit
2010/021597PCUSG2009/000285 16 Figure 2 shows an example transmitter for the source according

to the Exantipeientyodinienquttivern OFRM stousk thagitbesmasill stigi-teehnigydsieBM symbols
consisting of N words each enter the module 202 where an N-point inverse discrete 5 Fourier
transform (ln@EMpidomwigns! el frégstendyeddenaintsignals 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 & Sg¢abdrslaraitryzs ehaftgothdléo 20 bare passthsytdivishhangesthibh During a fitSt
symbol intervals t,51 a first symbol denoted x1 leaves the LOFT module 202 and the switch control
210 directsix¢lgdesibninfsamation sippal apthbobson riviss stainensafad eb¢onsexiblyconuerter 212 and then
to a module 214 where cyclic prefix insertion is performed. The symbol xr with the cyclic prefix instated

is then tranS¥ihee 015 88TRE 0 Eanstait esesfomb signnlcwhich 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 :



During a second symbol intervals ts,2, a second symbol denoted x2 then leaves the IDFT module 202
and the switch control 210 directs x2 to the processing unit 204 where signal conjugation is performed

by the sequgnRssyigrRsdesing unit 206, the resultant then negated and conjpgaiashi ifag269njugation
unit 208. The conjugated symbol x; arrives 20at the parallel-to-serial converter 212 and then to a

module 214 where cyclic prefix insertion is perfor fd- The symbol .7¢,2 with the cyclic prefix inserted
is then transmitted using the antenna of the source” 17 Alternative embodiments can have a switch

conrl Z10,Rh BTSSR ARl SR R bl cugn ymbol ar

directed to the processing unit ure OWS a teceiver tation D of Figure 1.

It can be implemen [ k 0 fr C ircuit, or.after.the analog-tp-digital
converter (ADC). Intc%t?eﬁl)gt%;&;{ %%é@%%%%@;fﬁ%%ﬁ %(ﬁ%%{(gg%f I%I?ee%g%l%an%ﬁ’iﬁsgs ec?&ency. The
symbol seqygnesiti8iox and x.s, ) transmitted from the source is received at the antennae of the relay
station over two consecutive symbol intervals tR,i and tR,2. 10 During iR,t, the signalsand rR,23 are
respectively received at the first antenna 302 and the second antenna 304. Signal rzti is sent to the

first delay unit 330 where the signal rR,11 is delayed for a time period of tp, where tp is the duration of

one OBDMIsy MR iRe2bpararRtiahy gad delay unit 332 where the signal rioi is delayed
15for a time period of el). During tR,2, the signals r.R.12 and rR,22 are respectively received at the

first antenngR02-atkthei seconshatennan30d 1Riapalisdiiis %@ﬂér%@etQ%J&@cPE9EE§?t'&‘}%‘nit 306
an

where signal conjugation is performed by the sequénce re-ordering unit 308, the resultant then

20negated anerebmipigaiatiayiie senjugatienisni.3dOmtherasuitany slonabiswignal rR,22 is sent to
the second processing unit 312 where signal conjugation is performed by the sequence re-ordering

unit 314, theppesddihntdhreh gehijtgattdtbyih éestination.

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



conjugation unit 316. The resultant signal is rit,” 18 A time period of tp is taken for the fast processing
unit 306 and the second processing unit 312 to respectively produce signals - 1'12 and 7122 . After tp,
the delayed gignak§f21597and the signal 75, is sent to the first combiner unig: A ARHEOPN operation
is 5performed to combine rkii and 71:22 to produce ul, i.e. uj = rjul The delayed signal of rR,21 and the
signal - r;.32 is also sent to the second combinerRkJ it 322 after T_D. An addition operation is

performed at the combiner unit 332 to combine r

.21 and - r,2 to produce u2, i.e. 142 =1t21 -17? 10

- The signaléﬁm@ﬁ.gﬁgﬁ;r@%@ﬂEW@transmission from the relay statio in the form of -

F141122 ITT-"7U0 " _

10

15

20

By way of example only, one or more embodiments will be described with
reference to the accompanying drawings, in which:

Figure 1 is a schematic drawing of a communication channel having a source
station S, relay station R and destination station D, according to an example
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;

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
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(2) is a schematic drawing of a frame structure according to the example
embodiment;

Figure 7(b) is a variation of the frame structure of Figure 7(a) in which there are
two or more fraining sequences;

Figure 8 is a flow diagram of a method of implementing ASTC transmission

using the frame structure of Figure 7(a);



,_-)221Y22  in this case is Ala_mouti coded and the symbols yii and yr are transmitted from the
15first antenna 302 of the relay respectively over two consecutive symbol intervals 1R,3 and tR,4. The
symbols y2 L. yi,@gdransmitted from the second antenna 304 of the refyxasRBSHyelsover two

. consecutive symbol intervals tR,3 and tR,4 Figure 4(a) shows a receiver 400 for the destination station
D. The received signals are 20 converted to the qti)%ital 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 int -point vector. An N-point DFT is then 19
done in 410 on tﬁzl%lf gi)h v &‘83 I(E:%Tnavﬂénl%nagr?ﬁég t?frglre'}l Hﬂlgﬁ}as?/n%[ﬁ% 3 %ﬁgaﬁcﬂlé%n tr?cy
componen,&?é (étxhﬁriel %ﬁ(i)r@ati%,ﬂz is then ptaormed with the aid of the header sequence and
training sequence Whife the detection unit 414 performs the signal detection using linear maximum

likelihood detectign an r-s, [ [ rnativ ofolell i can use
SC-CP as the m(?gﬁiiarﬁgf %grﬁl%l%{é% w ??ﬁ gg@%%%ﬁﬁvéﬁgg&g%%%%g o%ﬁrfgérg t%%osgé)u% (1DFT) can

be perforqg%fgg&%gaéﬂg agtionis,gone in the detection unit 414. 10Figures 4(b) shows an

alternative receiver 450 for the destination. The received signals

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 | shows a communication channe1‘ according to an example embodiment. This
channe! consists of a source station/node 110 (8), 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.

Altemative embodiments may also have more than two antennae at the rélay station.



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 regrgsigsiA56 then performs a left-shift on those symbols thatywers jsqiifgsed 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-subcanier basis. 20 Alternative embodiments of Figure 4(b) can use SC-CP as the

modulation_teel hich ¢ te F b -footled
et A e e e R T T Ml e
PCT/SG200 80285% Wheﬁ'@m@ SheWsA f;ﬁ&gﬁﬁgﬁ@%&%&%&a@% dingdostie example

embodimeRt. The frame' structure comprises a a training sequence 704 and a payload

sequence a4 s§ﬂtm &, RRAdSI 215 A uPiUS, WA SRAUSACE Whiehiidahr-iseskiospacket detection

and frame synchronization. This unique word sequence will possess the following properties: A

constant agplitude. 13 A opef-ayia:earelationdieReivdL e deadeisadurncdMah has N

samples, i.e., 77 = .A7 w , ideally, it should have the following property:

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 £g; 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 x; 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.



w(n),,t7(71 sNH' Lo ,otherwise The above represents an autocorrelation operation, in which the AT,"
sample long header sequence (i.e. w(n) for n =1,. -, NO is correlated with its conjugated and

cyclic-shiftegh §5yespiaR.6-€. we (n) for 71 = 1, k represents the sample offgetrkeivienpvihes header
sequence and its. conjugated and cyclic-shifted version, and when k = 0, there is no offset. w(n)

represents the n-th symbol in the header sequence, where n=1,- . When (iz+k) = w(n k) represents the
(n+k)-th symbol in the header sequence and when' (n+k) >./V"), x;(71 ED K) represents the

(n+k-.1\r",)-th symbol in the header sequence. 20 The h r sequence, can be chosen to be the
CAZAC setiEmas s e ﬁ}%tiﬁ%ﬁ%gﬁfgﬁ&g cf’f%?(%ﬂ@?@ﬁ%coé’ %ait?ﬁ?g}h ﬁ%cé}n&%%%nce is the
maximum length sequence whi as .constant amplitude and the following auto-carrelgtion property:
L-1, otheﬁ?ﬁ%&f%@%@%ﬁ@wﬁ?l?gﬂém%%g ﬁégrtngeggagké%%g%ﬁl%%tt%%ing 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

LR S/ DRI 6358 ARy RN A S SE O fLDBIlMRdro ng

sequence and the payload information sequence 710 follows the pa ader sequence 708.

The %V'O%ﬂ%‘%ﬁlﬁ{ &%%&B%eaggnwf@f&iyéﬂra{mm@tmm@%ng.@e&%@@tb&raaae@ad information

710. The pay header 708 may also include the error control coding Scheme, coding rate,

modulation £6j8Mme RaMac- il MBI OGN, Qlcked 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 fz; and #z2.

10
During #z 1, the signals rg 1; and rg; are respectively received at the first antenna 302
and the second antenna 304, Signal rg1; is sent to the first delay unit 330 where the
signal 11 is delayed for a time period of 5, where #p is the duration of one OFDM
symbol. Signel 7z is sent to the second delay unit 332 where the signal 7z 21 15 delayed

15 - for a time period of tp.

During ¢z, the signals 7 12 and rra» are respectively received at the first antenna 302
and the second antenna 304. Signal 7z 12 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 rz 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 7y ,, .



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. w%%mi.ft]li;g?dvantageous for the frame structure 700 to 20e e %gﬁgection,
frame boundary synchronization, training for channel estimation and decoding at the destination to be
implemented in digital domain.. WO 2010/021597RCT/SG2009/000285 22 The frame structure 700
also enables the passing of essential payload information for packet demodulation and decoding. The
frame structure 700 may have the advantage that as the training sequence 704 precedes the payload
sequence 706, ASTC transmission with channel parameters estimated by the training sequence 704
can be 5applied to th 0 i i i$SI iability. Figure
7(5) show A b s e e ore raning
sequences 754, 755, This embodiment may have the advanta implifyi ; cy
synchroniz&ﬁgé Hé%é%%’%‘ﬁi‘q’%%‘é%%.ﬁlgﬁgl_ Se_f\/ifﬁzo?%r%oﬁr‘gz '1%%%%%%%{% é%%%%%ﬁ?% results in
a frame structure 750 with a periodic training sequence. This permits the frequency error to be more
easily estimatedust tesishal) statibreemdodbstiiatierminegisinicdith Hp addifiee ePPrEHORdS shows a
method of implementing A.STC transmission at the relay station 120 using the frame structure 700
according t eﬂ?&ﬁéa%‘)&eﬁ@&kpﬂjm%ﬁa In.8G2 ek sletastion-and frame synchronization is
performed to detect the arrival of 20a pac]%et at the relay station 12’6, 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 structyre 700 and the relay. station 120 receives.the header
702 at both HHE BV EUH e e TE 2ht o0 ent e pecand eons B B

322 after T_D. An addition operation is performed at the combiner unit 332 to combine
. L
rpo and — 7y 1, to produce uy, L.e. Uy =g, ~Tpsy -

10

The signals u; and u, can then be rearranged for re-traﬁsmissi‘on from the relay station

Yz[%l ylz}z{% u;*}
Yoy Vao U, —u

Y in this case is Alamouti coded and the symbols y1; and y;» are transmitted from the

in the form of

15  first antenna 302 of the relay respectively over two consecutive symbol intervals #z 3 and
fn.4. The symbols yo; and yy, are transmitted from the second antenna 304 of the relay

respectively over two consecutive symbol intervals fg3 and tz4.

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



23 Packet detection and frame synchronization at the relay station 120 may be performed using a
matched filter implemented in the analog domain As the header 702 of the frame structure 700 has a

good autoco‘gysl%il(mﬂ@gerty, an obvious pealc (or trough) at Sthe output pi{he-nateheskiilter 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 perfouus training signal encoding using the training signal 704 that is
received from the source 110. The purpose of trai?ﬂ?ng signal 10. encoding 804 is to enable the
destination 130 to estimate the channel state information (CSI) parameters. These CSI parameters will

then be usetPifaA HEed iR QiiRaiRhTiedsn SHYRR B Al fen g SARAR SIBROL &M BDS. Following the
training signal encoding 804, ASTC transmjssion 806 can then be 158per_formed,to encode the

received payiIHASEGABREBSR ShePREhfSTMAtOvAT this S RAMEREET thdhfididPhd Eteps of channel
training signal encoding 804 and. ASTC transmissjon, 806 may be implemented using .any. of Coding
Sehemos T IPECCHB ST B T g S B2 BEG Eb g Eteme 1
Figure 6 sh s%methodl.of channel trai?'n . nodd Q’m tion according to the example embodiment.
This permitg%?g @&f?ﬁ%ﬁolﬁ%ﬁrtﬁlﬁlﬁl%eﬁkgaﬁ% |n?g3rr%%aﬁ)c§1n°(8§?fr fﬁfa?na%}grrs %Sﬁs,l, hp,, that are

requiregi for decoding at the destination. The CSI WO 2010/021597PCT/SG20091000285 24
paraméters are obtained using a training structure and channel estimation protocol that requires only

analog procgﬁgli,ﬂ i‘% te@n B%ﬂ&ﬁ(eﬁrt?t&?%‘igure 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 ths 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, ﬁ‘ame 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.



In 602, an information symbol represented by x is arranged for transmission from the 5 source. x is
chosen to have a symbol value of 1. A symbol sequence w representing the training sequence is

formed Whel‘\%&lzﬁlk%n 760‘4, the source to'relay Ilnk‘ |s'act|.vated. Thg sourl];eer/gré %{i%ztgge symbol
sequence w over a symbol interval ts,r,). This transmission is done using the single antenna present

10at the source. In 606, the symbol sequence transmitted from the source is received at the two
antennae of the relay station in the symbol interval9tR,r,At the first antenna, the symbol  sequence
consisting of the signal 7.1,R,T. is received. At the second antenna, the symbol 15sequence consisting
of the si gnardRRsTustureceived. = fits + na.r r2,rer.7-= 112.6 + is the channel coefficient between
the source node and the first antenna at the relay node, while h2,8 is the channel coefficient between
the source node and the second antenna at the relay node. ni,T represents the additive noise present
at the first 20antenna. n2, T represents the additive noise present at the second antenna. WO

2010/0215FipeT K6 shosrcolsss 35 1 epd0treidinel tadhe exeasly PRPPEBIPENERR st antenna and

r7,7t, T from the second antenna can then be arranged for transmission from the relay as Y. Y can

preferably HERGERTHHEREBPES iR PIa0TH A2 Refning sequpponf94rend a payload sequence
5 706.

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:

Zw(n)w* he@k)=

n=]

Ny {NW =0

0 ,otherwise
The above represents an autocorrelation operation, in which the ,, 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 k& = 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) > Ny, w(n @ k) represents the (n+%-N,y)-th symbol in the header sequence.

20

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

sequence.



5In 610, the symbols yij and y12 are transmitted from the first antenna of the relay respectively over
two consecutive symbol intervals tR,Ei and TR,T3. The symbols t1 and y22 are transmitted from the

second antgppa g deiay respectively over two consecutive symbol intgirglsdhibo@asksitts. 10In
612, the symbol sequence transmitted from the relay is received at the antenna of the destination over

two consecutive symbol intervals tD,r,i and tpin. At the destination, the symbol sequence consisting of
signals rD,T,1 and DAT:2 are respectively received during the intervals tD,T,,i and tD,T;2 and can be
represented as - hD.I'(LR,ThD,272.R.T I11D,3 r2*.R, T 15hai is the channel coefficient between the first
antenna of the relay station and the destination, while hD,2 is the channel coefficient between the

second antenna of the, relay station and the destination. 'OLD and 172.D respectively,represent the
additive noigs‘éog%%é é%eti%rtiéhe é%agéﬁf?#?ﬁ%Csﬁglﬁa%%%mﬁ%giﬁéie %ﬁ%‘%#ﬁce“l 4 ehiﬁ%)slllation (CSI)
parameters hp,L, hp.2 characterizing.the. product channel are thus be estimated from 7j71 and rD,r,2.
WO 201016%‘*1)%@“;1 %@Fﬁ%‘%ﬁﬁ%%%@é’?‘g% ‘#?ﬁ?ﬁ?%ﬂﬁ?ﬁlﬁ '8(hD,1111.71112.2n2,T +Vis)
12D.1/4.s -110.2ks 64- (}74.114.1 hp.,ntr{/zj\lp) F=0

Z W(”L)Wﬁ (n ® k) = "

- -1 ,otherwise
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..



hP,1 +171,D Alternative embodiments can also use in 602 an information symbol value ofx = -1, in
which case the values of rn,r i and ra7,2 should be negated. Alternative embodiments 5may also
repeat the cw%mﬂg@g and estimation of 602 to 614 multiple times. InI;Eils/ oli§.ghannel state
infoiniation (CST) parameters hp,i, hp,2,may be taken to be the mean of the multiple channel state
information (CS!) parameters estimated. ASTC Transmission using Coding Scheme 1 10 Figure 5is a
flowchart which provides an overview of the ASTG4ransmission. In 502, two information symbols

represented.by x2 and x2 are_arranged for transmission from the source. x| and x2 may be from the
payload se%&g#éé“%%‘b %@%%%%%& FI0L EsTiiRbeRsloR R BRaEOR Bhtained as x; xi

and x; are t r to form the syimbol.sequence w. In , the source to relay link is activated.
The sou rceﬂ%ﬂﬁzé%ggog\%ﬁ%oaggr%ggﬁf?\% i?/?n%%?ﬁlfmg ?&%@Iﬁm%‘.’itﬁ‘?@@ﬁ‘?ﬁﬁe’seq uence w.
The symbog x3Jsransmited | nd x:.is transmytted in t5,2. This trapsmission is done using
an antenna present at t%r%& §(§u(|i({:-1]g%%37ﬁﬁa ggg?%ﬁ%%fn‘%%%@ﬁﬁ%%@é}etg@r‘é‘%}ga from the source is

received at&g%gg%@ﬁ%a&ﬁﬁg%gﬁye%%tgg&ggt%tF\;vg?g r%?’??“ﬁ%% %%%Q}dgtgrv%[cs tR,iand tR,7.

At the first antenna, the symbol sequence consisting o are réspectively
5  applied to the payload sequence 706 in order to improve the transmission reliability.

Figure 7(b) shows an alternative embodiment with a modified frame structure 750 with
two or more training séquences 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.



5 received during the intervals Exi and tx, At the second antenna, the symbol sequence consisting of
the signals rjui and 7"R,22 are respectively received during the intervals 43 and tR,2  The signals
received by ﬂ)rﬁ)t/@gg?econd antenna can be represented by a matrix B2 MB§Bo02s5 N1.5 is the
channel coefticient between the source and the first antenna of the relay station while 727,s is the
channel coefficient between the source and the segond antenna of the relay station. nu represents the
additive noise present at the i-th antenna at 15thee%- h time. In 508, the relay obtains a symbol
sequence U by processing rp in the analog domain, where TJ = - u, hits h;8 1, X2 28 -

Packet detection and frame synchronization at the relay station 120 may be performed
using a matched filter implemented in the analog domain. As the header 702 of the
frame structure 700 has a good autocorrelation property, an obvious peak (or trough) at
5  the ouiput 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 hp, 2po that are required for decoding at the destination. The CSI



nll+ n22 ha] In the computation of it, a complex conjugate of rk,22 is computed and represented as
R, A negateq complex conjugate of rR,12 is also computed and represented as 7R,1] is then
combined Wit 72 {@.fRgn ul. rR,23 is also combined with R;12 to fOnll u2grywhgsgsibiiassrR.22 =
hiaXi 4.swro + (721 U2 rcR,21 -rR.12 =13x1 -h3(n21 - 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 Fy" y"
=ru, 24 _Y2IY22_ LU2UI _In 510, the symbols y?f‘and y12 are transmitted from the first antenna of

the relay respectively over two consecutive symbol intervals tR,3 and. tRA. The |
/ ! €. , L . y21 and y22
are transnieeEREEH e TeBA %WWP@%%%% §§%ﬂauon Tl C%l]fit\?lgt symbol

WO consec

intervals tR,3 and t.12,4. In 512, the symbol sequence transmitted from the relay i i

) : , the, y is received at the
antenna oFﬂEIé”(féé%ﬁ%&ﬁ&ﬁl%@o&\?és%@etgﬁﬁ@lg%ﬁ%%?'intervals to' and tp,, At the destination, the
WO 2010/021597PCT/SG20091000285 29

In 602, an information symbol represented by x is arranged for transmission from the
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
over a symbol interval #gr;. This transmission is done using the single antenna present

10  at the source.

Tn 606, the symbol sequence transmitted from the source is received at the two antennae
of the relay station in the symbol intervals #g 7,1 At the first antenna, the symbol
sequence consisting of the signal 71,z 718 received. At the second antenna, the symbol

15  sequence consisting of the signal ro g ris received.

Her = Iyg+my

Toge =Mos +7r
hys1is 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. n; prepresents the additive noise present at the first

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



symbol sequence consisting of signals rp,i and r2 are respectively received during the intervals tAi and
trz, and can be represented as hp,) is the channel coefficient between the first antenna of the

relay station‘gadlam&dg%&}tination, while h33,2 is the channel coefficient be}‘@%%ﬁ@/ﬁ&ﬁ%d antenna
t [ '

of the relay station and the destination. vi and v2 respectively represent the additive noise at the
destination present in the signals i-D,1 and is,. rp,:2 denotes the conjugation of r, . In 514, a product
channel matrix Hp is defined 11.P.2 h. P2 .11;1 _ 50,111/2.2 10 /1.0*hp* 1i011z1,5+ht.214,s h* h -h*

,h Estimates he infor ion symbols 3.fi and 552 n then he obtained using a Iffiest operation as H
Hp 2 %1 86%, %16 symrggf sequénces 71z r from the first antenna and , p r from the second P

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

Alamouti coded as

£ 3
Y= ]:yu y12J _ther Tarr
- *
Yo Yo er “Nar

5 In 610, the symbols y1; and y, are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals ¢z r» and #z .. The symbols y»; and
¥z, are transmitted from the second antenna of the relay respectively over two

consecutive symbol intervals t > and £z 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 70, At the destination, the
symbol sequence consisting of signals rp 11 and rp 12 are respectively received during

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

{"DJ‘JJ hpitige * hpalopr + vl.DjJ

Tora| [Mpitanr ~Hpofinr FVap
15 hp,; is the channel coefficient between the first antenna of the relay station and
the destination, while 4, 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 71 and rp 1.

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

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



where and hz2 are the channel state information (CSI) parameters characterizing the product
channel that were estimated during the channel training and estimation. 11,11 represents the
conjugate tr%r@ P85 AibP- 10 Coding Scheme 2 An alternative coding schheqe@694dingsto 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?8f the channel state information (CSI) parameters
hpj and hp,2 that are required for decoding at the destination. The CSI parameters are obtained
using a training structure|dindcha hel/estinfatibos mﬁﬁ,@ﬁlftﬁdbte’ﬁuirb&.ﬁ y analog processing at the
relay station. In 602, an infgpmati dzﬁwvﬁpellrgp{gsxefﬂggz}}y-p(}igﬁ@amggg r transmission from the 5
source. x is chosen to have a sy I vglue f 1. A symbol sequence w representing the training
sequence is formed where w = [Qfﬂh 6§M?Ehe source to relay link is activated. The source transmits
the symbol sequence w 10over a @mb*o?:imt rval /3,7;1. This transmission is done using the single
antenna present at the source.

Alternative embodiments can also use in 602 an information symbol value of x = -1, in
which case the values of rp, 71 and 7p, 7 should 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 kp,1, hpo,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,.x1 and x, are then arranged to form
the symbol sequence w.
W= [xl 3“;]
In 504, the source to relay link is activated. The source transmits over two consecutive
symbol intervals £5; and £, the symbol sequence w. The symbols x; is transmitted in
20  tg; and x, is transmitted in t52. This transmission is done using an 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 tRr.1. At the first antenna, the symbol 15sequence consisting of the

signal rt,R, T4i§ b6 rEivesh,At the second antenna,the symbol sequence congigligighfdlbgaignal r,,R,T is
received. 71,R, T =121.3 nl, T 11'2.8 111.7 his is the channel coefficient between the source node
and the first antenna at the relay node, while h2,8 is the channel coefficient between the source node
and the 20second antenna at the relay node. 7217:7 represents the additive noise present at the first
antenna. n2,7' represents the additive noise present at the second antenna. WO
2010/021597PCT/SG2009/000285 32 In 608, the symbol sequences ri,R,7 from the first antenna
andr2,R,T from the second antenna can then arra}zrilged for transmissio frogg, thetrelag/ as Y where
Fr1,R,T Y, IyD8: {iessyRophaeqaspes/spsps g? CEETEL T 8T %316{1%% MBI §it, yi2, Y13
and y14 are transmitted from the first antenna of the relay respectively, ovey four consecutive symbol
intervals tk?,‘th,hFF%' ?’i%ﬂogn%vﬁgz?f’ﬁ?oﬁﬁeecgg}‘r’ﬁt)sgfg%%?% ég?én %%ﬁ'ﬁg%%ﬁésrgitted from the

second anignna of e relayrespectvely over up Sensecule HBALIIENAIS B Urs orA and

5  received during the intervals g and fzs. At the second antenna, the symbol sequence
consisting of the signals r2; and rpoo are respectively received during the intervals 7z

and tRo-

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

10 where

| TR Trao
X, =

TRt TRz

[ &
1.5 * y B
= R X

hy g flgy o

- %

Iyoxy vy BygXy + 1y
*

| 1y 51+ Py hos%n Ty

hy s is the channe] coefficient between the source and the first antenna of the
relay station while 7, g is the channel coefficient between the source and the second
antenna of the relay station. ny represents the additive noise present at the i-th antenna at

15  the j-th time.

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

where



10 In 612, the symbol sequence transmitted from the relay is received at the antenna of the destination
over four consecutive symbol intervals tarti, in, T,2, ED,Z3 and 1°,9,7:4. At the destination, the symbol
sequence C%'%% ofsignals ra,r,i, TD,72,i'D,E3 and rAT,4 are respectively f&csiyesheideng the
intervals tati, tprzy, ta 7;3 and EQ2-,4 :Ind can be represented as 1D,T.1 ='D,1 ,RS1.=4,1115 hD.
Ar2,11,T +V: .D =;,22 1-D.7,3= hnarziza. V50 =12;11 1*"rD,T,4+V4.D =4,21 hO,1 is the
channel coefficient between the first antenna of tH& relay station and the destination, while ha, is the
channel coefficient between the second antenna of the WO 2010/021597PCT/SG2009/000285 33
relay station and the des§inal in, vi,D, v2.D,vs,D and v,,,D respectively represent the additive noise
that is present in the S|gnals i, rD,T,2, rD,E3 and rD,2",4 at the destination. In 614, the

channel state information (C par mT T haractefizing the 5product channel are thus estimated
e
2 *2 [ ]

from rn,T,i, rD,77, rA2-,3 a 1ty

1 *

W5 1.8

*

Pyy — 71y

In the computation of u, a complex conjugate of 1z is computed and represented as
Tam - A negated complex conjugate of 715 is also computed and represented as 7y, -
rr11 is then combined with r,y;m to form u;. rg 4 is also combined with r}:‘u to form U

5  where

%
Uy =TIpy +1pm
* £
=My gX; + By g%, + (”11 + nzz)
%
Uy =Tpa1 —TR12

=hy 5% — Iy gx, + (nm - 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:[y“ J’xz}=[l‘1 10, }
Yo Ym u, -4

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

10

respectively over two consecutive symbol intervals zp3 and fz4. The symbols yy; and y2,
are transmitted from the second antenna of the relay respectively over two consecutive
symbol intervals g3 and tz4.

15
In 512, the symbol sequence transmitted from the relay is received at the antenna of the

destination over two consecutive symbol intervals fp; and tpo. At the destination, the



Hp = 11P,21 4.12_ Alternative embodiments can also use in 602 an information symbol value of x = -
which case the values ofrD.T,', rD,T,3 and rD,T,4 should be negated. 10 Alternative embodiments can
also repeat {9, shanngidraining and estimation of 602 to 614 multiple timege{stigisaseshe channel
state information (CS]) parameter Hp can be taken to be the mean of the multiple channel state
information (CS]) parameter estimated. 15 ASTC Transmission using Coding Scheme 2 The ASTC
transmission using this scheme will now be descdfled with reference to Figure 5 again. 20 In 502, two
information symbols represented by x2 and x2 are arranged for transmission from the source, xI and
x? may besyorhahespapioachssigies o8 ieths franfedk i eRReaRYekY, Tare spfedigEE {®%orm the
symbol sequence w where. ril [ 11x, WI =1l +laW, =1i- X,  wl is thus obtained from the addition
of x1 and xZraues W2 imebiained dntetheditetehae of x1 and 22). In 504, the source to relay link is
activated. The source transmits over two consecutive symbol intervals t5,1 and ts,2, the symbol

sequence w. The ym ol WDlliS tran 'lt d 11}
. | = . . + .
"pa —hpy  hpy U, ¢
| Py hD,zqf hs s :}{%i}_k -”11 '*‘”;2} + -V1]
L~ hys h;,l_\ hys =g | % | Py — 1y | V2

~ - . _ o .
by Py hy hs | % B hpy  hps 1y, + Ry, N [1’1 }
= % * * T ® * N *
~hpy Poy ] s — s | %, L hps hoy | By =1y Va

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

. . . ] *® * . v .
the destination present in the signals 7p; and r,,. r;,, denotes the conjugation of ry,.

" In 514, a product channel matrix Hp is defined

- -1

H. = hoy  hpa
P —hy, hy
|~ po ey
N - . -
Bpy  Bpallls  Bag
10 TNenh, By lh R

| p2 fpg | Mas s
~ # ®

_ hpihyg +hpats  Bpihys —hpahs

s * & % * 3 #
_hD.IhZ.S —hpolus - hpsbis = hp ol s

~
Y

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

operation as



d w2 is transmitted in ts,2. This transmission is done using an antenna present at the 10source. In
506, the symbol sequence transmitted from the source is received at the two antennae of the relay
station over ive symbol intervals 1R,1 and tR,2. At the first a th} ol sequence
consisting 0}2’%@2@/@%{5&% and t-R,p are respectively 15received during tk:g%lg{/gi/a sg /t§ qlﬂéttgnd tR,2. At
the second antenna, the symbol sequence consisting of the signals rR,21 and rR,22 are respectively
received during the intervals ts.i and tR,2. The3§gnals received by the first and second antenna can
be represented by a matrix tp 20 where, 35 111rR.12 r.R.21 ni, 7212 WI W2 i+ h2s_7221 n22 hi,s (Xi +
X2 )+ 72hts (Xi - X2) nI{x L/F:Lﬁp ’(*»4? X, )+ n2, 1,3 is the channel coefficient between the source

"p2

and the first antenna of t D.
2 21 X v,
=th{ + s | I f}{;}

2

&

where

2

= (th.l]’ | th +|Bos ]2)

= ]]thmr + ‘hp.zhz.s {2 + Vlu.lhz.sr + ‘hp,zhx.ssz

;hP.z ‘2 + lkp,z

and

s [?]zth,lf +}]1D'2’2 h{‘S b, {:nn +n%_ N hf}" ~hp, I:vl]
Vy hos =g | ny —ny hps  hpy | Va

hp1 and Apo are the channel state information (CSI) parameters characterizing
the product channel that were estimated during the channel training and estimation. H%

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 fraining and estimation using deinpr 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 sp; and hp that are required for decoding at the destination. The CSI



relay station while hzs is the channel coefficient between the source and the second antenna of the
relay station Th./ represents the additive noise present at the i-tia antenna at 5 the fith time. In 508, the

relay obtaing,g syybaksequence U by processing IR in the analog domaipcwResmdltisnissl0=2ha,sx, +
u, =r21rR,22=212,),5 (n21 - n22 ) 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 YIl Y12 = ul Y2I Y22 Ju2
36 are tansmitted from the second antenna of theﬂelay respectively over two consecutive symbol
intervals tR,3 and tR,4.  In 512, the symbo| sequence transmitted from the relay is received at the
antenna oﬁ%@@é&ﬁﬁ@ﬁ%%ﬁ%i%ﬁﬁ@?%? o G R qc[?%eg%fgstination, the

symbol sequence consisting of signals rio&} and TD,, are respectively received during the S tp,i and
iD,2 and Cg?g@g%gpgg@}ﬂ]@@ processing at the relay station. :

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

w =]

In 604, the source to relay link is activated. The source transmits the symbol sequence w
10  overa symbol interval s r;. 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 g 7,1. At the first antenna, the symbol
15  sequence consisting of the signal 71 g ris received. At the second antenna, the symbol
. sequence consisting of the signal r g r is received.

Hpr =g+

Typr =Pyg +hyyp

hysis the channel coefficient between the source node and the first antenna at
the relay node, while /g is the channel coefficient between the source node and the
20  second antenna at the relay node. n,r represents the additive noise present at the first

antenna. o rrepresents the additive noise present at the second antenna.



10ha,i is the channel coefficient between the first antenna of the relay station and the destination,
while h.A2 is the channel coefficient between the second antenna of the relay station and the

destination. wgh-26i@/eies;the conjugation of I'D., vi and v2 respectively repsegaiti i /aigidve noise
present in the signals rDii and r;,2 at the destination. 15In 514, estimates of the infolmation symbols 5;

andcan then be obtained using a linear operationsgs a-1 D.1 1 H N [1.2 rp*.2 37 Hp is the channel
state information (CST) parameter estimated during channel training and estimation that characterizes

the produck,channel A8, PrdNShehanS MRt fikis AR AR L BhARN:cond

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

Y:[J’n Yio Vi3 y14}={’i.&r "ztk.r 0 0 ]

¥
Yau Vo Vi Yu 0 0  rpr —Haer

5 In 610, the symbols yy3, Y12, V15 and y14 are transmitted from the first antenna of the relay
respectively over four consecutive symbol intervals #z 12, tr 73, tr 74 and z 7:5. The
symbols Va1, Va2, 23 and yos are transmitted from the second antenna of the relay

respectively over two consecutive symbol intervals tz 72, g 13, tr 14 and 1 7.

10 In 612, the symbol sequence transmitted from the relay is received at the antenna of the
destination over four consecutive symbol intervals ¢p 71, Ip,12, Ip,73 and tp r4. At the
destination, the symbol sequence consisting of signals #p 71, 7p,12, #p,r3 and rp,r4 are
respectively received during the intervals tp, 71, Ip,72, Ip,73 and #p 14 and can be

represented as

"ora = Ppitipr +Vip
= hpy)

“‘ h* . st

"'pra = hpilorr T Vap

15 = hP,zz

Tora = Rpolorr +Vsp
= kp.lz

o - y # - o

Tpoa = ~lpatipr TVap

= hp g1
hp,1 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



D,2 4,22 koz h" DJ his 0 0 hzs 5 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 mefpigdfAfhpenel training and estimation according to the exampieriphpoisaers This
permits the estimation of the channel state information (CSI) parameters hp,, and hp, that arc required

for decoding at the destination. The CSI paramet [ are obtained using a training structure and
channel estimation protocol that requires only analog processing at the relay station. 15In 602, an

information symbo|.represented by x.is arranged for trapsmission from. the QUEER, X is chosen to have
a symbol vﬁ%é’ 5 .oﬁ\as%/rg%% %Ség)b}{&gﬂ%évhffégﬁf’ég%ﬁtfﬁgg tH8 {Fg?rﬁ%%vg?gq% lrslece is formed Where w = [X]

additive noise that is present in the signals rp, 71, 7p,12, #0713 and rp 74 at the destination.

In 614, the channel state information (CSI) parameter Hp characterizing the

5 product channel are thus estimated from 7p,71, 70,72, 7p,z3 and rp,z4.

Alternative embodiments can also use in 602 an information symbol value of x = -1, in
which case the values of rp,11, ¥n,72, 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.



38 In 604, the source to relay link is activated. The source transmits the symbol sequence w over a
symbol interval ts,r,]. This transmission is done using the single antenna present at the source. 5In

606, the symbghsamaese transmitted from the source is received at the tyeRgtsnnarp®kihe relay
station in the symbol intervals tR,Ti. At the first antenna, the symbol sequence consisting of the signal

riA2- is received. At the second antenna, the symbol sequence consisting of the signal 7"1,E,T is
received. 71.k.r = hi,s flu 12,R,T = h2,52,T 10h1.5f the channel coefficient between the source and
the first antenna of the relay station while h2,5 is the channel coefficient between the source and the

second antenna of the re‘l{;lx tatio}g. ly représgditd the additive noise present at the i-th antenna at the
j-th time. 15 In 608, the symbol seqtrences #R, ¥, from the first antenna and 12ss from the second

antenna can then be arranged for transmission from the relay as Y where YIl Y12 YI3 YI4 _ [

i11."r.R, T - W Y21 Y22 Y23 Y24-72.R7 112,R, T In 610, The symbols yii, y12, yis andym are
transmitted from the first antenna of  the relay respectively over four consecutive symbol intervals
kria, tR,T,31 1R,T,4 and 4,7.5 Z_Q;FQhe symbols y21, Y22, Y23 and y24 are transmitted from the second

=g
antenna of the relay e
Wy =0y = Xy

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 5, and 7g,, the symbol sequence w. The symbols w; is transmitted in
tg1 and wy is transmitted in £g5. 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 fz and #z2. At the first
antenna, the symbol sequence consisting of signals g 11 and rz 12 are respectively

15  received during the intervals #z; and #g;. At the second antenna, the symbol sequence
consistihg of the signals rg2; and 2 are respectively received during the intervals g

and fr .

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

20  where



respectively over four consecutive symbol intervals tR,T,2, tR.S, 112,7;4 and /Ans. 39 The following
operations have to be performed to obtain yii, yp, y13 and y14 and transmit it from the first antenna:
over the firs{anshihg39e0nd symbol intervals i.e. tR,T2 and tR,E3, the reqaived;signed@iihe first
antenna Le.r,R,T is transmitted to the destination; 5 over the third symbol interval i.e. R,T4 , the
negative conjugate of the received signal at the second antenna i.e. -1LLr is transmitted to the
destination; over the fourth symbol interval i.e. tRY5 | the conjugate of the received signal at the
second antenna i.e. r;is transmitted to the destination. The following operations have to be
performed to obtain y21, Y ,,| 23 dird3224 and 10 transmit it from the second antenna: over the first
symbol interval i.e. tR T,,’f th ypggatkve eceived signal at the second antenna i.e. -1-2,1Z, T is
transmitted to the destination; r the second sym | intervals La tR,7-,3, the received signal at the
second antenna i.e. IMgr ist a(h Wedq;p thcgygﬁsﬁﬁa ion; 15 over the third and the fourth symbol
intervals i.e. tD,T,4 and tp zs| the egatlve c géte of the received signal at the first antenna i.e. -
71:R.T is transmitted to the d ﬁtlr@tlgrl 514_@12 tgp $94 LInce transmitted from the relay is
received at the antenna of ta estln tlon ov rf ur co secut ve symbol intervals tD,T,i, tar, 1D,E3
and to, 2;4. At the destlnatlorF [?équg ton§1t|n@ f signals rar,l, rD.T.", I'D,t3 and rD,E4

are respectively received during the mtervals /aryl, ta7-,2, lam and ta TA.
hygisthe channel coefficient between the source and the first antenna of the

relay station while /g, 5 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 relay obtains a symbol sequence U by processing rg in the analog domain,

where

and

Uy =Tpn T11
=2h; 5%, + (n“ + ”12)
Uy =Tpoy T 1%

=2k, g%, + (nzl = nzz)

10

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

” u
Yo Yo U, U

15 In 510, the symbols ¥y and yy» are transmitted from the first antenna of the relay

respectively over two consecutive symbol intervals tp3 and g 4. The symbols yo; and yz»



40 In 614, the channel state information (CSI) parameter Hp characterizing the product channel are
thus estimated from Co, 1,1D,72,r133 and 1"):),7:4 as [4,11P.12,TrD,T.2.

[4.22111.P, {43 50(Be8:3R.T 4 1- 11-11 11 where 5RP= hP.11TIP,12 "Py% 42609000285

10

15

36
are transmitted from the second antenna of the relay respectively over two consecutive

symbol intervals 73 and g 4.

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

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

intervals p,; and 1p and can be represented as

Tpa _ ] iy, IiD.zhuxil*{‘ﬁ}
Ipa |~ hps  hp; L% V;
_ h’D;l hﬁ;.zj ) by O j”ix}:|+ gy +nzi2 4{"1]
~hpy Apaf\ L0 hys || %) Fyr =Ty, V2
9 By, hu,z hs 0 |x N by (”11 + ”22)"' hpo (”21 "”;z)“*”"l
~hp, hpy | O Ry x| |=hp, (nu + 1y, )+ By, (n21 -1, )+ v,

hp1 is the channel coefficient between the first antenna of the relay station and the

il

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

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

represent the additive noise present in the signals rp; and 7‘;3 at the destination.

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

linear operation as




Alternative embodiments may also use in 602 an information symbol value of x = -1, in which case the
values of rv,T,15rD,T,2, TD,r,3 and 1p,z4 should be negated. 10 Alternative embodiments may also
repeat the clianpglliaikyyg and estimation of 602 to 614 multiple times. In $pig casfoiiRggannel state
information (CSI) parameter Hp may be taken to be the mean of the multiple channel state information
(CSI) parameters estimated. 15 ASTC Transmissigﬁl 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
WO 2010/021597PCT/SG2009/000285 41 A third alternative coding scheme according to the example
embodiment is described below using Figure 6. Channel training and estimation using Coding Scheme

4 5 Figure fi shows anmethodef ichannsldraaiy @%&J&Miﬁ%&%@bﬁ%ﬂa %ﬁngh%'

e
embodiment. This permits the estimation of the channel state information (CS1) parameter lip that are

required for,decodingiah thatdestnationswiss iR AdRZLIIPRE 2 dolluct channel matrix Hp is

Bp g

h
H P12
P h h
| tpo1 e

_— hpy  hpa|hs 0
—_“'k;.z h’;),l 0 i’y

2

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 4p; and Ap 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 tfraining sequence is formed where

w=[x]



nP,22 = (his1124 TDA - /4.2 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 gy hebasrpsesented by x is arranged for transmission from thepgaygesesoifeszgsen 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 ts,El. This transmission is done usifg the single antenna present 20at the source. 42
sequence consisting of the signal ri,R, T is received. At the second antenna, the symbol sequence
consisting dith@4sihaabrro claschikels. a¢tvaed. HIS sontc? (ramitsiheZBnbelxdqueand® & the channel
coefficient between the source and the first antenna of the 5relay station while h24 is the channel
coefficient evasyTveldBinvel dngh tHAISSES R HSten AbdontHes el ST BA 2pieHBh RESEH(S the additive
noise present at the i-th antenna at the j-th time.  In 608, the symbol sequences ri,R,T from the first
antenna an@t1PeROEFESM the second 10 antenna can then be combined to form ter where

5  In 606, the symbol sequence transmitted from the source is received at the two antennae
of the relay station in the symbol intervals g 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.

hipr =g +ny

Togr =Hos +Mr
10 hy s is the channel coefficient between the source and the first antenna of the
relay station while A 5 is the channel coefficient between the source and the second
antenna of the relay station. ny; represents the additive noise present at the i-th antenna at

the j-th time.

15 In 608, the symbol sequences ry g r from the first antenna and 7, g r from the second

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

L4 *
Y_[yu Yioo Vi3 J’ml _[ Ner Thaer “Taer  Tarr ]

Yo Voo Y Vu ~Iypr Topr 7':1&2" - ’ETR,T
In 610, The symbols y11, ¥12, ¥13 and y14 are transmitted from the first antenna of
the relay respectively over four consecutive symbol intervals g r2, {13, {274 and iz 7s.
20  The symbols ya1, Y22, y23 and ya4 are transmitted from the second antenna of the relay

respectively over four consecutive symbol intervals ¢z ra, tr13, trr4 and iz 7s.



UT =ii,E,r12.R,T 17,,5)+ (n1,7 ill is then arranged for transmission from the relay as Y where yY | |
Y12 Y13-UTUr Y21 Y22 Y23 YY1244[ UT 7 - Ur UT - UT] 15In 610, the symbols yit, y12, y13 and ym
are transmitgasl Argo2tizesfirst antenna of the relay respectively over four carseeate/adsol intervals
1R.772, t/4T,3; tR,T,4 and 1R,E5. The symbols yil, Y22, Y23 and y24 are transmitted from the second
antenna of the relay respectively over two conseg[%tive symbol intervals tR,E2, tR,T,3, tR, TA and titz5.
20In 612, the symbol sequence transmitted from-the relay is received at the antenna of the destination

over four consecutive symbol intervals tD,T.15.tD,T,1: t 3 and tD,T 43.@& he \élo

2010/0215 g@§é@§7§%ﬁf§?ﬁ?&%§tﬁ1€a %nr% 503%5%%%11’ é’éaﬁé%fée co 1s‘ié‘%lng of signals rar,i,
rA2'2,1'az3 and lltaﬁd‘ aIrne e egtiv GIanaeceived during the intervals tD,T,I, ID. T,22 tD.E3 and ta In 614,
the channd&T8¥3Te HifdPRation (q §t§

parameters hp,11, h,12,4.11 and I' 5characterizing the product
channel are thus estimated fromyrD Tl 1012, BT 3400 T4 1 and 215, the received

signal at the first antenna i.e.r g7 is transmitted to the destination;
5 s over the third symbol interval i.e. ir74 , the negative conjugate of the received

signal at the second antenna i.e. - Ty pp is transmitted to the destination;

e over the fourth symbol interval i.e. &g 5 , the conjugate of the received signal at

the second antennai.e.r, , » is transmitted to the destination.

The following operations have to be performed to obtain ya1, Y22, ya3 and y,4 and
10 transmit it from the second antenna:
e over the first symbol interval i.e. g 12 , the negative received signal at the second
antenna i.e. -ro g7 is transmitted to the destination;
e over the second symbol intervals i.e. fpr3, the received signal at.the second

antennai.e. ro ¢ is transmitted to the destination;

®

15 over the third and the fourth symbol intervals i.e. tgrs and fg7s, the negative

conjugate of the received signal at the first antenna i.e. —1; pr is transmitted to

the destination;

In 612, the symbol sequence transmitied from the relay is received at the antenna of the
20  destination over four consecutive symbol intervals p 11, £p,72, tp.7:3 and fp,74. At the
destination, the symbol sequence consisting of signals rp, 71, 7'p.1.2, 70,73 and 7p,r4 are

respectively received during the intervals ip,z1, Ip,r2, Ip.13 and Ip,74.



17P.112 1(7"P,2D.T,31fTIP21=VD,T.1 21 (c22="TD IAD .7 ,4)* '2' Alternative
embodiments can also use in 602 an information symbol value of x = -1, in which case the values of
ruim and ru, ¥ ehidde negated. 10 Alternative embodiments can alsogepgebtheoasnnel 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 infoimation (CSI) parameters
estimated. 15 ASTC Transmission using Coding %heme 4 The ASTC transmission using this scheme

will now be described referring again to Figure 5. .
614, the channel state information (CSI) parameter Hp characterizing the product

channel are thus estimated from rp 11, 7p,72, "'o,rs and rp s as

- ~ 1 -1
[hp.n 'kP,u]: [ru,m Tpra {1 1 }

~ ~ . . -1
[]7’}’.22 hP.21]= [’b.T,z "D,T.z{ 1 i:l

where

5 H, {gp,u 1}

hpor Bpo

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

which case the values of rp 11, rp,72, 'p,r3 and rp 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




44 Ln 502, two information symbols represented by xi and x2 are arranged for transmission from the
source. X1 and x2 may be from the payload sequence of the frame structure. xi and x2 are then
arranged toviayrib@xygmbol sequence w. w [X, x2] In 504, the source to relal/$GaRoiw/aeidsated. The
source transmits over two consecutive symbol intervals ts,1 and ts,,, the symbol sequence w. The
symbols xi is transmitted in t3,1 and x2 is transmitted in t5,9. This transmission is done using an
antenna present at the source. 10 In 506, the syrﬁbol sequence transmitted from the source is
received at the two antennae of the relay statign over two consecutjve, symbol intervals tR,1 and tR,2.
At the firstAfiEr A emetiR e HENE A LHrRE g TR A %é)r%%%?ﬁ%ér% 1ﬁltka)ggectively
received during the intervals {R,i and tR,2. At the second antenna, the symbol sequence 15consisting
of the signBROE ISR HIETR ©2 are respectively received during the intervals tn,i and tR,2. The signals
received by the first and second antenna can be represented by a matrix ER where rR.11r/z,121
CR,2.]Jr,22 i, ts1 Lx x 21+, [n1177.12ilLsr _ '

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 channel state information (CSI)

parameter Hp that are required for decoding at the destination, where
h, Fp.o hpy Do
H, = SR = (hl.S + Ry 5 B i
hom e —fpy  flp

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 ftraining 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 #g 7. 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 #g ;. At the first antenna, the symbol



__121,5a1 +ii,sx, + fl, /124-11 + n21172,sx2 -1- n22_, WO 2010/021597PCT/SG2009/1100285 45
hi,s is the channel coefficient between the source and the first antenna of the relay station while h2,s is

the channel gegiiigdgnidsetween the source and the second antenna of thepelaystatianRy represents
the additive noise present at the i-th antenna at 5the j-th time. In 508, the relay obtgins a symbol
sequence U by processing R in the analog domaip, where U= 10and 1111i?..23 (? ih.s hz.s)-1:1
(nuu=r2R.12 (h1.3h2,3)7"2(1111 + 7212 ) The Components of the symbol sequence u can then be

armanged oL Uan3isOnTo0HRe SEiRY Ao Besan A op Aot Aament seded ag,
sequence consisting of the signal r g ris received.

har =hgs+tmy

Tyre =Ry + 157

hysis the channel coefficient between the source and the first antenna of the
5  relay station while %, 5 is the channel coefficient between the source and the second
antenna of the relay station. ny represents the additive noise present at the i-th antenna at

the j-th time.

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

10  antenna can then be combined to form ur where

Up =Npr +hher
= (hx.s + hz,s)"‘ (”1,7‘ + ”z.r)

uris then arranged for transmission from the relay as Y where

Yx,:y“ Y Yz y14}=[ur —Up u;‘ u;J

* *
Yoo Voo Y Vu Uy —Up Up —Uyp

15 In 610, the symbols y11, y12, y13 and y14 are transmitted from the first antenna of the relay
respectively over four consecutive symbol intervals tg 1, g 73, fr 74 and tg 75. The
symbols y21, ¥a2, y23 and yo4 are transmitted from the second antenna of the relay

respectively over two consecutive symbol intervals fg ra, tg 13, fr74 and fz 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 1, ZD: 72, Ip,r3 and fp 74. At the



Y11 Y121 Y21 Y22_ In 510, the symbols yn and y:2 are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals 043 and tRA. The symbols y21 audY22 are
transmitted WO%%%gpnd antenna of the relay respectively over two copé%%%gﬁmbol'intervals
t8.3 and tRA WO 2010/021597PCT/SG2009/000285 46 In 512, the symbol sequence transmitted
from the relay is received at the antenna of the destination over two consecutive symbol intervals tD,1
and tD,2. At the destination, the symbol sequenc#consisting of signals rD,1 and .2 are respectively
received during the Sintervals tai and tD,2 and can be represented as /2D,1 is the channel
coefficientiosinasion, tthe fiystbolraanse prasEinSPAsiERaa dne Bestidaif}ine 1?r8,2 is the channel
coefficient between the second antenna of the relay station and the destination vi and v2 respectively
represent ttrpentiilyaaseivedibpies din inteReSignals ipredind 1R Poditthe destination. PI) 2 denotes
the conjugation of ri,.2 In 514, estimates of the information symbolsandcan then be obtained using a
linear operation as 15where

In 614, the channel state information (CSI) parameters p,11, kp12, hp1l and hp12

5  characterizing the product channel are thus estimated from rp,z1, 7,12, 70,73 and rp,z4.

1

hpyy = _(]b.T.l - 7b.T.2)
2

Fos = = (s = o0)

hpp =7\prs—Tora
2

~ 1 )*

Bpy = “(’b it Tprs
2

~ 1 )*

Bp o ST;("DT,s +Ipra

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

which case the values of 7p,r1 and 7p 12 should be negated.

10
Altemnative embodiments can also repeat the channel training and estimation of 602 to
614 multiple times. In this case, the channel state information (CSI) parameter Bpcan
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.



47 Coding Scheme 5 A fourth alternative coding scheme according to the example embodiment is
described below using Figure 6. Channel training and estimation using Coding Scheme 5 Figure 6
shows a mefhed,of ¢hapnel training and estimation according to the examplgRpagsimees This
permits the estimation of the channel state infothiation (CSI) parameters that are required for decoding
at the destination. The CSI parameters are idobtained using a training structure and channel
estimation protocol that requires only analog proddssing at the relay station. In 602, A symbol
sequence w representing the training sequence is formed where w = [x, x2] =-11 15 In 604, the source
transmits the5§Qntbol isdoprerive wyover kPt tenalé tstrrs amenesd, for fisrstasséeRission is done
using the single antenna present at the source. In 606, the symbol sequence transmitted from the
source is réosivibd ssutice- twenthte maieb2 Giomybe arajostsenioneed theframe AHacCttHE ymbol
sequence consisting of the signal ri LAT and 112,R.T are respectively received at the symbol intervals
tR,T,1 andest »AtthiheeeoaBssAtintrane symipRli SS84ER%CE consisting of the signal rzt.ar and

P22,R,T are respectively received at the symbol intervals 1R,r,1 and tR.T," 48 r11.R.T
W= [xl xﬁ
5

In 504, the source to relay link is activated. The source transmits over two consecutive
symbo] intervals £g; and #5», the symbol sequence w. The symbols x; is transmitted in
ts1 and x; is transmitted in g, 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 £ and fz». At the first
antenna, the symbol sequence consisting of signals rz 11 and rp1» are respectively
received during the intervals #g; and £z». At the second antenna, the symbol sequence
15  consisting of the signals rg21 and g2 are respectively received during the intervals g ;

and fz2.

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

where

_hl s Ny Py
20 =| " x = ]+ :
Py g Poy o

Py g2, + 1y by g%y + nlzJ

| iy 5%y 1y Fy 5%y + Ty




r12,R, T ks - hi,, ni, [r21.12.T 722,R.T s-1223 .272, ht,,s, is the channel coefficient between the
source and the first antenna of the relay station while hi 3 is the channel coefficient between the

source an tenna of the relay station. nu represents the a t at the I-t
d 1) f the rel | n ddFE"F/élgifﬁ&Bﬁﬁi%” he i-th

antenna at 5 the j-th time. In 608, the symbol sequences in rR,Tthen be arranged for transmission from

the relay as Y where
45

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

5  thej-th ime.

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

where

10 and

U =Tpn tm

= (]7’1.5 +hyg )xl + (nn + ”21)
Uy =130+ o
= (hm +hy g )x2 + (nu + Mgy )

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” ym}[”“ u} |
Yoo Yo U, —u

In 510, the symbols y1; and y1, are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals fz 3 and fg4. The symbols y2) and y»;
are transmitted from the second antenna of the relay respectively over two consecutive

20  symbol intervals iz 3 and e 4.



10 In 610, the symbols yit andyj2 are transmitted from the first antenna of the relay respectively over
two consecutive symbol intervals tR,E, and t34-,3. The symbols y21 and Y22 are transmitted from the
second ante\g,g)ayi?{oya%g@ay respectively over two consecutive symbol intgsvalg dRjg«eana4R.2:3. 151D
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 farther
processing. For the received sequence at the secthd 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 20before transmission from the second antenna to the
destination. WO 2010/021597PCT/SG2009/000285 49 In 612, the symbal sequence fransmitted from
the relay ishetiélvé aymhekasrisnacoranaabed fm ihsstans F&ﬁ%’é’é&ﬁi&%@%ﬁ&%ﬁt&eﬁ%ls tAzi and
1'0,112. At the destination, the symbol sequence consisting of signaé razi.and rD,2,2 are respectively
received dGAPRPEROMRERYATOPINSCIUENG TR LRHCERH @ 1 8Pfdan %cfk%fsd?sfﬁg?& 42,5 1 -1 [11D.

-1-1 fnu77,12 . . . .
symbol sequence consisting of signals rp; and 1;,, are respectively received during the

5 intervals p and fp> and can be represented as
_ _
Tpi hpy  hpa | w Wy i]
* = * * +1 .
Tpa| |~ hpo hpy |t Vs,
p ~ .
hpy  hpa X Ty + Py 2
=t (hs+hog) |+ . +
|~ p2 oo [\ Xy ] L TPn | Va

hpy By |l % hp, hpo |l My + 1y Yy
= (h‘l s + I’Iu, S ¥ * + * ® +1 .
' A ~hpy hpy | %, ~hpa By | My 7 Va

hb,z is the channel coefficient between the first antenna of the relay station and

I
It

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

10  present in the signals 7p,; and rp, at the destination. 75, denotes the conjugation of 7, .

In 514, estimates of the information symbols %, and ¥, can then be obtained using 2

linear operation as
~ * inl .
X el hps —hpa | TDa
o= + hy g o .
{:xj (kxs ' ) hp, s I RE:E
2 2 2 r.xl ¥,
hpa| +a| +]
' | %2 Yy

V= (hx.s + Iy s )* th.xiz + ‘hu.ziz X”n Ty ) + (hl.S + g )* (hD.lvl + hD.z";)

V, = (hl.S +hy s )* 01 . ’2 + '} p.a 2 anz + )+ (hI.S +hys )* (" B2V + BV, )

= lhlS +hyg

15 where




1 1222-1121 ni2nt, - hp,i is the channel coefficient between the first antenna of the relay
station and the destination, while hp,-, is the channel coefficient between the second antenna of the
relay statlon\;aﬁdzgmﬂg%gynatlon vi,D and 112,D respectively represent thg,additivadqissihat is
present in the signals rp,zi and rur In 614, the channel state information (CST) parameters lip,i and
hp,2 characterizing the product channel can be estimated from rD, T, and TD,T,2askP 1=1-T 1-r2)
15Alternative embodiments can also repeat the chinnel training and estimation of 602 to 614 multiple
times. In this case, the channel state information (CST) parameters 1;p0 and can be taken to be the
me of the multiple channel state information (CSI) parameters estimated. WO
2010/021597PCT/862009/000285 50 ASTC Transmission usinG Coding Scheme 5 The method of
ASTC transh?sf8rea@Beding to this scheme will now be described referring again to Figure 5. 5In
502, two |nformat|on symbols represented by x1 and x2 are arranged for transmission from the source.

x1 and x2 rdafoBEhBHATBE YRERERE sehfreneecerding ﬁ%ﬁ#ﬁ%%&ﬁ@@f@ﬁ@%ﬁa‘}?fﬁéﬁ%rrmged to

form the symbol sequence w. w = Ix, x2I
below using Figure 6.

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 aré required for decoding at the des@aﬁon. 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=lx xl=[ -1]
15
In 604, the source transmits the symbol sequence w over two symbol intervals #57; and

£50.7. 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
20  of the relay station. At the first antenna, the symbol sequence consisting of the signal

i1y and riop rare respectively received at the symbol intervals #z 7 and fgra. At the

second antenna, the symbol sequence consisting of the signal ro; g rand roo gy are

respectively received at the symbol intervals iz 71 and g 1.



In 504, the source to relay link is activated. The source transmits over two consecutive 10symbol
intervals ts,i and t8,7, the symbol sequence w. The symbols x1 is transmitted in tsj and x, istransmitted
in 7,5;2. Th| 15[@331?91 is done using an antenna present at the sourceP §? boI
sequence transml rom the source is received at the two antennae 15oft e relay statlon over two
consecutive symbol intervals tit] and tp,,. At the first antenna, the symbol sequence consisting of
signals rR,ii and rR,12 are respectively received dt¥ring the intervals tR,i and iR,2. At the second
antenna, the symbol sequence consisting of the signals 21 and riz,7, are respectively received during
the intervals tRiand tR,,. 20 T eusggna’r,s,{e ei @, by-thig firstjand sgeond antenna can be represented
by a matrix ri? where 51FrR.T R erR §r1n11m12 = -;ltZIXJ,%)O( _n21 n22_, [h1x, + nl htsx, 4-
nv, /22.s.2.3 + 1121 h,5x, + 1i 28 = -

hi,s is the channel coefficient between the source and the first antenna of the

?.RT'

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 the-th time.

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

relay as Y where
Y Yo e Tzer
Y = = e ,*
Yu Vol ["Tarr Togr ]

by —hg My By
= l’l,* l ® + ® ®
Ty Tihg Pog  —Hy

10  In 610, the symbols y1; and yi» are transmitted from the first antenna of the relay
respectively over two consecutive symbol intervals fg r» and ¢ 73. The symbols y»; and
yoo are transmitted from the second antenna of the relay respectively over two

consecutive symbol intervals tp 72 and g r3.

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.



hiss is the channel coefficient between the source and the first antenna of the relay station while h2"3
is the channel coefficient between the source and the second antenna of the relay station nu

represents thg,addiliugsapise present at the i-th antenna at 5 the j-th time. g-pRB, §hSaigaals rR,115
112,12 rR,2; and rxr can then be arranged for transmission from the relay as Y. Y can preferably be

Alamo-uti coded as Y=Yu R,11rR.12 Y21Y22,, 10In 510, the symbols y and yi, are transmitted
from the first antenna of the relay respectively over two consecutive symbol intervals tp,2 and tR,4 The

ombole VA0 2 SeUAred om e sreand e oLe e pestestyayrr o

conseculti n er words, at the first antenna, the received symbol

sequence e [¢ anenitied unchiagged A0 gl s SSeRN anisnne, g ellopung gpsyaians are

carried out’before ?ﬁeogFénals are transmi e receivéd sym TA' are conjugated;
ii. negate the add-numbered S¥TRYISH Serals 15,71 and 7,72 are respectively received during

the intervals fp 71 and fp 2 and can be represented as

[’ T 7}3.7*.2]

5 = [hD.l hD.z{ he s ] + [hD.l hD,zrln 7712* J”" [VLD Vz.D]

~lps s My o~y
11 ~1 my P
= {hD,l hs Ppahus {_1 _ 1} + [kD.l hp.a Lz;z _ ;";1:1 + {Vw "’2.0]

hp,1 is the channel coefficient between the first antenna of the relay station and
the destination, while hps 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
that is present in the signals rp 1 and rp 72.
10
In 614, the channel state information (CSI) parameters hp) and hpy characterizing the

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

hpy = 5 (rD.T.l - ”D.T.z)

z 1 (v )
Bpy = "E "'pratTora

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 7;1,,1 and

Ep.z can be taken to be the mean of the multiple channel state information (CSI)

parameters estimated.



WO 2010/021597PCI11SG20091000285 52 iii. reverse the order of the even and oddnumbered
symbols. The operations i. to lii. are carried out in the analog domain; an example of which is in the

radio frequegry £iigHisso9r at the output of the analog-to-digital converters (AP Sl g olid342, the
symbol sequence transmitted from the relay is received at the antenna of the destination over two

consecutive symbol intervals t0,1 and 1.0,2 At the %%stination, the symbol sequence consisting of
signals rna and ri),,) are respectively received during the intervals tai and tp,, and can be represented

as 10hal is thesghannel i}ﬁ?sﬁ%g'i%?%‘é’cﬁﬁ% &ﬁ ef]i:{lsetsantenna of the relay station and the destination,

while h0.2 is'the channel coefficient betw ond antenna of the relay station and the

destination | g t [ti [ in the signals rp,i and 1..0,2 at
VRN o lESPR ST el EREESBRAt %agfgg%%ﬂeksc%%{%%gﬁm ey

the destination. 15Signals I'm and r0,1 then work tobeTT X 4,17in 4-
h0,2742 4- referring again to Figure 5.

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

and x; are then arranged to form the symbol seguence w.
w= {x] * 2J
In 504, the source to relay link is activated. The source transmits over two consecutive
10 symbol intervals #5; and #g,, the symbol sequence w. The symbols x1 is transmitted in
Zs1 and x, is transmitted in 5. 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 fr1 and fg,. At the first
antenna, the symbol sequence consisting of signals r 11 and rg 1 are respectively
received during the intervals ¢z ; and #z2. At the second antenna, the symbol sequence
consisting of the signals r2; and g2, are respectively received during the intervals Ir1
and fgo.
20
The signals received by the first and second antenna can be represented by a matrix rz

where



D hp,1122.5 - hp. +v; In 514, estimates of the information symbols 5.1 and 512 can then be
obtained using a linear operation as 53 if xi hhs

WO 2010/021597 PCT/SG2009/000285
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a1 Tr2
I, =

|"r2t  Tr22

) n, B
_ s [x1 xz] Rt 12:1
_hz.s fiyp B

 Bsx Ty By, g
_hz.sx1 oy Py gk, Ry

hysis the channel coefficient between the source and the first antenna of the
relay station while 7, ¢ is the channel coefficient between the source and the second
antenna of the relay station. ny represents the additive noise present at the i-th antenna at

5  thej-th time.

In 508, the signals rg 11, 7r 12 » Fr21 and rr22 can then be arranged for transmission from

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

Yu e Ry TRz
Y = = L L
Yau Vn Froo  —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 7z4. The symbols y»; and y»
are transmitted from the second antenna of the relay respectively over two consecutive

symbol intervals fz 3 and fz 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 transmitted:

i. the received symbols 7p2; and 72 are conjugated;

il. negate the odd-numbered symbols i.e. - 14,



hntihitsD,2 D,1 x, ,2172,shp*.111; rD,2j2r Xl =hp,1121121,sr |* where

10

15
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iil. reverse the order of the even and odd-numbered symbols.

The operations i. to iii. are carried out in the analog domain, an example of which is in
the radio frequency circuits, 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 the destination over two consecutive symbol intervals 5 ; and #p,. At the destination,
the symbol sequence consisting of signals rp; and rp, are respectively received during

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

7 r
R11 Rz
[’b.l ’D,z]': [hD.l hD.’.Z{ * * }'}' ["1 Vz]

Trem  ~Tra

by %) + g%, + 1y, ]
=lhpy hpa A, P % “*‘["ﬁ Vs

Lyg¥y T hy =y oX) =Ry

L 1x x By My, |
=[hp by s ]zD‘zkz‘SLcl ~_}}L[hm hﬂ‘{ n J i v

2 1 My =My
hp, is the channel coefficient between the first antenna of the relay station and
the destination, while 2p » 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 7p; and rp at the destination.

Signals rp; and rp> then work out to be
Tpa byl s hD.Zh;.S * + by oty + kD,znzz +V
7‘D*.2 - h;),zhz.s h;.lhl*,s “‘; ]1;.1”;2 “h;.znzx '*‘V;

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

linear operation as



=4,1111115 (liD,117111iD.2 n22 + V1)~ ii2h;,s(hD.1 12 - h/J,21121 V2 =.211.24,s YID .1 + &Dant,
++(14,142 - 14,2n21 + 5 Coding Scheme 6 A fifth alternative coding scheme will now be described
below usingsiehg,6>1431he coding scheme, the .frame structure would haye-ie;fRliRwng additional
requirements for the header sequence and training sequence: 10 The header sequences used by
each of the two sources should have as low as p055|ble a cross-correlation, e.g., orthogonal
sequences. The training sequences used by eac #Pof 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 n-11 %1, an@ W}ga]Spécond@qdu; }E [1 -1]. For this coding scheme to be
adopted in OFDM syste S»* neg dst o0 as to align the received signals at the
relay in the cyclic prefix DC %a"ﬁne ﬁ*élmﬁ tlmatlon can be done in the same manner
as that for Coding Scheme 5. A$TC Jran SIO sing Yod ng eme 6 5 The ASTC transmission
method according to this schem#gwill V?ﬂ rml@ecﬁ igure 5. In 502, information
symbols are arranged for transmission from the first sour second source. x denotes the
signal transmitted from the i-th source during the j-th 10symbol |nterval. In 504, the links between the
first source™¥ieFthe relay, and the second source and the relay are activated. The transmission is done

from both sources to the relay over two consecufive symbol mt«zryale t5,1, and tsl. The first source
transmits the symbol x1 FiifF feg antin Tska o Fhesedo TharghitaAhe symbol x2,1 in tst and

X2,2in tsp. v, = hD.ZkZ,S<hD,1n11 + hD.2n22 + V1)+ hD.Ihl.S(kD.lnlz _hD,.’anl + 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 s 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 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




In 506, the symbol sequences transmitted from both sources are received at the two antennae of the
relay station over two consecutive symbol intervals tR,1 and /42. At the first antenna, the symbol

sequence cqnsistingAksionals rk,11 and rR,12 are respectively 20 receivpggicngdosiniervals tR,i
and tR,2 At the second antenna, the symbol sequence consisting of the signals ?K21 and r R.22 are

respectively received during the intervals tR,1 and tio. WO 2010/021597PCT/SG20091000285 55
Assuming perfect synchronization, the signals recefVed by the first and second antenna can be
represented by a matrix rR where, hi,2 -4rl j}T?ééLZ 2.2V2,1 X2.2n21 nZ%ﬁh?io iJ 4" ht." X2.1 + niikixi,,
+111.27],.2 4AFeRY trapping gndestimabon, ofn bR Senp;14 fhe same mann . as %>§8f}é’§gthe channel
coeﬁicients%%r]resp nding to the i-th antenna of the relay station and the k-th source. nu represents
the additive 1088 present in the received signals at the i-th antenna during the j-th time.  In 508, the
signals rR,11, rk,12 TR,21 and iR,22 can then be arranged for transmission from 10 the relay as Y. Y
can preferably be Alamouti coded as _ Y =Yu Y:, =rtai rR,12 Y21 Y22ra,2] The coding scheme

used for thi%\;é:‘rjg%%e ign%'mﬂ)ar t?ﬁhgolé?g%g%e%)edgqg Schemes 1 to 5 for single-direction relays. This
may have t at 15 the relay node may be carried out in the
analog §i OMAL ASTC transmission 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 t5; and #5». The first source transmits the symbol x; ; in #g;

15  andx;j in fgy. The second source transmits the symbol xy 1 in £5; and x;» in Z52.

In 506, the symbol sequences transmitted from both sources are received at the two
antennae of the relay station over two consecutive symbol intervals 7z ; and g . At the
first antenna, the symbol sequence consisting of signals rg 1; and g 12 are respectively
20  received during the intervals fp 1 and fz». At the second antenna, the symbol sequence
consisting of the signals #r2; and rg»; are respectively received during the intervals £z,

and g 2.



In 510, the symbols yi ] and yi2 are transmitted from the first antenna of the relay respectively over two
consecutive symbol intervals 11t3 and tR,4. The symbols y2] and Y22 56 are transmitted from the
second antegimfolhe £elay respectively over two consecutive symbol integyaigdhhebandds/.4 In other
words, at the first antenna, the received symbol sequence is re-transmitted 5Sunchanged, and at the
second antenna, the following operations are carrigd out before the signals are transmitted: i.the
received symbols 7t.21 and rx22 are conjugated; iinegate the odd-numbered symbols i.e. - reverse the

order of th%&ﬁ&ﬁ%%&@'&a@%&ﬁ&%ﬁ?@l@sﬂg%é[@{eeea%am& fiesiGRibacaniasout in the

analog domain, an éxample 'of which is in the radio frequency circuit, or at the output of the

analog-to-djgital SoRvarars (ANGSIHR Blanthe symbol sequence transmitted from the relay is

received at the antenna of 15both destinations over two consecutive symbol intervals tD,1 and tD,2

Assuming symmetric channeis, the rece ed signals are Alamouti-coded and can be represented at
each destination as ri .2k 1%2,K r‘“'ejwz-z

|"ra1 Tr22

-hm ) T, B2 ) ) Ty Ty
=_hzjbm 3‘1,2]"'[]22'2:1[12.1 3-2.2]""];7121 ”zj

Mgy H R,y 1y Ry, R Xy, Ty
| By Fhypdgy ¥y Ty Xyy F Ry %0y F 10y

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

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

In 508, the signals 7g 11, 7&12 , ¥r21 @and g2, can then be arranged for transmission from

10  therelay as Y. Y can preferably be Alamouti coded as
Y= Yn }’mii _ 7'1;.11 f'zz,iz :i
Yor Ya ez ~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 y1, are transmitted from the first antenna of the relay

respectively over two consecutive symbol intervals 2z and fg4. The symbols y2; and yz



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 gah Reyiyg 8ame node as the second source. Alternative embeginaiissyawesser are
possible within the scope of the invention as will WO 2010/021597PCT/SC2009/000285 57 be clear to

a skilled reader, for example where both sources are completely different nodes from the destinations.
At the first destination, after subtracting the signaf@omponents related to x11 and 2:1,2" 5i.e., [kJ 1/
12xi,] x1.22 " where 1h2,11 = h2,1 ht the symbol sequence 2,1 - X 1 consisting of signals 7.1,1 and
112 are respe tiivsiyireddivadtbe serprdanitani s o relan 1Bt o0V B FoateRtsl as

v1l,1 and 1/12 respectively represent the additive noise that is present in the signals 10nil arid /tip. At
the secondssasiiiernakdtes $8Btiaeting the signal components related to x2,1 and x2,2,

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 rr2; and rro; are conjugated;

ii.  negate the odd-numbered symbols i.e. - 75 ;3

iii. reverse the order of the even and odd-numbered symbols.
10 The operations i. 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 5. Assuming
symmetric channels, the received signals are Alamouti-coded and can be represented at

each destination as

r r
RI1 RI2
[’ ¥l Tko ] = [hu( Dy i { # } + [VK.l L) ]

"1’:,22 ~Tra
where K = 1 for the first destination and X = 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



l.e.,lh2.2 where h,2 12 =, the symbol sequence consisting of signals 12,1 and r22 are
respectively received during the intervals z,j and 1540,2 and can be represented as WO

2010/02159%&;({1%% Q0 /000285 58  v2,1 and v2,2 respectively repremi%@gﬁ'ﬁj}\?gsnoise that

is present in the signals r2,1 and m2. Using the notation of TK,1 and i_x, as wellas r the first
destination and K = 2 for the second destination, th%7signals rici and ric, work out to be

be clear to a skilled reader, for example where both sources are completely different

nodes from the destinations.

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

. 2 2 Xy Xy
5 e, [(Iz1 . ) ,hz‘] ] . N here
X2 Ty

consisting of signals 71 and 71, are respectively received during the intervals #p,; and

By [2 = h,,h,,, the symbol sequence

tp.» and can be represented as

[, . ]_ [; J PsXoy + 1y By, + 1y, N [ , }
e T2 =y Mgl o« x * Vi Vio
h

* * *
Byp¥oy + 1 = by nxy ) =1y

»»»»»

e TX1 Xy, {nu Ty
":[}71.1}7'1.2 z,lhz,zf * » +[ Y * +[V1.1 vz.z';l
[ %22 Xy 1

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

10 11 and 1.2

At the second destination, after subtracting the signal components related to Xo1 and x5,
9 2| X £
Le., {(hl ) )’ X % | where
’ Xap T Xy

consisting of signals 79 ; and 5, are respectively received during the intervals Ip,1 and

g hyohs,,, the symbol sequence

ks, By

15 fp. and can be represented as

[7'2.1 T2 } = [h‘H h

2_2 * ‘* * * ’w *
/’zz']x1~2 + Moy -hz’,xm - Ty

x X " n
. 11 12 1 12
= [hz,zhx.z hz.xhz,z{ o * J + [hx.z hz.z{ ] + [Vz.l Vz,z]
1

* Ld
Xla T, oy =1y

'é_kmxu + 1y Boy3ey 5 + 1y
+ Ve Voo



A XX XK+h72%4-V K.222K,14,2n21 +1)K,2 _K .1 =L-*h"h," In 514, estimates of the
information symbols '14.,1 andcan then be obtained using a linear operation as
WO 2010/021597 PCT/SG2009/000285
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5,1 and v, » respectively represent the additive noise that is present in the signals

2.1 and Fan.

Using the notation of rx; and rx2, as well as K =1 for the first destination and K= 2 for

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

' * ®
i | | heahig PPy g || X Py gty + g o Py + Vg
% - ] *® ] h* l * R + L4 * 3 *
k2 ~hgalnx  Ppiig | ¥ | Frafun = Pg ot TVx0
In 514, estimates of the information symbols X, and X, , can then be obtained using a

linear operation as
~ « TH
Aral_ Bgshg  Rgahog Ty
~% - e * * %
g2 ~hgshoyx gy Tk

21 X 17 o
2§ Tgy K3
= GIZK.I " +
Xx.o Vg2

£ *® * *® #® * * #
VYga = Pt i (hx,z My F By gy + Vg )" Iy aby g (hg,lnlz =Dy atyy + Vg, )

~ ® * * * * *
Vo =hgoh g (h’.l”n + fg oty + VK,1)+ LY (hKJ Myy = g oTlgy + Ve )

2

? +]h ,~2]2

h.’Z,K

Py i

10 where

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



121121,x12 +14.211h2, K12 AK 1, I X X.2 10where X (hK,17211 + 4,2 n2; V K,1)-,K(4,tn;
11;4- 1 Kt .2) r*L -17h, ,222 h V Li) + 4,1121.K ktiK.77ir n.K."7121+* V refers to performing a conjugate

transpose. Gy§he fo)@fixnsertion 15 The frame structure 700 is arranged &-fra@amymsiRgsover
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 WO
2010/021597 59

fading, cyclic prefix insertion is performed at the transmitter of the source and/or the

relay station to each of the symbols.

-t

Figure 9 shows a method of inserting a cyclic prefix. In 902, the information to be
5 {ransmitted is contained in a symbol sequence x; consisting of N words denoted by x»
wheren=0 ... N-1,1.e,
%= [xo e Xy xN—-l]
In 904, a cyclic prefix CP of length Nep is created by copying the last Nep words of x1
CP= l.xN-Ncp e Xy va-1j
iO In 906, the cyclic prefix CP is inserted in front of X, , producing the resultant symbol x5

for transmission

X, = Xyyep 0 Xnaa Xya Koo o Xy 7t Xy
A S \ S

Cyclich refix X

Symbol 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 x5z, The following mapping can be

used:

()= x,(n) ,2Whenn=0
%5 (n)= X A(N -—n) ,otherwise

20 where x, (n) and x, (1) respectively denote the n-th word in the symbols x4 and xp. N

denotes the number of words present in x4 or Xp. The resultant X3 is



PCT/SC 2009/000285 59 fading, cyclic prefix insertion is performed at the transmitter of the source
and/or the relay station to each of the symbols. Figure 9 shows a method ofinsLing a cyclic prefix. In

902, the infegyaligitqdee S transmitted is contained in a symbol sequenceirgensisting205 N words
denoted by x" where n =0 ". NA, i.e. [zo "-.] In 904, a cyclic prefix CP of length Ncp is created-by
copying the last Ncp words of xi CP = _EcpXA7_2 10 In 906, the cyclic prefix CP is inserted in front of
xi , producing the resultant symbol x2 for transmig®lon X2 = N cpXJv.2N _1 X0 Xn' X jv Cyclic Prefix
Symbol Conjugation

X; =[x0 Xna Ay U xl]

- . » . . %
%3 is conjugated in the time domain to produce X,.

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 Nep and N words can be reversed and conjugated as time domain symbols to

produce x3. The following mapping can be used:

x,(n)=x,(NV, -n-1)
where x,(n) and x; (n)respectively denote the n-th word in the symbols x4 and x5. Ny

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

of x4, i.e.
X3=lxN_1 X X Ay Ay 0 xN-—NcpJ

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

20 x) is avalid 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



15 To perfonu conjugation in the frequency domain as is done by the ASTC schemes, an OFDM
symbol sequence denoted by x/i that is without a cyclic prefix can be reversed and conjugated as time

domain sympelsdepsesiyce XE. The following mapping can be used: (n), phEBd2669/6062850therwise
60 XR = [X0 XALA X," X11 XB is conjugated in the time domain to produce 4 is a valid OFDIM.

symbol without a cyclic prefix. When an N-point discrete Fourier 5 transform (DFT) is perfoimed on 4,
the format will be maintained because of the rever8al in the order of the word sequence. In an
alternative embodiment, to achieve the conjugation in frequency domain required by the ASTC

schemes, afOEBMshn sl gl o 1hsearsprRing e Epenctbranefmbalonsgreneed’ M N words

can be reversed and conjugated as time domain symbols to produce x3. The following mapping can
be used: 13TPEHRY REWAY RFHEFE R4 (n) and xe (n)respectively denote the n-th word in the symbols
14 and XE. NA 15 is the number of words in 14 such that NA = N+ Ncp. The resultant x3 will be a
reversal of 14, i.e. XR =X0 AW-1 xN-2 Xy _ticpi The resultant 13 is conjugated in the time domain to

produce 4. 204 is a valid OFDM symbol with a cyclic prefix. When an N-point discrete Fourier
When conjugation is performed in the time domain to produce X, , the corresponding

5  frequency domain sequence for xp will be
X (k)WAl;c(N—-Ncp—l} =X (]C)W];k(mpu)

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);
o Cyclic Shift x((n+m) ) < Wy 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 comresponding frequency domain sequence, N the DFT size, and

27
Wy =exp| — j—|.
el 1)

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.

Cvyclic Prefix Scheme 1




transform (DFT) is performed on 4 , the format will be maintained because of the 61 reversal in the
order of the word sequence. Therefore, the inter-symbol interference (I1S!) mitigation property
maintains. Wheseanit@ation is performed in the time domain to produce ¥citke nowespending 5
frequency domain sequence for xB will be X* (Ic)w,("-AmP-1) = i.e., the phase-shifted conjugate
sequence. The symbol conjugation method makes use of the Discrete Fourier Transfo 10(DPI')
properties of: Linearity: ax(n)+by(n)<* aX(k)+ bY(K); Cyclic Shift x(01+ nON)W2S712nX(k);
Symmetry x*((-n)N)(1) where we use x(n) and y(n) to denote the time domain sequence, X(k) and
Y(ic) 15 their corresponding frequency domain sequence Ar the DFT size, and Fftiv expi- j 2z :\ The

symbol con ugatlo(g ﬁ%%g%dﬁ%} c\)/re:l Itlggrtzlalgjvantl? et xes Q{Zﬁ‘ﬁ (gﬁ@%]ﬂg?gessmg has to be

done at th ocessmg"ha}'s one or 20 maximum likelihood decoding at

ghze destlnaetllrenof ! | %ngeUbﬁar er, yn%cc!i %@ﬁ)éesrﬁgemeo]beMSgQ&Q&OZISWPCT/SGZOOQ10002 -85

5 In 1002, the source derives a first cyclic prefix (denoted CP;) with length 7, such that
Top 2 max{r cuni}. Tsn 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

10 sequence [CP, x).
In 1006, the relay station receives [CcP! x'].

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

15  each OFDM symbol is removed leaving x'.

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

length 7y, > max {z,.,, } is derived from x" for each OFDM symbol and inserted in front
of x', resulting in the sequence [P, x'|. When the antennas are distributed across

20 multiplerelays, 7cp, is chosen such thatzep, 2 MAX{T 15 s T raosp ,---,'L'Ri_,D,~'-,rRN,._>D}
i.e. rep, represents the maximum délay 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 aniennae present at the relay station.



Figure 10 shows a scheme for inserting cyclic prefixes according to the example embodiment. Let x be
the symbol sequence that is to be transmitted. 5In 1002, the source derives a first cyclic prefix
(denoted CRéwitlangth v,1 such that rep, ->- max{rs..Ri} Srepresents the-mainvgadiesay 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 CPI in front of x. and then transmits the resultant symbol 10sequence [CP,
X. In 1006, the relay station receives [CP," In 1(@8, after performing time synchronization, the CPL
portion with length v0i,1 ill 15 each OFDIvl symbol is removed leaving x' In 1010, if no signal
conjugation is needed, a second cyclic prefix (denoted CP2) with length rcr2 max {7} is derived from x'
for each OEDM sympol.and inserted.in front of X', resulting.in the sequence [CP2 xi. Vyihe the
antennas af® At iheHERRTERBIERAM R PEFSGE: r%’ﬁ | HS@SPF%SB% ETET Maxm-4) , R2-0 %...
%r R1-ORNI -0) i.e. ra,, represents the maximum delay spread from the i-th relay (i.e. Ri) to the
destination i Flpr?@éﬁ the number of sample durations. Arr denotes the number of antenna or
antennae present at the relay sta{'on. iS In 1012, i signaloconjugation is needed, the OFDM symbol

sequence is reordered agcofging td4X/An) X Otxm W™ " =
o X, (N — 7 ,otherwise

5 where x,, =[x'], N, denotes the length of x,,, and n=0,,-- N, —1. The conjugate

of x__is then derived and denoted as x,,,. A second cyclic prefix (denoted CP») with

oul

*®

length 7., is then derived from x,, and inserted ahead ofx,,, resulting in the

sequence [CP2 X, 1

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 [CP:2 X;,J is

transmitted to the destination.

aut

In 1016, the destination receives either [CP; x"| or [CPQ’ x ] 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



, when n =0, otherwise 5where x1, = [x'], NA.O, denotes the length of xt" , and ii =xtn -1. The
conjugate of xe", is then derived and denoted as x*Ene . A second cyclic prefix (denoted CP2) with
length ya,2 isdhemedeiswed from x: and inserted ahead of X" resulting in theseggroegfcR2 x,1. 10In
1014, other necessary steps for the ASTC implementation at the relay station performed and then the
symbol sequence of either [CP2 xi] or [CP2 x:"] is transmitted to the destination. In 1016, the
destination receives either [CP2'or [CP2 X] After ftame 15 synchronization, the destination removes
the CP; with length yr in each OFDM symbol. In 1018, the destination performs the ASTC decoding in
the frequefr3PRBMIACBAE eliEPre FDLh Eraiong:nEhs dsi sRscad 1y tap readust fhe®iirce to relay

station channels is denoted as ys,R sample durations, and the maximum delay spread of the relay

station to destinatonytd chaanels isrdepoted as-Tsample duxations, The delay spread of the product
channel is denoted by Tp where E.? = TS-+R + R-4D= max frs."),= max

Figure 11 shows an alternative scheme for inserting cyclic prefixes according to the

example embodiment. Let x be the symbol sequence that is to be transmitted.

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

Tepy 2 Tgur + Trop - I order to completely mitigate the ISI, 7, should not be shorter

thanrp.

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

fcp, x|

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

will then have N = N+t 0r Ny =N+17, ~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

de(n)s Xz‘n(NR —n ~1)



Figure 11 shows an alternative scheme for inserting cyclic prefixes according to the example
embodiment. Let x be the symbol sequence that is to be transmitted In 1102, the source derives a first
cyclic prefixweenatad1@R1) with length Ten r.4- V. In order to completely nHtigate2090/48128%0n should
not be shorter than -rp 10In 1104, the source inserts CPI into x. and then transmits the resultant
symbol sequence [CP, xl. In 1106, the relay statigx). receives {CP:In step 1108, after performing time
synchronization, the first vs,R symbols in the CP: portion of each OFDIV1 symbol is 15 removed,

leaving a sequenc resen P2'T uItln OEDM s bol will then haye NR=N + en or
NR=N + T, - z-5" %ﬁ’?sg fals. rrstg;1 111(%# nfi) glg al cghnnjuga n |svﬁ £§§H ﬁ[(;(proc%%%lng is done.
In step 1112, if signal conjugation is needed, the OFDM symbol sequence is reversed to produce the
20 output sequéhce XpHt 1@ O aoninzds Q@ﬂwé;el&rhen[dnmwé ashdreetedasergth of [CP; x], and n =
0,1; ,NR -1. The conjugate of x,,Re is then derived and denoted as In 1114, other necessary steps
for the ASTC implementation at the relay station are 5 performed and then the symbol sequence of
either {CP2 xl or Vo,"1 is transmitted to the destination. In 1116, the destination receives either [CP2"
x"] or [C," |InAftet 4 arhersyeisany zeton foh e ST ampéemenésithe «€ Fhe witlayesigtiod ep? =s_tiz from
each OFDM

5  performed and then the symbol sequence of either [CP; x'] or [xm] is transmitted to

the destination.

In 1116, the destination receives either [CP!  x"] or [ m,,] After frame synchronization,
the destination removes the CP,; with length 7z, =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.



10symbol 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. ORiotyspanigsmas are selected to implement the proposed scherpesbasedansare-defined
selection-criteria, e.g., best product channel 5NR, etc. Alternative embodiments may also have
multiple relay stations where relay selection 20ca é)e perfoinied 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,. 66 Alterpative embodiments may also haye multiple relay stations wheyre
Coordinate ET%}VRS@F%’ ?é]%‘fﬂ&%’r%ﬁ?ea P\ E‘g‘éﬁ 9%%aﬁ8¥??’a%%ﬁ%%sc‘6v(%?n %%f%g%% are applied
at different relay statign..In.this case, the delgy durations applied at the different relay station is a
design parérﬁ@&ar‘&o%n@n%dl?% %rﬁl%mg[eer%{trgl &oh ra?l.fayh%aean% (o] wfgwle%? 5081055%%1%% t egla\égiv%ﬁtage that

the carrer fequengiasdo.notiave o e griedonal and s sianahealisionsylnghoceyr A further

oy ey . U
possibility iSO implement cooperation using at least two reaPéy stations.”Using emes 1 to 3,

nformation, passing 5 DA SMenic besweeni, o 8% WaJsiay Jgsialonsend s gidsast o relay

. T
stations can then participate In the described embodiment does not

includes power sealing, a%ie SauEce And J <lay aoses, i dbismRy e empiysiiiepanding on the type

of deployment. For example, the power scaling may be incorporated in the channéel estimation and

therefore 1@5'&&@@&9{&%@% 28 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

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



MCSLIP 67 - CLAIMS 1An analog space-time relay method for a wireless communication relay
channel, the wireless communication relay channel including first and second relay antenfsSLLP
arranged to relay an information signal transmitted from a source station to a destination 5station, the
method comprising the steps of: (i) receiving a first symbol sequence at the first relay antenna, the lust
symbol sequence comprising the information signal and a first noise clement; 10(ii) receiving a second
symbol sequence at the second relay antenna, the second symbol sequence comprising the
information sigial and a second noise element; (iii) transmitting a first signal by the first relay antenna,
~ the first signal being associated with the secondsymbol 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 f4gt" ymbol sequence received at the first relay antenna. An analog spade-time
relay method according-tangtgisnds-iheteimithie Secomt<2esymbol seeuehceinefudes 8. complex
conjugate of the information si rilcatll,ogrng tthe m(?trlgg ig%rgps LGQMRESES mr@nﬁggspl_olf Igegatlng the

complex conjugal® 8FH5E fRismation signal Tor deriving the first signal. M C

arranged to relay an information signal (ransmitied from a source station to a destination

5 station, the mothod comprising the steps ofi

(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 (1) receiv{ng a second symbol sequence at the second relay antenna, the second symbol

sequehce comprising the informalion signal and a sccond noise slement;

(iif) transmitting a first signal by the first relay antenna, the first signal heing agsociated

with the second symBol sequence reccived at the second relay antenna; '

(iv) transmitling a second signal by the second rclay antenna, the second signal being

associated with the first symbol sequence received at the first relay antenua,

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

signai for deriving the first signal.
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68 3.An analog space-time relay method according to claim 2, further comprising the step of
combining the negated complex conjugate of the information signal and the first s>/mhol seq) I-Abe
for deriving the first signal. 54.An analog space-thus:relay method according to any preceding’claim,
further 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 | Ocomprising
the step o ',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 gae method further 15comprises the steps of: encoding
the first and second received symbol sequences usin Alam_ou;Li C(l')t}gin to .obt%i‘g the first and second
signals for =mission byAthestespertive: repyaRIEAKES ™ A EiTal8 ] € ate-tine relay method
according to claim, 6, further. camprisiog.theistep;ofabihe destiaationstation: fregating the first and

. S . 7 : :
second signals to obtain channel estimates for the wireless communication relay channel. MC SUP
symihol sequence for deriving the first signal

5 4 An analoy spacc-time relay method according to any preeeding clalm, further

comprising the .st\:p of combining the first and second symbol sequences (o obtain the

second signal,

5 An analog space-time relay method according to uny preceding claim, forther
10 comprising the step of encoding {he first and sccond signals using Alariouti cading

prior to the respoelive transmissions.

6 An analog space-time relay mothod according to ¢laim 1, wherein the
information symbol includes al least one {raining signal and the method further
15  comprises the sleps 01;": encoding the first and second received symbol scquences 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 lo claim 6, further comprising the
20 step of, at the desﬁnaﬁoﬁ station, negating the first and second signals to obtain channcl

cstimates for the wireless communication relay channel.
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69 8.An analog space-time relay method according to claim 6 or 7, further comprising the step of, at
the destination station, calculating a mean of the first and second signals to obtain channel dgtirfiaids
for the wireless communication relay channel. 59.An analog space-time relay method according to
claim 1, wherein the inionnation 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 10symbol sequence includes a difference or the two
consecutive symbols. 11An analog space-time relay method according to claim 10, further comprising
the steps or, combining the first and second sygabol sequence for deriving the first signal for the first
relay antenna; combining the first and second symbol sequence atfhe 15second relay antenna for
deriving the secend sivuilafes thes$ECSHY P Afttenia. ©*'An analog space-tinie relay method
according to C'aigpm%&g;xtwb%E,pampﬁgsishgnuﬂ&smps cfiencadinethe’ BoATBINE first and second symbol
sequences using Alanthuti coding to form the first and second signa ransmission by the
respective relay @@amé’ﬂﬁa@.”113??3\?’?fﬁ?féfé‘{j”%‘ﬁsafglé@t?rﬁlgbrgfacf;x%ﬁeﬁ%%ia%rding to claim I, wherein the
information symbol ineludes at least one training signal, and the first signal includes a conjugate of the
second symbol sequence received at the second rel ntenna . 14. An analog space-Lime relay
method accosdint to chaifrre8 srftHEr r(’?lﬂ’hrﬁcrtf?ﬁﬁbﬁ{éﬁ}s/ %%?@s%-?r%%snmitting the first symbol sequence

by the first relay aptenna at.aswankel intesiabdiffeteritirom the transmission of the first signal.

10 An analog space-time relay method according to claim 9, wherein the first

1d the second

i inati he two consceutive symbols ar
symbol segquence includes a combination of ¢ v

10 symbol sequernce includes a difference of the TWo consecutive symbols,

11 An analog space-time relay method according to claim 10, further comprising

the sieps 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 sccond relay antemna for deriving the second signal for the sccond relay antenoa.

12 An analoy space-time relay method acoording to claim 11, further comprising

the ‘;téps of encoding the combined first and second symbol sequonces usmg Alamoutt

coding to form the first and second signals for transmission by the respeciive relay

20 antennas.

13 An analog space-time relay method wecording Lo cletm 1, wherein the
information syrribol includes al Jeast one training signal, and the first signal includes a

conjugate of the second symbol sequence received at the second relay anlenna.
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5 15. An analog space-time relay method according to claim 13 or 14, wherein the seconq_gignal
includes a negative conjugate of the first symbol sequence received at the first relay anteritta; 4bf6.An
analog 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 15comprising the step of, at the destination station, negating the first and second signals
to obtain channel estimates for the wireless communication relay channel. An analog space-time relay
method according lo any of claims 13-17, furthesgcomprising the step of, at the destination station,
calculating a mean of the first and 20second signals to obtain channel estimates for the wireless
communication relay channel. 19.An analog space-time relay method according to any of
claimswherein the first symhbol sequsnca.is-enttansmitied bythe firstretay-atenna over first and
second symbols intervals, and the method further complri'sgsfl:hge §§e£)n&fmtara1nasmitting a MCSLLP 71
negative conjugateeoftns Seest SARBIIEEGINSEE FEcaived at the second relay antenna

symbol interval different from the transmission of the first signal.

5 .
15. An analog space-time relay method according to claim 13 or 14, wherein the
second signal includes a negative conjugate of the first symbol sequence reccived at the
first relay antenna.
1 O‘ i6 An anulog spacc-time relay method according to claim 13, further comprising

the stép of: rc—traﬁsmitting the second symbol sequence by the second relay amenna al a

symbol interval different from the transmission of the sccond signal.

[7 An‘analog spacc-time relay mvethod according to any of claims 13-16, further
15  comprising the siep ol at the deslination slation, negating the st and sevond gignals o

obtain channel estimates for the wireless communication relay channel.

18, An analog spacc—timd relay mothod accarding to any ol clairms 13-17, further
comprising the step of, at the destination station, calculating a mean of the first and
& *

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

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

second symbols intervals, and the method further comprises the step of transmitling a
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over a third symbol interval. 20An analog space-time relay method aceording to claim 19, wherein the
first 5signal is transmitted over a fourth symbol interval. 21. An analog space-time relay metHbgSLLP
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 Seq LIMO by the second relay antenna over the second symbol interval; 22. An
analog space-time relay method according to claim 2), 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 mathod according to claim I, wherein the information
symbol includes oven number of symbals. 24{. An analo&;&g&g;gm‘% relay method according to claim
23, further comprigitig ZotHE s OFESHBIRIAG e Sfirst and second symbol sequences to obtain the
rust and second signals.adtheiiespective antennas. 25An analog space-time relay method according
to any of claims 23-25, further comprising the step of encoding the first and second signals using
Alamouti coding prior to the respective transmissions. 526.An analog space-time relay method
according to clainy 1, furthergamprisingthe-stepscoficamiiningthécfiistade'second symbol sequences

to form the first signal and transmitting the first signal over a first symbol interval. = 27. An analog

1L

space-time refay TMEIHGH ERES AG S Elaim 26, further comprising 10the steps of: negating the first
signal; and transmitting the negated first signal over a. :

21 An analog space-time relay method accordinyg to claim 20, lurther comprising
the steps of, simultaneously, transmitting a negalive second syrbol scquence by the
second relay antenna over the first symbol interval and re-transmitting the second

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

22.  An analog spacc-time relay method according to claim 21, whercin 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 methed according to claim 1, wherein the

information symbol includes cven number of syrribols.

2. An analog space-time relay method according to ¢laim 23, further comprising
20 the step of combining (he first and second symbol sequences to obtain the {irst and

sccond signals at the respective antennas.
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second symbol interval.  28. An analog space-lime 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 that signal over a third and fourth symbol interval. 29. An analog %‘a\%@-—t‘f’me
relay method according to any of claims 26-2g, further comp sing the stops 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. MCSIAP 73 31. An analog space-time relay method according to claim 30,
fin-liter comprisingsthe stopsefmegiting!thacdetariadigriaraitd Farsittiny the negated second signal
over a fourth symbol inter\(alﬂg oL ARAING SPacesima elay Methad forig wireless communication

COMPTISInG the

relay channel, the wireleSs communication relay channel including first and second relay antennas
arranged to relayisinrinformatiohesighaistaismitted 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 conaprising thesirfes PG STANAT A SRS ABISE Rl AR Y& Tet8iving a second symbol

sequence at the %pcgsoqug%ggl tenna, the.sesand symbol saguence-cemprising the information signal
and a second noise e(iement; lii) transmitting a second signal by the second relay antenna, the second

signal being a redrdenifigetafsSEE RSy hBrea isRee.

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 overa,

sscond symbbl mterval.

28,  An analég spuce-time relay method according to ¢claim 27, furlher comprising
{he steps ofX oblaining a complex conjugate of the first signal; und transmitting the

15 cémplcx 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

cofnpn’siug the steps of, simultancously, combining the first and second sequences to

form the scoond sigmal, obtéining 1 complex conjugate of the second signal, negating ‘
20  the complex conjugate of the secand signal, and transmitting the negated complex

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

30. An analo i space-time réiay method according 1o claim 29, whereln the second

signal is transmitted over the third symbol interval.
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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. MG SUP 74 34.An analog space-tifi€ selay
method according to claim 32 or 33, further comprisiag the step of obtaining a complex eorklugato of
the reordered second symbol sequence. 535.An analog 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 to7orm the second signal 37. An analog space:time
relay method according to ally of claims 32 to 36, further comprising the step of encoding the first and
second signals using A lamouti coding 15prior to the respective transmissions. 3,An analog space-time
relay method accgrding.te.glaigna2inwheneinthesinformationsigharinctedesiegfirst training signal and a

second training signal, the second training signal beir g aneq. tion. of the first training signal 20 39.An
analog space-tim‘écrgéqwffﬁ%?ﬁlf%&géﬁ%’?aiﬁ%ﬁbgnc%lgﬁ @% attﬁer%omf)rigingg’tthe steps of transmitting the

first training signa@vesadinstesymbol interval and transmitting the second training signal over a

second symbol interval, the second symbol interval occurring after the first symbol interval.
5

32, An analog space-time relay mothod for a wircless communication relay channel,
the wireless commmunication relay channe! including first and sccond relay anténnas
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 anterma
1'etra1i51nitting the first symbol sequence as a first signal, the first symbol sequence

comptising the information signal and a first noise element;

i5 {ii} receiving a second symbol sequence at the sceond relay anlenna, the second symbol

sequence cornprising the information signal and a second noise element;

(iii) transmitting a second signal by the sccond relay untenny, the second signal heing a
reordering of the second symbol sequence.

20

33.  An analog space-lime relay method according to claim 32, whercin the second

signal Is a reversal in the order of the sccond symbal sequence.
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75 43.An analog spnec-time relay method according to claim 38 oc 39, further comprising the,step_ef,
at the destination station, negating the first and second signals to obtain channel estimates for the
wireless communication relay channel. 5 4 IAn analog space-time relay method according to any of
claims 38 to 40, fin-ther comprising the step of at the destination station, calculating a mean of the first
int.1 second signals to obtain channel estimates for the wireless communication relay channel. 10
42An analog space-lime relay method according to any preceding claim, wherein the information
symbol is modulated using 014DM. 43.An analog space-time relay method according to any of claim
1-4 wherein the information symbol is modulated4using Single Carrier - Cyclic Prefix. 15 44.An analog

space-time relay method according to any preceding dclaitmsléquvgggregg m% Jrirst and second signals are
coded using a codiing MafIXBAREEGH fHE MIMBETBF ditterinas at the relay station. 2045.An analog
space-time relay methed.accordingsioany preceding laimpfurtherdompiismepthe step of performing
linear processing at the destination station. 46.Au analog space-time relay method according to any
preceding ciiaim, $¥HE&t&in the first and second antennas are located at the same relay station,

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

symbol sequence.

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

conjugate second symbol sequence to form the sccond signal.

37. An analog space-time relay method according (o any of claims 32 to 36, further
commprising the stop ol cncoding‘the first and second signals using Alamouti coding

15 prior to the regpective transmissions.

38. An analog spacc-time relay method according to claim 32, wherein the
information signal includes a first training signal and second training signal, the
sceond traiming signal being 2 negation of the first training signal.

20
39, An analog spacc-time relay method according (o claim 38, further comprising
the stéps of transmitiing the first training signal over a first symbol intcrvél and
transmitting the second training signal over a sccond symbol interval, the second

symbol interval occurring after the first symbol interval,
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MCSLLP 76 47.An analog, space-time relay method according to any of claims | to 46 whereir{l\mew
first and second antennas are located at different relay stations. 548.An analog space-time rlay” -
method according to any preceding claim, wherein the lira noise clement includes 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. An analog spacc-time relay method according to any of claims | to 49, wherein the information
signal from the scarce further comprises a cyclic prefix, and wherein the method further comprises the
step of removing part of the cyclic prefix at the refay station; and transmitting the remaining part of the
cyclic prefix with the first signal or 15the second signal to the destination. 51. Au analog space-time
relay method according to any of claims 1 to 49, wherein - the information signal from the source
further comprises g cyclic.pigfixsnchwikeseinilemethod faithes edmprises the steps o,. 20removing
the cyclic prefix at the relay station; generating a second cyclic. prefix at t station; arid
appending the seé@?ftﬂi%‘gﬂdﬁésﬁﬁpe‘i‘fﬁg“iﬁ%tﬁ% %Sltéltr’}%jl’ ort h?z@f&%ﬁﬁéﬁﬁgﬁ%@?ﬁsmission to the

destination. obtain channel estimates for the wireless communication relay channel.

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 moan of the first and

second signals 1o obtain chanuel estimates for the wireless communication relay channel.

10 42 An analog space-time rclay method according Lo any preceding claim, wherein

the information symbol is modulated using OFLOM.

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 spacc-time reluy method according to any preceding claims, wherein

" Ihe first and second signals are coded using a coding matrix based on the number of

anlenmias at the relay station.

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

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

46,  An analog spacc-time relay method according (o any prcccding clatm, whercin

the first and second antennas are located at the same relay station,
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52.An analog space-time relay method according to any preceding claim, wherein the first symbol P
sequence farther comprises a further information signal transmitted from a further Source, st%{itftjh{”‘“
destined for a further destination station. 553.An analog space-time relay method according to any of
claims 1 to 51, wherein rho second symbol sequence further comprises a further information signal
transmitted from a ("tartly:in-source station destined for a further destination station. 54.An analog
space-time relay method according to claim 52 or 53, wherein the 10information signal comprises a
first header and the further information signal comprises a second header, a cress-correlation value
obtained by correlating the first header and the sgcond 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. 1555.Apparatus for perfonning analog space-time relay of an information signal transmitted from
a source station tq.a degtination, statienayer.acvieless commuarication felayechannel, the apparatus
comprising: (i) a first relay antenna configured to receive a first symbol sequence which includes
the 20information tsigrratuer R direrolds BraRMEht Sra" G 3 sccond relay antenna configured to
receive a second symbol sequence which includes the information sigial and a second noise element;
MCSLIP 78 wherria, the first antenna is configt{ir.ed tg transmit a first signal which is associated with
the second syfmbdseqtieticEsEreval SHHE S8dShd refay antenna; and wherein the second antenna
is eon waged to transmit.a sesend:signalasichuis asseciated:with-thesfiistsymbol sequence received

at the first relay antenna. 5
49 An analog space-time relay method according to any preceding glaim, wherein
the second noise element includes additive noise of the communication relay channel.
10
50 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 whercin
the method further coﬁxpﬁses the step of removing part of the cyclic prefix at the relay
station: and transmit(ing the remaining part of the eyclic prefix with the first si gnal or

15 the second signal to the destination.

51 An analop space-time relay method according to any of claims 1 to 49, whercin

- the information signal from the source further comprises a cyclic prefix, and wherein

the method further cbmprises the steps of:

20 removing the cyclic éreﬁx at the relay station;.
gencrating a second cyclic prefix at thc rolay stution; and
appending the second cyclic prefix to the frst signal or the second signal for

trausmission to the destination.
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56. Apparatus for performing analog spacc4ime relay elan information signal transmitted from a source
clarion to a destination station Over a wireless COMMunication relay channel, the apparatusmCSLLP
comprising: 10(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 lint noise element; (ii) u second relay antenna configured to receive a second symbol sequence
which 15includes the information signal ancl a second noise element; the second relay antenna further
configured to transmit a second signal which is a reordering of the second symbol sequence. 57.
Apparatus according to claim 55 or 56, wherein the apparatus is in the form of a 20relay station and
the first and second antennas are co-located at.the relay stafi N: 4s according to claim 55
or 56 wherein theséppd?&fﬂ%oﬁf@f’ﬁcd'gget{/%éyr@ é%dsaf(gﬁéﬁns and tf?g ?ldr%tg;ﬁgl %\%ﬁ&% antennas are located
at separate relay statioRsnvd SqbScApparatus aocording itbeamyootieal ris8%5't6 58, wherein the
information signal from the source further; e%‘%ép?ﬁkﬁ%&%:&}f&u&@{a‘%@% the apparatus further comprising:

rther source slation gestin

5a processing unﬁ“f“érar(“amovmg part of the cyclic prefix at the relay station; and a transmitter for
transmitting the remaining part of the cyclic pncifix and the message to the destination. 60. Apparatus

according to any of claims 55 to 58, wherein.the information,sienakiGtrom theseurce further
comprises a C§/C|IC prefﬁ(, the apparatus further comprising: a processing unit configured to romove the
cyclic prefix, generatecasecondeayclicprefigomprises a further information signal fransmitled ,

from a further source station destined for a further destination station.

54. An analog space-time rclay method according to claim 52 or 53, wherein the

10 information signal comprises a first header and the further information signal compriscs
4 sceond header, a cross-correlation value obtained by correlating the first header and
the scecond headér with no offset is equal to a cross-correlation value abtained by

corrclating the first and the second header with offsel greater than zero.

15 35, Apparatus for performing analog spacc-time relay of an nformation signal

tranemitied from a source station to a destination station over a wireless communication
2

rclay channel, the apparatus comprising:

(i) a first relay anlenna configured to receive a first symbol scquence which includes the

50  information signal and a first noise clement; and

(ii) « sccond relay antenna confi gured to receive a scoond symbol sequence which

includes (he information signal and a second noisc element;
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append the second cyclic prefix to the message; and transmit the message with the a
. . , , en
cyclic prefix to the destination. - ! i d!\/?gi%ssf}gnd

78
wherein, the first antenna is configurcd o transmit a first signal which is associated with
(he second symbol sequence reccived at the second relay antenna; and wherein the
sccond anlenna is configured to transmit a sccond signal which is associated with the

first symbol sequence received at the first relay antenna,

56, Apparatus [br performing analog spacc-time relay of an information signal '

transmitted from a source station 10 a destination station over a wircless communication

relay channcl, the apparatus comprising:

10 (i) & frst relay antenna configured to receive a first symbol sequence and (o retransmit
the first symbol sequehce as a first signal, the fitst symbol sequence comprising the

" information signal and a f{irst noise element;

(i) 4 sceond relay antenna confligured to receive a sccond symbol sequence which
15  includes the information signal and 4 second noise element; the second relay antcnna

further configured to transmit a second signal which is a reordering of the second

symbot sequence.

57.  Apparatus according to claim 55 or 56, wherein the apparatus is in the formol'a

20 rolay station and the first and second antennas are co-located at the relay station.

58,  Apparatus according (o claim 55 or 56 wherein the appéralus includes two relay

stations and the first and second antennas are located at separate relay stations.
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79

59.  Apparatus accarding to any of claims 55 to 58, wherein the information signal
frorn the source further comprises a cyclic prefix, the apparatus [urther 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.

00.  Apparatus according to.any ()fglgilst 55 to>58, wherein the information sigﬁal
from the source further comprises a cyclic prefix, the apparatus furthor compris'mg:.

a processing unit configured to romove the cyclic prefix, generate a second eyclic prefix,
append the sceond cyclic prefix to the message; and transmit the message with the

appended seeond cyolic prefix (o the destination.
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