WO 21110/021598PCT/SG2009/000286 1 CYCLIC PREFIX SCHEMES FIELD OF THE INVENTION
5This invention relates to methods and systems for implementing cyclic prefixes in a wireless
communicatisrochamembgomprising a relay station capable of performing imorrsatoy@ockng,
particularly but not exclusively, analog space-time coding. CROSS-REFERENCE TO RELATED
APPLICATIONS 10The present application is one of two patent applications claiming priority from US
provisional patent application no 61/089,617. The pre]sent patent application relates to the usage of
cyclic prefixes, whereas the other pater&g cation re lates m gues for space-time coding The
techniques described in the respective Eg‘ék[ HP(%B g %dependent since either can be
used without the other, although it is 15equally possible to construct systems which combine
techniques from the respective two patent applications. BACKGROUND OF THE INVENTION
20Wireless relgysia v showpRaiertialipr extending communication range and providing good quality
of experience. Tn atypical wireless communication system utilizing relays, the relay station would be
time shared between different sources and destination. In such a scenario, the relay station needs to
estimate the Angular Carrier Frequency Offset (ACFO) present between each pair of source and relay
antennae fdenutadiAGRR sl W/Q RRIAIE2LRISRETAG2A09EA0286 ThgidsERdbat is present
between each pair of relay, and destination antennae (denoted ACED Oci ) will be compensated for at
the destinationwirelsinicpampénsatiahafiticsowitanod ety andiselaykbdesgtiationAC FO is not
possible 5 in the prior art Compensation for the source to relay ACM Or can thus only be performed at
the relay statioimfdhetietasodiagicrusictierhriortadtwitthsadio astinmipaandicerpinsate the ACED for
each source-and-relay pair and this complicates the relay station hardware and increases the power
required by the relay station. 10Implementations of analog space-time coding (ASTC) in The prior art
also have the limitation that the transmlssmn channel has to be flat fading. This is because
inter-symbol inte ghahnel has frequency selective fading.
The insertion of a cycli Xngeflx (CP) can be used to mitigate agalnst ISI. The cyclic prefix mserted

should preterabRPBHESSTS FRRTANGFLL R AR QbR P Ricatings claiming priority from US

provisional patent application no 61/089,617. The present patent application relates to
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the usage of cyclic prefixes, whereas the other patent application relates to techniques

for space-time coding. The techniques described in the respective two patent

applications are independent since either can be used without the other, although it is
15 equally possible to construct systems which combine techniques from the respective

two patent applications.

BACKGROUND OF THE INVENTION

20 Wireless relays have shown potential for extending communication range and providing
good quality of experience. In a typical wireless communication system utilizing relays,
the relay station would be time shared between different sources and destination. In
such a scenario, the relay station needs to estimate the Angular Carrier Frequency Offset

(ACFO) present between each pair of source and relay antennae (denoted ACFO 4,).



15impulse response (CIR). Typical implementations of ASTC also require that the samples within a
signal be reordered when performing the coding. 20lt is an object of the present invention to provide a

method for ingpiemmeninggyclic prefixes and compensating for the channelgffagts gd goyvkekss
‘communication channel, which addresses at least one of the problems of the prior art and/or to provide

the public with a useful choice. WO 2010/021598PCT/S G2009/000286 3 SUMMARY OF THE
INVENTION In general terms, the present inventiod relates to transmitting data though a wireless

communication channel from a source to a destination.via a re tati ' ' ntennae.
The relay Sta’ﬂ}ﬁQggg?\/@?ésrﬁggggbge%ween Aol DAt gk ¥ aE! anclfal e 1?%9&11%\@992@&&9}%%@

e from the sourceé containing t ata and a first cyclic prefix. It

does this usn}\?%%;i%af‘%ﬁg gglyqﬁ%@% &’Egggﬁiﬁg | iQ[ll%l{gspective received signals. In a first

aspect of the 1Oh removes the first cyclic prefix from the received signals,
replacing it with a new one. In a second aspect of the invention, the rélay station removes only a
portion of the first cyclic prefix. In either case, the relay station may apply space-time coding to

generate 10second sipals, which it transmits to.the destination, which extragts ihe data. A further
aspect of the 1APESHBR FI&He8 Pg é’seti?ﬁa ?ﬁéopléerlg%%rfgrrf%?,t%gedgv%é%gr%ﬁf%) enable (t)hz) destination to

decode the data, The ivention may be prpressed alaialivel.as enniegraied digyihconfgured

to 15 enable tfe [ aspects’of the invention. cyclic prefix schemes of the present

invention do not require that the transmisgion channels be fiat fading. 20, BRI : ION OF
THE DRAWINESTBSA Sy S raRAR B briye CHoaTIes F i po L e B R

. eémpbodiments wi descri nce to the

accompanying crawings,n yhigh; WQ.2010/021998R.61/SG2A03/00028 i E WSl 2

. T + .
schematic draWiffg 0t @ communication channel having a source station S, relay station R and

destination stafion. D ARFREIRG I0AR. LT RRYmRR'ahibed BYRRIRKay station.

10  Implementations of analog space-time coding (ASTC) in the prior art also have the
Hmitation that the transmission channel has to be flat fading. This is because inter-
symbol interference (ISI) results when the transmission channel has frequency selective
fading. The insertion of a cyclic prefix (CP) can be used to mitigate against ISI. The
cyclic prefix inserted should preferably be of a length greater than that of the channel

15  impulse response (CIR).

Typical implementations of ASTC also require that the samples within a signal be re-

ordered when performing the coding.

20  Itisan object of the present invention to provide a method for implementing cyclic
prefixes and compensating for the channel effects of a wireless communication channel,
which addresses at least one of the problems of the prior art and/or to provide the public

with a useful choice,



Figure 2 is a flow diagram of a scheme for inserting cyclic prefixes according to a Cyclic Prefix
Scheme 1 of the example embodiment; Figure 3 is a flow diagram of a scheme for inserting cyclic
prefixes accopding {p@ Saclic Prefix Scheme 2 of the example embodimeng /s Higdfgdhds a flow
diagram of a method for performing channel estimation according to the example embodiment; 10
DETAILED DESCRIPTION OFHE PREFERRED EMBODIMENTS Figure 1 shows a communication
channel according to an example embodiment. This thannel consists of a source station/node 110(S),
a relay station 120 (R) and a destination station/node 130 (D). The source and the destination each
have only oneSYB4AMARNS OFnEHENMEN N 120 has two antennae 122,124, The antennae at the
source station/node 110, the relay station 120 an tpe tdestinatilr%n st?j(o%nodg 130 qan be configured
to both transnift ST LERS: TR @SSR 1T @ AHE S R IR REY SSHER 1 507°8Rd the relay
station 120 sends signals to the destination 130. The signals sent from the, sour 0 to the relay
station 120, aﬁ%ﬁ}%‘r‘%ﬁ?&%ﬁ a%?ﬁi%ﬁ%?(f’ %" eécozﬁggsstmaa cl)gnVTfOrgn%ysqc%lr%%h%Zl ultiple orthogonal

carrer frequencigs, such as.in e caseliele. QEOM medulalion s aeduJhe presel bodiment
includes only one eFay station }éo. ,SA relaying scheme Is applied using orthogonal frequency
division multipieing (QERM), WO, 20301021 598G TAG2009/000286, Bodulkiasi the source 110,

ASTC encoding Is applied to individual carriers over two consecutive OFDM symbol periods. The relay
station 120 reggivesdheQERM:signRlusaIthetwarsiisnaerkBinkedi shoprsainptaianalog
processing (such as the sampling and storage of discrete time signals) of the received signal and
performs codingndhisthe Telingyeab fesfexampltibe:2ei2dAlgmby epding iffhiticoded signal is then
transmitted to the destination node/station 130. To avoid interference, the data transmission from the
source node/statioma Eeprdektinatiomitadelstation daibtakesoptacaiywepdniopbidedithe
transmission cycle thus 10consists of two phases. In the first phase, the source node/station 110 to
relay station 12@linkrisfaciivattuanageibedebtina oo moae Atpiicnarsoireneaissirmuerihe second

phase, the relay station 120 to destination node/station 130 link is activated and the source
node/stalion 1%0vedsignselsiwhich it transmits to the destination, which extracts the data. A further

aspect of the invention relates to estimating parameters of the channel, to enable the

destination to decode the data.

The invention may be expressed alternatively as an integrated circuit configured to

15  enable the above mentioned aspects of the invention.

The cyclic prefix schemes of the present invention do not require that the transmission

channels be flat fading.

20  BRIEF DESCRIPTION OF THE DRAWINGS

By way of example only, embodiments will be described with reference to the

accompanying drawings, in which:



15Simulations of the present embodiment were conducted using 16 carriers in each OFDM symbol.
This however does not limit the number of carriers to 16 and a skilled reader will understand that the
number of cawiers eABesvaried. Alternative embodiments may also applyheAmbiaieiaying
schemes to single-carrier 90cyclic prefix. (SC-CP) systems where the ASTC encoding is also applied
to individual symbols Over two consecutive SC-CP blocks. WO 2010/021548PCT/SG2009/000286 6
implement the proposed schemes based on pre-defi‘ﬁed selection criteria, e.g., best product channel
SNR, etc. Alternativg emb(redime ts may glso.hav muléqulle reclaalogtg}tliz(t)n%s%\ghere rela}iﬁelection can be

. . joure 2,5Ghe awing of .a corlmuni aving a source
performed in which Here a? &GN s eleetes o implement fre propos Sehefmes based on a

pre-determined selegtion criteria, €. : P efl A I iments may
also have mu?g%t?gr}egfgﬁ%}’ast%ﬁ%ﬂw %}%%gi%gﬁr%gﬁ (? %B]é ef?%ﬁsi%%ﬁs@n% p gﬁaﬁeegﬁ%ch relay
station, and t%gg@gginated delays are applied at different relay station. In this case, the delay
durations applied at the different relay station is a design parameter obtained from a central control.
This embodiment may.haveitherpdvaniaas, bat thesastier ffeauencies deraidarvedipg @rthogonal
and thus signal collisions will not occur. 15 Alternative embodiments may also have only one antenna
at the relgy statinl28Hkbinaase, of seletianpsetenvgaleneant cooperation using at least two relay
sub-stations, where each relay sub-station is a relay station capable of performing information passing
with other relay sub-Biatterisislafismdimpnapassingrieimflermnsatédebstiie encthve 20@bldast tovo relay
sub-stations and the at least two relay sub-stations can then participate in the ASTC transmission.
Angular Carrier(5esiaty Siffsote(AcHbd eFabgt ehenbodibentof carriers be N. The source 110 to relay
station 120 and relay station 120 to destination 130 channels are assumed to be frequency selective
multipath fading chakigars. 4 Btamie Vebsran et ameihoiveapdetivbly ehanoed tHEidinel impulse
response (Gift) from the source 110 to the first and second antennae 122, 124 of the relay station
5120. h5t1 andFHEINgdMtha GRS FRPSAIREN: 1). Similarly, let the vectors hi,D and h2"D respectively
denote the OR from the first and second antennae 122, 124 of the relay station 120 to the destination
130. 112D and h2,D both have the size of (L2 x 1).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 shows a communication channel according to an example embodiment. This
channel consists of a source station/node 110 (S), a relay station 120 (R) and a
destination station/node 130 (D). The source and the destination each have only one

15  antenna, and the relay station 120 has two antennae 122,124, The antennae at the source
station/node 110, the relay station 120 and the destination station/node 130 can be
configured to both transmit and receive. The source 110 sends signals to the relay
station 120, and the relay station 120 sends signals to the destination 130. The signals
sent from the source 110 to the relay station 120, and from the relay station 120 to the

20 destination 130 may comprise multiple orthogonal carrier frequencies, such as in the

case where OFDM modulation is used.

The present embodiment includes only one relay station 120. An ASTC relaying

scheme is applied using orthogonal frequency division multiplexing (OFDM)



Let fo, fr and fel be the carrier frequency of the local oscillators at the source 110, relay station 120
and destination 130, respectively. Then Air = Jo - Jr and Aid = Jo - fd 10respectively denote the CFO

at the relay 13@hangAetigation 130. The source 110, relay station 120 ang, destinafinn k30 can have
independent local oscillators and thus their oscillating frequency need not be the same. This results in -

independent CFOs in the signal received at relay station 120 and the destination 130 i.e. Afr # Afd. 15
The angular CFO (ACFO) is defined as 2nTv-(.6.L.)'§' 27r , where 0, denotes the ACFO that is present

at the channels between the source 110 and eitheé,antennall%% 12d4 ocfl thle relae¥ staet}(%n c:)L20, and Od
denotes the AREAReTDIISERERA At thd Tha TR BEHTERRMEHIR PEEMRA 2271 540t the relay

station 120 and the destination 130. T den%[e the(%FDM. sy ol duratg'(%glé gﬁﬂﬁﬁig{d_‘ (Af,.)T and
a

WO 2010021%5988¢H78 85806 BB By LIATIY e terred to as normalized CFOs and their

magnitudes are -boﬂn%%g I%/ﬂﬁléi%% (t)IE%aTg I.cl?gogsogghﬁlemgl%%&e@ﬂg/%uq}pmsﬁ' yed during

channel estin{g 0 Sperform compensation 8ither at the relay station 120, or at the

destination 130, Joinl AGFA.comasnsalion sap aisabeReameshaphe destoatignitd, in which

case no ACFglcomp nsation needs one at the relay station 120. What this means is that

compensation fr (Ot + cbe s dne 3L e desRRIQRUI0TAD didbe Qs arRsarinhe ignal

received At the rel y station 120 and destination 130 are not properly compensated, then the gains

due to the relgyipg aRd. 18896 Ql-LERM medulation cannot be realized. 15Joint ACFO compensation
when done at the destination 130 is advantageous as it keeps the relay carrier frequency unaffected

for any source-and-destination pair. Joint ACFO compensation when done at the destination 130 is
also advantageous as it .
To avoid interference, the data transmission from the source node/station 110 to
destination node/station 130 takes place over two phases. The transmission cycle thus
10 consists of two phases. In the first phase, the source node/station 110 to relay station
120 link is activated and the destination node/station 130 remains silent. In the second

phase, the relay station 120 to destination node/station 130 link is activated and the

source node/station 110 remains silent.

15  Simulations of the present embodiment were conducted using 16 carriers in each OFDM
symbol. This however does not limit the number of carriers to 16 and a skilled reader

will understand that the number of carriers can be varied.

Alternative embodiments may also apply the ASTC relaying schemes to single-carrier
20  coyclic prefix (SC-CP) systems where the ASTC encoding is also applied to individual

symbols over two consecutive SC-CP blocks.

Alternative embodiments may also have more than two antennae at the relay station 120,

in which case antenna selection can be adopted. Only two antennas are selected fo



simplifies the implementation of the relay station 120 and reduces the computational 20complexity at
the relay station 120. Cyclic prefix schemes with Carrier Frequency Offset (CFO) compensation The

embodiment giyRIRYS.44s; cyclic prefix schemes which are described belowy ittt assgciated
‘methods of performing carrier frequency offset (CFO) compensation. WO
2010/021598PCT/SG2009/000286 9 The Cyclic Prefix Schemes 1 and 2 of the !present invention
permits the implementation of space - time codes with minimum signal processing complexity at the
relay station. It is understood that the term "CP Scheme 1" is also used in this document to refer to
5the Cyclic Prsfil:Sotidhebrased shewsdwrsonprstyiined Wseier wiisacyerdBtefix Scheme 2.
Cyclic Prefix Scheme 1  Figure 2 shows a scheme for inserting cyclic prefixes according to the
example 10emPEWiHeERRLSNRbES (N x 1) vector containing the N data symbols to be transmitted
during a j-th OFDM symbol duration.  While this example embodiment of the invention has been
described using 2 OFDM symbols i.e. x2,, and x2n+1, it is clear that the use of a different number of

OFDM 155ympole s posshlg vty 1 scope o (enian, as il gleat . sl feacer. I

step 202, the |sScIf/1 prefix (denoted C with length =-'I. ffom x|. L1 is the

length of he chagnel ippuse LeSpRNRE.(Ca) .y (ERIESENIEALIER 2 AN IRsespRRIely for the

channel between the source and Irst antenna of the relay station, and the channel between the

source and theec0n g g0 pL G lau.slalian n SieR204 4 BSRERBRSIBEPSRIn ront of

and then transmits the resultant symbol sequence.
ete.

Alternative embodiments may also have multiple relay stations where Coordinated
10  Delay ASTC is implemented at cach relay station, and the coordinated delays are
applied at different relay station. In this case, the delay durations applied at the different
relay station is a design parameter obtained from a central control. This embodimént
may have the advantage that the carrier frequencies do not have to be orthogonal and
thus signal collisions will not occur.
15
Alternative embodiments may also have only one antenna at the relay station 120. In
this case, a solution is to implement cooperation using at least two relay sub-stations,
where each relay sub-station is a relay station capable of performing information
passing with other relay sub-stations. Information passing is implemented between the
20  at least two relay sub-stations and the at least two relay sub-stations can then participate

in the ASTC transmission.

Angular Carrier Frequency Offset (ACFO)




WO 2010/021598PCTISG2009/000286 10 Let the symbol sequence ; consisting of N symbols be
denoted by x" where 12 =0 ....AL 1, i.e. 5The cyclic prefix CP jr, j of length P1 is created by copying
the last Pl syadedsgafxk§sPLIXN_, X1] The cyclic prefix CP j,i is inserted ip oot afssigsi4cing the
resultant symbol sequence JCPLI x, j for transmission. 10The transmission from the source to relay
station takes place in the first phase of the transmission cycle. In step 206, the relay station receives
CPLIx] at both antennae of the station. 15 In step 208, after performing time synchronization, the
CF11 portion of length P1 in each, OFDM Sémbol Is removed leaving xj. Should ACFO be present, the

signal vectors YEdERBERRS RSN 5 - ORDINEinbdl st St foP prd 372y Aeies are given
after the remoygé of CP.hi as rﬁu}%n rR,1,2n=1 rk,2 2n£1 ,2n+1 J&G,.; 2,(N I%%szaﬁl or ZA,
(0,)ifsawkr,x2*2813 G E5tRAh VTSR RTINS AL SE AT 6 % fofing
(0,)Eis,2W1/(f>%rt ei 22%%1%%\“@% P1)Or (chr%llahz 1/11X2.24-1 WQ .
010102 1598P A B JGOTOOIRE L e SIS e o as B UL BB e the
removal of CPj i%] iand jres vely.denoting.the antennpa ind n OF%\I%/I al.duration. rR,J
has the size og%ﬁ% SJ.mnﬁéeeJ%%\{re%e?#g goa&){getrg#sartr%isg%ﬂnéyc gexllﬁl %??hlegﬁl\?fx )r?ngt]r%(a ?r\i; is the
inverse digcretg f-quriey transfqr (inrth)nE'L?{Q)éf;@e Jirg %‘?!Hf@l RYesiox of dhe.ox N) gireulant matrices
112,1 and Els,? are [L411,T and 2,9%,2, OQiX(N-m)T, . rl'spectlvg}lﬁ/. © ' 1’3

h, p respectively denote the CIR from the first and second antennae 122, 124 of the

relay station 120 to the destination 130. hy p and hé, p both have the size of (Ly x 1).

Let fo, fr and f; be the carrier frequency of the local oscillators at the source 110, relay

station 120 and destination 130, respectively. Then Af. = fo — frand Afy = fo — fa

10 respectively denote the CFO at the relay 120 and destination 130. The source 110, relay
station 120 and destination 130 can have independent local oscillators and thus their

oscillating frequency need not be the same. This results in independent CFOs in the

signal received at relay station 120 and the destination 130 i.e. Af, = Af,.

15 The angular CFO (ACFO) is defined as

2T
(br = Tv“(Afr)T
bo = AT,

where ¢, denotes the ACFO that is present at the channels between the source 110 and
either antenna 122, 124 of the relay station 120, and ¢, denotes the ACFO that is

20  present at the channels between either antenna 122, 124 of the relay station 120 and the

destination 130. T" denotes the OFDM symbol duration. Scalars €, = (Af,)T and



Vector VR,i,a contains N samples of additive white Gaussian noise (AWGN) that  distorts the signal
received by the i-th relay antenna during j-th OFDM symbol duration. 10If 2d OFDNI symbols are

transmitted iRgasHH gHSIgoWith d being an integer value, then the matrix V :J@}%g%%&g JWwill be of
dimension (2N x 2d) with OFDM symbol vV indexes of 2d,n, 2dn 1, 2dn 2, -, 2d,n, 2ct-1.Itis
assumed that the covariance of 15E= aR2IN fori = 1,2 and = 2m, 2m 1 for d> 1. Optionally, in the
event that ACFO is present, compensation of ACFO Or can be performed at the relay station as step

230. 20 Assumigg;h@%mgqgﬁgp@@ st or,i FO was.absent, over the span of 2 OFDM
symbol durations i.e. for j = {2n , 2n +1}, the@ggg%zee g‘%ﬁ% vévé% SheaiHt e brvadethioval of CPiii
at the relay are |g,lyg1@§gfggq)ég§'< WE© 2010/021598ITT/SC2009/000286 12  Step 209 is then

performed at the relay station. In step 209, Simple processing is performed in order to implement
space - time coding at the carrier level. The matrix YR is computed and arranged: The space-time

code implemented can for example be the Alamouti code. Given that
Thcf: ACFO ¢, and/or @, can be estimated during channel estimation and are used to

5  perform compensation either at the relay station 120, or at the destination 130.

Joint ACFO compensation can also be performed at the destination 130, in which case
no ACFO compensation needs to be done at the relay station 120. What this means is
that compensation for (¢, + ¢4) is done at the destination 130.

10
If' the CFOs present in the signal received at the relay station 120 and destination 130

are not properly compensated, then the gains due to the relaying and usage of OFDM

modulation cannot be realized.

15 Joint ACFO compensation when done at the destination 130 is advantageous as it keeps

the relay carrier frequency unaffected for any source-and-destination pair.

Joint ACFO compensation when done at the destination 130 is also advantageous as it

simplifies the implementation of the relay station 120 and reduces the computational

20 complexity at the relay station 120.

Cyclic prefix schemes with Carrier Frequency Offset ( CFO) compensation

The embodiment employs two cyclic prefix schemes which are described below with

their associated methods of performing carrier frequency offset (CFO) compensation.



101-1.97iWKkrrx5 = NVII,As,ixi for j = 2n, 2n + 1 and i =1, 2, where As,i is a-(Ar X N) sizgd diagqn_al
matrix whose diagonal elements are given by the N - point DFT of CIR hs,ifori=1,2,i.e., As, i =

) WY B BrXsbRi-Lo3) ), | =In: R, $&R080Rpe) 'R 1,2n+1_
FAT-chap ( L,;)), it can be shown thaf[ YR Iri:R4t2n s ; |
1 ZN (2i) 15 Wr?ggg/%?es%N x 2N) sized matrix VR7 is given by Vu,1,2nVR,1,2n+ 1 (NrsR,2,2n)
§tep 209 further comprises steps 210 and 212. WO 2810/021598PCPSGZOOQ/OOOZSG 13

The Cyclic Prefix Schemes 1 and 2 of the present invention permits the implementation

of space - time codes with minimum signal processing complexity at the relay station.

It is understood that the term “CP Scheme 17 is also used in this document to refer to
> the Cyclic Prefix Scheme 1 and “CP Scheme 27 is also used to refer to the Cyclic Prefix

Scheme 2.

Cyvelic Prefix Scheme 1

Figure 2 shows a scheme for inserting cyclic prefixes according to the example
10 embodiment. Let x; be a (N x 1) vector containing the NV data symbols to be

transmitted during a j-th OFDM symbol duration.

While this example embodiment of the invention has been described using 2 OFDM
symbols i.e. Xy, and Xpmq, it is clear that the use of a different number of OFDM

15 symbols is possible within the scope of the invention, as will be clear to a skilled reader.

In step 202, the source derives a first cyclic prefix (denoted CP;;) with length

Py = Ly — 1from x;. L; is the length of the channel impulse response (CIR)

represented by hg;; and hgy respectively for the channel between the source and the
20  first antenna of the relay station, and the channe] between the source and the second

antenna of the relay station.

In step 204, the source inserts CP ;1in front of X, and then transmits the resultant

symbol sequence.



In step 212, for those elements of YR where sigial conjugation is needed e.qg.: for y2IR and yr,R, the
OFDM symbol sequence is reordered using a mapping function (C): ((a) = [a(N - 1), a(N - 2), 5the (N x

1) sized inputygsiQhfrsia(0), a(l),. , a(N - 1)J1 . This function can be easw}:;ge%@%%gg in hardware
by storing the signal samples in a shift register and then reading the register in reverse orger. This

represents a significant advantage because reordering operations that are more complex than mere
reversal, such as the insertion, deletions and swappingf signal samples do not have to be done. 10 It

can be shown that = ((Wippri)*) (H) (Inx.i)* 2tr'(27r" = Wkr ZNWAI; ZN - A4,9'iTTX.; 3V =
WZN (7.27) As*ipti* for j 2n,271=1 and i 1,2, where matrix ZN (0) denotes a (N x N) diagonal matrix

given by ZN(0) Eetiadstihvsl s&iddfe x, cbpad T | N x N) permutation matrix such that {((IN)1(1)
and TT = IN. is an identity mat%( of size N %@%85@?&?&9?«%@%@ Bscerifiiese eonfugalien. The
notation [a]&) deéniotes the circular shifting of vector a by elements, where WO

2010/021598PCT/SG2009/000286 14

X; = [xo R va-l]
5  The cyclic prefix CP 1 of length P is created by copying the last P, symbols of x;
5
Cp;, = lxN—P, e Xy xN—IJ

The cyclic prefix CP ;118 inserted in front of %;, producing the resultant symbol

sequence [CP i1 X J for transmission.

10 The transmission from the source to relay station takes place in the first phase of the

fransmission cycle.
In step 206, the relay station receives {CP X J at both antennae of the station

15 In step 208, after performing time synchronization, the CP j1 portion of length P; in
each OFDM symbol is removed leaving x;. Should ACFO be present, the signal vectors
received over the span of 2 OFDM symbol durations i.e. for j = {2}1 » 20+ 1} are given

after the removal of CP; as

IR m I‘R,l,sz [gj(zn(N+Pl)+Pl)¢rZN(QSr)HSI'VVH F(@PALY (NP )P

- |é A Wiia, e PR Z ) () Elgy WE

[ TR22n TR22n41 eIV P )Py, () Ho o Wiy, o ((2"+1)(N“LP‘HP‘W”Zzg?gHj; W Q;Zn“ J
r ¥ NA2n41

+ { VR12n VR4
VR22n VR2m41

20



[@](2) = la(lV - 2), a(N - 1), a(0),a(1), ,a(N3).1T For a given matrix X, matrix [X] (4) is obtained by
circular shifting each Column vector of X by 1 elements. In step 213, a second cyclic prefix (denoted

CPu,2) with IgnpihBg.ydogre P2 =L2 - 1 is obtained for each yi.m. L2 is the,length 88 6.5 1RS
denoted by the vectors hi,D and 112,D respectively for the channel between the first antenna of the

relay station and the destination, and the channel between the second antenna of the relay station and
the destination. Each of the cyclic prefixes CPui is detived from the corresponding yu,R. 10 The cyclic
prefixes CPu,ZIa}{r' _t%%tgns&ret?g églvgr(?gl oflyu to produce the symbol sequence Cyu,R J. It is to be
noted that yu,R 1§74 (N X 1) sized vectors 2! if Yepbsineq rEStte rucsakar-Sops ity tred ASTC

implementation.g J station 15are performed. The symbol sequences [CPui2 yThR J are then
transmitted by théE Eatﬁ didens mﬁr%edaﬂl;ceﬁ%‘%‘ééﬁhwg@m%gfﬁﬁ%@i}-\ﬁﬁeﬁéﬁas thexsiand j={2n,

refay ante |
2n +1}. The traps jssion fram the relay station to destination takes place in the second phase of the
transmission cyCI@wh;%?@g%o%%ége%rtﬁa RETSHO BRI steges1 Bhafd A esyieNdhization, the

destination remgyes, i li fix.of, length P2 from each OFDM symbol received. The OFDM
symbol with the c:yc:licps|c;%}e8?|s>(<é Ilrge@%(;%elueIl c4R %%@f&%ﬁﬁ@‘(ﬁ% fiyigpiamperestor, of for each j-th

OFDM symbol tien.. 15 Assumin t ACFQ is present and ACED compensation as done at the
relay, for trﬁej @?2% ﬁ;ﬁ%ﬁaﬁ% BEH Ss[‘g{;bﬁf%ﬁéﬁéﬁ %,n(i\pwm-reﬁg@@@i [Signdhvectos$ at the
destination in tpe% r%s%}ce of ACFO d are given by CP Scheme 1: ej(2n(N-I-P2)+P2)0d rDt2n=
ZAT(950 [Hitnlis, X2"'+112,0 c (Irs,2) WT4",1] RR2,, ad(01+1)(N-FP2)-1-P2)k rD,2n+1 Z4V(1.0
[141,0TIS,IWIAX2n+1 H2,D (Ers,2) WINITX;n] PD,2n+12 where the noise vectors are given by (2n(1V
4-P2)-1-P2)0d P D ,271 =A2n+1)]+V D ,2n Z N d) [111,DV R,1,2n +112,1) (17*R

Vector vg; ; contains N samples of additive white Gaussian noise (AWGN) that
distorts the signal received by the i-th relay antenna during j-th OFDM symbol duration.

10 If 2 OFDM symbols are transmitted in each cycle with d being an integer value, then

. . VR,I, n v 1,20 - . l
the matrix V =[ ek HJ will be of dimension (2N x 2d) with OFDM symbol

Veaon. Vezoma

indexes of 2dn, 2dn + 1, 2dn + 2,4+ ,2dn 4 2d ~ 1.

It is assumed that the covariance of v Ry

15 E [VR,i,jvg,i’j] =03ly fori=1,2 and J=2n,2n+1ford> 1.

Optionally, in the event that ACFO is present, compensation of ACFO ¢ can be .

performed at the relay station as step 230.

20 Assuming the complete removal of ACFO or if ACFO was absent, over the span of 2
OFDM symbol durations i.e. for j={n, 2n+ 1}, the received signal vectors obtained

after the removal of CP; at the relay are given as follows:



\/ - H2,D (OR,2,2,3] VII,2n+1. PD,2R+1 =ZA. (Oa) [li,DVR,1,2n+1 Optiona_llly, ACFO d compensation
can be perfaaned at the destination as step 240. 10Assuming that ACFO is presen'; and no ACP
compensatiofywag 6esseat the relay, for the j = {2n, 2n +1}-th OFDM sympg dtioRadIde2n-
1.13,2¢c+1 (Ar-EP2)+P2)4,d ziv (did) [ei ( (Ar +Pi )+PI) Hi,D ZN (WfTly A3,1 X2m 7 27r
+e-42n+1)(N+P1)+P1+1-1*1-12,DZiv (chr)WIAir ZAs: N* 51,2a 2n-1-1 +Pl?,2n _
el1((2Th+1)(Ar+P2H-P2)0d Z Ar (0d) p((2n+1)(N+P1)+PI)41r HI,DZAF (07 )WIAAS,IXin-F1
-e-i(2n(AN-P0+PI+%7V-1)4H2,DzN%hr)w,r\i' Zjy +PD,2174-1' WO 2010/021598PCT/SG2009/000286

16 T 111,D and HRD e (Rexndy ircala}:nH amgié@re@@e S/‘éwrw th. [h D0V xa(N:1L ,and T
TR2on TR22m41

52 WinXon HgoWiyxanas VR2am VR22n41

Step 209 is then performed at the relay station. In step 209, Simple processing is
performed in order to implement space - time coding at the carrier level. The matrix Yg

5  iscomputed and arranged:

Yur Yur
Y = y’,, = ’ ! =
A

TR19n TR1,0n41
¢ (r;i,2,2n+l) — (r}t,Z,Zn)

The space-time code implemented can for example be the Alamouti code.

Given that

10 Hs Wiy, = WhAsix; forj=2n2n+1lands=1,2,
where Ag; is a (N x N) sized diagonal matrix whose diagonal elements are given by the
N - point DFT of CIR hg,; for i = 1,2, i.e., Ag; = v/ Ndiag (Wi hE;, 01y (v-r,)]7), it
can be shown that

i H
Wi g 1Xon WihsiXan

TR12n TR1,n+1 1 <7
17 — 1Ay 1Ly — + V
R H 2\ Ak ok H VAN I Any
Wy Iy (Fz‘) AS,2X2n+1 ~Wy Zy (W‘) As,2X2n

¢ (r}z,z,znﬂ) ~( (er,Z,Zn) Vi

R

15 where the (2N x 2N) sized matrix V Rn 18 given by

{,—Rn — [ Vo,1,2n VR,12n+1 J
' Q(V}k%,z,zml) —C (V*R,z,zn)

Step 209 further comprises steps 210 and 212.

20 In step 210, for those elements of Y where no signal conjugation is needed e.g.: for

Y11,z and y12 z, nothing needs to be done.



,(N _nj as their first column vectors, The (N X 1) vector pi),2",, represent additive noise. 5 Assuming
that ACFO compensation was performed, or if ACP is absent, for the] ,--(2n)-th OFDM symbol duration

1-11,DWIX, AR 8301 kit add WK, ZN 2 71 -7 14,2x2*n+1 The (N X 1) vector&p@%gﬁﬁgggg the
additive noise is given by PD,2nR,I2,D C (4,2,2n+1) VD,2m, 10 where the (N x 1) vector vD,2, contains
the N samples of AWGN at destination with covariance matrix E {-cr D,2,vg,2riD2 IN. Similarly, for e j
=(2n + 1)-th OFDM symbol duration, = Hj,p 97\ A.fis.iX3n4.1 - 112.DWIAIT; ZN-a-&24n PD,211-1-1 ./Y
15P.9,27,44 = H1,DVP,,1,2n+1 112,0 (v R* ,2,223v D,21H-1. In step 218, the destination performs
ASTC decoding in the frequency domain using the channel state information (CSI) parameters that

were obtained duEng raming. NsROMMEAGES, 2R ed on the signal vector rp1 for the symbol
durations j = {2n, 2n -I- 1}. 20 Assuming that ACP |s% S n%tﬁ%%"—%%?nlts Bﬁefg%(;)?pg;z",f%yiﬂf Similarly,

the N - point DFidof the thigoainmcinnbeceivachby e destinatigndurin Eﬁgﬁ%ﬁ&%érﬁ‘g?ﬁ DM symbol
duration (i.e. rn.r.n+i) is given by h
» C(a> = [G(N - 1)7Q(N - 2)7 T :a'(o)]T7 '
5 the (N x 1) sized input vector a = [a(0),a(1),--- ,a(N — 1)]¥. This function can be
casily implemented in hardware by storing the signal samples in a shift register and then
reading the register in reverse order. This represents a significant advantage because

reordering operations that are more complex than mere reversal, such as the insertion
14

deletions and swapping of signal samples do not have to be done.

10
It can be shown that

¢ ([Bs W) = ¢ (B, (Wik,))
¢ (HE,) (Wix))"

ii

_ H 2 * * 2

= Wy Zy (7\7) AS’iTWNWﬁij = Wi Zy (—]g) Ag;TTx;
r - ,

= Wi Zy (W) Agx; forj=2n2n+1landi=12

where matrix Zy(¢) denotes a (N x N) diagonal matrix given by
| Zy(d) = diag ([1’ e ef2 ... 6:'(N—1)¢] T) ,
15 and Tisa (N x N)permutation matrix such that .
T = [((O]™ and TT=1,. |

Ly is an identity matrix of size . The operator [ represents a complex conjugation.

The notation [a)®) denotes the circular shifting of vector a by J elements, where



WA, rD,2= A2DAS,IN2n+1 - A2, Zpy) lg/24", + WATPD.2,.+1 A (2N x 1) vector yo,, s constructed as
YDAVI.5.2n(WN XoitWNPha, =HP xL+1.(W.YPD,2n+0 Estimates of x2, and 12n.f.1 (denoted leyn

andcan beobtgigegusiagsthe conjugate 10transpose of Hp i.e. HR.XZn X%%;IS&' dﬁ'/égh ;}’ Yn Ns
(WATrr_ D,2,2§L§%’) : 0Hp is t8he (2N X 2N) sized product channel matrix and is glven%?)y AL gS,lZN *)

A2, WO 2010/021598PCT/SG2009/000286 18 The product channel matrix Hp is a known_param_eter
obtained during the product channel matrix estimation and forms part of the channel state info/iation
(CSI). Hp allows for a simple linear decoding at destination, since

[2]? = [a(N -2),a(N — 1),a(0),a(1), -~ ,a(N - 3)".
For a given matrix X, matrix [X]® is obtained by circular shifting each column vector

of X by | elements.

5  Instep 213, a second cyclic prefix (denoted CPjz) with length P, where P, = Ly — 1ig
obtained for each yyz. Ly is the length of the CIRs denoted by the vectors hy pand b, p
respectively for the channel between the first antenna of the relay station and the
destination, and the channel between the second antenna of the relay station and the
destination. Each of the cyclic prefixes CPy, is derived from the corresponding ¥ z.

10 |
The cyclic prefixes CPy;, are then inserted in front of ¥,z to produce the symbol

sequences LCPy.,2 Yizr J It is to be noted that ;2 is a (V x 1) sized vector.

In step 214, the other necessary steps for the ASTC implementation at the relay station
15 are performed. The symbol sequences [C‘;‘?,j’2 Yy, RJ are then transmitted by the i-th

relay antenna during the j-th OFDM symbol duration, where i = 1,2 and

j={2n,2n+1}. The transmission from the relay station to destination takes place in

the second phase of the transmission cycle where the source remains silent.

20 Instep 216, after frame synchronization, the destination removes the cyclic prefix of
length P, from each OFDM symbol received. The OFDM symbol with the cyclic prefix
removed can be denoted by the (V x 1) signal vector rp, for each j-th OFDM symbol

duration.



HAIR -= 12 0 (1A1,D12IAS,1121H_ A2.1,124s,212) 5 where (r) denotes performing a Kronecker
product. In step 230, the relay station optionally performs ACFO 0,. compensation. The signal vectors
rE,ii received\QvehibB-5pan of 2 017DM symbol durations j = {2n, 2n +1} f?@ﬁ@%%ﬁbf&;&'z are:
rp"1,2,, rp,1,2"+, [[rp" rR,22n+1ei(2n(N+P1)-1P14-ZN({br)HsaW/A,x2, ei(RnIkAI-I1A)+POOrZti
(0,4-1,9,2WIAX2ri + VR,1,2n VR,1,2,1+1 10VR,2,211 VR,2,2n+1 | '
0g(2.0(Pbt-P1)+PlisbrzN(4)lipanix2n+i eic(2n+i)(Ntm#McbrzN(1),.)118,2W,14x2,,+1 The ACED Or is
a known parameter obtained at the relay station during the ACFO r estimation step 410 and forms part
ofannel state information (CSI). The effect of the ACFO 0 can be removed forand rR,2,2,, by
multiplying rR,1,2,, 15and rR,2,2., with the conjugate of ef(Zm%'Jjg:Il)lMlN(O,.).The effect of the ACFO
0 can be removSHHTBIPARLEDS CHOIRPFRSS™S 31h AR GRIBRARRAHRD Wrs ot Hhe 15ty fakithe the
conjugate of eia2n-HP+P,M)0 ZV\é( h,). In step 240, the destination optionally performs ACFO Od
compensation.}l‘ﬁézfll\d 3 Jrel b&ﬁ SRl rates dpeHd déét?ﬁﬁ‘fﬁiﬂ%%@ VESRER B1ACED Od

are given by WO 2010/021598PCT/SG20091000286 19 CP Scheme 1;
destination in the presence of ACFO ¢, are given by

CP Scheme 1;
i @n(N-+P2)+Fo)gy i
Tpan = — Ziv(ca) [H1,DHS,1WNX2n +Hap ( (Hiy) WﬁTXSM] +Ppon
eH@na 1) N+ Pa)+Fa) by o
5 IDongl = \/_2_ ZN(¢d) [HI,DHS,:IWNXZn+1 - Hz.D ¢ (H*S,z) W%Tx’én] + Poots

where the noise vectors are given by

e (@n(N+Po)+Pa)

Ppon = -—-—~—\/T——-ZN(¢¢1) [H1pVR 10+ Bop ( (Viazess)] + Voo
e+ 1) (N +Po)+Pa)da ‘
Pponyr = 72 Zn(da) [Hl,DVR,1,2n+1 ~H;p ¢ (V*R,g,gnﬂ + Vb onii-

Optionally, ACFO ¢q compensation can be performed at the destination as step 240,

10 Assuming that ACFO is present and no ACFO compensation was done at the relay, for

the j ={2n,2n+1}-th OFDM symbol duration,

Ypan = ej(zn(N+P2)+P2)¢dZN(¢d) [ej(Zn(N-}-Pz)JrPl)sﬁrHl DZN(d)r)W]{{ASlXZn
—3({2n - 2 N
e~ (N+P)+PLAN 1)¢rH2,DZN(qS,.)Wﬁ YAy, (—%) 5.2%0n 4
+pD,2n ‘
IDont1 = 63((2n+1)(N+P2)+P2)édZN(%) [/ Cr YN FPORPUG R, D700 (6 )WE A g1Xonin
2m

— g IBNEPOY PNy 7 YW 7, (—ﬁ) A’ggx;n}

TPD 2nt1-



(11) WAITX;n+1] PD,2n H2,D C (WS 2) WIATX;ni PD,2n+1, where the noise vectors are veti
b3TD,21: and PD,21 The ACFO d is a known parameter obtained at the destination during the ACFO d
_estimation sgep2¢afhandsorms part of the channel state information (CSl)&rkkeRbiessRE the AM Oa
can be removed by multiplying rD,2,, and rD,2,,+; respectively with the conjugate of efi21(ll +P2)+12)i'd
Z N(0el) and The Cyclic Prefix Scheme 1 may have the advantage that only analog domain
10processing has to be done at the relay, and only Wear processing has to be done for maximum
likelihood decoding at the destination. Cyclic Prefix Scheme 2 Figure 3 shgws an alterpative scheme
for inserting cydlie préfites aceoPling toraEst dRaiFe EtssHs nY‘.”'f_}éi}k;Lbé)H(N%) ) ftor
containing the N data symbols to be transmitted during a j-th OFDM symbol duration. While this
example embc@hﬁrym&@flmﬂ Tnwentheir Hast begmutescibe. uBirey Y GRDNespmbels.i Bpx@tand x7,7+1,
it is clear that the use of a different number of OFDM 20symbols is possible within the scope of the
invention, as witihaetedtdo a skilled reader. WO 2010/021598PCT/SG2009/000286 20 In step 302,
the source derives a first cyclic prefix (denoted CPJ,i) with length p from xj, where P =P1 P2=1L1 L2
-2. L1 is the length of the channel impulse response (CR) represented by 115,1 and 115,2 respectively
for the channel between the source 110 and the first antenna 122 of the relay station 120, and the
channel bétwetumingshee & ST focanpepeiervia prfernedl onibAREQ dtapsshiéer 120) L2 is the
length of the CIRs denoted by the vectors 111,D and h2,D respectively for the channel between the
first antenna 17@@%@?9%&@3?@h‘&‘2@18%d the destination 130, and the channel between the second
antenna 124 of the relay station 120 and the destination 130%103 step 304, the source inserts CF11

in front of xj and the&gggngnitggmﬂggggnsmpﬂ)w%ugg _2_]\_7; A% oX5 11 + DD ans

The (N x 1) vector pp ,, representing the additive noise is given by
Ppan = HipVeige +Hop ¢ (VEosni1) T VDons
10 where the (N x 1) vector vp o, contains the N samples of AWGN at destination with

- » H — 2
covariance matrix E [Vpanvh 5] = 0pIn.

Similarly, for the j =(2n + 1)<th OFDM symbol duration,

. 2
. H . . H o
'pont1 = HipWyAgiXopry —HopWi Zy (MN AgoXon T PDont1

He
15 Poanst = H1pVRigms ~Hap ¢ (VEgon) + VD2nit

In step 218, the destination performs ASTC decoding in the frequency domain using the
channel state information (CSI) parameters that were obtained during training. N-point

DFTs are performed on the signal vector ¥p; for the symbol durations j = {272 , 21+ 1}.

20 Assuming that ACFO is absent, the N - point DFT of rp o, is

2m
WNrD,Zn = Al,DAS,lx?m + A2,D 4N (7\7) Agvzxgnﬁ.] + WNPD,Zn‘



Let the symbol sequence x, consist of N symbols be denoted by xn where n =0 ... N-1, i.e. 15X j =[X0
- Xn The cyclic prefix CP ft of length P1 is created by copying the last Ncp words of Xj CP Jo =12 X
N_pl The cycligiefbnsEoll is inserted in front of xj, producing the resultani sysehglsagyence 1.CPJ,1
xj for transmission. 20 The transmission from the source 11010 relay station 120 takes place in the
first phase of the transmission 'cycle. 21 In step 306; the relay station receives LOPL,.} at both
antennae of the station. In step 308, after performiﬁa time synchronization, the first P1 samples of the
CP11 portion of each OFDM symbol is removed, leaving a sequence represented by 5[CPJ,2The first
P1 samples of each OFDM symbol are distorted by the IR induced by the frequency selective fading
occurring at the squrce to relay ch ZJS. he resulting OFDM symbagl will then. have (N + P2)
samples. Sho Wi@éﬁe&(e@%ﬁﬁ% gf; %F%ﬁ%o?g r@Eé?&%la%vbr%ﬁeedéeﬁt Iﬁagf) Vi %E symbol
durations i.e. for ] = {2n,2n +1} are given after the removal of CP ft as [ .61,1,2n 1112,1,2TH-1=
1-12:2.2n rllﬁééd?{&i‘-i)é‘jb@f _SYRBOLAuration 5 FaamANS BHESAY 1RAL™)+P06-2N+p,(4)11s,11VI:
x2"+t ei(2'07+P)+P")lbrzic-iP2(s6,11-1s,..kwi(;x2" 10 2n+l 2n-1-1

Warpani1 = ApAsiXonts — Mo Za | 7 | AeoXe, + WNPDans
5
A (2N x 1) vector yp, is constructed as
. T mT
Ypn = [(WNlﬂ,zn) s (WrTpontt) }

Xon WAPp.on
= H P "I" & *
XSt ("VNPD,%-}-I.)

Estimates of Xa, and X (denoted ¥,, and X, ,; ) can be-obtained using the conjugate
10 transpose of Hp i.e. HY

. in
{N*z }:H}]j YD,n'

X 2n+1

__HH WNrD,2n
T (Wt )
NED 21

Hp is the (2N x 2N) sized product channel matrix and is given by

Hp A1 pAsy Zn (2) Ay pAk, } ’

N { ~Zy (%) AspAss Al pAL



denotes the ((N + P2) x 1) received signal vector obtained after the removal of Pa samples, with 7: and
j respectively denoting the antenna index and arDM symbol duration. ii denotes the data transmission
cycle index. g {Reox bk matrix MTE?-1; is the 15inverse discrete Fourlef,gﬁgég%%g@fﬂ matrix.
Matrix fis,i for = 1,2 is a (N + P2) x N) matrix given by - P2 + 1 : N, - Hs,i with H5,.; being a (N x N)
eirculant matrix with [11.7 n as its first column vector and lis,i(N - P2
+ 1 N, 0 denotes the last P2 row vectors of Hsti. WO1£010/021598PCT/SG2009/000286 22 The
vectorof size PT_+ tgﬁzﬁ? X 1) contains the AVIGN affecting the S|gbnal 1R,i,5 The covariance matrix of the
noise vector R%}‘S dye M@?ﬁg’bﬁ ByOLTe SFPIRRTT © (ﬁﬂReﬁ\iiP’Elg timpdedily, in the event
that ACM is presen ﬁ« trCg{recs m ens%tg can be 5pe for ed at the relay statlon as Step 330.
Assuming the com ete removar o SCHBRS S BTRNEGAR FIEDM symbol
durations i.e. f dsi naI e tors obtained  after the removal of the first
P1 samples ofoé’llg%%%rA por@énlgggae{%ﬁ%e% sy m%o are 1f(ﬁglven as follows: F R,1,2n 1'141,2n-1-1

1=L . o
HEHp =12 & OAl,L>]2lA.9,1I2 + {AZ,D{EIAS,ZIQ> :

5  where ® denotes performing a Kronecker product.

In step 230, the relay station optionally performs ACFO ¢, compensation. The signal

vectors rp;; received over the span of 2 OFDM symbol durations j = {2r, 2n + 1} for
antennae i = 1, 2 are:

TRoan TR22n41 An(NAPOFPL 7 (6, ELg s W /O DNHPOERI T, () B 6 Wilignan

VR1,2n VR1,.2n41
VR22n VRZ2n31

[rR,l,?,n rR,l.Zn-{—lj‘ - [ el N +P)+Pbr17 0 (4, r)HSIWNXZ ej((2"+1}(N+P‘)+P1)¢”ZN(¢r)Hs,1W%X2n+1}
¢
10

The ACFO 4, is a known parameter obtained at the relay station during the ACFO ;Z,

estimation step 410 and forms part of the channel state information (CSD.

The effect of the ACFO ¢, can be removed for ¥r1,2n and rp2 2, by multiplying rg 12,
15 and rgap, with the conjugate of e/2"W+ M7, (#,) . The effect of the ACFO 4, can be

removed for xg 12441 and rgp o, by multiplying YR12n+1 80d TR22ne1 With the conjugate

of e/ AXw+R)en ), Z,(3,).

In step 240, the destination optionally performs ACFO ¢, compensation. The (N x 1)

20 received signal vectors at the destination in the presence of ACFO ¢, are given by



;17X2n 1:13,11WIATI X2,1+1 1:15,2MIX20. H.5,217)1X2n-1-1 _ 1-
R 2on ¢ Step 309 is then perfonned at the relay station. In step 309, processing is

[ | - i ' ier level. The-matsbnodddsgomputed
erformed in lement space - time coding at the carrier y |
ESand arrang@rgf%&iﬂ)&}?4 Y12,R=1 R,1,2"41 2I,RY 22,R _.VV 2 4-(112,1,2n+1Ck,2,2n The operator

[.1. represents a complex conjugation. The space-time code implemented can for example be the

VR,2,2n. CrR,2,2n.-12

Alamouti code. 20Step 309 further comprises steps 340 and 312. wo
2010/021598PCT¢5&2209/000286

10

15

20

i (2n{N+Py)+-Py)dy

g = NG Zn($a) [Hs,pHgy Whgn + Ha p ¢ (H3,) WRTX11] + Ppon
I (A1) (NP P o .
Ipont1 = Zn () [Hy,pHsy Wiikansa — Hy p ¢ (HY,) WETx,] +PDanits
V2

where the noise vectors are given byppy, and Poanr1. The ACFO ¢y is a2 known
parameter obtained at the destination during the ACFO ggd _estimation step 420 and

forms part of the channel state information (CSD.

The effect of the ACFO ¢y can be removed by multiplying rp,, and YDontl TESpEctively

with the conjugate of ej(Zn(N+P2)+P2)¢,, ZN (¢d) and ej((2”+1)(N+—”z Hehy M,ZN (¢d)

The Cyclic Prefix Scheme 1 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

maximum likelihood decoding at the destination.

Cyclic Prefix Scheme 2

Figure 3 shows an alternative scheme for inserting cyclic prefixes according to the
example embodiment. Let x; be a (N x 1) vector containing the IV data symbols to be

transmitied during a j-th OFDM symbol duration.

While this example embodiment of the invention has been described using 2 OFDM
symbols i.e. x,, and Xom+1, it is clear that the use of a different number of OFDM

symbols is possible within the scope of the invention, as will be clear to a skilled reader,

I'VR.L,2n CiR,1,272+1 - L



23 In step 310, for those elements of YR where no signal conjugation is needed e.qg.: for yli,R and
yi,,a, nothing needs to be done. In step 312, for those elements of YR where signal conjugation is
needed e.g.: ¥ yaidRhaid y22,1, the OFDM symbol sequence from the regResdiRdifdehsds reordered
using the mapping function ((a) = [a(.1V - I), a(N - 2),, a(0)F, the (N x 1) input vector a = [a(0), (41),
a(N - 1)]2- . This function can be easily implemented in hardware by storing the signal samples in a
shift register and then 10reading the register in revéYse order. The mapping function (G) can thus be
re-expressed as c(agg). a(Nn-1) . where a(n) denotes the n-th Qigm?ol%‘lthe og M s;gr_nbol

sequence a. A B30 8ntRa AB SRR A TSR GS RIS B ANV ?ggtr}aereanslyrﬁbol :(a(n)),

forn 0 N- Let b = C(a) . It can be_shown that after signal copjugation is.done, taking B = {B(N-1)} to be
the correspoRdiFtg fregderch dorain Legde e 6{?% SRk gﬁéﬁ?@‘il glligéa.fﬁf??eo%%ase-shifted

conugale Seiuslce e lolowis D Eoule Tareiam QETL OB Iesgiapie WO
and the first antenna 122 of the relay station 120, and the channel between the source
5 110 and the second antenna 124 of the relay station 120. L, is the length of the CIRs
denoted by the vectors hy p and hy p respectively for the channel between the first
antenna 122 of the relay station 120 and the destination 130, and the channel between

the second antenna 124 of the relay station 120 and the destination 130.

10 Instep 304, the source inserts CP ;) in front of x; and then transmits the resultant

symbol sequence.

Let the symbol sequence x; consist of N symbols be denoted by x, where n=0 ... N-1,
ie.
15 x.=[x0 X, e xIM]

The cyclic prefix CP ;; of length Py is created by copying the last Nep words of x;
CPj, = [.xN-Pl e Xy xA;—IJ
The cyclic prefix CP 1 is inserted in front of x;, producing the resultant symbol
sequence lCP 1 X jl for transmission.
20

The transmission from the source 110 to relay station 120 takes place in the first phase

of the transmission cycle.



Cyclic Shift x((n + in) N) <g'm X (k); Symmetry ((-n)N )(k) x(n) and y(n) to denote the tin-ie domain
sequence, X (k) and 1(k) their corresponding frequency domain sequence, N the DFT size, and WA| =

exp j-27r) N IysteRsxAsshe other necessary steps for the ASTC implemenjalirerahilgdglay station
I2,R are performed, The symbol sequences contained in YR = [y,J,R], L3' 21,17are then Y22,1? _

transmitted by the 2:-th relay antenna during the j-th OFDM symbol duration, where i = 1,2 and j = 2n,
2n + Il. The transmission from the relay station to degtination takes place in the second phase of the
transmission cycle where the source remains silent.  In step 316, after frame synchronizatio , the

destination remavesp Hs,aycliclprefnioh 1&:&3&@@2 frqnj%&@@@&@éwﬁymm&m@ﬁmed Each OFDM
symbol after cyclic prefix removal will be N samples Iong and can be denoted by the signal vector rEyj
for eaeh j-th OFDM symbol duration. Assuming that ACFO is present and ACFO compensation was
done at the relay, for the 20j = {2n, 2n +1}-th OFDM symbol duration, the (N x 1) received signal

vectors at the destignation, infihiespresanse el GhitayAseRiemdYirW®, samples of the CP ;
2011)/021598PCUSG2009/000286 25 CE' &theme 2:r.0,2n - VE2,271,44tr"
portion of each OFDM symbol is removed, leaving a sequence represented by

5 [CPJ.,2 X jJ. The first P, samples of each OFDM symbol are distorted by the ISI

induced by the frequency selective fading occurring at the source to relay channels. The
resulting OFDM symbol will then have (N + P,) samples. Should ACFO be present, the
signal vectors received over the span of 2 OFDM symbol durations ie. for

={2n,2n+ 1} are given after the removal of CP ; as

[f‘}m,zn i‘H,l,Zn-i-l} - ej(z"(N+P)+P‘)¢”ZN+Pz(¢r)ﬁs,1wﬁxz eIlant2)(N+P) +P‘)¢'ZN+P2(¢r)H31W1\vX2n+1
LTr2on TRogant NP T () 5 g Wiy, It DNEPIHRIS 7o (6 50 Wi Konat

VRign VR
VR22n VR2n41

10

R, denotes the ((V + P») x 1) received signal vector obtained after the removal of Py

samples, with ¢ and j respectively denoting the antenna index and OFDM symbol

duration. n denotes the data transmission cycle index. The (N x N) matrix W is the
15  inverse discrete Fourier transform (IDFT) matrix. Matrix Hg; for i = 1,2is a

((N + Py) x N)matrix given by

= Hg;(N—-P,+1:N,:
H.S’,i = S’( HZ—}- ) 3

with Hg; being a (N x N) circulant matrix with [hfgﬁ-, 015 (v—Ly)]7 as its first column
vector and Hg (N — P, + 1: N,:) denotes the last P, row vectors of Hg;.

20



6,5(2n(IV+P2)-1-P2195a ((h)DHS 1W (5X2n. H2,DGE.2 "RC Tx.2,411 | D.N. 1'L'

ej((.2n+1)(21122P2)4Pn)4>,1 xx,//iffirr ZN[H )fisi r AIX2n-EL -1-1,2,DG3",2 Arr where the noise
vectors are giverndy/fHsan ei(2n(N+P2)+P2)0d Zp/ (0c/)Rcep [UL1,D;CTR, 1pgakhodfboedss +1)] =
VD,2n (-* ei((2n-1-1)(N+P2)+P2)shd ZA1(0d)Rep [T-71,DC/R,1,2224112,D C (q.,2,2n,)]VD,2n-1-1
50ptionally, ACFO Od compensation can be performed at the destination as step 340. Assuming that
ACFO is present and DO ACFO compensation was done at the relay, for the j = {2n, 2rz +1} -th

OFDM symboTHeratiasn, apf20eH24UAP2)F; PRUPEo AR 2O Wi BEBospviix sighd 2R 9.5,2

(WIAIX2n-'21)1 +PD,2n €j((2n4-1)(1V+PO4-P2)(0.1+4)ZN(Od --I- Or) [an ein '1411,7)119,i WiiXx2n+1

rD,2n-1-1 ejP Iistdeinibabedr(Myix PBMALE vector 75 ; at the relay station is given by

10

15

20

E[vR,i, jvg,i, j]= O—zzelmpz
Optionally, in the event that ACFO is present, ACFO ¢, compensation can be

performed at the relay station as Step 330.

Assuming the complete removal of ACFO or if ACFO was absent, over the span of 2
OFDM symbol durations i.e. for j= {2}1 , 21+ 1}, the received signal vectors obtained

after the removal of the first Py samples of the CP;; portion of each OFDM symbol are

given as follows:

~ ~ T H - H ~ ~

Triom TYR1ond1 _ EIS,1WNX2n I;IngNinH + Vri2n VR12n+1

raon TR22n41 HsoWix,, HsoWix, oy VRoon VRE2omt+1 |
k1 N ¥ .N +

Step 309 is then performed at the relay station. In step 309, processing is performed in
order to implement space - time coding at the carrier level. The matrix Yz is computed

and arranged:

Y, = [y ]_ Vg Yir - 1 ?;2":2” 'I\‘;E,I,Z:H-l J

=Rl =l e -

. ’ Yaur Yonr V2 g(‘“]z,:,mm) -g (rR,2,2M)

The operator H* represents a complex conjugation. The space-time code implemented

can for example be the Alamouti code.

Step 309 further comprises steps 310 and 312.



10 where fi],D and 142,D are (N xcirculant matrix with ZAr(-4) [hr, Oa x (AT-1,2)] and ZN (-Or) [hLD, x
(N_L2)]T as their respective first column vectors and scalars a" and -yr, are defined as follows: =
ej(2n+1)P1 ey(Mistidr(NP)-277P1-1)r 150ptionally, joint ACED compensq,t&qqsga&ggn%gormed at
the destination as step 350 to compensate for the ACFO 7. and Orl. 26 Assuming that ACFO
compensation was performed, or if ACFO is absent, for the,/ =-(2n)-th OFDM symbol duration

rD2 = H1,1JHS,1WINIX2n + 112,D GS,2 (WIliviX2n4-£% + 15D,272 The (N X N) matrix G5,2 is given

by 5GS,2 = C ( - N, :%QT mapping (O for a 2-dimensional matrix A is computed as follows:
Given that A haléga&s%r]%(—E,-S\ll ot ingﬁi)gaeﬁbgﬁsz%ﬁa‘ﬁmh@élﬁ%l(Fﬂll%aa)ﬁ\?@cibnmdbdm&:mrthen C

(A)=IC (ad) C %2} nd me (VX vectockrip%zlgll is given by P.0,2n = Rev 1.(51,D."R,1,2n 1T52,D+

vD,2n where vector D, A-Containg the F&teived at the destination for i = 1,2, the matrix "Rip is

a ((N 4- P2) X (N P2)) Toenlitz matrix with [n"TD, O1x(N-1-P2-L2)] T as its first column vector and(1, 1),
Oa x(N+p2-.1)] as its first row vector. Matrix Rep is 15a (N x (N + P2)) matrix defined as Rap[ 0./vx.p2,

Similarly, the (Nxstgrstaed rsionaky Gl IRC eV destination during (2n + 1)th OFDM symbol
duration is obtained to be rD,2n+1 = IILeDEIsij,V?/R(?F%%l)%glsﬁ%?a}fgﬁ&gftﬁof\/%:%f%&)@'gﬁ'Iﬁﬁ,ﬁ%ﬁvﬁl,

15D,2n+1 3- U2AdG L2k DA ¥t dequence from the respective Fr ; is reordered using the
mapping function ¢(.):
C.(a) = [CL(N - 1)70‘(N - 2)3 T 70'(0)]T)
the (N x 1) input vector a = [a(0),a(1), -+ ,a(N — 1)]”. This function can be easily

implemented in hardware by storing the signal samples in a shift register and then

10 reading the register in reverse order.

The mapping function ¢(.) can thus be re-expressed as
é’(a(n)) = a(N -n- 1)
where a(r) denotes the n-th symbol of the OFDM symbol sequence a. A time domain

15 signal conjugation is then performed on each reordered symbol ¢ (a(n)), forn=0... N-
L

Ietb =¢ (a)‘ It can be shown that after signal conjugation is done, taking B =

{ B(0)...B(%)... B(N-1)} to be the corresponding frequency domain sequence of b

20 B (kgm0 = B* (ke

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

The following Discrete Fourier Transform (DFT) properties are present:



tination perfouns the ASTC decoding in
10/021598PCT/SG2009/000286 27 In step 318,_ the des _ (
:‘/r\llgfrzeoquency domain using the channel state information (CSI) parameters that were obtained during

training. N-pais Bl aw performed on the signal vector rE),/ for) the fymégglrgg%%%@%%% e{3na,82/nCA
ulting | " -ki 1) vector YD,n i

‘ Iting in the vectors WA, rp,2" and WA, ro,2n-ki A (2N x =l as

L%/}S r2er?-l;-1)(13115' X2n W73,2n Hp  XL-k1 (WNP.0,21H-1) The Sig:n.15 1];D,24 andhr/o_,rzl:l)lzi];lcein

be répresented as 10I'D,2n = 111,D 115,11VIAIrX2n342,D05,2 (WINIX2n-1-1)* 15,0,2T , =

- D Gs,2 (Wri5X2n) * f5D,2n+l
HLDASAWFARR S el x5 2 b(y(n) B a)()(k) +BY(k);

*  Cyclic Shift x((n+m) ) < Wi* X (1)

* Symmetry x"((-n) y) < X* (k)

x(n) and y(n) to denote the time domain sequence, X(k) and ¥ (k) their

5  comesponding frequency domain sequence, N the DFT size, and W N o= exp(—- 7 %-\77—[-) .

In step 314, the other necessary steps for the ASTC implementation at the relay station

are performed. The symbol sequences contained nY,= {yi,. R]z [ Yik sz,RJ are then
’ Yur Ynz

transmitted by the i-th relay antenna during the j-th OFDM symbol duration, where
10 4=1,2and j= {Zn , 20+ 1}. The transmission from the relay station to destination

takes place in the second phase of the transmission cycle where the source remains

silent.

In step 316, after frame synchronization, the destination removes the cyclic prefix of
15 length P, from each OFDM symbol received. Each OFDM symbol after cyclic prefix
removal will be V samples long and can be denoted by the signal vector rp s for each j-th

OFDM symbol duration.

Assuming that ACFO is present and ACFO compensation was done at the relay, for the
20 j={n,2n+ 1}-th OFDM symbol duration, the (IV x 1) received signal vectors at the

destination in the presence of ACFO ¢q are given by



The matrix Gs,r> is defmed to be a (N x N) matrix of the form:
can be obtained by permutating the column vectors 150f a (N x N) circulant matrix es,2 = WINIA2Wiv.

Using this kn@uslegigr, ikke@n be shown that 27) ) 2 ZA-A* T S,2 N Substituipg-Kie,dshbasstN x 1)-sized

vector H2,D GS,2 (WkrX2rt+1)*/ WO 2010/021598 PCT/SG2009/000286 28 112,DGs72
(W55.X2n-1-1) =WZA-2,D 1A71- A (WNGs,2WAir) WN (WilcrIX2n+1)4 N ) L2 * ZATAs,2T WN
(WINIX2n+1)* j 25

10

15

CP Scheme 2:
I Cn(N+Fo)+Fo)ba

pon = “——-\7‘3————*2:\* (ba) [Hl',DHS.J VWilxon 4+ Ho pGua W TXE,,.H:{ + Boon
e_j(('.?n+l)(1\'+P9)+Pn)¢:x . " i
I'ponyl = 7 Ly (ba) [H—I,DHS.J"VNX%-;-L - Hz,DGS.Q\"V,'\r'I‘XQ,,} + B st

where the noise vectors are given by

3 eI @n{N+Po)+Po)de ;
Ppon = ”—““‘*‘“\/‘:?:———ZN(QSd)ch U109 R10n -+ Usp ¢ (Vhooms1)] + VD2n
B eI (n+1)(N+Po)+Pr)ba 5
Ppont1 = 7 Zv(¢a)Rep [U1,09R1 2041 = Hap ¢ (Fhagn)] + VDant-

Optionally, ACFO ¢4 compensation can be performed at the destination as step 340,

Assuming that ACFO is present and no ACFO compensation was done at the relay, for

the j = {2;1 , 2n+ 1}~th OFDM symbol duration,

Ipon = 65(2n(N+P2)+P2)(45d+¢r)ZN(qsd +¢r> [anﬁl,DHS,lw}Eg/in-’r"/nﬁz,DG,g,Q (W§X2n+1)1
+13D,2n

Tpgnpr = @HCEEDOHRIRIGateZ, (50 4 ) [anemmﬁwﬁs’lwﬁmnﬂ

_.,ynejPMr}f—f{z,D Gg,g (WﬁXZn)*] + ISD,2n+1>

where F; p and Hy p are (N x N) circulant matrix with Zn(—¢r) [hip, 01><(N,_L2)]T

T . ,
and Zy(~¢,) [b3 b, O1xv-1)] s their respective first column vectors and scalars

and =y, are defined as follows:

eI (2n+1)Pion
e~ I((4nt2)(N+P)~2nPr-1)r

Oy =
m =

Optionally, joint ACFO compensation can be performed at the destination as step 350 to

compensate for the ACFO ¢, and @,.

It can be observed that matrix G5,2



-.., WHA N 2,D (ZN 7-,72:r) A*5%2TTX;rtL\\ N zw. if 27,,,) ) L2 A2,DA:5,2XL+1 since TT ='An
Similarly, the (/V x 1) vector 1-12,DGs,2 (WINix27,)* can be expressed as H27DGS,2 (WIAX2n) 71,7

(27 \)112 \ U¥pLiNoreABesSSubstituting the expressions of H.,,DGs,, (W,,, 52 4Ea86,choh29 G52
1/17into Yo,n, HyT \T(r rNr,9,2n)ntirD,2r141) A1,DA-5,1(ZN (,))112 A-2,0A?s,2x2n - (ZA/
(1-))112ALDAS5,2* n X2+1 j .

26

Assuming that ACFO compensation was performed, or if ACFO is absent, for the /

=(2n)-th OFDM symbol duration
rpgn = HipHsiWiXen + HppGsz (WhxXani1) + Bp o,
The (N x N) matrix Gg 5 is given by
5 Gsz = ((ﬁ;z(l ‘N, :)).
The mapping ¢ (") for a 2-dimensional matrix A is computed as follows:

Given that A has a size of (N1 x Ny) and A = [ay, 2, --- , an,|Where a; is (N, x 1) vector

fOl"):-_-— 172a"' ’N2> thenC(A) = [C(al)VC(az) [ 7C(aN2)]'

10 The (N x 1) vector D.on 18 given by
Ppan = Rep [UI,D{IR,l,Qn +Up( (‘7}2;,2,271.*.1)] + VDp,2n,
where vector vp g, contains the AWGN received at the destination for ¢ = 1, 2, the
matrix U;pisa ((V + Fp) X (N + P,)) Toeplitz matrix with [h] 5, le(N+P2_.L2")]T as
its first column vector and [h; p(1, 1), 01 N+ F,-1)) 88 its first row vector. Matrix R is
15  a(N x (N -+ B)) matrix defined as

ch = [ONXPm IN]'

Similarly, the (V X 1) sized signal vector received at the destination during (2n + 1)th

OFDM symbol duration is obtained to be

— H H * ~
Ypont1 = H;,DHS,IWNX%'{*I - HZ,DGS,z (WNXZn) + pD,2n+l7

20 Bpontt = Rep [UrpV¥r12e41 = Unp ¢ (Fh000)] + VD20,



W100,2n WNPO,2n+i  Estimates of 12" am transpose of Br i.e. (denoted 1.," and 34) can be
obtained using the conjugate = Hi; 31D,n Vtir TINN D,2n P (Wei rD,2n+l Hp is the (2N X 2N) sized

product changg) spatixad is given by WO 2010/021598 PCT/SG2009/00Q38&: 2 hhearoduct
channel matrix lip is a known parameter obtained during the product channel matrix estimation and

forms part of the channel state information (CSI). HE allows for a simple linear decoding at destination,
since (r) (IAL,D12149,112 + 420121As,212) 27

In step 318, the destination performs the ASTC decoding in the frequency domain using
the channel state information (CSI) parameters that were obtained during training. N-
point DFTs are performed on the signal vector rp,; for the symbol durations

j= {212 , 2N+ 1}, resulting in the vectors Wy rp,, and Wyrp o

5
A (2N x 1) vector yp, is constructed as
}"D_,-/-; = [(W.I\’]‘,D,‘.Z‘n-)T 3 (VVN r.D,2n,+1)H]
- X2n Wi I',-)D,Q'n
= Hp + .
x§71+1 (“3\7 ﬁD,En—%—l)
The signals rpa, and rpau+ can be represented as
10 rpan = HipHsiWixe, +HopGss (Wixans)" + Bp ons

— H H * ~
rpantt = HypHsiWirXonys ~ HopGsz (Wiken) + Bpants

The matrix Grg 2 is defined to be a (N x N) matrix of the form:

Gz = ¢ (Hgy(1: N, 9)-
It can be observed that matrix G2 can be obtained by permutating the column vectors
15 ofa(IV x N) circulant matrix Cgp = Wi A%, W . Using this knowledge, it can be

shown that

u 2m\ \ 72
cur = w3 (o ()" e e

Substituting Gy, in the (N x 1)-sized vector Hy pGsp (Wﬁxmﬂ)*

2



5 where 0 denotes performing a Kronecker product. It can be seen that the present embodiment has
an advantage in that there is no need for any sample reordering to be done at the destination. 10 In
the evgnt ‘tha%gﬁl;ﬁﬂgfgﬁent and joint ACFO compensgtlon was done in %;EQ{S’ ?dot Re%ﬁ\gS'ﬁTC
decoding in the frequency domain can be performed using step 320 instead of step , In step 320,
the (2N x 1) vector yo,,t will be = era(2-(N+P)+PixonWivzitC(44.r)rp,an)2 , (en1(2"+1)(N+P-2-)4P2)(h) \

711. (ZAl 2-t.)) (Zar (--3,4))L" ./14.,DAs,24e-IPIOrAtijA&6" e-joapv+Pal+1'2)(0f)w,v

e-ja2a+1)(N-1--RJ)+11)(00W,vg; X2n =i %{5 The scalars an and 7, an defined as: AND
2010/021598PCTHE52600/000286 80 = WhAsp (WhGs,WE) Wy (Wixant1)"
_ H 2\ 22 N
= WgxAzp ((ZN <ﬁ>> AE,2T> Wy (vaxzml)

o4 27 Lz
= WxAsp <ZN (“ﬁ)) AsTTxG

om\ \ 22
= W§ (ZN (“ﬁ)) Ao pAgoxs. . since TT = L.

Similarly, the (N x 1) vector Hp pGrg s (Wiixzn)" can be expressed as

Hy pGgps (WﬁX2n> = W% <ZN (%\,ﬁ)) Ao pA x5 .

> Substituting the expressions of H, ,Gy, (W,f,’ Xyt )* and H, ,G Z(Wﬁ X,, )‘ into yp,,,

T
Tom = |(Watoan)”, (Wirngun)”]

A , A 3 7 o L2A A
[‘(ZN (_QELS)L‘S;IA* A ( N(ll\;Z) N 2,0 g [X}*{ZTI J L l WrPpan 1
N 2,04A5,2 104 Il (WNPD,zn +1)

Estimates of x, and %41 (denoted %, and ¥, .,) can be obtained using the conjugate

transpose of Hp i.e. HY
¥
{\,* 2 J = H;I yD,n

X on
. ITH WN Ly D,2n
= I‘I P [ (WN )*}

Tpomu

10

Hp is the (2N x 2N) sized product channel matrix and is given by

AipAsy (2w (Z)) te Ao pAt,

HP = [ 27 \\ L2 A %
~(Zn (-3%)) 7 A3 pAsy Al pAsy



7n = 0-jR4n.+2)(N-FP)-2nn -1)95, where c5.,. represents the ACFO (kr. The value of can be estimated
at the relay using the ACFO estimation step 410 and then forwarded to the destination. ates of x2" and

x2,1t1 (denotgehligy @ 464", 1) can thus be obtained using lip such Li' reprgsgnts the snbidgate
transpose of lip . EF has the prop,rty that rIF =-12 0 (1-/11"01AS,2121-k2,L)212) 10where }5=t denotes

perfouuing a Kronecker product. rip thus allows for a simple linear decoding at the destination. In step
330, the relay station optionally perfouns ACIRO 0, co®fipensation. The signal vectorsreceived over the
span. of 2 OFDM symbol durations j = {2n, 1} for 15antennae i = 1, 2 are: frt,aar.,4,1,2n41 |
ej(2n(N+P)+PI) OFSNEpBIh Ahenpelmsfél it alpuwp mepmsropianed dikenticradice 2n rR,2,2n+1

channel matrix estimation and forms part of the channel state information (CSD). Hp

allows for a simple linear decoding at destination, since
HEHp = ® ()A'L,DI?‘IAS,H?‘ + IAQ.DF)AS;‘Z]Q) .

5 where & denotes performing a Kronecker product.

It can be seen that the present embodiment has an advantage in that there is no need for

any sample reordering to be done at the destination.

10 Inthe event that ACFO is present and joint ACFO compensation was done in step 316,
the ASTC decoding in the frequency domain can be performed using step 320 instead of

step 318.

In step 320, the (2V x 1) vector yp , will be

Yom = ( e—j(er-(N-i-&)—i-Rz)(dsf)Werf\I; (& /)I'D,SA,JT , (G—j(muarl)(z\r-;-&)-x-m)(¢,)W NZ{% ()t D2 ) nr’

oy
Xt

ooy, phsy In (ZN (-%;»Tm J&2,DA;§Q J { Xap J

. Lo
v PP, 2w = 'a ; IR E :
I —pe b (ZN (“7\? ) 50As2 ape P AL p AL,

fir
[ eI E) RGOV 28 (5 Y o }

eI ERADNE P PYONW y ZE (6 ) s

it

. Xon
Ypu = Hp . + &y
x2n+'l

The scalars «,, and vy, are defined as:

15



0(2n(N+P)+P1)OrZpi+p.91,041/42/NVgX2n4(2n41)(N+P)+Pi)clirZli+p2(0r)}421ATIAX2n+1 1 + [
9R,1,2n.1/41,2n-F1 1Irp,,2,2nVR,2,211+i 31 The ACFO 95, is a known parameter obtained at the

relay station ¢iing dheiffgFO estimation step 410 and forms part of the chanpelsifdgdpfgrmation
(CSI). The effect of the ACFO Or can be removed for ilandby multiplying with 5the conjugate of

ei(27fiv+11)4ZA,(0).).The effect of the ACFO Or can be removed for 1.12,1,217+1 and K.2,2n+1 by
multiplying with the conjugate of e j((2nd)(v+P111-11)°(§),-7w (or) In step 340, the destination optionally
performs ACP() gld compensation. The (N x 1)].{2%(;(;;)439 signal vectors at the destination in the
presence of ACFO g5d are given by P Scheme 2:10 1D,2714-1 edf,n(N+Pa)+POOd ZN (cbd)
[H1H2,DG,9,2WT4n-1-.1 PD,2Th N/12a = e /et Pl=2nPi~1)s,

where ¢, represents the ACFO ¢,.. The value of ¢ can be estimated at the relay using

the ACFO ;11 estimation step 410 and then forwarded to the destination.

> Estimates of X2, and Xons1 (denoted X,, and X;,,;) can thus be obtained using H » such

that

X
2n ~ T

x = Hg YDm
Xop41

ﬁ? represents the conjugate transpose of H I H » has the property that

~H - 4 e o
Heflr =L (%Al,.n Plasg® + iAz,DiztASﬁ{“) :

10 where ® denotes performing a Kronecker product. H » thus allows for a simple linear

decoding at the destination.

In step 330, the relay station optionally performs ACFO ¢, compensation. The signal
vectors Ty, ; received over the span of 2 OFDM symbol durations ; = on,2n+ 1} for

15  antennaei=1, 2 are:

{ff{.mn f‘R,l.an} - ORI T () E g Wiy, I NP T () Hg s W
Tragn Frosni SN PPy, () Hs g Wiy, HCrH VIR, (6, H 52 Wity

+ [ VR12n ‘712,1,2u+1
Ve22n VR22n41



€)((20+LX-N+P2)+B2),p, 'LA (Oct) riii, DEISp.WP:2741- .142,DGE,21AVEIgni +11D.2741 v 2 where
the noise vectors are given by iip,2" and fin,2"+1 The ACFO Oa is a known parameter obtained during
the ACFO cbygstinating.gtep 420 and forms part of the channel state infopgtiQn{feRdest> The effect
of the ACFO Od can be removed by multiplying r,9,211 and rn,2,,+i respectively with the conjugate of
e-1(2"("1"2)"d N (0z1 ) and ej(12n+l)(N+P2M )" ZA, (Oa ). 32 In step 350, the destination optionally
performs joint ACFO compensation. The (N x 1) signa&l vectors received at the destination for the j =
{2n, 2n +1}-th OFDNI symbol duration are given by r13,21ze5(2n(IV+P2)+P2)(+Sr)ZAr(cbd co)
[ani,as,Onix2,, T4 2(I¥Ges, 2{ ¥ ki3iZhddthrhife} Bblalnel @ fle-AdY skt dR @ Al HcieAYOd _4_ or)
kunejP/ ili,DH5,4WAirx2r+i -7reeiP14)'142,DCS,2 (WITIY:X2n) iif3D,271+1) where the noise vectors
are given by fibsBihatich3i@n410' sblagsealpest srand drynasesaefingd-asdellowsei(272-1-1)N0).- 7n =
e-j((4n-F2)(N+P)-27/..P1-1)0, It can be seen that ACFO 0, and ACFO Od are present in the signal
vectors rD,2r and 10 rn1. ACFO cor and ACFO Od can be added together and be represented by

ACFO Of
The effect of the ACFO ¢, can be removed for % ,, and ¥y ,,, by multiplying with

5 theconjugate of e/®WAFRR 7, (4 ) The effect of the ACFO ¢, can be removed for

Triomn and T, 5, by multiplying with the conjugate of ¢/(FrWsihidez, (4,

In step 340, the destination optionally performs ACFO ¢, compensation. The (N x 1)

received signal vectors at the destination in the presence of ACFO ¢, are given by

CP Scheme 2
20N+ P}t Pa)ba
Do, = m-—v‘"i-__"zfv(éd) [HL,DH&J WiXan + B, pGga Wi mﬁﬂ“«] +Poon
@I ((2nb L) (N4 Pa)+Pa)da " H
L —_ , RFEL s F e 4 P
10 D24 V2 Zpy (a) [Hiz, DBl W sy — B pGuaWHTS, | + B anps,

where the noise vectors are given by B, ,, and p,,,,,, . The ACFO ¢ is 2 known

parameter obtained during the ACFO ggd estimation step 420 and forms part of the

channel state information (CSI).

15
The effect of the ACFO ¢, can be removed by multiplying rp 2, and rpom1 respectively

with the conjugate of ej(zrx(N+Pz)+Pz)¢dZN(¢d) and g/(@m)W+R}en ) ZN(¢d)-



i.e. f=+.The ACFO 0). is a known parameter obtained during the joint ACFO + Od estimation step
430 and forms part of the channel state information (CSl). The effect of the ACFO Of can be removed
by multiplying rq, ,in-Fi respectively 15with the conjugates of ai(21%#]N+PP2 d+4-)Z,N(Od
CO and 0/((2 A%AR@ZQ%@)(IHG)ZM (0d + 0r). The Cyclic Prefix Scheme 5 /33(7;%93 g(uﬂ%§6advantage
that only analog domain processing has to be done at the relay, and only linear processing has to be
done for maximum likelihood decoding at the destinagipn for each carrier. 33 The Cyclic Prefix
Scheme 2 may also be advantageous over the prior art because the relay station does not have to
perform time stinsiteg btyisedesliffietient aniseely grefdesinaionsHO tepsionask. thesrglay station will
need to estimate and compensate the 5 ACFO for each source-and-destination pair as joint ACFO
compensation aigthe destisatiosiishat denei-Fiattan eruplicate(ihe Telay jstationhardyargand could
increase the computational complexity required at the relay station. Channel Estimation 10Channel
estimation is pefrfetivedrbgfose Betual information is transmitted according to the method shown in the
flow-chart of Figure 2 or Figure 3. The purpose of channel estimation is to obtain a set of Channel

State Information£G;Sh pafaftieters:foruse inglacading the, signaigreceiyes g@t@ze(q;aﬁgggtjon and
optionally to compensate far Angular Carrier Frequency Offset (ACFO) at either the relay station or the

413

destination. 15 Channel esEf[ﬁ%g%@ 59}%%‘ to the example embodiment will be described next with

reference to Figafers. = ®in 'step 402, a sime Bair 86 ditot Sy iiborlioMitning symbols) is used to

estimate the 90 product Ch%@ﬂe*ﬁbﬁ@ﬁ'mfr@% ympD%Is 1(;omprising of k 2nx21/+1} is transmitted
over two symbol intervals from the source. The pil tsyrﬁ%ls are defined 34

5
where the noise vectors are given by p,,, and P, .

The scalars o, and ~,, are defined as follows:

Ny = e iR (VPP 1)g,

It can be seen that ACFO ¢, and ACFO ¢, are present in the signal vectors rpz, and
10 1pom1. ACFO ¢, and ACFO ¢ can be added together and be represented by ACFO ¢ 5
e ®f=%a+dr The ACFO ¢, is aknown parameter obtained during the joint ACFO

(gér + ¢a,} estimation step 430 and forms part of the channel state information (CSI).

The effect of the ACFO ¢, can be removed by multiplying rpa, and rp .+ Tespectively

15 with the conjugates of eJ(Zf'(N+P2)+Pz)(¢d+¢r)ZN (¢d + ¢r) and ej((2"+1)(N+Pz)+Pz)(¢d+¢,)ZN (¢d + ¢r)

The Cyclic Prefix Scheme 2 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

maximum likelthood decoding at the destination for each carrier.



X2n=a X2n+1-a where a is a (N x 1) vector such that la(01=-- 1 fori =0,1, , N -1 and a has low peak
to average power ratio (PAPR). it denotes the data transmission cycle index. 5ACE rd,. Estimation at

the Relay StafignJpigRe¢ 10, ACED p(br estimation is performed at the re@&g@%g/ﬁ% gj;ther of
Cyclic Prefix Schemes 1 or 2. Given the known values of the pilot symbols [x2" x2,7,1], t%e ACED at

the relay Or can be easily estimated as CP Scheme 1: Z( -rH R4,27,rR,1,27,41")Z(- 4,2,221r
2,271+1) 2(N P) CP Scheme 2: ,2nfR,1,2n-1-1)z( 2(B8P) 10The operator L(.) returns the phase of (.)
and hence the returned scalar is within the interval [-71, 7r). It is to be noted that c'br = 2?-2.-A? and
hence the maximum normalized CEO that can be estimated is given by the bounds 167-1 < 0.5N+P <
0,5 The above limitation can be overcome by designing suitable pilot symbols. The 15 estimated
ACED value canb&Yrsd By HheS e &@Yh@seogﬁ SBHRERHS rAYGTHHe tPAIRS ATE SR5iFUSE dBtual

information. Cyc{ic Prefix Scheme 2 may have the advant%ge_ that ACFO compensation at rglay iS not

necessary beckise JERYAELEE R BREALIR P EAR B B oM R P ThacER STivETH. StEses an

2010/021598Pge-srt:1[r§1 102n%981181%0pzr§06r gg, the relay station will need to estimate and compensate the

5 ACFO for each source-and-destination pair as joint ACFO compensation at the
destination is not done. This can complicate the relay station hardware and could

ncrease the computational complexity required at the relay station.

Channel Estimation
10 Channel estimation is performed before actual information is transmitted according to
the method shown in the flow-chart of Figure 2 or Figure 3. The purpose of channel
estimation is to obtain a set of Channe] State Information (CSI) parameters for use in
decoding the signals received at the destination and optionally to compensate for
Angular Carrier Frequency Offset (ACFO) at either the relay station or the destination.
15
Channel estimation according to the example eﬁbodiment will be described next with

reference to Figure 4.

In step 402, a simple pair of pilot symbols (or training symbols) is used to estimate the
20 product channel. The pair of pilot symbols comprising of
[in X2n+l]

is transmitted over two symbol intervals from the source. The pilot symbols are defined

as



ACM ;jd Estimation at the Destination In step 420, ACK) sd estimation is performed at the destination
station for either of Cyclic Prefix Schemes 1 or 2. 5 For Cyclic Prefix Scheme 1, the (N x 1) received
signal vectorsyaj $gmesibgation in the presence of ACFO g5d are given by £B. Seheme b
rD,2n0(2n(N4.P2)+PON ZN(0,4)112,D ( (116) I''TX;r1+1] + PD,zn e1((s+1)(1V+P2)-1. P2)Oa TD,2n+1
ZN (0d) [1-11,DHS414X2n-F1 H2,DC (1i2) Wg,T4d PD,2i, where the noise vectors are given by
ei(2Th(N+P2)+P2)ciid PD,2n =4: Ziv (4,)H2,D C (V*Rgfé,Znﬂ)lVD,Zn eila2M-1)(1v4-P2)+P2)#d
10'PD,2n+1 Zp;(0d) [1-11,DVR,1,27L+1 H2,D C+y.R,2,23)1 VA2n+1 Vr..2 Similarly, the (N x 1)
received signal vectors at the destination for C;g Sch(g_me 2 are given by CF Scheme 2: rD.2n+1
eiPn4-00v+P2)+P.Omii n

where a isa (IV x 1) vector such that |a(i)| = 1 fori=0,1,--- ,N — 1 and a has low

peak to average power ratio (PAPR). n denotes the data transmission cycle index.

5 ACFO ng,, Estimation at the Relay Station

In step 410, ACFO ¢hr estimation is performed at the relay station for either of Cyclic

Prefix Schemes 1 or 2. Given the known values of the pilot symbols [x,, x,,,], the

ACFO at the relay g/;, can be easily estimated as

CP Scheme 1:
q“S _ 4(“1'%,1,%1‘3,1,2%1) + 4(”‘1”%{2,2”.1“ R2,2m+1)
T 2(N + P)
CP Scheme 2:
b, = £(— I’Jlgl onFR1,0m41) + £(~ rR22nrR2 2n+1)
T 2(N + P) "

10 The operator £(.) returns the phase of (.) and hence the returned scalar is within the
interval [~, 7). It is to be noted that ¢, = 2z¢ and hence the maximum normalized CFO

that can be estimated is given by the bounds

< 0.5

N
| < o
&l = 055
The above limitation can be overcome by designing suitable pilot symbols. The

15 estimated ACFO value gZ, can be used by the relay to do the compensation during the

transmission of actual information.

Cyclic Prefix Scheme 2 may have the advantage that ACFO compensation at relay is

not necessary because joint ACFO compensation can be performed at the destination.



ZN(4)a) [1.11,DITs,i1Arfcixen v/.72 H2,DGS,2W..ZTX;nl PD,2n-1-1) 15where the noise vectors are
given by 15D27-1.1-1 Zv (0 d)Rep ,Di? R.,1,271+1H2,D C(,2,)]JvD,2n+1,, 36 The following
estimation apRligsyfefeithgr of Cyclic Prefix Schemes 1 or 2. Using the pilgisyRileslsds = a and
x27 ---- -a that were transmitted by the source, it is assumed that "SATa = b. The (N x N) man-ix
WCc\-T, is the inverse discrete Fourier 5transform (IDFT) matrix. Therefore, vector HI,D13.5,1WK;x2"
can be expressed as 111,DHS,1WIAIr,Cal = 111,D $25,113 = Ahp, where, the (N x (P + 1)) Toeplitz
matrix A is given by A =[b]() , [b](1), ,andthe ((P + 1) x 1) vector hp is

10

15

ACFO ;Zd Estimation at the Destination

In step 420, ACFO ggd estimation is performed at the destination station for either of

Cyclic Prefix Schemes 1 or 2.

For Cyclic Prefix Scheme 1, the (N X 1) received signal vectors at the destination in the

presence of ACFO ¢, are given by

CP Scheme 1:
eI 2n(N4Po)+Fo)ba H " H g *
Ipon = »’—_‘{/——2—__——”21\1(%) (1,0 1 Wisen + Ha,p ¢ (Hp) WHTRS1] + Pogo
I (@1 (N+P)+Po)ga " * Hm *
Dol = W“.T/—E—MZN(%) [ELLpH sy Wiikenss = Hap ¢ (Hga) WRTH,] +Ppgains

where the noise vectors are given by

I 2n(N-+Pa)+Pa)da

Ppon = '—_\7—5“_“‘ZN(¢d) [HI,DVR,I,ZTL +Hap ¢ (ij,z,:»,nﬂ)} + VDan
H@nL)(N+Po)+Pa)de \
Ppontl = 7 Tv(¢a) [H1,pvR1n4 — Bap ¢ (Vi o.0m)] + VD204

Similarly, the (IV x 1) received signal vectors at the destination for CP Scheme 2 are

given by
CP Scheme 2:
i en(N+Pay+Pa)ds . .
Tpon = “T‘ZN(¢d) [y, pH 1 Whian + Ha pGsa W NIxS 1] + Poan
o (1) (N+Pa)+Fo) g o _
I'Dontl = 73 Zn(da) [HI,DHS,leX2n+1 - H2,DG5,2WNTx2n] + Ppantis

where the noise vectors are given by

5 i (@n{N+Ps)+-Po)y ; s
Ppon = 7 Zn(6a)Rep [U1,09R10n + Us,p ¢ (Vhogne)] + VDi2n

3 eI ((2n+1)(N+Py)+Po)da 5 »
Ppont1 & Vo ZN(¢d)R@ [Ul,DvR,l,zn-l—l ~Hap € (VR,?,,Zn)] + VDant1.




10hp =* with * denoting convolution operation. Let us assume that d = Vector H2iD Cd can be written
as 112.D C (Irs,2) d = Brim 15where the (N x (P + 1)) Toeplitz matrix B is given by [f] (-171+1) 7(-LI
+2) ,[11(-LI-FRHLN bowihs f= ((d) and the ((P + 1) x 1) vector 11pis = Slml|§£l¥l,8¥5%9)’mlﬁg§;DGB 2cl
can be expressed as 20112,DGS,2d =-- Chp 7 where the (N x (P + 1)) Toeplitz matrix C is given by

37 C[1](-2L2+1),[1(-2L2+F+111 Substituting the above results into rD,Th and rD,2",1 and bearing in
mind that ru,2, and rD,2"+1 are the received signal \&ctors of the pilot symbols at the destination, rD,2"
and 5ra2ni can be rewritten as OP Scheme 1: 'A2nefi(271(N+F2)+P2/5bd ZN(42)[A,hF PD,271
€j((271+11(N-1-1)21-1-F2115d rD,2)1+1.ZN(i)d) [-A, -B]10 + D,271-1-1

10

15

20

The following estimation applies for either of Cyclic Prefix Schemes 1 or 2. Using the
pilot symbols of X2, = a and xs, = —a that were transmitted by the source, it is
assumed that Wia = b. The (N x N)matrix W is the inverse discrete Fourier
transform (IDFT) matrix. Therefore, vector Hy pHg WJHszn can be expressed as

HipHs1Wix,, = H;pHgib
‘= Ahp,

where the (N x (P + 1)) Toeplitz matrix A is given by
A= [, 1), o))
and the (P + 1) x 1) vector hp is
hp = hypwxhg;

with % denoting convolution operation. Let us assume that d = W Ta*.

Vector Hy,p ¢ (H§5) d can be written as
Hyp ((H:,)d = Bhs,
where the (V x (P + 1)) Toeplitz matrix B is given by

B = [[fJ(—L1+1)’[f](—L1+2),,_, [f](—L1+P+1)}

with f = ¢(d) and the ((P -+ 1) x 1) vector hp is
hp = hypx((hf,).
Similarly, vector Ha pGsod can be expressed as
H,;pGs2d = Chp,

where the (N x (P + 1)) Toeplitz mairix C is given by



OP Scheme 2: E.;(2nov+P2)+P2)(bd rij,2n = ZiV(42)C] hF 151),271 12- ej((211+1.)(N4-P2)+-P2)(
kd 1.1),2n+1 where the (2(P +1)x 1) vector hF Ti hp = [1i, hp . Let cin be a (2N x 1) vector constructed

as 10 IT'T 1\boRe2hoAREN+11T =(g5d) hF -TT 1T for OP r- where en = ki & Byihogatss for OP

Scheme 1 and en = [PD,2, 9/TE Scheme 2. The (2N x 2(P + 1)) matrix F(1d) is given by OP Scheme

1: ei(2n(N-L-P2)-P2)e ZN(d)Giyxhr A -B F(h) =
' 37

C = }:[f](-—ZLg-H.) ’[f](~2L2+2) o ,[ﬂ(—-2L2+P+1)} '

Substituting the above results into xpy, and rpam and bearing in mind that rp2, and
rpon+1 are the received signal vectors of the pilot symbols at the destination, xp 2, and

5 rposs1 can be rewritten as

CP Scheme 1:
ea‘(2n(N+Pz)+Pz)¢dZ A Blh
I'Don = y -+ n
D2 \/5 N(¢d)[ ] FT Ppa
eI (@nF1)(N+P2)+Pa)du
I'pDonyl = \/i ZN(¢d) ["Aa “‘B] hp + Ppon+i
CP Scheme 2:
ej(Qn(N+Pz)+Pz)¢dZ A Ol
Don = 3 -+ P n
D2 7 n{da) [ Ihr+Dp,
I ((2n+1)(N+Po)+P2)¢a .
pontl = 7 Zn(¢a) [—A, —Clhr -+ Dpont1s

where the (2(P +1)x1) vector hy
hy = [hﬁ, Eﬁ} !

Let q, be a (2N x 1) vector constructed as

— T T T
4 = [rD,2m rD,2n+1}

10 = F(¢d) hF + €n,
T
where e,, = [p}gm, PP on +1] for CP Scheme 1 and e, = [B5 5, BH2n ] for CP

Scheme 2. The (2N x 2(P + 1)) matrix F(¢4) is given by

CP Scheme 1:

. NP [ 70 (6) Oy A -B
a) = “—"—\/'2—_{ Oy eﬂ'<N+f’2>¢dzN<¢d>} [—A -B}



V2L N xNP2)1SelZN(04-A -B WO 2010/021598PCT/SG2009/000286 38 OP Scheme 2: Usinggn, a
maximum likelihood (ML) based ACM and CIR estimator can be formulated. The ACFO is estimated

as (7)d= arg Replalioh184s (Fff (O)F (0)) FH (0) 115d can be estimated usi%@%ig)m(ﬁ% It is to be
noted that, for the pilot symbols used in step 402, the matrix FH(0)F(0) is given by 10FR (0)F(0) =

NI2(p+i). This implies that the inverse of F11(0)F(6) need not be computed for every search point.
Hence the the ACP (1,5d can be estimated as 15B&an be seen that the ACFO eLi estimation at the
destination is not computationally demanding as no inverse matrix computation needs to be done for
each search point.@n%@efﬁ%%é\CFOj b&,ﬁ g;g’m ted, vector laF can be estimated as CIF = Tv-1

I RN +Fo )} P2)¢4 T Tn(da) TT A __OT

; O
F(ika)FH(&) qn. F(gs) = % Owew VT (40 || 4 —C |

Using ¢y , a maximum likelihood (ML) based ACFO and CIR estimator can be

formulated. The ACFO is estimated as

~

5 ¢y = arg mdén (qﬁ’ [IZN - F(¢) (FH(@F(@)"I FH(d))] qn) :

@4 can be estimated using a grid search.

Itis to be noted that, for the pilot symbols used in step 402, the matrix F¥ (¢)F(¢) is
given by
10 | FAAF(@) = Nyps.

This implies that the inverse of F¥ (¢)F(¢) need not be computed for every search point.

Hence the ACFO ¢, can be estimated as

~

¢a = argmin <qf {Izzv - %F(fﬁ)FH(ﬁﬁ)J %) :

15 Tt can be seen that the ACFO ¢, estimation at the destination is not computationally

demanding as no inverse matrix computation needs to be done for each search point.

Once the ACFO ¢ is estimated, vector hy can be estimated as

1

he = SF(G)F(d) g

20



39 Joint ACE (Or +Estimation at the Destination in step 430, joint ACFO+ Od) estimation is perfotuied
at the destination for the Cyclic Prefix Scheme 2. The (N x 1) received signal vectors at destination
(without ACFQ,69018R5sakon at relay) can be written as follows: = 55(2n(!\§,§ﬁ% )ZN ((hd
+[or+ a'n142,D G5.2 (14rx2".+1) PD,2n rD,2n-1-1eja2n+l)(/21-1-P2)(4,d+
[anem#Dili,v113,11Vx2n+i 'TheiP1C6412.DG3,2 (W.15D,2n-F1 where I:11,D and fIy) respectively are
(N x N) circulant matrix with ZN 4)r) [11T,D 01 x (N 3I92)] and ZN(- Or) [11212,D, Oix(N_LAT as their
first column vectors, and scalars am and ry are defrned as follows: a".ei(2,1-1)P1$ =
-Ja4n+2)(NtP)ngﬁé,Q¥éPp is"defi g the Edestingdionye have CITh =,27,+ 11 = F (0 f Or) flp en,
where the (2N x 2(.P + 1)) matrix ' (Of, Or) is glven by and EF is a (2(2) +1)x 1) vector constructed

asT In step 430, joint ACFO (4, + ¢, ) estimation is performed at the destination for the

Cyclic Prefix Scheme 2. The (IV X 1) received signal vectors at destination (without

ACFO compensation at relay) can be written as follows:

rpon = el (NP P bt dr) 7, (4, 4 ) [anﬂl,DHs,l‘\'?Vﬁxzn +an12,DGs,z (Wfox2n+1) *]
+f)D,2n

tpgnyy = e/ CrINWIRIRRIG 7, (4 4 ¢, [Ofnej Pty pH 5 WhKan

5 —~‘}/n6-'ipl¢"ﬁ2’ pGso (Wﬁ)@n) *:t + Ppontis

where H 1, and H, p respectively are (IV x N) circulant matrix with

7 T )
Zn(—~br) [h{D, O1x(V-L2)) 'qnd Zn(—¢,) [B3 5, Oix(v—1,)] as their first column

vectors, and scalars cv, and -y, are defined as follows:

q, = eCrtLPid
10 Ny = e UntR(NEP) 2P 1),

It is defined that ¢5 = @4 + ¢,. We have

T
q, = [r g,Zm rg,2n+1]
= F(d)fa ¢r) hF + €n,

where the (2N x 2(P + 1)) matrix F(¢;, ¢») is given by

15 F(éf)d)r) = \/2‘

and b, isa (2(P +1)>< 1) vector constructed as

el (Qn{N'er)-t-P" ZN( ¢f) Oy a, A Y C
ON N ej{N'r‘PZ}QS}’ ZN(qu) “OfnejplérA, ,__,Ynefpld)rc

hp = ’:(El,D * h5,1>T , (flz,D *( (hikf;,z)f} '

with 1\’111’1) = ZLz('—d)T‘)hl,D and EQ’D = Zr,(—¢, ) p. It can be shown that



*hS,1)(112,D * (112))1T With ,D = ZL2 (-00111,D andZ.Ls(-Or)h2,0 It can be shown that WO
2010/021598PCT/SG2009/000286 40 pH(0,)(0,f, thr) = Nie(P-t-i) The Maximum Likelihood estimate for
Of is obtainegva@kg s g,,, 12N - 7,7F(cb, sbr)F (0, Or) \ 5and lip is estppiash@s/ob9s8.--) 10H(F,
Or) g. While example embodiments of the invention have been described in detail, many 10variations
are possible within the scope of the invention as will be clear to a skilled reader. Variations can be
made, for example to parameters such as the numb&? of carriers, the cyclic prefix lengths F, P1 and
P2, the coding technique used at thg felay station, or the way in which the product channel is
estimated. Variations can also be midé®e, theElésigh of the/¥ilatrsymbols used. Further, the CP
schemes need not 15 necessary use space-time coding and other forms of coding may be used.
MCSLLP 41 CLAIMS 1. A method performed by a relay station having multiple antennae, of relaying

data from a source to a destination, the method comprising the steps of:
The Maximum Likelihood estimate for ¢; is obtained as

"

¢y = argmqsin (qf {Iw - %ﬁ(% d»)ﬁﬁ(cb, @)} qn>

5  and hp is estimated as

~

EF = 'J%fﬁ(qgfa gbr)ﬁﬁ(g)fa ¢7‘) G-

While example embodiments of the invention have been described in detail, many
10 wvariations are possible within the scope of the invention as will be clear to a skilled
reader. Variations can be made, for example to parameters such as the number of
carriers, the cyclic prefix lengths P, Py and P, the coding techrﬁque used at the relay
station, or the way in which the product channel is estimated. Variations can also be
made to the design of the pilot symbols used. Further, the CP schemes need not

15 necessary use space-time coding and other forms of coding may be used.



5using the multiple antennae to receive a message sent by the source, thereby forming multiple
respective received signals, the message containing the data and comprising a first cyclic pr&fixSLLP
having a length based on channel impulse response of respective channels between the source and
the multiple antennae of the relay station; removing trl%%first cyclic prefix from the received signals;
10encoding the received signals to form multiple Alamouti-coded second signals; inserting a second
cyclic prefix in@ tgﬁ\&ultiple Alamouti-coded second signals; and transmitting the multiple
Altunouti-cod d signals with the second cyclic prefix to the destination, the Alamouti-coded
second signals being used for performing 15carrier frequency offset (CEO) compensation to the
message at the destination. 2. A method performed by a relay station having multiple antennae, of

relaying data fyom aA%%EﬁS&%&t%?&%E?&#ﬁQ réilﬁ g@ﬁ&%ﬂ%a%%@%?&ﬁ%%@%n%ﬁg e?%%%lﬁi?ﬁ\/%ed%”_“p'e

antennae to recelve a message sent € source, thereby ng multiple respe received

signals, the mﬁgﬁgggoqggéqw(}{g%gr@g%ﬁ,%@Iﬁ&%?i% adiks t%)éc%ég{grgﬁx; removing part of the

cyclic prefix from the receive s; encoding the received Signa form multiple second signals;

and MCSLLP 42 transimiling: e mulinle sseend sionalsihdheverebingparkafspe oyclic prefix

to the destination. 3.A method of relaying a message according to claim 2, wherein the feceived signal

Scomprises a fishifeRivRT gaahliaRadliatal hmanenoaR abiRe ek 1aua0 e dgecond

received signal from a second of the antennae of the relay station, the step of encoding the received

signals involves combiping;tae frstograiveshsigpal withins sacandrseivathsianaldp e the multiple

second signals. 104.A method of relaying a message according to claim 3, wherein the step of

encoding the reegivad-Signale LFRGLERMBUSER NG SR RIARHANIRR MO BIRIGXERRI BRI Of the first

received signal.
removing the first cyclic prefix from the received signals;

10 encoding the received signals to form multiple Alamouti-coded second signals;
inserting a second cyclic prefix into the multiple Alamouti-coded second signals;
and
transmitting the multiple Alamouti-coded second signals with the second cyclic
prefix to the destination, the Alamouti-coded second signals being used for performing

15 carrier frequency offset (CFO) compensation to the message at the destination.

2. A method performed by a relay station having multiple antennae, of relaying data
from a source to a destination, the method comprising the steps of:
using the multiple antennae to receive a message sent by the source, thereby
20  forming multiple respective received signals, the message containing the data and
comprising a first cyclic prefix;
removing part of the cyclic prefix from the received signals;

encoding the received signals to form multiple second signals; and



5. A method of relaying a message according to claim 3 or 4, wherein the step of 15encoding the
received signals further comprises the step of reversing the sequence of symbols within the febLLP
received signal. 6. A method of relaying a message according to claim 5, wherein the step of
reversing the sequence of symbols within the first recg'ved signal further comprises 20storing the first
received signal in a shift register and then reading the shift register in a reversed order. MCSLLP 43
7.A method of relaying a message ac?tor?ling to any oflclai stﬁi to gi whereinr%h%%\teg o{.encoding the
received signals furtt‘rr1ersglolm1§)l ses the g%eepso Oﬁlegsaﬁrrll%‘q‘[kvl\él irs eréeceﬁ}ggl%i%ana Y58 A ethod of
relaying a message Oct%%rgigg&gtggy preceding claim, wherein the received signals are encoded with
space-time coglngxto form the muﬁlple second signals. 9. A method of relaying a message according
to claim 8, wherein the space-time coding is Alamouti coding. 10 10. A method of relaying a message
according to any preceding claim, further comprising the step or performing carrier frequency offset

(CFO) compensation 1 e, MGSSAAR A {0 LSIaY _&&@Hg&n%%&&M&%R@ﬁ&&kr&l@mgiaemgﬁgpe

according to any preceding claim, further comprising the step of performing CFO compensation to the

message gt the, destinatiofys 2. Avarhaf of LHayINg S MESSARSALCH HINGIR PO RIFGRAIRT claim,

wherein the relay Station having multiple antennae is comprised of two relay sub-stations each

20naving at legek e aicana i o sl shiborallannanlonied JReRINR/malion passing
between each other. 13. A method of relaying data from a source to a déestination via a relay station

having multiplg RRIERDAG & EINQEhaRMIRGHRY LBRBIERS Bie first received signal with the

second received signal to form the multiple second signals.

10 4. A method of relaying a message according to claim 3, wherein the step of
encoding the received signals further comprises the step of obtaining a complex

conjugate of the first received signal.

5. A method of relaying a message according to claim 3 or 4, wherein the step of
15  encoding the received signals further comprises the step of reversing the sequence of

symbols within the first received signal.

6. A method of relaying a message according to claim 5, wherein the step of
reversing the sequence of symbols within the first received signal further comprises
20  storing the first received signal in a shift register and then reading the shift register ina

reversed order.



MCSLLP 44 (i) the source transmitting the data within a message comprising a first cycli& Brﬁf
having a length based on channel impulse response of respective channels between the source and
the multiple antennae of the relay station; (i) the relay station: 5receiving the message using the
multiple antennae, thereby forming multiple respective yeceived signals; removing the first cyclic prefix
from the received signals; encoding the received signals to form multiple Alamouti-coded second

signals; inserting a seco clic prefix into the multiple Alamouti-coded second signals;
10transmittingta'he Aélrrﬂé%uﬁ%gggge PLELOR glsﬁﬁ% sa\%ﬁ%% Wéagoe%%acfgélgf%spe?z |ngot eeredre% Ination; and

(i) the destinatign receiving the second signals and extracting the data, wherein the Alamouti-coded
Setond signalo K L o e e A S IR R e comge a
the destinatior}e I3 5'16%1% .thod of relaying data from a source to a destination via a relay station
having multiple antennag, the method comprising the steps of: (i) the source transmitting the data
within a message comprising a first cyclic prefix; 20(ii) the relay station:  receiving the message
using the multiple antennae, thereby forming multiple respective received signals; removing part of the

cyclic prefx frgm theyigaiecpiangi e raadlagdiedsaniies signaniRiaramH ptR eseand signals:

received signals are encoded with space-time coding to form the multiple second signals.

9. A method of relaying a message according to claim 8, wherein the space-time
coding is Alamouti coding.

10
10. A method of relaying a message according to any preceding claim, further
comprising the step of performing carrier frequency offset (CFO) compensation to the

message at the relay station.

15 11. A method of relaying a message according to any preceding claim, further

comprising the step of performing CFO compensation to the message at the destination.

12. A method of relaying a message according to any preceding claim, wherein the
relay station having multiple antennae is comprised of two relay sub-stations each
20  having at least one antenna, the two relay sub-stations configured to perform

information passing between each other.

13. A method of relaying data from a source to a destination via a relay station having

multiple antennae, the method comprising the steps of:



transmitting the multiple second signals with the remaining part of the cyclic prelix to the destjpationp
and (iii) the destination receiving the second signals and extracting the data. 515. A method of relaying
data according to claim 14, further comprising the step of performing CFO compensation to the
message at the destination, thereby compensating b%t? for CFO present from the source to the relay
station and for CFO present from the relay station to the destination. 1016. A relay station for relaying
data from a source @ﬁlggstination an .havswfq @%Iét\lg)%e antennas, the relas;{nst%ti&rg tbeirl%arranged to

trad t S
perform a method a ordlr?éni%earnay orcia 7 r%flssst%%% con 6h5| a soﬁ?’cce, a destination,

and a relay statiofn fgr rela i?&d ta 15from tﬁe source to the destination ang having multiple antennas,
e system bee A TR e e B Al R inegratec

circuit (IC) for@e{ﬁ%\ff %%fé%ﬂﬁ%ﬂ%%%%qﬁﬁfg '@XHE&%&%F@@%I&XE{&&E? a destination, said relay

station having multiple antennae configured to receive 20a message sent by the source and thereby
forming multiple reseﬁqﬂggeﬁg&%it\@géignals, the message containing the data and comprising a first
cyclic prefix having a length based on channel impulse response of respective channels between the

source and the multiple;antennac atipe felay sleliam e AGCATPHSINGy WGP iR interface

configured to receive the multiple respective received signals from the multiple antennae; a first
processing un}g%ﬁggq@geggggg Qstpe first cyclic prefix from the received signals; 5an encoder
configured to encode the received signals to form multiple Alamouti- coded second signals; a second

processing unit configrechiORSEH R SOROPE X AHERRIF MR Bsignals;
encoding the received signals to form multiple Alamouti-coded second signals;
inserting a second cyclic prefix into the multiple Alamouti-coded second signals;
10 transmitting the Alamouti-coded second signals with the second cyclic prefix to
the destination; and
(iii) the destination receiving the second signals and extracting the data, wherein
the Alamouti-coded second signals is used for performing carrier frequency offset (CFO)

compensation to the message at the destination.

15
14. A method of relaying data from a source to a destination via a relay station having
multiple antennae, the method comprising the steps of:
(i) the source transmitting the data within a message comprising a first cyclic
prefix;
20 (ii) the relay station:

receiving the message using the multiple antennae, thereby forming multiple
respective received signals;
removing part of the cyclic prefix from the received signals;

encoding the received signals to form multiple second signals;



multiple Alamouti-coded second signals; and the interface further configured to send the multiple
Alamouti-coded second 10signals with the second cyclic prefix to the multiple antennae for MCSLLP
transmission to the destination, wherein the Alamouti-coded second signals is used for performing
carrier frequency offset ([TO) compensation to the meiﬁsage at the destination. 19. An integrated circuit
(IC) for a relay station configured for relaying data fron a 15source to a destination, said relay station

having multiple antennae canfigured to.receive a message sent by the source apd thereby forming
multiple respective SRy %‘Urgq#glg,"f & eé%%%@es igﬁ\'ﬂﬁ% eerégtadrﬁﬂ%ip r%?n‘@'%\? Irst cyclic

prefix, the IC corrfl?orisinkg: an interface Cé)nfigured to receive the multiple respective received signals
. fe X %ot € @Séldlatlon' and. . . . .
from the muItuge anteninae; 20a protessing unit configured to remove part of the cyclic prefix from the

received signals; ar}@gggdgésgprgtig%ured tQ enct%ge the r, cerilqu siﬁnaks t .formenagégiple second

signals; MCSLLP the nterface Furher-con @%Orré t&sendt ee)?nr&ﬁlbq% second signals with the

remaining part of the cyclic prefix to the multiple antennae for transmission to the destination.

5 15. A method of relaying data according to claim 14, further comprising the step of
performing CFO compensation to the message at the destination , thereby compensating
both for CFO present from the source to the relay station and for CFO present from the

relay station to the destination.

10 16. A relay station for relaying data from a source to a destination, and having
multiple antennas, the relay station being arranged to perform a method according to

any of claims 1 to 12.

17. A system comprising a source, a destination, and a relay station for relaying data
15 from the source to the destination and having multiple antennas, the system being

arranged to perform a method according to any of claims 13 to 15.

18.  An integrated circuit (IC) for a relay station configured for relaying data from a
source to a destination, said relay station having multiple antennae configured to receive
20  amessage sent by the source and thereby forming multiple respective received signals,
the message containing the data and comprising a first cyclic prefix having a length
based on channel impulse response of respective channels between the source and the

multiple antennae of the relay station, the IC comprising:
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an interface configured to receive the multiple respective received signals from
the multiple antennae;

a first processing unit configured to remove the first cyclic prefix from the
received signals;

an encoder configured to encode the received signals to form multiple Alamouti-
coded second signals;

a second processing unit configured to insert a second cyclic prefix into the
multiple Alamouti-coded second signals; and

the interface further configured to send the multiple Alamouti-coded second
signals with the second cyclic prefix to the multiple antennae for transmission to the
destination, wherein the Alamouti-coded second signals is used for performing carrier

frequency offset (CFO) compensation to the message at the destination.

19. An integrated circuit (IC) for a relay station configured for relaying data from a
source to a destination, said relay station having multiple antennae configured to receive
a message sent by the source and thereby forming multiple respective received signals,
the message containing the data and comprising a first cyclic prefix, the IC comprising:

an interface configured to receive the multiple respective received signals from
the multiple antennae;

a processing unit configured to remove part of the cyclic prefix from the received
signals;

an encoder configured to encode the received signals to form multiple second

signals;
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the interface further configured to send the multiple second signals with the
remaining part of the cyclic prefix to the multiple antennae for transmission to the

destination.



