CYCLI C PREFI X SCHEMES FI ELD OF THE I NVENTION This invention relates to

nmet hods and systens for inplenenting cyclic prefixes in a wireless

comuni cavpanioahasyeel conprising a relay station capabl ecofSGpemfoorss ng

i nformati on coding, particularly but not exclusively, analog space-tine
codi ng. CROSS- REFERENCE TO RELATED APPLI CATI ONS The present application is
one of two patent applications claimngipriority from US provisional patent
application no 61/089,617. The present patent application relates to the
usage of cyclic prefixes, whetgeag cherRFIRSE@EsMESapplication relates to
techni ques for space-tine coding. The techni ques described in the
respective two patent applications are independent since either can be used
wi t hout the other, although it is equally possible to construct systens

whi ch congigﬁiiﬁéiﬂigéﬁgﬁér he respective two patent applications.
BACKGROUN el ess rel ays have shown potential for

ext endi ng comruni cati on range and provi di ng

5 This invention relates to methods and systems for implementing cyclic prefixes in a
wireless communication channel comprising a relay station capable of performing

information coding, particularly but not exclusively, analog space-time coding,.

CROSS-REFERENCE TO RELATED APPLICATIONS

10 The present application is one of two patent applications claiming priority from US
provisional patent application no 61/089,617. The present patent application relates to
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,).



good quality of experience. In a typical wreless communi cation system
utilizing relays, the relay station would be tinme shared between different
sources om0 2dmgRisvati on. In such a scenario, the relay gCalsGamoneeds to
estimate the Angular Carrier Frequency O fset (ACFO present between each
pair of source and relay antennae (dengted ACFO fr ). The ACFO that is
present between each pair of relay and® dest i nati on ant ennae (denoted ACFO
fd) will be conmpensated for at the destination. Joint conpensation of the
source t oTheeh@FOahat is pleagnt betwtes eaqkaraiion! Talarand desietiognauriag (feofs%e prior
art. Conpensation for the source to relay ACFO fr can thus only be

pefforﬁedA@Fot@% wigll RYofipahiats follethe ébajnatiomt i on of the prior art will
need to estimat'e and conpensate the ACFO for each source-and-relay pair and
this conplicates the relay station hardware and increases the power
required by the relay station. Inplenentations of anal og space-tinme coding

(ASTC) in the prior art also have the |im tatié)n .tagat%/%@g t.rantsm' s.ﬁgeon
channel himnttcontpsngatian of e seyroetarelay ang selay,0.dssHpgio P15 RPERIEPEnce
(I'Sl') results when the transm ssion channel has freguency sel ective fading.
The i nserfi gR Bfiordaty Chinpesatibi o €R) soare be rakgdACBONY Fyatiisagaly iz | SL

The cyclic prefix inserted should preferably be of a |l ength greater than

that of t Beerf&rrr}laea i the relay station. The relay station of the prior art will need to estimate and

compensate the ACFO for each source-and-relay pair and this complicates the relay

station hardware and increases the power required by the relay station.

10  Implementations of analog space-time coding (ASTC) in the prior art also have the
limitation 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  Itis an 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.



i mpul se response (CIR) . Typical inplenmentations of ASTC al so require that
the sanples within a signal be re ordered when performng the coding. It is
an obj ectwofotoe1jsesent invention to provide a nethod Pom/SGaplo®nessi ng
cyclic prefixes and conpensating for the channel effects of a wireless
comuni cation channel ., which addresses at |east one of the problens of the
prior art and/or to provide the public3mﬁth a useful choi ce. SUWARY OF THE
| NVENTION I'n general terns, the present invention relates to transmtting
dat a t hougtMIMWR' € OFSEHE ONWENTIEN on channel from a source to a destination
via a relay station having nultiple antennae. The relay station receives a
message f{ppNE 1SM! BE pRR&itahvinfien béleteslal Ramndttiag dtaghowphad wirelpssef i x. 1t
does this using each of 'its antennae, so producing nmultiple respective

recei ved 3La0ALRuribNofohllRim 238GEE (5 abialicly #Rlu: oy stain hetiay station
j £ cycli1c prefix

renoves the firs romthe received signals, replacing it

with a new one. In a second aspect of. the | i . i on
Femoves ot e petefn B inaTHfer i T e L G RBR T
relay station may apply space-ti nme. codi

Y 5 dataand a%irstpc%cl){c pr%ﬁx. It does this us%nr;;gea%ﬁ of Ssn ae{tgrgn%e, so producing

multiple respective received signals. In a first aspect of the invention, the relay station
removes the first cyclic prefix from the received signals, replacing it with a new one. In
a second aspect of the invention, the relay station removes only a portion of the first
cyclic prefix. In either caée, the relay station may apply space-time coding to generate
10 second signals, which 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:



second signals, which it transmts to the destination, which extracts the
data. A further aspect of the invention relates to estinmating paraneters of
t he chanrwD,20tom2e3vabl e t he destination to decode the datraI/SGhendionaasat i on
may be expressed alternatively as an integrated circuit configured to
enabl e the above nentioned aspects of the invention. The cyclic prefix
schenes of the present invention do nott require that the transm ssion
channel s be flat fading. BRI EF DESCRI PTI ON OF THE DRAW NGS By way of

exanpl e only, Eghedi ivestisematld drzwingesfor jopuuuniFationchpere hedng a seyee
acconpanyi ng drawi ngs, in which:Figure 1 is a schematic drawi ng of a
communi cagthidh S rdanslatibaRi did desthettivastsival, ancdsdinged ay esbadiment of thend
destination station D, according to an enbodi ment of the invention; Figure
21is a_fI%\(ye fgram of a scheme for inserting cyclic prefixes according to
a Cyclic Prefix Scheme 1 of the exanple enbodinent; Figure 3 is a flow

di agram of a Sﬁpg%rneez {s%rﬂoiv!? ﬁ%ran’P G £ ¥Glehfe BF ﬁ'lgél)ﬁﬁé c?&lﬁ%rgﬁ% acrding to
5  a Cyclic Prefix Scheme 1 of the example embodiment;
Figure 3 is a flow diagram of a scheme for inserting cyclic prefixes according to
a Cyclic Prefix Scheme 2 of the example embodiment;
Figure 4 is a flow diagram of a method for performing channel estimation
according to the example embodiment;
10

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)



a Cyclic Prefix Scheme 2 of the exanple enbodiment; Figure 4 is a flow

di agram of a method for performng channel estimation according to the
exanpl e ewbadioentog DETAI LED DESCRI PTI ON OF THE PREFERREDTEGBEDIOMESH S
Figure 1 shows a communication channel according to an exanpl e embodi ment
This channel consists of a source station/node 110 (S), a relay station 1?0
(R) and a destination station/node 130 (D). The source and the destination
each have only one antenna, and the relay statjon 120 has two antennae

122, 124. fdirladhenteecatcetl he. AFTE crcosling isepplhivsie individuphrarics GYTWat i on 120
and the destination station/node 130 can be configured to both transmt and

recei ve. Fhecsw GRDIA Sy Ed erisdsgThe sldyosthtien 126 rmyeivesahe ONDMsignand t he
relay station 120 sends signals to the destination 130. The signals sent

fromthe &&é&ﬁ%ﬁ&%&&a&gng Blaal astAdiinp Adbbg @oeeskingiBuches thelsaypinhgt i on

%?gqhgnng S |Ea I'on X may conprise nultiple orthogonal carrier

: ., SUC | .he ca i ' _ e or t

embodi merEaS RS B PR, B S i A ACphe cpEid Thine presen
5  coding can for example be 2 x 2 Alamouti coding. The coded signal is then transmitted

to the destination node/station 130.

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 1 10 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  cyclic prefix (SC-CP) systems where the ASTC encoding is also applied to individual

symbols over two consecutive SC-CP blocks.

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

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



schene is applied using orthogonal frequency division nmultiplexing

(OFDM nodul ation at the source 110. ASTC encoding is applied to individual
carriers woeaniwoesdsonsecut i ve OFDM synbol periods. The rersg2emanisea 120
recei ves the OFDM signal using the two antennae 122, 124. It does sinple
anal og processing (such as the sanpling and storage of discrete tine
signal s) of the received signal and peéforns coding. This coding can for
exanple be 2 x 2 Alarnouti coding. The coded signal is then transmtted to

the desti iﬁg)tlén%?lt ARARLSIsBE kaRmbS Bascd @napteiddfinat @idotiveirrial hig., Hat a
transm ssion fromthe source node/station 110 to desti nation node/station

130 takes r hases. The transm ssion cycle thus consists of
t wo phasepsrs(l‘h%(rflg%%ég]f§$%?et%hase, t he source node/station 110 to rel ay

station 120 link is activated and the destinati on node/station 130 renuains
silent. In the second phase, the relay station 120 to destination

node/ station 130 link,is activated and the source node/.stati.on 110.renains
si | ent. ShHemaiveopsbeimenis %?Yeéléﬁg‘aéﬁ%é lﬁlﬁ it a\X/eS(r%aélOBB Ve EdeY, §7RgOPe
carriers in each OFDM synbol. TMs however does not limt the nunber of

carri eérs ta U6 perfictredsii Whish onsaxgtay sietion imerleeied el implemenh dhe prppasedof
carriers can be vari ed.

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

etc.

Alternative embodiments may also have multiple relay stations where Coordinated
10  Delay ASTC is implemented at each 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)




Al ternative enbodi nents may al so apply the ASTC rel ayi ng schenes to
single-carrier cyclic prefix (SCCP) systens where the ASTC encoding is

al so applweaotom2issdi vi dual synbol s over two consecuti ve PECSGR0(9I00@i86s .

Al ternative enbodi nents may al so have nore than two antennae at the rel ay
station 120, in which case antenna sel ection can be adopted. Only two
antennas are sel ected toinpl enent the p¥oposed schenes based on pre-defined
selection criteria, e.g., best product channel SNR, etc. Alternative

enbodi mentlset fieynmahisd oheargemnbe t/V ol soakayl ISttatrelay statibre t 20 aiel miaysedt@at i on can
be perfornmed in which one relay station i's selected to inplenent the

proposed sehepResiRRAaSs 1 WcAnREIS aftedsfiritdRbesRd RehdyORIetive Biultdhatiefading best
product channel SNR, etc. Alternative enbodi nents 'may al so have nultiple

relay statjon r dinat I 145 | eﬁggﬁg | ay
station, ar%l %éﬁ%églre |§1{8%e}p ,10%(36115922 rg%[%é%g%%y idg%dtgme I eeﬁgrrl}?ﬁrs @gfeg{))o I{ss ation.
In this case, the delay durations applied at the different relay station is
a design p(zg:rlg?r@f)@th%ﬁqué?en@d) @r%%ﬁ%?té%%ﬁqcﬁp‘?é@ﬁlﬁri‘aﬁl 227 HA'SOIIE‘H%EF&? e ay

have the advantage that the carrier frequencies do not have to be
or t hogénal 124ntis; and hg, both have the size of (L; X 1). Similarly, let the vectors h; p and

h p respectively denote the CIR from the first and second antennae 122, 124 of the
relay station 120 to the destination 130. h; p and hé, p both have the size of (L X 1).
Let fo, f- 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
¢7‘ = W—(Afr)T
ba = (AR,

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



t hus signal collisions will not occur. Alternative enbodi nents nmay al so
have only one antenna at the relay station 120. In this case, a solution is
to i npl enEot20map®Bat i on usi ng at | east two rel ay sub-sPamiScne9/oossé e each
relay sub-station is a relay station capable of performng information
passing with other relay sub-stations. Iéﬁ ormation passing is inplenented
between the at least two relay sub-stations and the at | east two rel ay

sub-stations _can then ticipate in. the ASTC transm ssion. Angular Carrier
Frequency Offs g‘?f “()Zed‘fﬁf%rg ecf SR ZengFcoér%déh%lr pagntudesaes somdekbsi 10 t o
relay station 120 and relay station 120 to destination 130 channels are
assuned tol%ESfQ-éa%lmlﬁ -ective multipath fading channels. Let the vector
an respectively denote the channel inpulse response (CIR) fromthe source

110 to the first and second antennae 122, 124 of the relay station 120. an
both have the size . Simlarly, let the vectors h and respectively denote

the CIR frametdred iy shq ntennae 122, 124 of the relay station
120 to the desti natyj fon ?ggb" chlﬁlggggﬁﬂatﬁgglén%é‘a@?é@s@aﬂ%‘% aiglare Heeddar r i er
frequengy of the local oscillators at the source 110, relay

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 (¢, + ¢q) 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.



station 120 and destination 130, respectively. Then respectively denote the
CFO at the relay 120 and destination 130. The source H b relay station 120
and destiwatomn21®8 can have i ndependent | ocal oscill at @c3/Senabotobesset hei r
oscillating frequency need not be the same. This results in independent
CFGs in the signal received at relay station 120 and the destination 130

i.e. A r Dd . The angular CFO (ACFO 9s defined as where fr denotes the
ACFO t hat 3?1 %’elsept at Cﬁlhe channel s between the source 110 and either
ant enna 1221 1¥aligfrefixSohemsy | and? phtheipesens inyentonperotio shet inepldGi@tdiat i s

present at the channels between either antenna 122, 124 of the relay
station 120f spide t Hinadesies withintininhh sighatl pRRE @S den RERI ﬁn{g}gj&qu&{ﬁi@ i on.
Scalars er = (D/ r )T andre referred to as normalized CFOs and their

magni t udes are bounded by and The ACFO fr and/or fd can be estimated during
channel estimation and are used to perform conpensation either at the relay

station 12,: stinafl 130. . Joint ACEO conpensation can al so be
per f or med g[tlsgﬁdee?%}gécri&lﬁg Fg?{mlgl,p g?l?‘?%icﬁ adspsised an cumepldageler tn needs
to be d§>ne at tﬁ]e refjaé( station 120. What this neans is

the Cyc Ic Prefix Scheme 1 and “CP Scheme 2” is also used to refer to the Cyclic Prefix

Scheme 2.

Cyclic Prefix Scheme 1

Figure 2 shows a scheme for inserting cyclic prefixes according to the example
10 embodiment. Let x; be a (IV x 1) vector containing the IV 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. X, and Xpn1, 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 = Iy — 1 from x;. L; is the length of the channel impulse response (CIR)
represented by hs; and hg s respectively for the channel between the source and the

20  first antenna of the relay station, and the channel between the source and the second

antenna of the relay station.

In step 204, the source inserts CP ;11n front of X; and then transmits the resultant

symbol sequence.



t hat conpensation for (fr + fd) is done at the destination 130. If the CFGs
present in the signal received at the relay station 120 and destination 130
are not pwoperdozisdnpensat ed, then the gains due to thePcelSepinagoesed usage
of OFDM nodul ati on cannot be realized. Joint ACFO conpensation when done at
t he destination 130 is advantageous as it keeps the relay carrier frequency
unaffected for any source-and-destinati o pair. Joint ACFO conpensation
when done at the destination 130 is al so advantageous as it sinplifies the
i npl enentation of the relay station 120 and reduces the conputati onal
conplexity at the relay station 120. Cyclic prefix schenes with Carrier
Frequency st & symiobyequengsen satsisting By s/mtoth eEdEno RAMYAY, SVHe¥®, SXE! 1 4.
prefix schemes which are described bel ow with their asSociated methods of
performng leaerier frequency offset (CFO conpensation. The Cyclic Prefix
Schenes 1 and 2 of the present invention permts the inplenentation of
space - tine codes V\ﬁ&h:g} ni mun sig.nak pjocessi ng conplexity at the relay
station. It is understlood’that the tef#*CP Scheme 1" is also used in this
docunen tci, refer to the Cyclic Prefix Scheme 1 and "CP Scheme 2" is also
used t o> r efl & ¥elia prefingdl i of Pnethi & is created by copying the last P, symbols of x;

Cp,, = [xlv—PI o Xy xN—lJ
The cyclic prefix CP; is inserted in front of X;, producing the resultant symbol

sequence [CP X J for transmission.

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

transmission cycle.
In step 206, the relay station receives [CP X J at both antennae of the statjon.

15 In step 208, after performing time synchronization, the CP ;1 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 = {2n »2n+ 1} are given

after the removal of CP; as

TR12n TR12n41 el CnN+P) P Ve Zinv(de ) Hg W, f(@rit)(N+P)-PYg H
1Ly, 21y — . , NXon € 1 "Z - H W X
[ TR2on TR22n41 } [e](2n(N+P1)+P1)¢rZN(¢r)HS,2WﬁX2n ej((2n+l)(N+P1)+P1)¢rZzggr;Hz’;W%x;n:; J

+ [ VR VR12n41
VR22n VR22n+1

20



Scheme 2. Cyclic Prefix Schenme 1 Figure 2 shows a schene for inserting
cyclic prefixes according to the exanple enbodi nent. Let X7be a (N x 1)
vect or cowmbanngshe N data synbols to be transmtted aamiSegom@/opeasq OFDM
synbol duration. While this exanpl e enbodi nrent of the invention has been
described using 2 OFDM synbols i.e and it is clear that the use of a

di fferent nunber of OFDM synbols is poséibl e wthin the scope of the
invention, as will be clear to a skilled reader. In step 202, the source
derives a frisHenoysIthereseized sigpal ereoedtainehafiartye tendoviat ot CRY,, with i sdthe

| engt h of the channel inpulse response (CIR) represented by and

respect i vefrsspédivelylienotiagithe lanteabng@nx bREOSPU SEnBOd AR L SThARtEeona of
the relay station, and the channel between the source and tle secon

ant enna of of fve ¥ ). AViesb@l hRMaty . 204 . t.he sour inserts n front of Xy
and t hen traggm' tjs the res}%I taif'fntgmgéﬁ%%ﬂnC%'E]ﬁd’é(ﬁeé{e%%fﬁ%%s‘ymlwseﬁuence
consi sting %f. N sey({mol ste.denot d by Xn where n =0 ... N

the'inverse’ discrete Fourier transform ¥DFT) matrix. The first column vector of the

5 (I x N)circulant matrices Hg ; and Hgpare [hg 1, 01y (- L)]T and [h% ,, Gy (v L)]T,

respectively.

Vector v, ; 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¢d OFDM symbols are transmitted in each cycle with d being an integer value, then

. v n V 1 - .
the matrix V ={ kL2 kL2 “] will be of dimension (2N x 2d) with OFDM symbol

YR,2,2n vR,Z,Qn-!-l

indexes of 2dn, 2dn + 1,2dn + 2, -+, 2dn + 2d — 1.

It is assumed that the covariance of v ;,

15 E [VR,i,ij]{i,j} =oply fori=1,2and j = 2n,2n+1 for d > 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 = {2n , 21+ 1}, the received signal vectors obtained

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



, 1.e. The cyclic prefix of length P 1 is created by copying the [ast P\
synbol s of X7- The cyclic prefix s inserted in front o producing the

resul t antweynyal21®equence for transm ssion. The transm ®ETSG20090M28He
source to relay station takes place in the first phase of the transm ssion
cycle. In step 206, the relay station receive J at both antennae of the
station. hi step 208, after perform ng tl2me synchroni zation, the portion of
length P\ in each OFDM synbol is renoved | eaving X/ . Shoul d ACFO'be

pr esent, the |rgnﬁl ryempr rj}gﬂWﬂgwﬁﬂm‘f\Wﬁ%? L zO: Wh, g
urations i.e|rfof, 2x£,9i Herwilhe rgmmyal. ,recel ve
si gnal vector obt ai ned gf er thegrem)\g/a o] wiNtrf"u+1 ”%"esﬁé ely

denoting the antenna i ndex and OFDM synbol duration has t he si ze of (N X
1). n denotes the data transm ssion cycle index. The (Nx N) matrix is the

i nverse di rier FLFH nsform (1DFT) matrix. The first colum vector
of the (N % €0, per Caésthe relay stat1on In step 209, Simple processing is

performed in order to implement space - time coding at the carrier level. The matrix Yz

5  iscomputed and arranged:

Yur Yuor| | Ttrim TR12n41
Y — 1Ly L2t
[y” R] l:Y:zl,R Yzz,R:l [ ((r},2,2n+l) ~ (r,}k?,Z,Zn)

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

Given that

10 Hs,Wix; = WRAgix; for j=2n,2n+1andi=1,2,
where Ag;isa (N x N) éized diagonal matrix whose diagonal elements are given by the
N - point DFT of CIR hg;; fori = 1,2, 1.e., As; = vNdiag (Wn[hZ,, 01 (y_]7), it
can be shown that

Wi As 1%, WE A %3001

TR1n TR 141 1 -
YR — 1y gdy } —_ . ; J + V
WH Iy (2 ) AgoX5n WH Zy (2") Ago%3, R

¢ (r§,2,2n+1) —( (r;z,z,zn) - \/—

15 where the (2N x 2N) sized matrix Vg ,, is given by

4 _ Vu,1,2n VR1,2n+1
Bm [ C(Vﬁ:z,2n+1> —¢ ("’%2,2,271) J '

Step 209 further comprises steps 210 and 212.

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

Y11,z and ¥12 g, nothing needs to be done.



respectively. Vecto contains N sanples of additive white Gaussi an noi se
(AWGN) that distorts the signal received by the i-th relay antenna during

j -th OFDWveywntwai21s98r ati on. |1f 2d OFDM synbol s are transmcrisedoaomoeach cycl e
with d being an integer value, then the matri will be of dinension (2N x
2d) with OFDM synbol indexes o It is asigrred that the covariance O
Optionally, in the event that ACFO is present, conpensation of ACFO fr can
be perforned at the relay station as step 230. Assuning the conplete
renoval of ACFO or if ACFO was absent, over the span of 2 OFDM synbol
durations i. t he r?cei ved signal vectors obtained after the renoval

e f
Ot the relSRrd2giordisaslensmioiY shaprogamlsonhemiqueiseedut gt fi, F ol ay
station. In step 209, Sinple processing is perforned in order to inplenment
p
space - ti fedEndi thg QDM Isgmbal seijeenck ¢y slordeFteusimd 4 fn&pﬁ{n% M%%E?d and
arranged: The space-tine code inplenmented can for exanple be the Al anouti
code. C(a) = [CL(N - 1)7 a‘(N - 2)a e 7a'(0)]Ta
5 the (V x 1) sized 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
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,
deletions and swapping of signal samples do not have to be done.

10

It can be shown that

¢ ([EsiWi') = ¢ (H5, (Wih)')
¢ (H5,) (Wig)”

_ H 21 " N 2

= Wi zZy <N> A, TWyWRTx; = Wi 7 (F”) AG,TTx;
2

= WEzZy (W) Agx; forj=2n2n+1andi=12

where matrix Zy(¢) denotes a (N x N ) diagonal matrix given by
Zw(d) = diag ([, &%, eitv-2s] M,
15 and Tisa (N x N)permutation matrix such that ‘
T = [((Iy)]™ and TT=1,. |

Iy is an identity matrix of size . The operator []‘ represents a complex conjugation.

The notation [a]"¥) denotes the circular shifting of vector a by [ elements, where



G ven that where As,i is a (N x N) sized diagonal matrix whose di agonal

el enents are given by the N - point DFT of CIR hs ,i fo , it can be shown

t hat wherwothw/229% x 2N) sized matrix V n is given by PCBISepo@09028ert her
conprises steps 210 and 212. In step 210, for those el enments of where no
signal conjugation is needed e.g.: for yn and g n,R nothing needs to be
done.In step 212, for those el enents of (yhere signal conjugation is needed
e.g.: for and he OFDM synbol sequence is reordered using a mappi ng function

z(.): the (N x d)esize pu to nctio pe easily

i mpl enented in ﬁ rdvﬁrg (1)]{? % F]g h‘iéﬁg 8@ ]n a shift register
and then reading the register in reverse order ThIS represents a

si gni fi canfohdghenagery é‘élxr{gb(r)éi%@bfﬁgleéﬁéfrfmwl@mhfm eaphecolume vegop| ex
than nere reversal, such as the insertion, deletions and swappi ng of signal
sanpl es dOOﬁKﬂnhhﬂﬁnhﬂsbe done.

5  Instep 213, a second cyclic prefix (denoted CP;;) with length P, where P, = L, — 1is
obtained for each yjr. L is the length of the CIRs denoted by the vectors hy p and h,
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 CP;;, is derived from the corresponding y; z.

10 |
The cyclic prefixes CPj;» are then inserted in front of yj; & to produce the symbol

sequences [CP Yiz J It is to be noted that y;; z is a (IV x 1) sized vector.

i,2
In step 214, the other necessary steps for the ASTC implementation at the relay station
15  are performed. The symbol sequences lCP,.j’2 i, RJ are then transmitted by the i-th
relay antenna during the j-th OFDM symbol duration, where ; = 1,2 and
j= {2n , 21+ 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 (IV X 1) signal vector rp; for each j-th OFDM symbol

duration.



It can be shown that where matrix denotes a (N x N ) diagonal matrix given
by and Tis a (Nx N) pernmutation matrix such that is an identity matrix
of size NVOThw/mp®sator [ |*represents a conpl ex conj ugaCir®sG2000we0286t at i on
denotes the circular shifting of vector a by | elenents, where[a]<2> = KN
- 2), a(N- 1), a(0), a(l) ---, (iv3)f . For agiven matrix X, matrix [X]
( is obtained by circular shifting eacH5col um vector of X by | el enents.
In step 213, a second cyclic prefix (denoted ) with | engt wher is obtained
for each is the length of the CIRs denoted by the vectors and respectively
for the channel between the first antenna of the relay station and the

desti nat i oflssumith thiEACheNs glesBa e ATHD BoRFGRAGIPRALANIR @ the BBy Bl B¢
station and the destination. Each of the cyclic prefixes is deflved from

or oduce. ¢ nb-Syhott +LERueREA b REEIoGER (L 1 REP SRR laelely S op

214, the other necessary steps for the ASTC i nplenentation at the relay
station  destination in the presence of ACFO ¢, are given by .

CP Scheme 1:
(I On(N+P2)+ P2} . .
Do = ‘TZN(@) [Hy,pHs1 Wi + Hap ¢ (o) WRTS, 1] + Ppoon
(@ N+ Po) 4 Po)a . ;
5 Ipomy = 7 Zx () [Hy,0Hs s Wixonss — Hap ¢ (Hb,) WRTxS,] + Ppgers

where the noise vectors are given by

o (2n(N+P2)+Pa)ds

Ppon = TZN(¢d) [Hl,DVR,l,zn +Hyp ¢ (V},2,2n+1)] + Vpon
i (2n+1)(N+P2)+Pa)dq
Ppony1 = NG Zy(a) [HI,DVR,1,2n+1 -H;p ¢ (VE,Q,zn)] + VD on+1-

Optionally, ACFO ¢4 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= {Zn ,2n+ 1}-th OFDM symbol duration,

Doy = ej(zn(N+P2)+P2)¢dZN(¢d) [ej(zﬂ(N+P1)+P1)¢rHl DZN(¢T)W]}§AS Xon

o ~ 2T\ . .
A, 2 4 WE iy () i
+PD,2n ‘
Iponyy = eEHlNFRHAE ”"%‘iZN(%) [/ Cr N HPOPUG ) D7y (8,) Wit AsiXanta
—i(om _ 2m ¥ F
+Ppant1-



are perforned. The synbol sequences r then transmtted by the i-th rel ay
antenna during the7-th OFDM synbol duration, where i -1, 2 and . The

t ransm sswonrofowiami9Bhe rel ay station to destination take®CplSaee9ionozsée
second phase of the transmi ssion cycle where the source renmains silent. In
step 216, after frame synchronization, the destination renoves the cyclic
prefix of length 2 fromeach OFDM synbdﬁ recei ved. The OFDM synbol with the
cyclic prefix renoved can be denoted by the (N x 1) signal vector YDJ for
eachy’ - t h 19FDWhé FIhOAre dBI AUV Péircdgeaty rimﬁcésh@bpe%%@yixsituogé{s[gmx@,ug) AGR®
conpensation was done at the relay, for thej = {2n, 2n "+l }-th DM synbol
duration, t N X 1)r received signal vectors_ at fhe.destination in the
presence ({F?,A &) ar 83 dh@érﬁrﬁycaﬁ@%v‘i%&n ﬂ‘%é]\{/éét)ovreﬁtoéﬁ@,ﬂyi RPRIFSER}
Optionally, ACFO fd conpensation can be perforned at the destination as
step 240. Aggbwmbget hat ACFO i s present and no ACFO conpensati on was done
at the relay, for the j ={2n, 2 + 1}-th OFDM synbol duration,and are (N x
N ) circulant matrices respectively with and [ ZJ ( )] s their first colum
vectors. The (N X 1) vector represent

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

=(2n)-th OFDM symbol duration

27

Ipon = H1,DWJ%AS,1X2n + Hz,DWJF\Ir Zy <W> A*S,2X;n+1 + Pp,2n;

The (N X 1) vector pp 5, representing the additive noise is given by

Ppon = HipVeien+Hop ¢ (Vio2nt1) + VD 2n,
10 where the (N X 1) vector vp 2, contains the N samples of AWGN at destination with

covariance matrix E [Vp 2nVE ] = 0Ly,

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

. H . ‘ 1 H ¢ £k
I'pan+1 = HipWyAsiXoni1 — Ho p Wi Zxnv ( ~ ) AS,2:‘2~72 + PD 2n1

B

=

15 Ppont1 = HI,DVR,1,2n+1 = Hz,D ¢ (V*R,z,zn) + Vpani1-

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 rp; for the symbol durations j = {2n , 21+ 1}.

20  Assuming that ACFO is absent, the N - point DFT of rp o, 18

2

Wytpon = AjpAgiXon+Asp Zn (‘ﬁ) 52Xont1 T WNPD -



addi tive noi se. Assum ng that ACFO conpensation was perforned, or if ACFO
is absent, for they =(2n)-th OFDM synbol duration The (N x 1) vector n
repr esentwogotoe1sddi ti ve noise is given by ( ) where tRETSH20090p028€Ct Or
contains the N sanples of AWGN at destination with covariance matrix E
Simlarly, for the/ =(2n + |)-th CFDNI?%nboI duration, In step 218, the
destination perfornms ASTC decoding in e frequency domain using the
channel state information (CSI) paraneters that were obtained during
training. N-point DFTs are perfornmed on the signal vector for the synbol
durations . Assum ng that ACFO is absent, the N - point DFT of isSimlarly,
the N - pgimlarDFiheoV 1 hentsDENat theainal vékaakvatedly thbdedamtiomdtiign duri ng
the(2n + 1)-th OFDM synbol duration (i.e. r +i) is given by A (2N x 1)

vect or Ist}%@hsﬁ-rglg-%%]ﬁ\% S}EI%E)IOf%[I’B%ISanl ealnd (151%F§?$e%%}ﬁnd can be obtained
0 i L D20+

using the

. 2 o
W,P\II.D,Qn-Fl = Al,DAS,1X2n+1 — j&.geD Z;\r (A_r 'A'S,ngn —}— ij\rpD‘Z’n-i-l
5
A (2N x 1) vector yp, is constructed as
. T o ot
Yoo = [(WNID.zn) (WD onyt) ]
Xon WaPp.an
= Hp + ) .
x§n+l (VV Np.D,on-l—‘i )

Estimates of Xz, and X541 (denoted X,, and X,,,, ) ean be obtained using the conjugate

10 transpose of Hpi.e. H}

WNrD,Zn
P . *
(WNID,2;1+1 )

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

He — [ A1,pAs; Zn (3) Ae,p A%
} ~Zy (-F) Asphsa  AlpAf,



transpose of Hp i.e. HHis the (2N x 2N ) sized product channel matrix and
is given byThe product channel matrix Hp is a known paraneter obtained
during t woppoduaci9schannel matri x estinmati on and forns partsSGaéodtohesechannel
state information (CSI). Hallows for a sinple |inear decoding at
destination, since where denotes perform ng a Kronecker product. In step
230, the relay station optionally perfot$s ACFO “conpensation. The signal
vectors r received over the span of 2 OFDM synbol durations j = {2" , 2n
+1} for anfléepasiuct chatnel2nare HpTh e kAGkOphranieter ablahmedriupiagalepetduabt ai ned at
the relay station during the ACFO yr estimation step 410 and forns part of

the channekh&inl MairXf RtifRtib0ind 68h) parl BetRichetle] SbtelitRMERE) ¥@31§qmp be
renoved fo and by multiplying and VE 2n with the conjugate o fect of the

ACFO yr caglpgf Yiagief o th the conjugate o . In
step 240, e (Szle(gtql%na#eé%e%fo%ggﬁt&égg}rl%ﬂ& gﬂ%égFO fd conmpensation. The (JV

X 1) , :
HEHp =1 ® OAI,DIQIAS',IIQ + |Ag,pl? 2) -

5  where ® denotes performing a Kronecker product.

In step 230, the relay station optionally performs ACFO ¢, compensation. The signal
vectors rg;; received over'the span of 2 OFDM symbol durations j= {271 ,2n+ 1} for
antennae i = 1, 2 are:
{ TR1on TR12n+1 ] - [ eHn(VIPORIS (6 V5 Wiy, X (@D +P‘;+P1)¢'ZN(¢r)H5,1W1I\{/X2n+1 ]

¢

TR2on TR22nt1 ef VPP (6 H g Why,  efCrrDNAPOPIS 7 0 (o YH 6 Wiy, 1

VR12n VR12n41
VR22n VR22n41

10

The ACFO ¢, is a known parameter obtained at the relay station during the ACFO gz?r

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

The effect of the ACFO ¢, can be removed for rg 2, and rz2 2, by multiplying ¥R 128
15 and rgyp, with the conjugate of /@M R)*i¥ 7, (4 ) The effect of the ACFO g, can be

removed for rg 124+ and rgp2.+1 by multiplying rg 1 2.+1 and rg2,+1 with the conjugate

of ¢/GrmilisR}rl 7, (4,

In step 240, the destination optionally performs ACFO ¢4 compensation. The (N X 1)

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



recei ved signal vectors at the destination in the presence of ACFOf are

gi ven bywhere the noise vectors are given nd - The ACFO fd is a known

par anmet erwolbwneidsat t he destination during the ACFO f #CTSS2009000286 St ep
420 and fornms part of the channel state information (CSI). The effect of

t he ACFO fdcan be renoved by nultiplyizg and respectively with the
conjugate ) and The Cyclic Prefix Sche 91 may have the advantage that only
anal og domai pp @rocq53|ng has to be done at the relay, and only linear
processi ng has %o be dopeyfmaxi num |ikel i hood decoding at the
destination. Cyclioe Pr dﬂﬁbmmx§+mgwgmgf; er]q%l ve schene

for inserting cyclic pr]@;‘ syagcording to the exanple e nbodi meént . Let be a
(N x 1) vector O@mvttda.l:n}‘ﬂg—t—\ﬁ—bﬁ%t@ [BYIHONSx,L,0- spifted during a
j-th OFDM symbol duration ile this gxanp?g4énggﬁggen o) %f T Hvent i on
has been de crl using 2 OFDM synbols i.e. and it is clear that the use
of a diffef% nﬁ%‘?e d/ﬁcf@mmesgm@l@posn pod spiy,9. iHeh ARG, $Capiofn t he

i nvention”® as will be clear to a skilled reader.In step 302, the source

derives a parmsiotef YbldigedPhetieX ddsHaRARICAuEY tlo) AMFD 7, SR8LEHE, 68D and

forms part of the channel state information (CSD).

The effect of the ACFO ¢4 can be removed by multiplying ¥pon and rpone respectively

with the conjugate of ej(Zn(N+P2)+P2 Y ZN (¢d) and ej((2"+1)(N+Pz HB ), ZN (¢d ) .

The Cyclic Prefix Scheme 1 may have the advantage that only analog domain
10 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
15 example embodiment. Let x; be a (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. Xz, and Xy, it is clear that the use of a different number of OFDM

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



where P1 + 1 +\ is the length of the channel inpulse response (CIR
represented by an respectively for the channel between the source 110 and
the firstweanvevnagg22 of the relay station 120, and t hePchscaald/obeseeen t he
source 110 and the second antenna 124 of the relay station 120. 2 is the

| ength of the CIRs denoted by the vectors h and respectively for the
channel between the first antenna 12228f the relay station 120 and the
destination 130, and the channel between the second antenna 124 of the
relay st ahisRR 3020thaReurch gerthes bifivaitdyotic pfix (HenasedeGPADwithtlengtls ifrare Xynsert s

EP -, 1 in front of X7-and then transmts the resultant synbol sequence.
et tTQ/e Wiek. 2gquepce XTc gonS] 31 isthe Nogii¥inhscbandanplid rbyoxe where n =0
- The'cyctiic p length P 1 is created by copying

;? gd L gs JI[’] g(I\CI‘th; }Ae%rgeggrptﬁihy h§9 gedheccﬁgfgﬁj #o¥ teTnhARE biGHenh thelsbBRE 196

f'or Transm ssion. The transm ssion
fromthe source 110 to rel a statlon 120 t ake ace.in th
e f
and the first antenna 122 of the relay station 120, and t eF(): annel between the Iscr)usrtc phase

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 In step 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, =[x, - x, Xy

The cyclic prefix CP ;1 of length P, is created by copying the last Ncp words of x;
CPj, = I.xN—P, o Xy xl\.l—l.l
The cyclic prefix CP is inserted in front of X;, producing the resultant symbol
sequence lCP 1 X jJ for transmission.
20

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

of the transmission cycle.



of the transm ssion cycle.ln step 306; the relay station receives J at both
antennae of the station. In step 308, after performng tine
synchroniwetomm21i9Be first P 1 sanples of the portion ofPCeEscho@bDMssynbol
is renoved, |eaving a sequence represented by . The first Pl sanples of
each OFDM synbol are distorted by the ISl induced by the frequency

sel ective fading occurring at the sourcg to relay channels. The resulting
OFDM synbol will then have (N + ) sanples. Should ACFO be present, the

[ I i.ved : f ' i.e. f
Genotes. i a0 By ey SRbatdRyaRReR &1 o I PR, P 10

renoval of Pi sanples, with i and j respectively denoting the antenna index
and OFDM synbol duration, n denotes the data transm ssion cycle index. The
(NXN) matrix s the inverse discrete Fourier transform (IDFT) matri x.

Matri x 2 imh &epBD8,i aftedipéeioring Wirhd) syhchrifzAwna tHeNivst I} Jsa@bles Wfahé aPaLri X
with as its first columm vector and denotes the |ast P2 row vectors of The

vector v Rydrigh & & gjf}*qlﬁgé)mml)s Qé}ﬁ&@édnsle%\ﬁe}ﬁ% ANGRL RN EE GG 1S gga'

The covariance matrix noi se vector f t elay station 1s givén by
5 lCPj’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 (V + P;) samples. Should ACFO be present, the
signal vectors received over the span of 2 OFDM symbol durations i.e. for

j= {272 , 2N+ 1} are given after the removal of CP; as

- . j . Wi j Hs WH
Frign Trimn | _ | @OCHPIPNZy b () He Wik, &CrIPIRIST, b (6 ) WiiSonst
Troan TR220t1

I NEPIPIT 1 b (6, )5y Wiy, ef(CmDNEPRPISe7, b (6 VH gy WhXgne1

Vel VRiont1
VR22n VR22n41

10

Tr; ; denotes the ((V + P2) x 1) received signal vector obtained after the removal of P;

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 ITIS,z- fori=1,21isa

(N + B,) x N)matrix given by

ﬁSi _ HS,,;(N—PQ—I-]_:N,:) 7
’ Hg,
with Hg; being a (N x N) circulant matrix with [hgﬂ-, 015 (v—ry]T as its first column

vector and Hg;(N — P> + 1: N,:) denotes the last P, row vectors of Hg;.

20



Optionally, in the event that ACFOis present, ACFO fr conpensation can be
performed at the relay station as Step 330. Assum ng the conpl ete renoval
of ACFO owOi2010ACKI8wWas absent, over the span of 2 OFDM ®¢mischomdwnesé ons
i.e. for j ={2" , 2n +1}, the received signal vectors obtained after the
renmoval of the first P 1 sanples of the;CP 1 portion of each OFDM synbol
are given as follows: Step 309 is then perfornmed at the relay station. In

step 309, pr Lng i r i 0 -time coding
at the ca;[?ll S'Eé&? v%POf ZQ%{TB ﬁﬁq\({ :Es()?ljéag'r?r?ﬁcg% yﬂwd arr % mg'&&%r "Operator [
] *represents a conpl ex conjugation. The space-tine code i | emented can for
exanpl e bﬁ?ﬁ@"%%%@?@%@h@ n@%?e\fﬁcwgvmmaf ﬁ’@rre]ébﬂﬁﬁlp’éé%glg BB 310 and
312.1n step 310, for those elenments of where no signal conjugation is
needed e.g.: for nothing B’[egdg Iq,o}ne In step 312, for those el enents
0 where si gnal conjugation 1'sS needed & for j 2i,R and the OFDM synbol

sequence fromthe respective_is reordered usin he
Optionally, in the event that ACFO 1s present, CFO ¢, compensation can be

5  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 = {2n , 21+ 1}, the received signal vectors obtained

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

10 given as follows:

f'R,l,2n f‘R,1,2n+1 _ HS 1WNX2n HS1WNX2n+1 4 ‘N’R,l,2n ‘7R,1,2n+1
TrRoon TR22n41 H52WNx2n HSZWNx2n+1 VR22n VR22n+1

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

15  and arranged:
Y, = [y ] Yur Yir =__1_ T 1.0m To10m41 }
Bk Your Your \/5 < (FR,2,2)1+1) -& (?R,Z,Zn)
The operator []* represents a complex conjugation. The space-time code implemented

can for example be the Alamouti code.

20  Step 309 further comprises steps 310 and 312.



mappi ng function z(.): the (N x 1) input vector This function can be easily
i npl emented in hardware by storing the signal sanples in a shift register
and t hen weadinmgi1i9Be regi ster in reverse order. The nappCmEGRu®dIZB6a ) can
t hus be re-expressed as where a(n) denotes the n-th. synbol of the OFDM
synbol sequence a . A tinme domain signal conjugation is then perforned on
each reordered synbol , for n =0 ... V231, Let ) . It can be shown that
after signal conjugation is done, taking B =) ) to be the correspondi ng
frequency dbiPn1deéercihese efempnts of Yz tiherepimasignalhichidtioon saate egeqeNce.
The follow ng D screte Fourier Transform (DFT) properties are present:

Li neari ty: YiQaidiya, Shothing medwrat e done) and y(n) to denote the tinme domain
sequence, X(Jc) and Y(k) their

In step 312, for those elements of Yz where signal conjugation is needed e.g.: for V21,8
5  and yyz, the OFDM symbol sequence from the respective ¥r; ; is reordered using the
mapping function ¢(.):
¢@) = [a(N=1),a(N -2),-- ,a(0)]7,
the (N x 1) input vector a = [a(0),a(1),-- ,a(N — 1)]F. 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
Slaln)=aly ~n-1)
where a(2) 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-

1.

Let b = ¢(a). It can be shown that after signal conjugation is done, taking B =
{ B(0)...B(k)... B(N-1)} to be the corresponding frequency domain sequence of b
20 B (kg =r) = p* (k) ke)

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

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



In step 314, the other necessary steps for the ASTC inplenentation at the
relay station are perforned. The synbol sequences contained in then
transm t two 2bw/2h@®s82-t h rel ay antenna during the 7-th OPDWISSpodombo2der at i on,
where i = 1,2 and . The transmission fromthe relay station to destination
takes place in the second phase of the transm ssion cycle where the source
remains silent. In step 316, after franB4synchronization, the destination
renoves the cyclic prefix of length P fromeach OFDM synbol received. Each

OFDM synbol & t &ineasityl: iog (myr+efhi(m) a:;em/ajerg\;l;be N sanpl es | ong and can be
denoted by the signal vecto or eachy-th OFDM synbol duration. Assum ng that

ACFO i s present and ACEO conpensation,was done at the relay, for the j =
{2n, 2n + I}'—tﬁy&%ﬁ‘%f”ﬂm)m%n,kmﬁf(@;(N x 1) received signal vectors
at the destination in the presence of ACFO fd are given bywhere the noise

vectors are giv Opt+ onal Ly, C&é) fd conpensation can be performnmed at
the destinati ong S sefrgpx éﬁ?ﬁNAs?Lrﬁl that ACFO is present and no ACFO

conpensati on was done at the relay, for
x(n) and y(n) to denote the time domain sequence, X (k) and Y (k) their

5 corresponding frequency domain sequence, N the DFT size, and Wy = exp(— J 375) .
N

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

are performed. The symbol sequences contained in Y, = [yy. R]= [ Yine yu’R] are then
’ Yar Yaur

transmitted by the i-th relay antenna during the j-th OFDM symbol duration, where
10 i=1,2and j={n,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.

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 N samples long and can be denoted by the signal vector rp; 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 (N x 1) received signal vectors at the

destination in the presence of ACFO ¢, are given by



the j ={2/ , 2/2 + 1}-th OFDM synbol duration, where and are (JV x N)
circulant matrix with an as their respective first colum vectors and

scal ars awd 26r/en®sdefi ned as follows: In ¢ Optionally, PCOISGR00ACHDS6
conpensati on can be perfornmed at the destination as step 350 to conpensate
for the ACFO fr and fd -Assum ng that ACFO conpensation was perforned, or
If ACFO is absent, for the/ =(2n)-th OF2SI synbol duration The (N x N)
matrix G 2 is given by The mapping for a 2-dimensional matrix Ais conputed
as follows: G ven that A has a size of nd Jwhere a is (Nl x 1) vector for
The (N x 1)R¥BT6 % s gi ven b%é,v\,here vector V >2n contains the AWGN recei ved

o 3" A.+
at the destinatign for6 ’T /’éﬂéhﬁ,\k,d (BB % nI O8R! L %, TRL x\i‘,]\h‘“TJI-pmn

i{(@n+1) N+Pg)+1’ Y . " "
pangt1 = 7 L (da) [HI,DHS.II WiXontr — H'z,DGs:z“V./\r'l’xén] +Ppongar

where the noise vectors are given by

eJ(2n(N+P2)+P2)¢d

f’D,zn = \/ﬁ Zy (¢d)ch {UI,D{’R,l,Zn + U2,D ¢ ({f}‘i’,,Z,Zn-i-l)] +VDon
3 ei{@n+1)(N+Py)+P2)da 3 )
Ppont1 = 7 Zn(ba)Rep [Ur,0Va 12041 — Hap ¢ (Wh00)] + VD 2041

5  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, 2n +1}-th OFDM symbol duration,

rD,Zn = ej(2n(N+P2)+P2)(¢d+¢r)ZN(¢d+¢r) [anI:II,DHS,IW]HVXZn +7nﬁ2’DGS,2 (W%X2n+1)*:|
+15D,‘2n

TDont1 = ej((2"+1)(N+P2)+P2)(¢d+¢r)ZN(¢d + ¢,) [anejpl‘brﬁl,DHs,lWﬁXZn-{-l

P, G (Wﬁxzn)*] + Bz
10
where H; p and H, p are (N x N) circulant matrix with Z ~(—¢:) [hip, Oix(w- Lz)]T
and Zy(—4,) [b3 b, O1x(N-L9)) T as their respective first column vectors and scalars o,

and 7, are defined as follows:

ej(2n+1)P1 or
e—j((4n+2) (N+P)-2nP—~1)¢, .

an, =

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

compensate for the ACFO ¢, and ¢q.



its first colum vector and s its first row vector. Matrix p s a (N x (N +
P2)) matrix defined as Simlarly, the (N x 1) sized signal vector received
at the desOi2zoswa2edysduring (2n + |)th OFDM synbol durati @aTiss2aivt0aé28ed t o
beln step 318, the destination perforns the ASTC decoding in the frequency
domai n using the channel state information (CSlI) paranmeters that were

obt ai ned during training. Npoint DFTs & perforned on the signal vector
for the synbol durations , resulting in the vecto A.(2N x 1) vector D ,Pis

construct eAsﬁﬁnﬁ%&lasm SonYhndMeoidvad phrfoafed@r ERCROGE hB’nBSorkhe; Mmatri x G
2 is defined to be a (N x JV) matrix of the form Gs,2 = C(H 2(1: G

2)) . It cap. b I’k%ﬁr trix can be obtained by pernmutating the
col um vect F”’Q?%@WWQE&J alt(@lrcul ant matrix Using this know edge, it can

be shown t hat Substitutigé Gs .24 nthe (JV x_ l)-sized vectorSimlarly,
the ( x 1) vector»2carm L@Hsﬂﬂé?ys@dzérﬁz,DGs,Z( NXont1) T+ Ppon

The (N x N) matrix Gg is given by
5 Gop = ¢ (Hgy(1: N, )).
The mapping & () for a 2-dimensional matrix A is computed as follows:

Given that A has a size of (IV; x Np) and A = [a;, ay, - -- ,an,|Where a; is (V; x 1) vector

fori= 1,2,"' ,Nz, thenC(A) =[C(al)v4(a2)a"' vC(aNz)]'

10 The (N x 1) vector Pp 5, is given by

ﬁp,zn = ch [UI,D{"R,I,Zn + U2,D ¢ ({’*R,2,2n+1>] + Vp,2n,

where vector vp a2, contains the AWGN received at the destination for : = 1, 2, the

matrix U; pisa (N + B) X (N + P,)) Toeplitz matrix with [h] le(N_|_p2_L2‘)]T as

its first column vector and [h; p(1, 1), Oy x N+ P,—1y] @s its first row vector. Matrix R, is
15  a(N x (N + P)) matrix defined as

ch = [ONXPza IN ] .

Similarly, the (N X 1) sized signal vector received at the destination during (2n + 1)th
OFDM symbol duration is obtained to be

H H * ~
IDaony1 = H1’DHS,1WNX2n+1 - HZ,DG‘S,Z (WNXZn) + pD,2n+1a

20 f)D,Zn+1 = ch [Ul,D{’R,l,2n+1 - UZ,D C (‘7;{72’2”’)] + VD,2n41-



Substituting the expressions of ) intoy Estimtes of and (denoted and can
be obtai ned using the conjugate transpose of is the ) sized product channel
mat ri x armloi2e10gi2¥®8 byThe product channel matrix Hp i s &CHIISGRNIPAI286GEL €1
obt ai ned during the product channel matrix estimation and fornms part of the
channel state information (CSI). Hp allows for a sinple |inear decoding at
destination, since where denotes perfor@di/ng a Kronecker product. It can be
seen that the present enbodi nent has an advantage in that there is no need
for any safpbtep Bedbileddstigatian frefodus theat STiAedateding im theaftequbficst denN @fihgt hat
ACFO i s present and joint ACFO conpensation was done in step 316, the ASTC

decodi ng i tthet ¢tenfdl egpie ool (ncsq;apaﬁ@@ﬂd@@gfmﬁrm&ptbﬁta{iﬁedsaﬁﬁlg?»@&ning?}@ad of
step 318. In step 320, the (2N X 1) vector yD/l will be The scalars an and

n are defiped aBrIhoRe SaifdifRECHENES SRR el Iy, T g?()eakgglbgfn ilR0 be

estimated at the relay ‘using the esti mat 1'0n st

forwarded t ]O= wf, Z%Qi-slt}l, pe%ﬁllti%rg] in the vectors Wy rp 2, and Wyrp o

5

A (2N X 1) vector yp,, is constructed as

) T
Ypn = [(W NTD2n)T s (W I‘D,217,+1)H}

X2n VVN]BD,Q"
= Hp + .
* XL i
Xopa1 (“‘ N 1)D,2n+'l)

The signals rp s, and rp 2,41 can be represented as
—_ H * -
10 rpon = HipHsiWxXon +HypGgp (Wﬁxznﬂ) “+ Pp ons

. H H * ~
rpontt = HipHgsiWyXony1 — HypGao (WNX2n) + Ppontis

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

Gss = ¢ (Hsa(1: N, ).
It can be observed that matrix Gs2 can be obtained by permutating the column vectors
15 ofa (N x N)circulant matrix Cg,, = WH A% ;W . Using this knowledge, it can be

shown that

Wy

H 27T L2
o a0 3

Substituting G, in the (V x 1)-sized vector Hy pGsp (Wﬁxznﬂ)*,




Estimates of X2 and x2n+i (denoted an can thus be obtained using H such

that H represents the conjugate transpose of has the property that where
' denot eswpenfoorndiong a Kronecker product. thus all ows f@eCcTaG00Ph@ss i near
decoding at the destination. In step 330, the relay station optionally

perfornms ACFO fr conpensation. The signal vectors rR ,j received over the
span of 2 OFDM symbol durations for anted¥nae i = 1, 2 are: The ACFO fr is a
known parameter obtained at the relay station during the ACFOfr estimation

step 410 anblpé¥sm(Wanrtnof) t ke BFHaARS! (Whatg,V PWR(IPHL( G . The effect
of the ACFO fr can be renpved for and by nulti 5 yi ng R conj ugat e of

.The effect of the ACFO fr can @grje f OBT it h t

conj ugate of In step 340, the desti ﬁopl %o W g)alrr;?\ﬁ I;g[g ny\’w Qd
conpensation. The (N X 1) received signal vect orLs at t He destination in the
presence of ACFO fd are given er h s are given b and .
The ACFO fd is a known bwm\lﬂ i .&&l’ Kon+1

27

= W§ (ZN <N>> Ao pAgoxs,., since TT =Iy.

Similarly, the (N x 1) vector Hy pGso (W%xzn)* can be expressed as

¥ 2
Hz’DG’S,Q (W§X2n> = WH <ZN <]:].T>> A2,DA§’,2X;TL'

5 Substituting the expressions of H, ,G;, (W,f,’ X1 )* and H, Gy, (W;’ X,, )* into yp,p,

T
Yoo = [(WNrD,Zn)T; (WNrD,ZnH)H]

{ AI’DA};S’I (ZN (%ﬂ))h Ay pAg, [ Xon J+{ Wwpp on }
_(ZN (‘%)) 2A§,DAS,2 AT,DAEJ Xon+1 (WNPD,2n+1)* -

Estimates of X,, and Xan+ (denoted %,, and ¥, ) can be obtained using the conjugate

transpose of Hp i.e. HY

X
2n _ H
['\'* ] - HP yD,n
X 2n41

W,r
=HH N*D,2n .
? li(WNrD,ZnH) jl

10

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

Al,DAS,l (ZN (2#)) A2 DASZ

Hp =
{ ~ (Zn ("ZNE))Lz A3 pAsy Al pAs,



par anmet er obtained during the ACFO fd estimation step 420 and forns part of
the channel state information (CSI). The effect of the ACFO fd can be
renoved bwormiloa2pdogi ng an respectively with the conjugaPeTsG2amdboesst ep
350, the destination optionally perforns joint ACFO conpensation. The (N X
1) signal vectors received at the destination for the { }-th OFDM synbol
duration are given by where the noise v@8tors are given by and The scal ars
an and n are defined as follows: It can be seen that ACFO fr and ACFO fd

are presentThempraduet chagnd matex Ehris adnd@h@afamancdbéa ddingane podacded
together and be represented by ACFO ff i.e. e ACFO ff is a known paraneter

obt ai ned duhimgl MBeix Rttt foihns tall%%f}heec‘htaiuﬁ@fsﬂamnﬁrﬁﬁuééﬁiﬁzgg or I

part of the channel state information (CSlI). The effect of ff can

be removed Yy bl h¥ie Hhe AW bERP GFAd Y GhionVi e t e conjugates of fr )
HEHp =1 ® (l*’kl,blgll‘xs,ll‘2 + lA'z.DlzlAs;z]z) .

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 doné 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 = (6—3(211.(£V+Pc)+}:’m)(¢!)VVNZf\I, (¢f)l'lj,2n)T \ (e"”“ n+1)(N+P.z)+P2)(‘f!)§7VN7 (gbf)lp 1,,14_1)1[]
o L
andy,pAsy Yn (ZN (2:)) : Ko pAky Xap
—pe (L v ( ) "4 pAso e Pé AL pA%, X341
ifs

e—j(‘zn(N-!-P-a)-l-Pn)(é;)\VNzﬁ(d)j)i)o on
o IEEDNIEIRYEOW N ZH (B ) s

.
in

. Xapn
Ypn = Hp +ay
X;n+l
15

The scalars o, and 1y, are defined as:



The Cyclic Prefix Schenme 2 may have the advantage that only anal og domain
processing has to be done at the relay, and only |inear processing has to
be done fwoO 20mi2mism | i kel i hood decodi ng at the desti nat iPOm/SGA00IBaEIS6
carrier.The Cyclic Prefix Schene 2 may al so be advant ageous over the prior
art because the relay station does not have to performtime sharing between
di fferent sources and destinations. In Ble prior art, the relay station
will need to estinmate and conpensate the ACFO for each

sour ce- and- desti nation palrcns=Fowﬁ?”ﬂéﬁ@ conpensation at the destination
is not done. This can conplhpaLe the(anet)ay rstabi-o@, hardware and coul d

i ncrease the conputatlonal coaneX|ty reqU|red at t'he rel ay statlon

Channel Est on Chan n rfor d hefore act

i nf or mat i or‘f} |elée SRS §8%ec§t Jﬁge Y%lu? %&S@ﬁé’m af fpeg éYF?IBW chart
of Figure 2 or Figure 3. The purpose of channel estimation is to obtain a
set of ChatireehCBEDag, estimétommsdty 410 {1@Shen frawvarieties thefdektinggieni N decodi ng t he
signals received at the destination and optionally to conpensate for
Angul ar Carrier Frequency Ofset (ACFO at either the relay station or the
destination. Channel estimation according to the exanple enbodiment wll be

descri b;d next wth
Estimates of x5, and xon+1 (denoted X,, and X;,,;) can thus be obtained using H,, such

that

HY represents the conjugate transpose of H,. H ~ has the property that

2)

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

~ H ‘v W P w
HrHp =1 & (}A:L,.[) PlAs1]® + |Azp | Ase

decoding at the destination.

In step 330, the relay station optionally performs ACFO ¢, compensation. The signal

vectors T, ; received over the span of 2 OFDM symbol durations ; = n,2n+ 1} for
15 antennaei=1, 2 are:

[f‘R,mn FRignh J _ [ej‘z"“““’ PP Z () s Wiy, fGmHINEPIPO (¢; )HSIWNx2n+1

f‘R,2,2n i"R,?,?n-}-l g (an(N+Py+Py) ¢'ZN+p (¢ )Hs QWNXQ eil(2nt1)(N+P)PL) ¢"ZN+p (¢ )Hs 2WNx2n+1

+ [ VR12n VR12n+1
VR2:2n VR22n+1



reference to Figure 4. In step 402, a sinple pair of pilot synbols (or
training synbols) is used to estimte the product channel. The pair of

pi | ot symiol2e1o0mmy®s8i sing of ] is transmtted over two spobsiG20000e28al s from
the source. The pilot synbols are defined aswhere ais a (N x 1) vector
such that \a(i)\ -1 for and a has | ow peak to average power ratio (PAPR). n
denotes the data transm ssion cycle indgx. ACFO fr Estimation at the Rel ay
Station In step 410, ACFOfr estimation is perforned at the relay station

];)lolr ote ! tsgreﬂr)o]?éA%Q dsaat 491? S5y ob%egged %tth%gfa%l stat}aogt uﬁ%‘é’g}ae gbﬁ%ﬁ ~of the

operator Z(.) returns the hase of ) and hence the returned scalar is
wi thin t heestiftalipy siep p1 forme Pps of thetrhappel sthte IormatiomE@SR. t he nmaxi mum
normal i zed CFO t hat can be estimated is given by the bounds The above
limtation can be overcone by designing suitable pilot synbols. The

The effect of the ACFO ¢, can be removed for ¥y, ,, and ¥, ,,, by multiplying with
5  the conjugate of e/®Wirik 7, (4 ) The effect of the ACFO ¢, can be removed for

Trpons a0d Ty, o, by multiplying with the conjugate of o/ VWhkid 7, (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
6,'1'(21;(.?\{4-133)4-?2)(%
Tpon = B> E— Zy(da) [HL pHs 1 Whxen + Hﬂ,DGS,zWﬁ“En-x_t] + Ppon
I (21N Pe)A- Po)gu ; . P F ot -
10 Fpansl = > Zn(Pa) [Hl,DHSJWA«'in—pL - HE,DG&'ZWNT“%"] +Pp s

where the noise vectors are given by P, ,, and Py, ,,,,. The ACFO ¢, is a known

parameter obtained during the ACFO ;3d estimation step 420 and forms part of the

channel state information (CSI).

15
The effect of the ACFO ¢, can be removed by multiplying rp,, and rpant1 Tespectively

with the conjugate of ej(Zn(N+P2)+Pz Y ZN (¢d ) and ej((2n+1)(N+P2 By ZN (¢d ) .



estimated ACFO value fr can be used by the relay to do the conpensation
during the transm ssion of actual information. Cyclic Prefix Schene 2 may
have t he wowvamieg®st hat ACFO conpensation at relay i s neCTiseeem®ar2ge because
j oi nt ACFO conpensation can be performed at the destination. ACFO fd ‘
Estimation at the Destination In step 420, ACFO fd estimation is perforned
at the destination station for either d2 Cyclic Prefix Schenes 1 or 2. For
Cyclic Prefix Schene 1, the (N X 1) received signal vectors at the

desti nat i Ofh gtép 330etHRIRERREIBN Obti TS Pedforhn® j AhVETFOYo ﬁ@tfbh.emoqm& ectors
are given by éISbl m'farly, t he (RI X 1) Ifrecei vJed si gnal bﬂggtors at the Y

d [ [ f h ' by. h wh h [
g1 ven by TRBSHDITeE G BUER Ak the ACaBRpB ot i gl Rhe St e, SESM i

Schenmes 1 or 2. Using the pilot synbols of = a and = - a that were
transmitt edwbijonsregisnbye, it is assuned that Wa = b. The (JV X JV) matrix
Wis the inverse discrete Fourier

rD,2n = ej(2n(N+P2)+P2>(¢d+¢r)ZN(¢d + ¢T) [anﬁl,DHs,IW]HVXZn + 'YnI\:Iz,DGS,Q (le\ir‘x2n+1)*:|
+f’D,2n

tpang = e/ CrDINERIEIGAeZ (b 1+ ¢,) [anejpl¢rﬁl,DHS,1WﬁX2n+1

_fYnejquerZ,DGS:z (Wﬁxzn) *:| + f)D,2n+1 3

where the noise vectors are given by p,,, and P ,,,;-

The scalars o, and =y, are defined as follows:

Q= ej(?.n—}-l)P]_qu

Y = e—j((4n+2)(N-|—P)——2nP1—1)¢r.

It can be seen that ACFO ¢ and ACFO ¢4 are present in the signal vectors ¥p 2, and
10 1pam1. ACFO ¢, and ACFO ¢, can be added together and be represented by ACFO ¢ 5
ie. 5 =%a+ % The ACFO ¢, is a known parameter obtained during the joint ACFO

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

The effect of the ACFO ¢ ', can be removed by multiplying rp 2, and xp .+ respectively

15 with the conjugates of /@ (Wh}E)6rd)7, (8, +4,) and f@rINeRIBNrd)E, (4 4 g,

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 likelihood decoding at the destination for each carrier.



transform (I DFT) matrix. Therefore, vector can be expressed as where the
(JVXx ( +1)) Toeplitz matrix Ais given by [ ] and the ((P + 1) x 1)

vect or hpwO=ow/2hs9denot i ng convol uti on operati on.
WTa*. Vecto d can be witten as where the (N x (P + 1)) Toeplitz matri
is given by with f = C(d) and the ((P + 1) x 1) vector his Simlarly,
vector d can be expressed as where the BN x (P + 1)) Toeplitz matrix Cis

Let u®Cassaom/oniess d

X

gi ven bySubstituting the above results int n and bearing in mnd tha and

t he received signal

(21 V x 1) yRCEQEICPRELIeaERE 22May also be advantageous over the prior art because the

10

15

20

relay station does not have to perform time sharing between different sources and
destinations. In the prior art, the relay station will need to estimate and compensate the
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

increase the computational complexity required at the relay station.

Channel Estimation

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 Channel 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.

Channel estimation according to the example embodiment 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
product channel. The pair of pilot symbols comprising of
[XZM X2n+l ]

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

as

vectors of the pilot synbols at the destinatio nd can
be rewitten as CP Schene 1 : where the (2(P + I)xl) vector h Let gn be a

B



where en for CP Schene 2. The (2N x 2(P + 1)) matrix is given by CP Schene
1:Using gn , a nmaxi mumlikelihood (M.) based ACFO and CIR estimator can be
fornmul at ewl0 2010028980 is estimated as . fd can be esti nmaPrel/SGoe@o@sgr i d
search. It is to be noted that, for the pilot synbols used in step 402, the
matrix f) is given by This inplies that the inverse of FH (f) (f) need not
be conmputed for every search point. Here the ACFO fd can be estinmated as
It can be seen that the ACFO fd estjmation at the destination is not

conput ati onal Il y demandi ng as no i nvetse natri x conput ati on needs to be done
for each search point. Once the AGEL-f d=i s—&stimated, vector h i can be
estimated asJoint ACFO ) Estimation at the Destination In step 430, joint
ACFO est i nulidr@8 it §(Pel f)areomd swdh thitga(@g st 1 Atii=00, 1f or | vhe 1 Q4E hitas Rvef i x
Schene 2. The (N x 1) received signal vectors at destination (wthout

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

5 ACFO qgr Estimation at the Relay Station

In step 410, ACFO gz;r 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 ¢3, can be easily estimated as

CP Scheme 1:
o Z(=tRisnTR12nt1) + £(—TH o0 TR2,2041)
¢ = 2(N + P)

CP Scheme 2:
O 4(—1~'§,1,2n1~'R,1,2n+1) + 4(—f'g,2,2n1~"R,2,2n+1)
¢ = 2(N + P) |

10 The operator £(.) returns the phase of (.) and hence the returned scalar is within the
interval [—m, 7). It is to be noted that ¢, = 22¢= and hence the maximum normalized CFO

that can be estimated is given by the bounds

N
el < 0. 5
l&-] < 0.5 NiP <0
The above limitation can be overcome by designing suitable pilot symbols. The

15  estimated ACFO value ;13, 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.



ACFO conpensation at relay) can be witten as follows: | where and
respectively are (N X N ) circulant matrix with as their first colum
vectors, wodogRi®es an and 7n are defined as follows: PCTiSS2e®foporsd t hat
ff = fd+ fr -W have where the (2N x 2(P + 1)) matrix F(/, fr ) is given by
an is a vector constructed as with It can be shown that The Maxi num
Li kel i hood estimate for ff is obtained3as and h is estimated as Wile
exanpl e enbodi nents of the invention have been described in detail, many
variations are possible within the scope of the invention as will be clear
to a skilled reader. Variations can be nade, for exanple to paraneters such
as the numr%of rri[.er%l “b%sgr}é%loi c prefix lengths P, P1 and 2, the
coding te &%@Wﬁ%—r&ay—%t ation, or the way in which the product
channel is estimated. Variations can al so be

In step 420, ACFO ¢3d estimation is performed at the destination station for either of

Cyclic Prefix Schemes 1 or 2.

5
For Cyclic Prefix Scheme 1, the (V X 1) received signal vectors at the destination in the
presence of ACFO ¢ are given by
CP Scheme 1:
I @n(N+Po)+Pa)ga . N
Ipon = "—ﬁ—zN (¢a) [Hy,pHsy Wien +Hap ¢ (F5,) WNT301) + Ppan
I @A) (VAP Pa)da . e
I'Dan+l = ""—'\/é—“"ZN@Sd) [H1,DHS,1WNX2n+1 - H2,D C (Hs,z) WNTXZn] + PD2n+1>
where the noise vectors are given by
i (@n(N+Py)+Fe)éa ,
Poom = 5 Zv($a) [H1,0VB 120 + Hop ¢ (Vhzgnsr)] + VD20
i (n+ 1) (N+P)+Pa)de )
10 Ppont1 = 7 Zwv(9a) [H1pVa12n01 — Hap € (VRaon)] + VD 2041-

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

given by
CP Scheme 2:
I @n(N+P)+Po)ga . o
I'ben = —_\7—'2'_"ZN(¢11) [Hl,DHs,lexzn =+ H2,DGS,2WNTx2n+1] + Ppan
eI (2n+1)(N+P2)+Pe)éa - Hro
I'Doptl = \/5-‘ ZN(¢d) [HI,DHSJWNXZTL+1 - H2,DGS,2WNTx2n] + Ppo2n+1»

15  where the noise vectors are given by

ei(2n(N+P2)+Pa)a _ »
I3D,2n = \/§ Zy (¢d)ch [Ul,DVR,1,2n + UZ,D C (VR,2,2n+1)] + VDon

y eI (2n+1)(N+P2)+Po)ga
Ppont1 — \/-2-

Znv(¢a)Rep [U1,09 12041 — Hap € (Fh0.2n)] + VDmt1.



made to the design of the pilot synbols used. Further, the CP schenes need
not necessary use space-tinme coding and other forns of coding may be

used. CLAIWS 2010/0a1398t hod perfornmed by a relay station haeCmgGauiotongise
antennae, of relaying data froma source to a destination, the nethod
conprising the steps of: using the nultiple antennae to receive a nessage
sent by the source, thereby form ng nuBbiple respective received signals,

t he nessage containing the data and conprising a first cyclic prefix;
removing the first cyclic prefix fromthe received signals; encoding the
received signals to formnultiple second signals; inserting a second cyclic

e LT UL ARG, B e ol AR o o,

second signal's w e sec cyclic prefi

met hod perf.orne relay station having nultiple antennae, of relaying
data fromPHOLHIR CIB,X f’g’% ﬂ@@?ﬁﬁ‘é’t Fon® B}%ge tf%ﬂmg%jﬁt@'rﬁ SRYEHESst eps of :
usi ng the nul tidpl e antennae to receive a npssage sent by the source,

t hereby  assumed that Wya = b. The (N x N)matrix Wy is the inverse discrete Fourier

5  transform (IDFT) matrix. Therefore, vector H;, DH5,1Wﬁxzn can be expressed as

H, pHs Whx,s, = H;pHgib
= AhP)

where the (V x (P + 1)) Toeplitz matrix A is given by

A = [[b](o),[b](l),...,[b](P)]

and the ((P + 1) x 1) vector hp is

10 hp = hypxhg;

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

Vector Hy,p ¢ (H,) d can be written as
Hyp ¢ (H5,)d = Bhp,
15  where the (V x (P + 1)) Toeplitz matrix B is given by
B = [[f](—L1+1) ’ [f](—L1+2) e [f](——L1+P+1):'
with f = ¢(d) and the ((P + 1) x 1) vector hp is
hp = hyp*((h%,).

Similarly, vector Hy pGsod can be expressed as

20 H,; pGgod = Chp,

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



formng nultiple respective received signals, the nessage containing the
data and conprising a first cyclic prefix; renoving part of the cyclic
prefix fremzptv2i®sei ved signals; encodi ng the recei vedPET$6a0®/00@286 or m

mul ti'pl e second signals; and transmtting the nultiple second signals with
the remaining part of the cyclic prefix to the destination.3. A nethod of
rel ayi ng a nessage according to claim B7or 2, wherein the received signa
conprises a first received signal froma first of the antennae of the relay
station and a second gecei —ghgnaf(Fn@ﬁma”segﬁﬁ@b®P+D e antennae of the
relay station, the step of codi ng lhe receiv signal $ i nvol ves conbi ni ng
the first received signal with the second received signal to formthe
mul ti ple second signals. 4. A nmethod of relaying a nessage according to
claim3, wherein the step of encoding the received signals further

conprises g$hwtifiiap tf 2behé adstitd it S WRY X,,¢0fidugatieg af midvehhd vy} ad@cei ved
signal. 5. A nethod of relaying a nessage according to claim3 or 4,

wherein the step, @itfe ﬁgc@ﬁ@gis af %F&?GF‘@I%%ﬂotsé.}&%llssatftHé &&ﬁﬁat%hr,mﬂ,,saﬁﬁ the

step of revérsing the sequence o

5  rpass can be rewritten as

CP Scheme 1:
I (2n(N+P2)+P2)¢a z A B] N
Don = ) + n
D2 \/5 N (¢d) [ F T Ppa
eI (2n+1)(N+P2)+P2)bs 7 A BlL
I 72 - —_ y T +
Don+1 7 ~n(da) [ 1hr + Pponit
CP Scheme 2:
eI (2n(N+P2)+P2)¢a 7 A Ol
Tpon = ) +p n
D2 7 n(¢a) [ Jhr+Pps
e (@n+1)(N+P2)+P2)¢a _
Dol = 7 Zn(da) [—A, —Clhr + Ppany1

where the (2(P +1)x1) vector hr
7T
hy = [hﬁ, hﬁ] .
Let q,, be a (2N x 1) vector constructed as

T
qQ, = [rg,zm r£,2n+l]
10 = F(¢a) hr + ey,

T
where e, = [p}g,zn, PD on +1] for CP Scheme 1 and e, = [BF, 3., Db 2n +1]T for CP

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

CP Scheme 1:
F(ga) =

i (2n(N+P2)+P2)da Zn(a) Onxn A -B
7 Onxy WHPIRZ(8) || ~A B



synbols within the first received signal. 6. A nethod of relaying a nessage
according to claim5, wherein the step of reversing the sequence of synbols
wi t hi n t wofor1vecei ved signal further conprises storPad/SiGhe9fonese
received signal in a shift register and then reading the shift register in
a reversed order. 7. A nmethod of relaying a nessage according to any of
clains 3 to 6, wherein the step of end®ding the received signals further
conprises the step of negating the first received signal.8. A nmethod of

rel ayi ng a neSRagemalcording to any preceding claim wherein the received

signal s are encoded vgloth gpaeRtfel godbHg to dNQNmthE<£M| ti-pl e second
y .

signals. 9. A met Hol@ Frm—aw‘g a heg € JRCE0s: ¢ A aim B, wherein
the space-tinme coding is Al anbuti c dijflxgg io. A n}l\a['p@) of relaying a

message according to any preceding claim further conprising the step of
performng carrier frequency offset (CFO conpensation to the nessage at

the relay station. 11. A nethod of rel a(%/i nc% a nessage, according to any
pr ecedi ngUsingigm, amgximem likelihood (ML) based ACFO and CIR éstimator can be

formulated. The ACFO is estimated as
5 §s = arguin (af [Ty = F(9) (F¥ ()F(9)) " F*(9)] a) -

$q can be estimated using a grid search.

It is to be noted that, for the pilot symbols used in step 402, the matrix FE(H)F(¢)is
given by
10 ‘ FHHF(P) = Nlypiy).

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

Hence the ACFO q%d can be estimated as

da = argmin <qff [IZN = %F(@FH (¢)] qn> :

15 It can be seen that the ACFO q3d 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

=

hp NF(éSd)FH(qu) Q-

20



conprising the step of perform ng CFO conpensation to the nessage at the
destination. 12. A nmethod of relaying a nessage according to any preceding
claim whwoenr/ki®srel ay station having nmultiple ant enn&eTiss2eowpe286ed of
two relay sub-stations each having at | east one antenna, the two-rel ay
sub-stations configured to performinformation passing between each other.
13. A nethod of relaying data froma sé8rce to a destination via a rel ay
station having rmultiple antennae, the nethod conprising the steps of: (i)

t he sour cdoint AGHO (4 i) )tExeinmtomatthe Mestisatiassage conprising a first cyclic
prefix; (ii) the retay—station:receiving the nessage using the nmultiple

ant ennae, thereb% form nl? ZL” ti Rl e respective recei geg signal s; renoving
the first legepid80nioartiACKD déat fod cpbmanoR ReTigRAES At tBn destinaton 108 theecei ved
signals to formmnultiple second signals; . inserting a second cyclic prefix

into the nudicPréisSaRA% BTUBANSK 1Y FrBRRH bighfigvebides sakomchtidh@wahsutwi th t he
second cyclic prefix to the destination;

ACFO compensation at relay) can be written as follows:

Ipon = ej(2n(N+P2)+P2)(¢d+¢r)ZN( da -+ ér) [anﬁl,DHs;Wﬁin +Wnﬁ2,DGs,z (Wﬁxznﬂ)*]
+f)D,2n

Iponyy = GO FRRN Gt 7, (4, 4 @) [anBjP1¢TIU{1,DHS,1WJI\{rX2n+1

5 *rynejpl‘b'ﬁz,DGS,Z (WﬁXQH) *] + ISD,2n+1’

where I:IL pand ﬂQ, p respectively are (IV x N) circulant matrix with
T .
Zn(—¢r) [h{D, le(N_LQ)]T and Zy(—¢») [hg:D, 01><(N—L2)] as their first column

vectors, and scalars o, and 7, are defined as follows:

q, = eiErtl)Pie:

10 Vo = e—j((4n+2)(N+P)—2nP1-—1)qu ]

It is defined that ¢ = ¢4 + ¢,. We have
T
qQ, = [rg,Z'rw rg,2n+1]
= F((bf) (b'r) hF + €n,

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

oI @n(N+Pa)+Pe)y

F(d1,4,) = —

Zin(¢y) Onxn H apA -1.C ]

15 Oy ENPRIZN(0g) | | —0nePF A —3pePC

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

hy = [(ELD * hs,1) ’ , (Ez,D *C (h*s,z) ) T} '

with by, p = Zr,(—¢)hy p and by p = Zr,(—¢s)ho p. It can be shown that



and (iii) the destination receiving the second signals and extracting the
data. 14. A nethod of relaying data froma source to a destination via a
rel ay stawoanoeviosg nultiple antennae, the nethod conpPC3iSEgowNe02s8s eps of :
(i) the source transmtting the data within a nmessage conprising a first
cyclic prefix; (ii) the relay station: receiving the nmessage using the
mul ti pl e antennae, thereby fornming nul %0pl e respective received signals;
renoving part of the cycli CHE)refi x fromthe received signals; encoding the
received signals to form izl opdy si.g ;. .transmitting the nultiple
second signals with the rgglai(ﬁif’n%)gg(éft’ag)f thg@%i%rllg'c prefix to the
destination; and (iii) the destination receiving the second signals and
extracting the data. 15. A nethod of relaying data according to claim 14,
further conprising the step of

The Maximum Likelihood estimate for ¢ is obtained as

b = argrmin (of [Ty — 56,657 (6,0)] 0

5  and hp is estimated as

~

EF = ']%]-_f‘((%fa ¢T)i‘H($f) ¢T) q,.

While example embodiments of the invention have been described in detail, many
10  variations 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, P; and P, the coding techhique 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.



perform ng CFO conpensation to the nmessage at the destination , thereby
conpensati ngboth for CFO present fromthe source to the relay station and
for CFO pwezemo2id9em the relay station to the destinati @aT/SGB009A0M86 hod of
estimating channel state information for a w reless conmunication channel
conprising a source, a relay station having multiple antennae and a
destination, the nethod conprising thed4steps of: a first of the antennae of
the relay station receiving a first training signal fromthe source; a
second of ¢hemant ennae of the relay station receiving a second training
signal fromthe source; the relay station: (i) encoding the first training
signal and the second training signal with spacetine encoding to form
multiple relay training signals; and (ii) transmtting the nmultiple relay
training sjgnals i one third s nd. the. d

recei ving the @?%@Pdﬁéeﬁoﬁf%ﬁé bEAgHaY i %Mﬁ%{uﬁﬁé x@é@%?%rﬁ%aﬁlgg%sa%ai nation
from a source to a destination, the method comprising the steps of:
5 using 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 prefix;
removing the first cyclic prefix from the received signals;
encoding the received signals to form multiple second signals;

10 - inserting a second cyclic prefix into the multiple second signals; and

transmitting the multiple second signals with the second cyclic prefix to the

destination.

2. A method performed by a relay station having multiple antennae, of relaying data
15  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
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;
20 encoding the received signals to form multiple second signals; and
transmitting the multiple second signals with the remaining part of the cyclic

prefix to the destination.



signals estimating the channel state information. 17. A nethod of

estimati ng channel state information for a wirel ess comuni cati on channel
accordi ngvoaooleisys 16, further conprising the step of e®CIrS&ER2009POES86 r St
carrier frequency offset (CFO paraneter at the relay station by conbining
the first training signal and the second training signal.18. A nethod of
estimating channel state information fd2 a wirel ess communi cation channel
according to claim17, wherein the conbining the first training signal and
t he seconds.t r aAmethod ofrBlyinger hegsage acconimpgipatl@nt T and paseeih thd deecited St
training signal. 19. A nethod of estimating channel state information for a

Wi rel ess cOEARIBbGPHERA ERIBANIAEEAT Honh fifst 8Mthe @hichha dTRheR1dystakfdn Wher ei n
the first training signal conprises a first pilot signal, and the second

training s Pm i: : i i [ ignal a
negative o%ngltr%é3 Tir sfr: élg. Scl)gn %?‘gﬁg g&%&%ﬁf&%@ﬁe@ﬁa{){ﬁggfﬁﬂﬁ% ’ gﬁas'?\é el
state inforfrrati&)n or a.wireless cogmmuni cat. og?cﬁagnel. a corqi ng]eélg any of
claims 16 (o E8mE o Ret VESTRRIPYY e rdiape She Mt et R sigra HeYEi nat i on
station a conbined training_ signal, the conmbined training signal conprising
the mult i pteondressiveq sepal il amaltge secopd MgnAléd noi se si gnal .

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.

10
5. A method of relaying a message according to claim 3 or 4, wherein the step of
encoding the received signals further comprises the step of reversing the sequence of

symbols within the first received signal.

15 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
storing the first received signal in a shift register and then reading the shift register in a

reversed order.

20 7. A method of relaying a message according to any of claims 3 to 6, wherein the
step of encoding the received signals further comprises the step of negating the first

received signal.



21. A nethod of estimating channel state information for a wreless

communi cati on channel according to claim 20, wherein the conbi ned noi se

si gnal cowpropeei®ssecond carrier frequency of fset (CFOpCesGomtoeesby the
destination. 22. A nethod of estimation channel state information for a

wi rel ess conmmuni cati on channel according to claim2l, wherein the second
CFO is estimated by a maxi num|ikelihodd estinmation.23. A nethod of
estimating channel state information for a wireless conmunication channel
accor di ng §.0 cAangth@Pof reheingiammésasgemocbriimng foi doglprdveditgeddimpatieein ths a grid
search. 24. A nethod of estimation channel state information for a wreless

conmuni catepdv&anigd ard 66QJded RethisPadMmeicoingidorh/tht endidple WoRhisTgnhlge
relay station is configured to performa CFO conpensation using the first
CFO paraneter. 25. A nethod of estimation channel state information for a
wi rel ess communi cati on channel according to any of clains 2 1 to 23,

wherein t destinatio tation is configured.t.o perform.a CFO conpensation
usi ng the eco%‘(fﬂ%ﬁ—?ﬁs %erﬁ%%@lgéirmes%g_e KN o %armbgt"?'}f?ﬁ?lpghe %‘éﬁiﬁ@F state
information for, a wireless comunication

coding is'Alamouti coding.

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.

10
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
15 relay station having multiple antennae is comprised of two relay sub-stations each
having at least one éntenna, 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
20  multiple antennae, the method comprising the steps of:
(i) the source transmitting the data within a message comprising a first cyclic
prefix;

(ii) the relay station:



channel according to any of clains 2 1 to 23 when dependent on claim 17,
wherein the first CFO paraneter estinmated at the relay station is forwarded
to the dewOi2nsG20398 t he destination configured to perf oPET&GROIYNN285O
conpensation using the first CFO paraneter and the second CFO paraneter.

27. A nethod of transmtting data along a wirel ess conmuni cati on channel
froma source to a destination via a rdlday station having multiple antenna,
t he net hod conprising: estimating channel information of the channel by a

net hod accor di Rgeitvimgahymeésagé 84in% theniitipRGintdnans MhdrébynGralmpngultibe W rel ess
communi cati on channel a nmessage containing the data; and extracting the
data fromthe -iRsedeedsbis,t he estimted channel informtion. 28. A relay
station for relaying data froma source to a destination, and having

mul ti pl e antenp . tags %e'n to performa nethod
according to arﬁ;%/l%g%&ggﬁ%ﬁ%%%@co&&%?ﬁﬁ .thﬁg%cg{s‘{eggn%%glrsrpri sing a source, a
destination, and & relay stati.on for_rel aa/i.nlg dat q
encoding the received signals to form multiple second signals; .
5 inserting a second cyclic prefix into the multiple second signals;
transmitting the second signals with the second cyclic prefix to the destination;

and

(iii) the destination receiving the second signals and extracting'the data.

10  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;
(ii) the relay station:
15 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;
transmitting the multiple second signals with the remaining part of the cyclic
20  prefix to the destination; and

(iii) the destination receiving the second signals and extracting the data.

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



fromthe source to the destination and having nmultiple antennas, the system
being arranged to performa nethod according to any of clainms 13 to 27. 30.
An i nt egrwiDeaediogizieit (1C) for a relay station confi gur@dTiSerom@begs ng dat a
froma source to a destination, said relay station having nultiple antennae
configured to receive a nessage sent by the source and thereby formng
mul tiple respective received signals, fhe nmessage containing the data and
conprising a first cyclic prefix, the IC conprising: an interface
conf i gur ecbdtiofor €F€l presart éromutheispimee teethpedey stetiowewd foe £FS pretnsfrbmahet he
mul tiple antennae; a first processing unit configured to renove the first
cyclic prakhys&mg@mjm@cmgﬁﬁmygd signal s; an encoder configured to encode
the received signals with space-tine encoding to formnultiple second
signals; a second processing unit configured to insert a second cyclic
prefix into the nultiple second signals; andthe interface further
configured,to gsend t ! [ 0

! ﬁ.}e mﬂ%lop cgfeab, bR gh%%& Jdle ﬁif&%ltfon%{ Qu@xﬁgessgcgogﬁagm‘ééﬁ%n

pr efix to enna transm ssion nation

5  channel comprising a source, a relay station having multiple antennae and a destination,
the method comprising the steps of:
a first of the antennae of the relay station receiving a first training signal from the
source;
a second of the antennae of the relay station receiving a second training signal
10  from the source;
the relay station:
(i) encoding the first training signal and the second training signal with space-
time encoding to form multiple relay training signals; and
(ii) transmitting the multiple relay traininé signals in at least one third symbol
15  interval; and
the destination receiving the relay training signals and from the relay training

signals estimating the channel state information.

17. A method of estimating channel state information for a wireless communication
20  channel according to claim 16, further comprising the step of estimating a first carrier
frequency offset (CFO) parameter at the relay station by combining the first training

signal and the second training signal.



31l. An integrated circuit (1C) for a relay station configured for relaying
data froma source to a destination, said relay station having nmultiple
ant ennae wonhiogi®d to receive a nmessage sent by the sSoRCESGA0NY/ 006286 eby
forming nultiple respective received signals, the nessage containing the
data and conprising a first cyclic prefix, the IC conprising: an interface
configured to receive the nultiple respécti ve received signals fromthe
mul ti pl e antennae; a processing unit configured to renove part of the
cyclic prefg x Amgsthddef dsemaiingchaminelrnsais infafinanoddes wirelebs cpmmdnicati@ncode
the received signals with space-tine encoding to formnultiple second

signal s; tdaenddlbeokAGE td Mainn ey, \ﬁl%!&h%% &ﬁn&ﬁmgemﬁfsh&amﬂ Jipla€ agegend
signals with the remarning part of the cyclic prefix to e multiple

ant ennae fs%EorIdrm% §1§'r19ﬂ>e§f6rﬁ19§ ch?jﬁéét@%h%se to the first training signal.

5 19. A method of estimating channel state information for a wireless communication
channel according to any of claims 16 to 18, wherein the first training signal comprises
a first pilot signal, and the second training signal comprises a second pilot signal, the

second pilot signal a negative of the first pilot signal.

10  20. A method of estimating channel state information for a wireless communication
channel according to any of claims 16 to 19, further comprising the step of receiving at
a destination station a combined training signal, the combined training signal

comprising the multiple relay training signals and a combined noise signal.

15 21. A method of estimating channel state information for a wireless communication
channel according to claim 20, wherein the combined noise signal comprises a second

carrier frequency offset (CFO) estimated by the destination.

22. A method of estimation channel state information for a wireless communication
20  channel according to claim 21, wherein the second CFO is estimated by a maximum

likelihood estimation.
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47
23. A method of estimating channel state information for a wireless communication
channel according to claim 22, wherein the maximum likelihood estimation is a grid

search.

24. A method of estimation channel state information for a wireless communication
channel according to any of claims 17 to 23, wherein the relay station is configured to

perform a CFO compensation using the first CFO parameter.

25. A method of estimation channel state information for a wireless communication
channel according to any of claims 21 to 23, wherein the destination station is

configured to perform a CFO compensation using the second CFO parameter.

26. A method of estimation channel state information for a wireless communication
channel according to any of claims 21 to 23 when dependent on claim 17, wherein the
first CFO parameter estimated at the relay station is forwarded to the destination, the
destination configured to perform a joint CFO compensation using the first CFO

parameter and the second CFO parameter.

27. A method of transmitting data along a wireless communication channel from a
source to a destination via a relay station having multiple antenna, the method
comprising:

estimating channel information of the channel by a method according to any of

claims 16 to 26;
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transmitting along the wireless communication channel a message containing the
data; and

extracting the data from the message using the estimated channel information.

28.  Arelay 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.

29. A system comprising a source, a destination, and a relay station for relaying data
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 27.

30. Anintegrated 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 first processing unit configured to remove the first cyclic prefix from the
received signals;

an encoder configured to encode the received signals with space-time encoding to
form multiple second signals;

a second processing unit configured to insert a second cyclic prefix into the

multiple second signals; and
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the interface further configured to send the multiple second signals with the

second cyclic prefix to the multiple antennae for transmission to the destination.

31.  Anintegrated circuit (IC) for arelay station configured for relaying data from a

source to a destination, said relay station having multiple antennae configured to receive

. amessage 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 with space-time encoding to
form multiple second signals;

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.



