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BACKGROUND OF THE | NVENTI ON The present invention relates in general to
Wi rel ess conmmuni cation systens and, nore particularly, to inproving the
downl i nk performance of wireless conmmunication systens. Wrel ess nobile
communi cations suffer fromfour major inpairnments: path |loss, nultipath
fading, inter-synbol interference (ISlI) and co-channel interference.

Adapt i ve ant enpag;cal, Cen5ARaiM SHARLESS. liggRliect s of these factors to

i nprove the perfornmnce conmuni cat1on systens.

types of adaptive antennas: diversity antennas and beanform ng antennas.
In a diversity antenna system nultiple Ilowcorrelation or independent

fadi ng channels are acquired in order to conpensate nultipath fading, thus

achi eving di vgnsd %II' %O@e@@?@ ennas, on the other hand, provide
beanf or m ng ggﬁ?%dergmkl ng u ﬁg}ﬂaﬁ directivity, thus conpensating
for path loss to a certain extent and suppressing co-channel interference.

In a diversity antenna system the antenna spacing is usually required to
be |arge enoligghpreseny invengipniralates dergenerabbs aineldse womornmalation spstemslependent

fading channels, especially for small angul ar. spread envirpnnents.

However , beaarPPoPTFﬂrﬁ&a‘an-fPLaﬁ alo HORYVINS @‘&#Omngﬁf&’ﬂ‘a‘&‘ier%&vﬂr\? %%, so the
signal s recejongfuatatdndia@emiransmtted fromall antennas nust be
correlated. This neans that for beanform ng antenna, the antenna spacing

shoul d usually be small, e.g. half wavelength for a uniformlinear array
(A Becaung Bl TSl S Sal BoS0 6l BN SPg o 1o
loss, multipath fading, inter-symbol interference (ISI) and co-channel
interference. Adaptive antennas can be used to suppress the effects of these
factors to improve the performance of wireless communication systems.
There are two types of adaptive antennas: diversity antennas and beamforming
antennas. In a diversity antenna system, multiple low-correlation or
independent fading channels are acquired in order to compensate multipath
fading, thus achieving diversity gain. Beamforming antennas, on the other
hand, provide beamforming gain by making use of spatial directivity, thus
compensating for path loss to a certain extent and suppressing co-channel

interference.

In a diversity antenna system, the antenna spacing is usually required to be
large enough, e.g., 104 in order to obtain low-correlation/independent fading
channels, especially for small angular spread environments. However,
beamforming antennas need to achieve spatial directivity, so the signals
received at and/or transmitted from all antennas must be correlated. This
means that for beamforming antenna, the antenna spacing should usually be
small, e.g. half wavelength for a uniform linear array (ULA). Because of the

conflict between the required antenna spacings for diversity antenna systems



and beanform ng systens, a prejudice exists that divers el MheBshe
beanf orm ng gai n cannot be achi eved si nmul t aneously. SUM\/K%{Y %: THE

I NVENTION It is an object of the present invention to seek to provide a
Wi rel ess comunication system benefiting sinultaneously from both
diversity gain and beanform ng gain. Accordingly, one aspect of the
present invention provides a nethod of achieving transmt diversity gain

in a conmunic hayi a b t n t gnsm t
ant ennae and gﬁdrm aF&efg er '%)aéte%\%ft% é&%@}dh%l %Hsgeg}é\%tvg“}awm@ %jaﬁt e net hod
conpri si ng t heestfopaingfgaindagndtdien@hidved gmaltaiedublg. transmitted s(n);

space-tine encoding the signal s(n) to produce at |east two separate
signals s1(n),s2(n), each on a respective output; feeding each output

signal sl(n), ﬁ%%% = i re-equal i ser having a respective
function gl(é ) 6F?E$mgﬁﬁﬁgut put signal xI(n), x2(n); feeding
the output signal xl(n), x2(n) of each pre-equaliser to a transmt
antenna; transmitting the output signals x1(n), x2(n) over respective

physi cal chanlielssam| qt§gct o2he) preseeteinsenton He seslit foutprasiigmal aviselesn) , x2( n)
pace ecelve si gnal s,

at a single receive antenna; .and

wherein the fSHEPHYREICY PRy lbe??%? gﬁmphgnefé@gcifo&pggwg&%qrg %ﬂ’iﬁ&? sers are
sel ect ed suchbéaﬁﬁgnﬂlﬁg glhannel responses gl(k)*hl(k), g2(k)*h2(k) of the
respective physi cal annel s hl (k), h2(k) are flat fading channels.
Preferably, the comunications systemis a timne-division duplex system and

e metod I nghudes e fUher  O\gP oL dor g, LIG e, SIAIIChe
dori ving the LS TERGIRE Sua Y AL e BB SR B e bR 2006
station with multiple transmit antennae and a mobile terminal with a single
receive antenna, the method comprising the steps of: providing a signal to be
transmitted s(n); space-time encoding the signal s(n) to produce at least two
separate signals s,(n),s,(n), each on a respective output; feeding each output
signal s,(n),s2(n) to a zero-forcing pre-equaliser having a respective function
g:(k), gx(k) to produce an output signal x;(n), x,(n); feeding the output signal
x;(n), x,(n) of each pre-equaliser to a transmit antenna; transmitting the output
signals x;(#n), x,(n) over respective physical channels #,(k), #,(k); receiving the
output signals x;(n), x,(n) at a single receive antenna; and space-time decoding
the received signals, wherein the functions g;(k), g,(k) of the zero-forcing pre-
equalisers are selected such that the channel responses g;(k) *h;(k), g.(k)*hy(k)
of the respective physical channels #;(k), #,(k) are flat fading channels.

Preferably, the communications system is a time-division duplex system and
the method includes the further step of deriving the real channel coefficients
from uplink channel coefficients for use in selecting the functions g;(k), g2(k)

of the pre-equalisers.

Conveniently, the step of deriving the real channel coefficients from uplink



channel coefficients uses training synbols fromthe upli ka, chaneboos

Advant ageously, the step of deriving the real channel coe Pi cilents from
uplink channel coefficients uses blind techniques. Preferably, the

comuni cations systemis a frequency-division duplex system and the nethod
i ncludes the further step of deriving the real channel coefficients by
sending a set of training synbols to the receive antenna of the nobile

termnal, the i .m i i r %ngg coefficients and
f eedi ng back gﬁ%%ﬁ'ie Oe%@é%tgg%egﬁfﬁ%%{%% %ﬁmttggb%le asqgJl %t ation. Another

aspect of the present invention provides a base station with multiple
transmt antennae for comunicating with a nobile term nal having a single
recei ve ant endealventegeopblystheatepctiaenzing the raa) chanpekgoetfidienty from unliki on

conprising: a space-ti ncoder. having an input of a signal to be
transnitted S(:%)nngﬁ%)e;tggerﬁ%gsseg%Ela@?egh?%ﬁ?ss each producing a separate signal
sj(n),s2(n); at least two zero- forcing pre-equalisers, each fed by a

respective output signal sj(n),s2(n) and having a respective function
gl (k), g2(k) Prfgrbuthe comnounigions sypteah isxd freyyencx2liviyion glnpleatsysdterast t wo

transmt antennae, eac el fed by. the out i.ghal I 2(n) of a
respective oné? fth‘f HBC ?‘g-lléa@g‘?% gléerszm&ﬂeftgl’ Egﬁ rﬁ%"“?’&ﬁc{h% %a?)‘gﬂaé%(l, : g2(k)
of the zero-f gsGfifign® 'B?‘s@ﬁ’diﬁé hWel §f @zﬁﬁin%%&&%ﬁ do ICRcLiPetinteh: shdanel

responses gl (k) *hl (k), "g2(k)*h2(k) of the respective physical channels
hi(k), h2(k)mabie tdramtinal,atic mobileatameinsl esiinetieg dht ygal chanebbedfficiems ni nal has

a single receive, antenn nd space-tj decoder .to decode the signals
recei ved fron?‘l‘ﬁf@e‘g‘% a‘g‘t%@f’%ﬁpo&%ﬂw{ Wg‘?mﬁ‘gﬁ’é&&‘ﬁﬂ’af%a%nesent i nvention
provi des a nmethod of achieving conbined beanform ng and transmt diversity

for frequency selective fading 3 29 Decenber 2006 ‘
Another aspect of the present invention provides a base station with multiple

transmit antennae for communicating with a mobile terminal having a single
receive antenna over physical channels #;(k), hy(k), the base station
comprising:

a space-time encoder having an input of a signal to be transmitted s(») and at
least two outputs each producing a separate signal s;(7),s,(r); at least two zero-
forcing pre-equalisers, each fed by a respective output signal s;(rn),s,(n) and
having a respective function g;(k), g,(k) to produce an output signal x;(n),
x,(n); and at least two transmit antennae, each being fed by the output signal
x1(n), x(n) of a respective one of the pre-equalisers, wherein the functions
g1(k), g:(k) of the zero-forcing pre-equalisers are selected such that the channel
responses g,(k)*h;(k), g:(k)*h,(k) of the respective physical channels %;(k),
hy(k) are flat fading channels.

Preferably, the mobile terminal has a single receive antenna and a space-time

decoder to decode the signals received from the base station.

A further aspect of the present invention provides a method of achieving

combined beamforming and transmit diversity for frequency selective fading



channel s in a conmuni cati on system having a base station w i pl e
transmt antennae and a nobile termnal wth a single regg%ge@rél{%dndéa, t he
met hod conprising the steps of. providing a signal to be transmtted S(n;
k); space-tine encoding the signal S(n; k) to produce at |east two
separate signals § (n; k),S2(n; k), each on a respective output; feeding
each output signal SI(n; k),S2(n; k) to a transmt processor to produce an

out put signal Xl (n: k) X2(n:.k). a i res i sel Jansm t
beanf or mi ng \Aégad‘hfn]ﬁ ‘f’paecé’gﬁl(‘urgff%ﬁﬁﬂt Soygéeéhilg“kﬁ(?q%%% gg&@? n‘S% ;e}gfl{elé%i ng the
respective wekgigl asieBRR! Snd 8 rAobikl @ARINAL Ml A 8TngldOrdeivt GnfBnda,Sthe™ ng
function of the signals and produce a signal X(n;k) for transm ssion;

;eedi ng the smetied Whing}@n;st@prs]t@ mwirdliltg‘ atstgmal taube imghemitted démft ant ennae
or transm ssion; transmitting .t I S n; kt) er res?RecIi ve t he
physi cal chanfRACCHDE W?@%&%ﬁ?%}ﬁ?ﬁ’g ‘i’ﬁgyﬁ’eggé\(}%eda leaggﬁ O SCRAPRIE’ESa singl e
recei ve antenga; if 0efiing fde of 5 eleyRetil Wbt (Bsdilg et oulyRiEediyfalPr OCessor
to produce an Jgﬁ’t ’g% ’g?’gﬁ%élﬂ; Oand g%%gel-ti me ud’ecodi ngg t%e Ourlggeilglgad si gnal .

Preferably, tBgnipSiged)itve tasnstrptocemantopriduge wai ghpy sigwl sklreéled as the
ei genvectors corresponding to the two | ar gesﬁt E(:(?aéng;fg)nval ues, of thecﬁlownl i nk

channel covar£dfdd mb_fm& respeetic stectadetrpivgu FaRgcT CIgl; iRy ca
Conveni ent |y, ?ﬁtgﬁt dﬂ%a? kﬁﬁ}%kf%@?% B¢din )thf?i)&gééfv% @éigﬁt\éﬁ sidddR- fehayed

rays, hl(n;k e transmt processors do nhot add cyclic
prefixes and sigmg cofmbidee t®péniorin 8 isgmnalisg funotivh bé ther sigrsals andppodessars i s

del ayed by Ar before the respective selected transm eanf Qrm wei ght
is applied thdgelgkhfor ﬁ@@aﬁ%ﬁ@ﬁfﬁ@%ﬂ)@ﬁt@ﬂﬁéiS%%lagﬁéé@ﬁ%a@h‘%ﬁgt t he

del ayed sign ' ' f ast A1 I )
t hrough one (a:lhgfrglilr%% Er%ilg(ﬂ? %‘éﬁ‘é%emﬁ% ntrﬁl?}#aésg)%é té{ag%}g{t?ﬂ mﬁﬁ %? gmtl%%tggren'st
antennae and &he reqreiive tienpBysicl oMt ththfil roseiddigayiedrabiyndlsigmlits | FFT

only goes through anot her channel h2(n; k). between the base station
mul tiple trankm airk swalsereseige tantenpec kiedingathe aperived signal Y(nk) to a

receive processor to produce an output signal; and space-time decoding the

received signal.

Preferably, the respective transmit beamforming weights are selected as the
eigenvectors corresponding to the two largest eigenvalues of the downlink

channel covariance matrix (DCCM) of the physical channel A(n;k).

Conveniently, the physical channel A(n;k) consists of two time-delayed rays,
hi(n;k) and hy(n;k), and the transmit processors do not add cyclic prefixes and
one of the output signals from the transmit processors is delayed by A7 before
the respective selected transmit beamforming weight is applied thereto, the
beamforming weights being chosen such that the delayed signal or its inverse
fast Fourier transform (IFFT) only goes through one channel 4;(r;k) between
the base station multiple transmit antennae and the receive antenna, whilst the
undelayed signal or its IFFT only goes through another channel Ay(n;k)
between the base station multiple transmit antennae and the receive antenna,

thereby creating two different channels which can be space-time decoded to



t hereby creating two different channels which can be spacg-{.li ded to
4 29 Decenber 2006 recover the transmtted signal. Adva%?ggg%ﬁgfgﬁ%the
physi cal channel h(n;k) consists of two tine-delayed clustered rays, hi(n;
k) and h2(n; k), the transmt processors have a cyclic prefix |I|ength of OW
and one of the output signals fromthe transmt processors is delayed by
V' before the respective selected transmt beanform ng weight is applied
thereto, the beanf%ﬁning wei ght s _bei ng chosen such that the delayed signal
or its inversECPELY ¢Eﬂ¥?€¢“ﬂ¥%ﬁéfornl(lFFT) only goes through one channe
hi (n; k) between the base station nultiple transmt antennae and the

recei ve antenna, whilst the undel ayed signal or its |IFFT only goes through
anot her channglvi?{geolsly beevstenicahehdimsk /&t;k) camsistlofi tploetimeatetayed ant ennae

and the receive antenna, thereby creating two different char]nel s.whi ch can
be space-ti nelugiereddess, hlﬁ”ﬁa@&/féﬁ”;{%@q HAREHI PROSEFSQISHAF 8 CBTSIRIFRDI y, t he

met hod conpri ses theAfurt her steps of: estf E‘gl ngea %gwer- del ay-.DOA

profile for tisasBrRinf&l amd enacgt thy faptpub sigeals Jrem te i f”l“el?roc?fé?%r% ni ng the
cyclic prefix,l.ength Ve, t NS I:S;
det er m ni ng t%eéayg Ibéfyw' erfmr;‘3 ‘gﬁggsggﬁgﬁ%e%\étﬁghfﬁéﬁ‘? rARS M ?ﬂﬁ‘gg‘ge?n@grl?ﬁ ng

wei ght's.  Advagpplig@ shtséty, the RaBdrheh Geighisi ey tHugerd suidhhthat tht elplapéd
estimating the downlink channel covariance matrix w fromthe uplink
channel covavigeahcw itninvesse(faschpurias teanstrmydEFT) Sabigees Bapaly Ahg

wei ghts. Conveniently,  .the nmethod conpr.i . [ W f
estimating th _a“%egv(ﬂ{'f’@k?e &1h ed%ag?/gﬁlgﬁgrzul{r@ rt:;#ls'%l . t ?%ﬁgtﬂ?}% upl i nk
channel  covakt@is anteRhd, | whilsU@Mindeaye@nsdnaliol ifs TEFTNbily heasritiaonging
wei ghts; estimating a power-del ay- profile for channel h(n;k); and,
based on t he another channel /,(n;k) between the base station multiple transmit antennae

and the receive antenna, thereby creating two different channels which can be

space-time decoded to recover the transmitted signal.

Preferably, the method comprises the further steps of: estimating a power-

delay-DOA profile for the channel A(n;k); and, based on the profile:
determining the cyclic prefix length, A¥, to be added by the transmit
processors; determining the delay ¥; and determining the transmit

beamforming weights.

Advantageously, the method comprises the further step of estimating the
downlink channel covariance matrix (DCCM) from the uplink channel

covariance matrix (UCCM) to construct transmit beamforming weights.

Conveniently, the method comprises the further steps of: estimating the
downlink channel covariance matrix (DCCM) from the uplink channel
covariance matrix (UCCM) to construct transmit beamforming weights;

estimating a power-delay-DOA profile for channel A(n;k); and, based on the

profile: determining the length, A¥, of the cyclic prefix to be added by the

transmit processors; determining the delay ¥; and determining the transmit



profile: determning the |length, AV, of the cyclic pref?degerpgermw by
the transmt processors; determning the delay ' ; and determning the
transmt 5 29 Decenber 2006 beanform ng weights. A further aspect of the
present invention provides a base station with nultiple transmt antennae
for communicating wwth a nobile termnal having a single receive antenna
over physical channel h(n;k) having two tine-delayed rays, hi(n;k) and
h2(n; k), the gasefstati on ﬁonpri sing: a space-tine encoder having an input
of a signal tS*HEYPYRKTEYEd and at 1east two outputs each producing a
separate signal; at least two transmt processors each receiving one of
the outputs froma respective space-tine encoder; at |east two transmt
beanf or mer s edcturthecasipectng tampmsdn itvehtiompavides pembé stetiort withsmiltiplpr ocessor
and applying a transmt beanform ng wei gh%l thereto; a i gnal conbi ner
recei ving si gHAMSf RRPAASEIOR SOmPYRIratiag A %ﬁ)@bﬁmﬁ’émwﬁawg@rﬁ%lesum ng

function of t i f . ﬁ:ﬂ%ig? 5 I for
transm ssi on %e%gﬂ?ﬁjﬂ??i%ﬁ@%ﬁ%ﬁgﬁﬁ%ﬁng%?ﬂﬁ@ae. g‘?(sej?lgﬁel ilfeqa aldgg?déy of Az-
i S i nt er posedifirkhwelv,0ng), die Habesthti@nsomgrispigocessor out puts and a

beanforner to del ay, the signal output fromthe transmt, Pf?r ocessor by Ar
before the redpRAceitine dwpderhaying amapytofifeughad iabe ganssriged andsat lggsh| i ed

t heret o, whergj Byt - d9. cl g€ | XES.
Convent ent 1y, P P A RlitorRl REERRAE 5ol ka0 Ut POGRIF:
processor ouédehtrsceividg anbegiherowgiuts Grodeh ayspebiives sigioakinRuénvotied nom t he
transmt processor by Y before the respective selected transmt

beanf or mi ng WA HIVo; Eansmifobeamforpes caegh reosiving am SMPUL Srone astsepestivavi ng a

cyclic pr e i A Advan | y,. .ocessor to
determ ne a ptfg)a\/\rﬁglrrf-ﬁd ]%ggsfsﬁi)%ﬁ%ragﬁ P fng %gﬁ%ﬁ%‘ﬁ gl?e%ﬁl E?g%ﬂgﬁﬁ%@% h ﬁr;elt((3’ s
provi ded and, sijgas edntbind: h@cdt@ki signald Gt thé Geatf@mefN@hd) operable to

perform a summing function of the signals from the beamformers and produce

a signal for transmission by the multiple transmit antennae.

Preferably, a delay of A7 is interposed between one of the transmit processor

outputs and a beamformer to delay the signal output from the transmit

processor by Az before the respective selected transmit beamforming weight is

applied thereto, wherein the transmit processors do not add cyclic prefixes.

Conveniently, a delay of ¥ is interposed between one of thetransmit processor
outputs and a beamformer to delay the signal output from the transmit

processor by ¥ before the respective selected transmit beamforming weight is

applied thereto, the transmit processors having a cyclic prefix length of AV .

Advantageously, a processor to determine a power-delay-DOA profile estimate

for channel A(n;k) is provided and, based on the profile, determine: the length,

Ay | cyclic prefix to be added by the transmit processors; the delay ¥ ; and

the transmit beamforming weights.



AV , cyclic prefix to be added by the transmt processoriéD%&%ﬂ%e&ﬁ% V; and
the transmt beanform ng weights. 6 29 Decenber 2006 Conveni entfy, a
processor is provided to estinate a downlink channel covariance matri X
(DCCM fromthe uplink channel covariance matrix (UCCM to construct
transmt beanform ng weights. Preferably, the base station further
conprises a first processor to determ ne a power-delay-DOA profile
estimate for channel h(n;k); and, based on the profile, determ ne: the

|l ength, AV , of the cyclic prefix to be added by the transmt processors;
the delay V ; .and the transm e . m.ng j -} ; J rocessor
to estimate aca%mfeflﬁ% cahgﬁ%cg%sogof\%% ?Ognmceg %\férs' ?}%5 g roen%qlta %lgpl i nk
channel covar j@aggnd® itk (D) t Rogotitsd fiplibk t chanseti tovabiaacd anatiing

wei ghts. Conveniently, the transmt and receive processors are selected
from the groufJCChNss seristryctafans@RbvpmEmngweigMOVA processors.

Advant ageousl y, the communi cati ons system conpri ses the base station and a
nobil e term nal having a single receive antenna, a receive processor to
produce an oupRud ), ahalbadNdaorS RAGEr EbiBriks QfIer protesd@cddetériréneont put
signal. A further aspect of the present invention provides a nethod of
achi eving copbierektlaydd@Roprifilg estithater forsehanneli 4a@x:0; tapds bpsedr ayyBeicy
selective fading channels in a co ni cati on system having a base station
with nultipl eproﬁtqardsmninanﬂl@nhaghagg’ua ofrdhg cecliceprfindp hﬁ/i@id%e‘é byithe e

recei ve antenna, fthe th i Si th t f. . j dir i |t
b 1 amsal t ¢ cspproc R dbe (SAY L cunrieransSr A riBh Sl oy o 0ot
to produce at se'c&ﬁf%rg&%’ﬁor $6 RAlAHE aHoFABhE chAdnR) cSAtiBlce BaEHR (MTEM) espect i ve

out put; delaying o the space-tine encoded output signals by Ar;
appl yi ng respgahi the wgdinkcthadnel covariance matrix (UCCM) to construct transmit

beamforming weights.

Conveniently, the transmit and receive processors are selected from the group

consisting of: OFDM, CDMA and TDMA processors.

Advantageously, the communications system comprises the base station and a
mobile terminal having a single receive antenna, a receive processor to

produce an output signal and a space-time decoder to decode the output signal.

A further aspect of the present invention provides a method of achieving
combined beamforming and transmit diversity for frequency selective fading
channels in a communication system having a base station with multiple
transmit antennae and a mobile terminal with a single receive antenna, the
method comprising the steps of: providing a signal to be transmitted s(r);
space-time encoding a signal to be transmitted s(n) to produce at least two
separate signals s;(n),s2(r), each on a respective output; delaying one of the
space-time encoded output signals by A7; applying respective selected
transmit beamforming weights to the delayed and undelayed signals; feeding

the respective weighted signals to a signal combiner to perform a summing



transmt beanform ng weights to the del ayed and undel ayegggi &%Ie§2100[3eedi ng
the respective weighted signals to a signal conbiner to perrorma sunm ng
7 29 Decenber 2006 function of the signals and produce a signal for
transm ssion; feeding the sumed signal to each of the multiple transmt
antennae for transm ssion; transmtting the sunmed signals over the

physi cal channel h(k) with two tinme- delayed rays hl(k), h2(k); receiving
t he maj or conponents of the transmtted si%gg,ls at a sing eal{ngc i

ive
antenna at subwchen o4lthe sizralssanderiodhes a hgnal Joi FanimisioyeteSHIE I he

recei ved signal . Preferabl t e M Dok Yl hasggisdch that
t he del ayed sf’lﬁlﬁrﬁ?é S{gﬁﬁcpog%%cgl Pﬁ#%u%‘rqﬁ%?]e raﬁla%%%ﬁ%%?ﬁegn thelbase
station nultiphfntifRpIHe fumBed apnacoanthd ftesicelsbhmee] adtenittatwontimlest t he

undel ayed signal only goes through another ray h2(k) befween the base
station multipileyedrays fi(k), dnttsrmeesving the ogory EEmnopents A dhn FaneRifoeni ent | v,

the delay Ar i.s derjved from.downlink c g?ﬁl- i r 0. Adqfusdher aspect
of the presen?lg‘ilaﬂ%éé? ﬁglﬁfeprre&}yaggtegn %ts:’le?l%s a %I%IE&I%S%E%%’?@FSB transnit
ant ennae for ﬁﬁgﬂywdﬁ%tﬂhggedéj\kbs ppbile term nal having a single receive
ant enna over physical channel h(k) having two tine-del ayed rays hi(k),

h2(k), the base station conprising: a space-tinme encoder having an input of

i | to b itted d.at | t t s
Separate si gnaiereral aCE TR TULHER T orp oD, HEY LR AR iR eao 2
out put. f om t ity SRACRbh 4P ofl EAUAIPBEweaPBIY bl Aatighamaliple baastiior mi ng

wei ght thereto,; si gnal~ conbi ner receiving signals fromthe beanforners
and oper abl e 4rmermee fandnthe seive reptdnnac wbdst 8fc undpbaysi grignad elprEoLhe

B o oA, ] 2 L SRR Bl SOl ™ 1

and the receive antenna.
Conveniently, the delay A7 is derived from downlink channel information.

A further aspect of the present invention provides a base station with multiple
transmit antennae for communicating with a mobile terminal having a single
receive antenna over physical channel A(k) having two time-delayed rays
hy(k), hy(k), the base station comprising:

a space-time encoder having an input of a signal to be transmitted and at least
two outputs each producing a separate signal, at least two transmit
beamformers each receiving an output from the space-time encoder and
applying a transmit beamforming weight thereto; a signal combiner receiving
signals from the beamformers and operable to perform a summing function of
the signals from the beamformers and produce a signal for transmission by
each of the multiple transmit antennae, wherein a delay of A7 is interposed
between the space-time encoder and one of the beamformers such that the
major components of the transmitted signals are received at a single receive

antenna at substantially the same time.



bet ween the space-tine encoder and one of the beanfornerigipch th t he
ecember 2006

maj or conponents of the transmtted signals are received™at a single
receive antenna at substantially the sane tinme. 8 29 Decenber 2006
Preferably, the comrunications system conprises the base station and a
nmobil e term nal having a single receive antenna and a space-time decoder to
decode the received signal. One aimof the present invention is to seek to

achieve, at the nobile termnal, . diversit ai n, .beanf orm.n in as well

as del ay spr ebepferabiiic i somEIumtiaRte SIS %W%Eé?%g’ea%ﬁ%?sé%?’gﬁ% nPwith a

mul tiple ant e&%ﬁil?%{xﬁﬁnal -ﬁgﬁng(&vs?#%@ggc%iv%fanwﬁﬁa %H@%dégﬁ?élﬁﬁleﬁecém_t@r esent
as follTows: ea

i nvention are rmng gain and transmt diversity are

achi eved si mulidcaieeiesbocived dSBamed on power - del ay- DOA profile, delay spread
is reduced adaptively. In two-ray environnment, a frequency sel ective
fading channel is transferred into a flat fading channel, yet the path

diversity gaipn is. i.nt ai . I rau: i , We can
transfer a Ioﬁae ger gﬁ%hserﬁr%aggmgﬁrg%ﬁlglf lt(} %q[eiéqéagthgxﬁ{, Eggeggg%%?ggﬁﬂ?ﬁannel ,
yet still maigivadsily t peinpascAmfsinies Sidiy @aiwell W tdelajelspyead predudtioeduct i on
and conbi ned beanform ng and transmt diversi t%, the invented systens
provi de high sm@bmqwmlygwéméﬁ&ﬁe spetion wigha OyelEle eena A i ssi on power .
The invented systens al so enpl oy adaptive nodul ation to further inprove
the spectrum efficiency based on the diversity order and channel

conditions. FlReadRRiab& $rerdTEmBoditsnty SHtkk pYeskhtThieioyiredsyfollowms: size and
battery power.

e Beamforming gain and transmit diversity are achieved simultaneously;

e Based on power-delay-DOA profile, delay spread is reduced adaptively.

e In two-ray environment, a frequency selective fading channel is
transferred into a flat fading channel, yet the path diversity gain is
maintained.

e In hilly terrain (HT) environment, we can transfer a long delay spread
channel into a short delay spread channel, yet still maintain the path
diversity gain.

e With delay spread reduction and combined beamforming and transmit
diversity, the invented systems provide high spectrum efficiency, yet
consumes less transmission power.

e The invented systems also employ adaptive modulation to further improve
the spectrum efficiency based on the diversity order and channel
conditions.

e The mobile terminal is usually limited by physical size and battery power.
The invented systems put the complicated processing at the base station,
rather at the mobile terminal. Thus the mobile terminal complexity is
reduced.

e The invented systems are well applicable for the applications which require

high data rate for downlink transmission. These applications include, for



The invented systens put the conplicated processing at t base station,
rather at the nobile terninal. Thus the nobile terninal ggr?ﬁf%&iefé&)l?’s
reduced. The invented systens are well applicable for the applications
which require high data rate for downlink transm ssion. These applications
include, for 9 29 Decenber 2006 exanple, high speed downlink packet
access (HSDPA) in 3rd generation partnership project (3GPP), wreless
internet, and wirel ess nulti ia_. Gco njicatio ordar that. the

pr esent inventiéﬁmﬁﬂﬁ>%@hﬁﬁ?gfg% i g%%ﬂ%?@?ﬁbaigDég%Hﬂ'néﬁ??aﬁﬁ%reof will
now be descri be y..of e €, i\ . r h anyi ng
drawi ngs, in wh %%&%P%&r@eit ?%1?1?% ¢ %1\?\4[1%513' lsn&glfl?’c%gmii}ge%i glél?[%&ﬁp
illustrating Al asmuiuhicatiggr nutation transmt diversity nmethod; Figure 2 is
a schematic diagramillustrating a nmethod enbodyi ng the present invention
using transmt diversity with pre-equalization for frequency selective
fading channels; Figure 3 (Prior Art) is a schematic diagramillustrating
ort hogonal frequency division multiplexing (OFDM with transmt diversity
at: (a) a tramsmddrefhiat a6 pfebont dinvestiny efiay Fieguiicee 4repdily amndérstjodi s a
schematic diagramillustrating OFDM conbi ned beanform ng and transmt

di versity forembodimentsi thereehavilenew be gleseribed; dya wey hehgrrapl; é’é‘ﬁhm

illustrating a.nmet hod . .enmbodyi ng.the pr .Lnvention using OFDM wit h

conbi ned bearFEFHH Oﬁjﬁ&cf?%@%“ﬁ@?‘glggéﬁ%mé‘{hf (a) a transmtter; and (b)
a receiver; Figure 6 is a schematic diagramillustrating a nethod enbodyi ng
t he present .
Figure 1 (Prior Art) is a schematic diagram illustrating Alamouti’s permutation

transmit diversity method;

Figure 2 is a schematic diagram illustrating a method embodying the present
invention using transmit diversity with pre-equalization for frequency selective

fading channels;

Figure 3 (Prior Art) is a schematic diagram illustrating orthogonal frequency
division multiplexing (OFDM) with transmit diversity at: (a) a transmitter; and

(b) a receiver;

Figure 4 (Prior Art) is a schematic diagram illustrating OFDM combined

beamforming and transmit diversity for flat fading channels;

Figure 5 is a schematic diagram illustrating a method embodying the present
invention using OFDM with combined beamforming and transmit diversity at:

(a) a transmitter; and (b) a receiver;

Figure 6 is a schematic diagram illustrating a method embodying the present

invention using combined beamforming and transmit diversity for two ray

10



i nvention using conbined beanform ng and transmt diver Sizb%efé’rbt%sr ay 10
29 Decenber 2006 (TR) frequency sel ective fadi ng channel™s at ef a
transmitter; and (b) a receiver; Figure 7 is a schematic di agram
illustrating a nmethod enbodying the present invention using OFDM wi th
conbi ned beanform ng and transmt diversity for tw ray (TR) nodels at:
(a) atransmtter; and (b) a receiver; Figure 8 is a schematic di agram
illustrating a nmethod enbodying the present invention using OEDM w th
conbi ned bean{BRhifreguenty seleptivei fadimeyehagnely #lod) TitfagmiiEs, g‘?% (a\—fﬁ) nodel s
at (a) atrangsmtter; and (b) a receiver; and Figure 9 is a schematic
diagramill usf?cgfvieﬁg a net hod enbodyi ng the present invention using OFDM
wi th conbi ned beanformng, transmt diversity and adaptive delay spread
reduction: at (a) a transmtter; and (b) a receiver. DETAILED DESCRI PTI ON
OF THE | NVENTF@ureTRds proekesmatici diggrami instrasing| a/@sthad smbhedying the aressntnul ti pl e

t t the b .St i Lo i 1 the d i : | f
Wit ol oes comitiengan wine QbR mi Ao e Bl AL RO @
limting int eﬁL&fa?QTR) RRIGEMaf: 08) a triMibrtier! 8ndO(b) & kédeiveg! i mportance

especially in multinmedia communi cations. Transmt diversity is a powerful
techni que when receive diversity is inpractical, especially for nobile

termnals with, size.and/,or power |im.tati.ons. t .can al.so.be used to
further inproVEUH Fﬁﬁheﬁ@%lc\gﬁ?ﬁ?f@g‘hg%@ﬁmg Romgod Fg’é’8?¥}8g ARy i s
avail able. In; L ®hel Hehh RTRIY anderdnS@R M drsiBCdi I es
several tine- mgg afe%%a%?%ﬁ%g-%gcal gd and di recatu} on of arririllglC (DA

dependent ver Billgsterraiof{HR) trrodels @t () e dragsmgittat; and\ilpa tepaveraxidum ti me del ay
between the first- 11

Figure 9 is a schematic diagram illustrating a method embodying the present
invention using OFDM with combined beamforming, transmit diversity and

adaptive delay spread reduction: at (a) a transmitter; and (b) a receiver.

DETAILED DESCRIPTION OF THE INVENTION

The present invention revolves around the use of multiple antennas at the base
station to improve the downlink performance of a wireless communication
system. Downlink beamforming is effective in limiting interference pollution,
which is of critical importance especially in multimedia communications.
Transmit diversity is a powerful technique when receive diversity is
impractical, especially for mobile terminals with size and/or power limitations.
It can also be used to further improve downlink performance even though

receive diversity is available.
In a multipath propagation environment, a receiver acquires several time-

delayed, amplitude-scaled and direction of arrival (DOA) dependent versions

of a transmitted signal. When the maximum time delay between the first-

11



29 Decenber 2006 arrived and |ast-arrived versions of a2§iD%n%Lb abopg the
. . . e

various paths is smaller than the synbol interval, thesé paf S are not

resolvable in the tine domain. However, these paths are resolvable in the

spatial domain as they may cone fromdifferent DOAs. Since each path may

experience i ndependent fading, using a beanform ng antenna array, one

obt ai ns several independent channels, to which transmt diversity is

applicable. Wien the maxinumrel ative delay |s g{ eater than .the nbol
interval , a ﬂﬂé‘@d@ﬁé&a%'@%‘@@i‘@é“‘?%cﬂfﬁgﬂgﬁiﬁl?é‘g L%V@H?érﬂ? 18 Eiddency
selectivity i benefj ¢i L ey I I 3 Y i so yields
i nter-synbol %}llaﬁlt @F 1?5 gé‘é?\%%lt%?@l ?l%\?élﬁ%%pﬁreégges{te{%él%blg %gg%egélgddcg%ﬁ%'he

recei ver. Thi $lowher aisss @atheeo reslvable dn alid spminedanavalsghéy amy ichmedat a
transm ssion rate increases. One vvag to suppress ISl is t

use..

equal i zat i on &tom Hiffarent QA Siree cash Bt Ml CXPEHCIEH l’é‘%f‘ll?ﬁlll‘?%gc?dl%v\ever,
depends on the frequen Lesponses t i . ifically,
%F?Igﬁ%@%gn?enn AT &,Soneﬂog)\t/%ﬂﬁdfelvgﬁf 11191{3 | hiSchamiRgs ! y

when the chanh&f€§ respons eep nu na certain

frequency bang, whi3g 1@k dAESitQHs &plivableyi el ds noi se enhancenent, the
effect of which can degrade the diversity gain obtained by the frequency

selectivity. On the other hand, An adaptive equalizer often pronotes error

ti bl when deci sj.on-.dj t ed I f
Gl Ghate,  and” SEnCBRpaRPLYY arotRG oot o evey IO Prenftferd 85 °1 7 Che

del ay spread k3gldatyaelctiR MRIingRhBAMEI 06 dRENEHENIFeqlerdcy §cdectiotiyice t he
del ay spread using adaptive antennas at the base station. For exanple, if
the base st at benefikiabwlor t smbieviig elivdrsity, ohovegver,v #l alspomieldsniimensnboh of each

del ayed versipn of the ceived signal, it can then,form.a beam. o one
path whil st a}‘?ﬁ?&iﬁ_"ﬁ’ﬁ €I§f> mehighs nggdss fp He  SURRFESH agaﬁhﬁsre ?lgfrhe%s of the
other paths. bt bflefolBERIes théi8 aﬁﬁgﬁérﬁ préwilldit AR kheOddty tiafRikMes rape path of

each transmtted signal. This nethod, ) .
increases. One way to suppress ISI is to use equalization at the receiver. The

performance of an equalizer, however, depends on the frequency responses of
the wireless channels. Specifically, when the channel’s frequency responses
have deep nulls in a certain frequency band, the equalization output yields
noise enhancement, the effect of which can degrade the diversity gain obtained
by the frequency selectivity. On the other hand, An adaptive equalizer often
promotes error propagation problems when decision-directed symbols are used

as reference signals, and the complexity of the equalizer is further complicated

if the delay spread is large.

Another method of reducing ISI is to reduce the delay spread using adaptive
antennas at the base station. For example, if the base station knows the
direction-of-arrival (DOA) information of each delayed version of the received
signal, it can then form a beam to one path whilst arranging for nulls or small
antenna gains at the DOAs of the other paths. In this manner, the mobile
terminal only receives one path of each transmitted signal. This method,
though simple in signal detection, sacrifices the diversity gain since use is only

being made of one path.

12



though sinple in signal detection, sacrifices the diversbhhp.Qaiar §joace use
is only being nmade of one path. 12 29 Decenber 2006 Conpared to receive
diversity, transmt diversity has received greater attention during the
past decade. Delay diversity as disclosed in AL Wttneben, "A new

bandw dth efficient transmt antenna nodul ation diversity schene for |inear
digital nodulation", Proc. O |ICC 93, pp. 1630-1634, 1993, is one early
transmt diversity technique using multiple transmt antennas. This nethod
transforns a flat fading channel into a frequency sel ective fadi ng channel

maki ng use of Ffa %l?)g%gn[\g;{ecgfvg%g‘;&sti%ﬁﬁp eoMalL; Easirgfé;g&%gﬁgr #lentibg nobile

termnal in o conpensate e artiticrally 1 nduced I SI. The
per formance ofiufdifiethe @l degsle. dRpandisesity hhdiséibeduantyWitepen,t'A ndw t he

channel s. Further, an adaptive equalizer often pronptes err&zr Ero agation
probl ems whenbatdalidthsrifigienteansmits ynipriasmaddatione fivasity SeReRn &y ‘i‘eﬁﬁal s. In
fact, it is shown in Y. C Jiang, ~¥. ddqand K dhoRe3li 3 Fraghdichiiyy of
transmt di vgllggf{ﬁt 910]‘181[:1&?%_, 11%8 'TBkjl&dsdy% ’eﬁ%16]319506(:3 .h’ 399%”% ' 98,e p%.
2321-2324, 19Q8smit Bakrsith @echhiific Rl PXD phesmif magueacy This method 40 Hz,
this diversity nethod is even worse than that without diyversity. In S M

Al anouti, "A traisipins a fahdading chammekiinty a denwengl eselestveipding shannel

conmuni cations",. | EEE _Journal of | ect ed Ar.eas. i i j , Vol . 16,
No. 8, pp. 1451M¢kigg use & %Pn%‘gﬁ?m 'arﬁth“ﬂ“aper%p‘S ea@%“é? Irtr%?g’!to?g?n

diversity nmetadiMAserdePelol CompaRatel FoSithe | aifitiallyremmidn@dd- 18K i Dheorbi ni ng
(MRC) receive diversity. This nethod only requires a sinple receiver
structure. Mopefamascealof ttharspilizer dlopendsi by thet fieansney ororerer pEd o as

space-tinme codi ng nmejfhods as di scl osed..in V. Tarok . . and A R
Cal der bank, " ?slst #Wéhe&oa’éé %thehF‘Q’r"i‘ha%{t gften, prEmgies gf‘é)ggﬁtc;ﬁa%%%l?cati on:
Performance analxilsSwhdidd&Rd6h-Rasdd Wehbdi ase used as reference signals. In

fact, it is shown in Y.C. Liang, Y. Li and K.J.R. Liu, “Feasibility of transmit

diversity for IS-136 TDMA systems”, Proc. Of VTC *98, pp. 2321-2324, 1998,

that when the maximum Doppler frequency is over 40 Hz, this diversity

method is even worse than that without diversity. In S.M. Alamouti, “A
simple transmit diversity technique for wireless communications”, IEEE
Journal of Selected Areas in Communications, Vol.16, No.8, pp.1451-1458,
October 1998, Alamouti proposed a permutation diversity method, whose
performance is similar to maximal-ratio combining (MRC) receive diversity.
This method only requires a simple receiver structure. More general transmit
diversity methods are referred to as space-time coding methods as disclosed in
V. Tarokh, N. Seshadri and A.R. Calderbank, “Space-time codes for high data
rate wireless communication: Performance analysis and code construction”,
IEEE trans. On Information Theory, vol. 44, No. 3, pp. 744-765, March 1998.
Space-time codes include space-time trellis codes (STTC) and space-time

block codes (STBC). In fact, permutation diversity is the simplest class of
STBC.

13



| EEE trans. On Information Theory, vol. 44, No. 3, pp. 714411890 N o%h 1998.
Space-tinme codes include space-tine trellis codes (STTC) and space-ti nme
bl ock codes (STBC). In fact, pernmutation diversity is the sinplest class of
STBC. 13 29 Decenber 2006 Figure 1 illustrating Alanouti's pernutation
diversity nethod shows the pernmutation diversity nethod with two transmt
antennas 1, 2 equipped at the base station (BS). The signal s(n) to be
transmitted is first coded in a space- tine coding, m)duLe 3, The ]3 ace-tinme

codi ng nodul eFi@ugork#lustating Alempeive rproggajon | 4vesisy dnghed shewpdhe and two
out put ports. _The. input port . e tr ] 0), s(1),
.... The two %Wfﬁtmgoi“fegs“é'r%(%t?lgg%?ln&x{be%%ngr?ggmntrnggg’e%? %gﬁ%ﬁ‘%tﬁg‘% signal s
sl (t) and s2(pase@tatibh TBS).NThabiegal st7) Bt kraRmltedeire doded iram spacen i nt eger,
as follows. t = nt=n+tl SO s(n) /-~2 s*(n+l) / s2(t) s n+1I) /[, -52 -S (n)
/ 12 At a si nigme codivgimpdulert dhaaspasedime ¢psingppdule g avarkhia the fdlogiigghal s

received at tine . instants t=n_and t=n+_1 are. gi = (n) +
a2s2 (n) + W(W?y'(Iﬁ.;iaS Q{‘%lﬂ%“}:&f’gﬁ ?‘%41‘5‘4 SRY (RS ﬁ‘fﬁfﬁﬁf ﬁé’%”*%é‘?@% and a2
are the respegliuein&haniGlce KOPIMSES.. ThOBYS Bphtorts36wHE, lin 2¥peRRAS 1, 2 tO
the receiver antenna 4, respectively; w(n) is additive white Gaussian

noi se ( AVGN) . redjieetivecepwiesirsison@) aridss,@)ds Seapiestanty rde eadietHy whike space-ti me
decoding nodul e as foll ows, E) ecifically, equations (1) and (2) can be
written in mef@pgvenigieger as fol e‘S@( n) s(n) s(n + 1) a, wn)

t=n t=n+l
Sl(t) s(n) /\/—?: s*(n+1) / \/5
52(2) s(n+1)/ 2 s’ () /2

At a single receive antenna 4 at the mobile terminal the signals received at time

instants t=n and t=n+1 are given by

x(n) = a;s,(n) + ,5,(n) + w(n) €))

x(n+)=as(n+)+a,s,(n+1)+wn+1) )

where o and o are the respective channel responses from the two transmit
antennas 1, 2 to the receiver antenna 4, respectively; w(n) is additive white

Gaussian noise (AWGN).

The received signal is subsequently decoded by the space-time decoding

module as follows. Specifically, equations (1) and (2) can be written in matrix

forms:

Cx(m) ] [ s s+ I)J[al:'+[ w(n) j’
x(n+D| 2|sm+D) -5 || |wrn+]) 3)
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11 * (n + 1) - s* (n) a2 + m(n + 1) (3) x(n + 1) V2 s 14 Dece r. 2006
x(n) a, a2 [s(n) +wn) 11 X (n -a2 al s(n+1))[w‘(n+1)2§i>)ece emﬁaﬁf
Therefore, channel coefficients can be estinmated via equation (3) using
training symbols; while equation (4) can be used for signal
estimation/detection. This signal detection nethod is also called
pernutation decoding. It is pointed out that, as opposed to del ay
diversity techniques which require a conpllcated equal i zer at the
aecelve{, t he fha§Zeunps I e uqn ag]:spgng d&bbé%ion for pernutation

iversity invol ves ver | e mungeri | Al so, ,conpared to a
one-transmtter/t - é?’ rggePS Q%Lg S|?3%fgb ni que, zﬁegpthough t he
pernutation diversity nethod has a 3 dB perfornmance | oss, achi eves the
same order of diversity gain as receive diversity techniques using a

maxi mal rati orgRabid)i MnkdYREerAEIRIO acih. bPessitiatidl ofa diuationi () camg be
extended to space- time bl ock codes (STBC) and space-ti rre rel|is, codes
(STTO). Al tﬁmsmgcowaévoéschnélméeueaﬁ@mnt thvesas t per grsed s 119 rsighehg

t.
mothod 1o i reunaneytaeritt | DS A AR ARRLE Gl T reaf i S
greater than §digding.

It is pointed out that, as opposed to delay diversity techniques which require a
complicated equalizer at the receiver, the channel estimation and signal
detection for permutation diversity involves very simple numerical operations.
Also, compared to a one-transmitter/two-receiver receive diversity technique,
even though the permutation diversity method has a 3 dB performance loss, it
achieves the same order of diversity gain as receive diversity techniques using

a maximal ratio combining (MRC) approach.

Permutation diversity can be extended to space-time block codes (STBC) and

space-time trellis codes (STTC). All these codes achieve transmit diversity for

flat fading environment.

One example of the invention applies Alamouti’s diversity method to
frequency selective fading channels. When the delay spread is greater than the
symbol interval, frequency selective fading channels are observed. Figure 2
illustrates the system model applying Alamouti’s diversity method to
frequency selective fading channels. The transmitted signal, s(»), is first coded
using Alamouti’s codes in the coding module 3, with the two branch outputs as
s1(n) and sy(n). s,(n) and s,(n) are then passed into two pre-equalizers, 6, 7
having functions g(k) and g,(k), to produce two output sequences yi(n) and
ya(n). yi(n) and y,(n) are finally modulated and up-converted as RF signals,
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synbol interval, frequency selective fading channels are [ igure 2
illustrates the system nodel applying Al anmouti's diversiggggé?ﬁggﬂPg °
frequency sel ective fading channels. The transmtted signal, s(n), is first
coded wusing Alanputi's codes in the coding nodule 3, with the two branch
outputs as si(n) and s2(n). si(n) and s2(n) are then passed into two
pre-equalizers, 6, 7 having functions gi (k) and g2(k), to produce two

out put sequences yi(n) and y2(n). yi(n) and y2(n) are finally mpdul ated
and up- conver whighass RRt sitdgeabigh the1mnoit Batsandsd; 220 0Bysich ceannglsd @ént out

t hrough the tr 1t antennas 1, 2 as physical channels hl (k) and h2(k).
The functionsmgﬁéa%'and g2(k) of the pre-equalizers 6,7 are used to
pre-equalize the two physical channels, hl(k) and h2(k), respectively. By
designing the pre- equalizers with zero-forcing criterion, the overal

ks i Ll T i T
, ich .Al apou odi_.ng/.decodi ng . ne .can be used. Here

"+ " denot esthgtve g ‘Faéff‘m egp&( 3“82’.2 K ’rfemﬁaté\?d}f’o 3215?16‘?1“1? P pre- ’
pre-equali Zerﬁ]élgll’i);ers tHfin" S8lo-fo elriteQ6H, | ithd eo¥eRall hbhhel dBshoRgdsk) . shoul d

be known at t ase station/transmt antennas 1, 2. This can be done in

two ways. For gy Viki QUIURIEX LD SHS! dRAIsN Kvi heiae!

coefficients are e sane as uplink chann coefficients, which are

deri vabl e fr omatdoatiuptadike/dsiodimgt maihod n@nsyuriosdds dferdl T rid "t dewbtes ques (up to
a constant scaler%. For frequency-division duplex (FDD) systens, the base
station sendscoavelationpperatiimi ng synbols to the nobile term nal, which then
estimates and feeds back the downlink channel information to the base
station. The above nmethods are al so applicable for other space-tine codes.
Ot hogonal f rrag@scyy dbsieinsthe prévedualipdrexs, T)ghé cfaDharne]l aodfficientsandkef f ecti ve

and 7,(k), should be known at the base station/transmit antennas 1, 2. This can
be done in two ways. For time-division duplex (TDD) systems, downlink
channel coefficients are the same as uplink channel coefficients, which are
derivable from the uplink using training symbols or blind techniques (up to a
constant scaler). For frequency-division duplex (FDD) systems, the base
station sends a set of training symbols to the mobile terminal, which then

estimates and feeds back the downlink channel information to the base station.
The above methods are also applicable for other space-time codes.

Orthogonal frequency division multiplexing (OFDM) is a known and effective
method of combatting the large delay spread problem. The combination of
OFDM with a transmit diversity method not only suppresses large delay
spread, but also achieves transmit diversity gain. Figure 3 shows a prior art
OFDM system with two-antenna transmit diversity as described in Y. Li, N.
Seshadri and S. Ariyavisitakul, “Channel estimation for OFDM systems with
transmitter diversity in mobile wireless channels”, IEEE Journal of Selected
Areas in Communications, vol. 17, No. 3, pp. 461-471, March 1999. The

signal to be transmitted, S(n;k), is first coded using space-time codes in coding
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met hod of conbatting the |arge delay spread problem The 5ﬁ %g of
OFDMwith a transmt diversity nethod not only suppresse§ 8?&?’ q y
spread, but also achieves transmt diversity gain. Figure 3 shows a prior
art OFDM systemw th two-antenna transmt diversity as described in Y. Li,
N. Seshadri and S. Ariyavisitakul, "Channel estimation for OFDM systens
wth transmtter diversity in nobile wrel ess channel s", | EEE Journal of
Sel ected Areas in Conmunications, vol. 17, g{g.q{ém 47 l\/grch 1999.
The signal towogdalet3.arisiding e bepeh loptpuissas |9r(§ik) @6@ ( rnél(g%héé tine

codes in codi ) Decenber 2006. nod r h out puts
as S1(n; k) an‘g %@ﬁgﬁreéﬁen PP Rgo TSPRY Cu%ezlfm%ka}aogpé\x ![t %(La‘%hlggg;sce %n?(?c
respective noyiBle Sdghivk %%ﬁmf o REASRALS-Bnvdied MWRTSEgrily, pliich mee final |y
nodul at ed and up-converted as RF signals, which are sent out through

transmt ant esemhsutithroa®gh Apninhiéatenngs @, &ntenna receiver 4 at the nobile
station, the received signal is passed into a normal OFDM receive
processor 10, followed by a space-tine decoder nodule 5. Specifically, the

fast Fourier A'E @%%H@@a%&%ﬁﬂ r&fék@i’m atQH&EHBBﬁe Xtaitn, #k recdived signd)iS1(n; k) +
H2 (n; k)S2 X(n; k+1) =H1( n; k+1) S1(n; k+1) +H2( n;
k+1) S2(n; k+1) paésem lotd h nofril G)EDM)}recarvd 'Hr6)essastlOn fdjovendcby-2 (spaq@)tnm e,

respectlvely, t he Fourier transf f channel nses,

hi (n; k) bet weditofsramodiie %ntg éfocfﬂin& @égﬁ:\%nea f’%siﬁ?fg;?x#ﬁi% ?n; k)
between transglt,.aptenna 2 and receive antenna 4; Wn;k) is the FFT output
of the additive noi se, W(n; k), received at the receive antenna 4.

Permut ati on decodi ng nmet hods can be easily applied if Si(n;t) and S2(n;t)

t
2 X(n;k) = H (mk)S(n; k) + H, (n; k)S, (m; ) + W (3 k) (5)

X(mk+1) = H(mk+ DS, (mk+ 1)+ H,(n; k + DS, (mk +1) +W(nk+1)
(6)

In (5) and (6), Hy(n;k) and Hy(n;k) are, respectively, the Fourier transforms of
the channel impulse responses, /;(n;k) between transmit antenna 1 and receive
antenna 4, and hy(n;k) between transmit antenna 2 and receive antenna 4;
W(n;k) is the FFT output of the additive noise, w(n;k), received at the receive

antenna 4.

Permutation decoding methods can be easily applied if Si(n;2) and Sx(n;f) at

time instants =k and t=k+1, where k is an even integer, are chosen as follows:

t=k t=k+1
Si(m;t) S(rzk) IN2 S k+1) 1 V2
Sa(nst) S(nsk+1)/ 2 =S (k) / V2
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time instants t=k and t=k+ 1, where k is an even integer r as
fol lows: t=k t=k+1 S1(n:t) S(n:K) / h S*(n;k+ 1) / 82(%?@)(3?%%0%;9%@@1) /"
-S*(n;k) / h 17 29 Decenber 2006 Prior Art: Conbined beanform ng and
transmt diversity for flat fading channels. The above three nethods
(Alamouti's permutation diversity nmethod, a diversity nethod applied to
frequency sel ective fading channels and OFDM w th transmt diversity)
achieve transmt diversity gain for flat fading.channels r. freguency

sel ective fadifh§” cdnfermdinerh Beqry/areig @ Wélﬁﬂgg %@f’d%f?’bf%éiff‘/%’r” ity

ant ennas, i 'e'cha}%ng? antenna spacing is large, e.g., ten tinmes wavel ength,
typically. Figure 2 shows a known system conbi ni ng beanform ng and transmt
diversity for flat fading channels as disclosed in R Negi, A M Tehran and
J. Goffi, "Adaptive antennas for space-tine codi ng,.over bl ogk i nvari ant

mul ti path fadilhg etexantires meheds (dfamopfis peenuighon 7Hversty 189800, The si gnal

to be transmtted,, s is [first i : =t dul e 3,
Vel di ng o BrEmi b el @) REREEG, Hakide FadRE KRaldclPakPORDNIDAL ©
passed into (wh tmame WiverWERAEOEVERFBsthik db@rsitylgadnfbr fidt fadagmbeticle| v,

followed by a signal conbiner 13 which perforns a sinple sggm ng function
of the two i eputeguensypsebeitive rfgdiag sthgnrgls. x (The frapsmif FACHSs PHR&HP ch, in
vector form is as

pati al el ectivsry snnbSaf ofhaeputRGned nfie g bl he CipeRl €17

hal f wavel engghpicatpd the nunber of transmt antennas IA 113, 2, M is

Figure 4 shows a known system combining beamforming and transmit
diversity for flat fading channels as disclosed in R. Negi, A.M. Tehrani and J.
Cioffi, “Adaptive antennas for space-time coding over block invariant
multipath fading channels”, Proc. of IEEE VTC, pp. 70-74, 1999. The signal
to be transmitted, s(z), is first coded using a space-time coder module 3,
yielding two branch outputs as s1() and s,(n). s1(n) and s»(#) are then passed
into two transmit beamformers 11,12, w; and Wo, respectively, followed by a
signal combiner 13 which performs a simple summing function of the two
inputs to producing a signal x(n) for transmission which, in vector form, is as

follows:
x(n) = wi's,(n) + w; 5,(n) (D

To obtain spatial selectivity, the antenna spacing, d, is set to be small, e.g.,
half wavelength, and the number of transmit antennas 1A, 1B, 2, M, is
greater than two. This is a beamforming antenna array, instead of a diversity
antenna array. Suppose the physical channel consists of L spatially separated
paths, whose fading coefficients and DOAs are denoted as (@.(0,8,), for

k=1,-,L  If the maximum time delay relative to the first arrived path is
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greater than two. This is a beanform ng antenna array, i ead  of
diversity antenna array. Suppose the physical channel cgﬁg)ie%e&bero%ﬁﬁ
spatially separated paths, whose fading coefficients and DOAs are denoted
as (ak (t), 9k) , for k =1, , L. If the mximumtinme delay relative to
the first arrived path is 18 29 Decenber 2006 snaller than the synbol
interval, a flat fading channel is observed, and the i nstantaneous channel
response, hd (t), can be expressed as follows: L 1, hd (t) I, ak (t)ad
(Bk) (8) k=1smhlarehanithekgymbsl iiervaloarflat fading sbannglyis ?IBPd%ﬁnd[Sgﬁ Bk. The
received signal, y(n), at the nobile termnal is given by y(n) = wH hd
(t)sl (n) + V\ﬁmﬂlntudeéus)mah}rewom(en%"d(f)Q)GaIBbe eramesseches folloye) = WH hd (t)
,132 (t) =w2 hd (t) , the transmt beanform ng weights can be estimated
by maxim zing the cost function: J = EI/.31 (t)l12 + EIN2 (t)I2 (10) s.t.
EU 1(t)212(t)i=0 (11) Maxi mum average signal to noise ratio (SNR) is

obt ai ned by naxi ms;(r)g:mmad(ami |l e condition (11) guarantees that A (t)
and 2 (t) are statistiwmally uncorrelated, thus nmaxi nrumdi v&rsity gain can
be achi eved. Conmparing (9) with (1), with the aid of downlink beanform ng,
two statistical uncorrelated fading channels, A (t) and Q (t) have been
artificially generated, 19 29 Decenber 2006 wth which space-tine

decodi ng can be used to recover the transmtted signal, s(n). For

Al anouti's diversity nmethod, pernutation decoding is applied.

where% (%) is the downlink steering vector at DOA 0y, The received signal,

y(n), at the mobile terminal is given by

y(n) = Wi by (s, (1) + w3 by (6)s, () + w(n) )

By denoting Ai(®)=w"h(®, Bo®=w'hy () the transmit beamforming

weights can be estimated by maximizing the cost function:

J=EB o +Ep)| (10)
i Ela0B@]=0 (11)

Maximum average signal to noise ratio (SNR) is obtained by maximising (10);

while condition (11) guarantees that A() and A.(t) are statistically

uncorrelated, thus maximum diversity gain can be achieved.

Comparing (9) with (1), with the aid of downlink beamforming, two statistical

uncorrelated fading channels, £1() and £.(®) have been artificially generated,
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corresponding to the two | argest eigenval ues of the downli Ak Channe

covariance matrix (DCCM: Rd = E[hd(t)hd (t)1 (12) where the expectation
is conducted over all fading coefficients. Suppose all paths have the sane
average power, or El ak (t)12 =11L, the DCCMis given by L Rd =L ad (Ck
Jad (k) (13) For TDD, DCCMis the sane as uplink channel covariance matrix
(UCCM. For FDD, there are two ways to estimate the DCCM . both of which
are based othhéfol@lcwaWrélfnwcpfﬂmgéﬁdb‘%ik}%‘?ltpﬁ%@?b&‘ﬁl“@n%ﬁ?aﬂﬁ?@ the same

DOAs. The fir thod estipate p?bﬁ : syt he received
upl i nk si gnal @sff(?‘?régampﬁt(iﬁ ¢ons rntnu%ﬁ% ‘the @%tlvxﬁi Jlleﬁgalglgzse%png vectors, ad
(Ck) 's, and further DCCM Rd via equation (13). The second net hod

estimates DCCM from UCCM directly via frequency calibration processing as
di scl osed i n Yhc optimahnigansmdt beargirming' tj Mectore apeo i ﬁtﬁeﬁ’é‘%c%éls for

capacity enhancenenf i i,r el ess. communi cat.i on systenr., .1 e Patent
Appl i cation I\qurre@m%%h?hf‘go nREEd CHSBLAS: Ql?né)%l M gg i mation and
i ts associ at egyaRghdesndhe(BEENM):Si npl e to inplenent. 20 29 December 2006
This system achi eves diversity ‘gain and beanform ng gain sinmultaneously for
flat fading environnment but it is desirable to extend that systeminto a
frequency sel ective faﬁ:@ng HenH'i ronment. For nobile wirel ess comrunications
wi t hout beanf or mi n§, = EeAhadMay (TR) nodel, typical urban(J2YU) nodel, and
hilly terrain (HT) nodel are three commonly used power-delay profiles.
When downl i nk beanform ng i s added,

where the expectation is conducted over all fading coefficients. Suppose all

The optimal transmt beanform ng wei ght vectors are the %%enveDcF%OE

Ela, @) =1/L s
paths have the same average power, or ‘ak( | = , the DCCM is given by

R, ==Y a,(68,)aj(6,)
k=1

b~ =

(13)

For TDD, DCCM is the same as uplink channel covariance matrix (UCCM).
For FDD, there are two ways to estimate the DCCM, both of which are based
on the fact that uplink and downlink signals go through the same DOAs. The
first method estimates the DOAs of all paths from the received uplink signals

first, then constructs the downlink steering vectors, %4 (@) °s, and further
DCCM R, via equation (13). The second method estimates DCCM from
UCCM directly via frequency calibration processing as disclosed in Y-C.
Liang and F. Chin, “Downlink beamforming methods for capacity
enhancement in wireless communication systems”, Singapore Patent
Application No. 9904733.4. This method does not involve DOA estimation

and its associates and is therefore simple to implement.
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a power-del ay-DOA profile should be considered. In picoc %lo’ m'bcrg %I |, and
macrocell with TU nodel, there is |less correlation betwe S?ﬁmh “de ays and
the DOAs. However, in macrocell with TR and HR nodels, the path delays are
usual ly statistically dependent on the DOAs. W will show that for
different environnents, there exist different schemes to achi eve conbi ned
beanform ng and transmt diversity gains, as well as nmaxi mum spectrum
efficiency. Another exanple of the invention utilises OFDMto obf}ﬁ)ai n
conbi ned ~ bealhisrsyitey ashigves dimenity geinvad deampformingngaie nBEEREVIH 0§ and

transmt diversity.can be achieved. by usi OFDM. f or, f.r sglective
fadi ng channef'a %%%PBV@O%%\R&“?% lél%ﬂ:g@?/s?e%w%(fﬁh%oﬁgﬁﬁggx%egm or mi ng
and transmt gje%f‘eh%.@éfccﬁ@%iﬁ QHERnmEOM i s sel ected as one exanple to

e

show how t he ay spread can be reduced, while yet maintaining
beanform ng and transmt diversity gain, other exanples being other

mul ti-carrier_nodul ati on, schenes,. such a = . MC-, DS- CDIVA singl e
carrier systeRe RPbifp Wrglest oppupnicatiopy v lﬁpg/ﬁg?ﬁr?ﬁgﬂl%i HWEW Oartayt(ﬁgsjkt h tone
of the nth bl sl Jurbies (T d inPAIE) Fhdel QFe WEELEHY
space-tine colgl(géeli c%%luﬁgéénégm zﬁ%(,ﬁgyf% g%nr}\’gktﬁ\%nbagrgnch out puts, S1(n;k)
and S2(n; k). &Gmokly veatp&dratelly profilepa¥8ed domnbink bemp®cmingds addadal OFDM

transmt processors 8,9, follgowed by two transm.t . be ornmers, 10,11, (wl
and w2) res pe@:PPW@T@QMYTP@%@&W%&WW%@%‘&%@F? ard plc?fealgg%%‘%lb@? 2006

finally conbi %&og&%&t‘{? ﬁgﬂg@gﬁ, thire 1814 E5A0BA Beddedathh BEIRYGIMAIAE transmi t

antennas | A, ase’ statron antenna array.” Wth the base station

ant enna ar r ayDbDAs. IBowéver,t inenspoqeliexith dRelahHR megels shapathi detaysfara wi r el ess

channel inpul se response can be described as_the,  foll %W' r%g (Y?fct or form
usually statistically dependent on the DOAs. We will show that for differen
environments, there exist different schemes to achieve combined beamforming

and transmit diversity gains, as well as maximum spectrum efficiency.

Another example of the invention utilises OFDM to obtain combined

beamforming and transmit diversity.

Combined beamforming and transmit diversity can be achieved by using
OFDM for frequency selective fading channels. Figure 5 shows the OFDM
system with combined beamforming and transmit diversity. Even though
OFDM is selected as one example to show how the delay spread can be
reduced, while yet maintaining beamforming and transmit diversity gain, other
examples being other multi-carrier modulation schemes, such as MC-CDMA,

MC-DS-CDMA and single carrier systems with cyclic prefix.

The transmitted signal at the kth tone of the nth block, S(r:k), is first coded at
the base station using space-time codes in coding module 3, yielding two
branch outputs, Sy(m;k) and Sy(m;k). Si(mk) and Sy(m;k) are passed into
respective normal OFDM transmit processors 8,9, followed by two transmit

beamformers, 10,11, (w; and w,) respectively. The beamforming outputs are
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hd (t; r) - Y ~YmI| (t)ad (em!) (r - 2m) ml| (14) wherge rmis del ay
of the nth path resolved in tinme, Ym! (t) and ad (Bmr) zgtpgcer?t}%%g%rml ex
anplitude and downlink steering vector corresponding to Ith DOA of the mh
del ay path. Because of the notion of the vehicular, Yml| (t) 's are

wi de-sense stationary (WSS) narrow band conpl ex Gaussi an processes, which
are zero-nean and statistically independent for different ms, or |'s.
Suppose all Ym!| (t)'s have the sanme normalized correlation function, r(t)
2 (r(0) =1), BHAllpessbibéd irdh thabimet 1ayardagenspotiet out thyoughtthe fragyin | (t
+At)Ym! (tl1 = clr(At) (15) The Fourier transform (FT) of h(t, r) at tine
instant t is gitemmas b, H, 7 of the pase station apfenpg augdy z¢ zdr = | zy,,! (t)ad
(Bm1l)e-)2rzfz,n (16) For an OFDM system with bl ock I ength Tb and tone
spacing ft, the discrete value of H(t; f) is given by 22 29 Decenber 2006
Hd [n; k] AHd (D the batd statidn ! antéina fmdi3 MadiBem, |thy " complex2\haseband 1 (117)
thus the correlation function matrix of the frequency respanse for

di fferent ti repsesentetid efcpiwirgless chagng)i igwpylsgFespgniearp I?QK‘%S—I Fﬁtﬁﬁ + An; k
+ AkK] Hd [ n; kgl =.r(AnTb 2)~ ei2 ™ RI,MM(18) Rd, m=J6m1l ad (Bml
yad (em 1) whEHWing €AREOMyun| i nk channel covariance matrix correspondi ng
to the nth delay path. Note for An = 0 and Ak = O,

hy(t;7) = ; Z}/m,l )a,(0,,)5(r-7,) 1)

where Tn is the delay of the mth path resolved in time, 7! @) and %Ons) are

the complex amplitude and downlink steering vector corresponding to /th

DOA of the mth delay path. Because of the motion of the vehicular, Vi ®) g
are wide-sense stationary (WSS) narrow band complex Gaussian processes,

which are zero-mean and statistically independent for different m’s, or I’s.

Suppose all 7mi ()>s have the same normalized correlation function, ” ®

2
(7(0) =1y, but possibly different average power, 7, then

E[?’m,z(f‘i'Af)}’;,l(t)]:O',i,z’"(At) (15)
The Fourier transform (FT) of #(:7) at time instant # is given by

1,610 = b0 e =TT s Oneo

For an OFDM system with block length T, and tone spacing J+, the discrete

value of Z( /) is given by
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rd [0;0] = YZ6m1l ad (em1l)ad (eml) d (19) m1 At the2 lglcémeoet%()%i nal
t

single antenna 4, the received signals are first passed “into hor fral’ OFDM
recei ve processor 10, followed by a permutation decoder 5. Wthin the
normal OFDM recei ve processor, the FFT output becomes X [n; k] = wH Hd [n;

K]S1 [n; k] + w2 Hd [n; k]S2 [n; k] + W[n; K] (20) X n; k+1l] = wHHd[ n;
k+1] SI [ n; k+1] +wZ Hd[ n; k+1] S2[ n; k+1] +Wn; k+l] (21) where Wn; K] is zero
mean AWGN. By denoting 81 = wl" Hd [n; k], A=w2 Hd [n; k], the

beanf orm ng wei ght g p@ﬂ]m@@s@ﬁ)as@ ypxnﬁa(xaa(eg,zq ﬁg"the cost _function: J =
El f 112 + E1fl 212 (22) 23 29 Decenber 2006 s.t. E[Q~f|2]£b)(23) Agaln

maxi mum average SNR i s obtai ned through maxi m zi ng equation (22); while
condition (23) guarantees that Pu and 2 are statistically uncorrelated,

thus maximum %u\éﬁgxg | e @abA ﬁgr?c@ioﬁqn@tﬁ;l' V& frebfi8nPiekpBHse toaaFrént

beanf orm ng wel vectors are the elgenvectors corresponding to the two

| argest ei gen&iﬁie@@ﬁdﬁtqwbﬁmmisrg{vmhwnnel covariance nmatrix (DCCM Rd. Rd =
E[Hd [n; k]H7 [n; k]] (24) Conparing equations (20) and (21) with
equations (5) and (6), with the aid of downlink beanform ng, two

uncorrel ated fadin ne ne Cheddag, space-time
decodi ng can be us @A’Tg ejé@ﬂz 9%2( &QW#WMPM%% Per"r‘f‘ut ation
decodi ng method can be applied if Si1(n;k) and S2(n;k) are ck(los)en as
fol | ows.

where - Z st d ! is the downlink channel covariance matrix

corresponding to the mth delay path. Note for An=0 and Ak =0,

r,[0;0]= ; 21: 0'31,1 a, (Hm,l )af (gm,l )éRd (19)

At the mobile terminal single antenna 4, the received signals are first passed
into normal OFDM receive processor 10, followed by a permutation decoder 5.

Within the normal OFDM receive processor, the FFT output becomes
X(n; k] =w H,[n; k]S, [n; k] + wi H [n;k]S,[n; K1+ Wn; k] (20)
X[k +1]=wi H, [nk +11S,[m ke + 1]+ wl H, [k + 11, [n k + 1]+ Wk +1]

(21)
where WIn;k] is zero mean AWGN.
By denoting A =i Halmkl B, = wy H,[mK] | the beamforming weights can

be estimated by maximizing the cost function:

J =B + B[ (22)
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t=k t=k+1 Si(n;t) s(n;k) /1 s*(n;k+1) /-F2 S2(n;t) s(n; -s*(n;
k) A frequency calibration nethod for DCCM estinmati on forzg%dbe}l\%%grder to
generate the downlink beanform ng weights, it is first necessary to
construct the DCCM A frequency calibration (FC) nethod disclosed in Y-C
Liang and F. Chin, "Downlink beanform ng nmethods for capacity enhancenent
in wreless comruni cati on systens”, Singapore Patent Application No.
9904733.4 is applied. 24 29 Decenber 2006 Using a simlar nmethod, we can
show t hat the cor rsetl aE[iﬁgg]Luncti on matrix of the uplink fregjyency response
for different tinmes and frequencies is given by ru [An; Ak] = E[HU [n + An;
k + AKJHU [n; k]] =r(AnTb )Z e-t2,,aH,rmRu, mM (25) Rum=J6mt au (9mt
)au (Omt ) where t is the uplink channel covariance .matrix .coptespondi ng
to the mh dePsgginpmekimuygypectpgy SHR 1= opfaipsd thigugh maximjzing ;eaﬁ‘at@ni's‘%)emt au

(emt )au (Bmt )u (26) Conparing equations,(19) and. (,26 t he FC net hod
devi sed in Y- ghilg copgjtiam (£3) guararfess ﬂ%b?v\/rﬁ ke Bégaﬁtbﬁ?‘r‘?%ﬁ?b}“% ga sdc’:f or

capacity enha t 1N el YMRic6at i on systenms”, Singapore Patent
Application @%@H@S%ﬂ%glﬁrsﬁ %%se%f&t 0 estei mate the DCCM from UCCM Thi s

system provi des diversity gain and beanform ng gain for OFDM systens. In
this system the length of cyclic _prefix is determ ned t%y t he XI mum
physi cal ti meThelepyimahngansgit fheamfaraing waHight Vertarsngentllc GESRY S ¥ em Thus
it

corresponding to the two largest eigenvalues of downlink channel covariance

matrix (DCCM) Ra.
R, = E[H [ns KIH T [n; k] 4)

Comparing equations (20) and (21) with equations (5) and (6), with the aid of
downlink beamforming, two uncorrelated fading channels are generated, with
which the space-time decoding can be used to recover the transmitted signal.
Permutation decoding method can be applied if Sy(r;k) and Sy(n;k) are chosen

as follows.

S1(n;7) s(nsk) 142 5" (msk+1) 142
Sn;1) s(nik+1) /N2 s (msk) 12

A frequency calibration method for DCCM estimation for OFDM.

In order to generate the downlink beamforming weights, it is first necessary to
construct the DCCM. A frequency calibration (FC) method disclosed in Y-C.
Liang and F. Chin, “Downlink beamforming methods for capacity
enhancement in wireless communication systems”, Singapore Patent

Application No. 9904733 4 is applied.
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is readily applicable to the environnment in which the is _statlisticall
i ndependent of the tinme delay. Wen the DOA of a path Pg%%tDae ?”ébtelr%:(gol%l y Y
related to the path delay, e.g., in TR and HR environnments, one can not
only achi eve beanform ng gain and diversity gain sinultaneously, but also
reduce the cyclic prefix, thus obtaining inproved spectrumefficiency. 25
29 Decenber 2006 A further exanple of the present invention utilises

conbi ned beanformng and transmt diversity for frequency selective fading
channels for two ray (TR) nopdels. Suppose the physical channel follows a

TR model . Wit ﬂsi ne basl%g?l}eeg}stgﬁle c%ﬂtsﬁgﬁﬂmp%lrﬁl@%mr%ﬂﬁor? PaRiSH Ragehand

. 1 .
representatio T 3 annel Se response can be described as

the fol | ow ngmeepligk ﬁ%@ﬁdﬁbﬂl{'%sﬁéﬂseﬁr diffEreftlimed dnd frfuendied is2Fen byr1l wit h
hd, m(t) = ~YmIl (t)ad (e ) (28) where Zmis the delay of the nth path
resolved in tine, Ym|l (t) and ad (Bm|l) are the conplex anplitude and

downl i nk steering vector cqrresponding to | the.nph delay path.
Because of the not/k¥es = @uU@h‘?"ﬁGﬁé%HuYWETTfJ)MEb)i‘?e wi dezsense
stationary (WSS) narrow band conpl ex Gaussi an processes, which are

zero-nean and statistically independent for different ms, G5)I's. Suppose
all YmI| (t)'s have the sane normalized correlation function, r(t) 2

Ru,m = Z O.:n,lau (gm,l )a:[ (gm,l)
I

where is the uplink channel covariance matrix

corresponding to the mth delay path. Note for An=0 and Ak =0,

r.10:0]= ; ZG 10,0, (0,)AR, 26)

Comparing equations (19) and (26), the FC method devised in Y-C. Liang and
F. Chin, “Downlink beamforming methods for capacity enhancement in
wireless communication systems”, Singapore Patent Application No.

9904733.4 is used to estimate the DCCM from UCCM.

This system provides diversity gain and beamforming gain for OFDM systems.
In this system, the length of cyclic prefix is determined by the maximum
physical time delay, and is the same as that in a normal OFDM system. Thus it

is readily applicable to the environment in which the DOA is statistically

independent of the time delay.

When the DOA of a path is statistically related to the path delay, e.g., in TR
and HR environments, one can not only achieve beamforming gain and

diversity gain simultaneously, but also reduce the cyclic prefix, thus obtaining

improved spectrum efficiency.
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(r(0) =1), but possibly different average power, m1l , t E[T (t
At)Ym!| (t)] =6m1r (At) (29) ISl exists when Oz = z2 Es@fce{%beg%@gter
than the synbol interval. Wth conbined beanform ng and diversity
technique, if the two rays are spatially separated, it 1is possible to
transfer a frequency selective fading channel into a flat fading channel,
yet maintain the transmt diversity. 26 29 Decenber 2006 Figure 6 shows a
communi cati on systemw th conbi ned beanform ng and transmt diversity for
two-ray frequantythsredxenmiplevef thapiesent dhantied stilisth eorsbigad beansfoppingradsni t t ed,

s(n), is first coded in_a coding nodule .3 usj.n ace-ti co x Wth the
two branch oulipimit diversityfpr diequensy dplectyq za)d”i’é] Cﬁﬁg‘ﬁﬁf %)aq%ﬁr%ﬁg(ﬁi) a del ay
14 to delay s Ry A, yielding xi(n), which is further passed to

transmt beantormer 11, (wl). The second branch output s2(n) is directly
passed to the other transmt beanforner 12, (w2). The beanform ng outputs

th nbi ned | nbi 13 d t byt ' t l.A, 1B, 2,
Ji 61 i ng tho BrEnssailns ebssagshist U RSI RIS DARR (HE 33 2 ( n)
30) Th ived si I ' ' j 4 i
Given by v et s ol A T B e, e e L )

(31) Denot i ngngfi)respoédicah I descritied as tirsblewingyetioe fqrme- al i gnnent of t he
two transmitted signals, gives: z(n) = wH hd,| sl (n) + wH hd, 2s1(n - A2

+ w2 hd | s2 (n+ Ar) '~ w2 hd 252 (n) + wn + Ar) (32)
hy(6;7) = ghd,m "5(z-17,) @27
with
- 0,
0! Zym,z(t)ad( i) (28)

where n is the delay of the mth path resolved in time, ¥= @ and % Ons) are

the complex amplitude and downlink steering vector corresponding to /th

DOA of the mth delay path. Because of the motion of the vehicular, Ymi () g
are wide-sense stationary (WSS) narrow band complex Gaussian processes,

which are zero-mean and statistically independent for different m’s, or Is.

Suppose all ?m ()>s have the same normalized correlation function, ()

2
(7(0) =1, but possibly different average power, “n./, then
E[7m1 (+ At)?’;,,z (t)] = O'f,),r(Al‘) (29)

ISI exists when A7 =7, — 7iis greater than the symbol interval. With combined
beamforming and diversity technique, if the two rays are spatially separated, it
is possible to transfer a frequency selective fading channel into a flat fading

channel, yet maintain the transmit diversity.
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The beanform ng wei ghts are chosen such that the first brg ch qut put,,
sl (n), just goes through the first path, hd,|between thé E)ﬁgeé“ fg(#)l on
antenna array and the receive antenna 4; while the second branch output,
s2(n), just goes through the second path, hd,2 between the base station
antenna array and the receive antenna 4. Mathematically, 27 29 Decenber
2006 WLH hd2=0 IWH hdl 2 = max and x W2 hdl =0 H 2 IW hd 2l = max In
this case the ISl ternms are suppressed conpletely, and z(n) can be witten
as z(n) = wj Fihutst (hows+a w@hohuRicati¢m systemy with- C@V@Qﬁ)“ﬂﬁ%@%lén& r equency

sel ective fading channel is now tr.ansfor Lnto.a f f agl hannel

Wi th which t hEaRYRhSHPEIYRFHErey ﬁi?ﬂ?%éigg'gﬁ“‘ﬁefg%é|°#‘§‘g@s' el y, the

transmt b ea”tooﬁmxﬂﬂsrﬂﬁw,m(ra, ¢AArsP @odIOREN cHYngBddileZ3 Rigingtspaceatirae age

transmt SINRTtunctions: HHJ (W =w Rd IW (w) =W Rd,2W 1 1 HJ2 1

}N d, I1|.V\)2 dR((j BZthide)a,mditN\ﬂneRWO\Mnmoh oRthutn as s(7) phdlsav) ts) (el isrthen Jed thropgh 6m [ ad
em a m

a delay 14 to delay s(n) by Ar, yielding x;(n), which is further passed to

transmit beamformer 11, (w;). The second branch output s,(n) is directly

passed to the other transmit beamformer 12, (w,). The beamforming outputs

are then combined in combiner 13 and sent by transmit antennas 1A, 1B, 2,

yielding the transmitted signal as follows:
x(n) = il x,(n) + w35, () (30)
The received signal, y(n), at the mobile terminal single antenna 4 is given by

y(n) = WlH hy %, (n)+ W1H hy % (n— A7)
+ Wi By 8,(0) + Wy by ,8,(n—AT) +w(n)
€29
Denoting (") =Y (n+A7)  and considering the pre-alignment of the two

transmitted signals, gives:

z(n) = lehd,lsl (n) + W1th,2s1 (n—A7)
+wy By, (n+ A7)+ Wy hy 58, (n) +w(n+ A7)

(32)

The beamforming weights are chosen such that the first branch output, s1(n),
just goes through the first path, g between the base station antenna array and
the receive antenna 4; while the second branch output, s5(#), just goes through

the second path, %4, between the base station antenna array and the receive

antenna 4. Mathematically,
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(34) is the downlink channel covariance matrix of the HEQD%mm or 2005
Preferably, the transmt beanform ng wei ghts can be chos y maxim zing
the average receive SINR at the nobile receiver, i.e., 28 29 Decenber 2006
VHRDd | W + W Rd 2 W WRd2wl +w2 R 2 dIW +6,, (35) Advantageously, the
transmt beanform ng wei ghts, Wn can be chosen as the principal

ei genvector of Rd, m. Again, the frequency calibration nmethod disclosed in
Y-C. Liang and F. Chin, "Downlink beanform ng nethods for capacity
enhancenment in wireless conmunication systens”, Singapore Patent
Application No. 9904733.4 is used to estimate the DCCM from UCCM di rect | y.
The above nethod fqr wdhie0i ng combi ned beanfornmng and transnit diversity
gain is called pres hlg nmen (PAL) met hod. The purpose of delaying sl (n) by
Ar is to nmake sure hai fhe haj or conponents of the two sequences, sl (n)
and s2(n) arrive at the receiver at the sane tine. Therefore, the del ay
spread has bé¥n reduced to zero. On the other hand, beanforming is used to
mnimze the 1Sl effect as well as to artificially generate two

uncorrel ated channels, with which the transmt diversity gain is achieved.
The PAL net hod reqilngﬁhghe delay information, Ar, which is enbedded in

t he downl i nk power Fgé@i DOA (PDD) profile. Even though the PDD profile is
time varying, it chi¥n Sy in tine. Also, downlink PDD profile is

al nost the sane as uplink PDD profile, which can be estimated fromreceived
uplink signals.

In this case the ISI terms are suppressed completely, and z(») can be written as
z(n) = w' by s (m) + wi hy .8, (n)+w(n+At) (33)

Thus the frequency selective fading channel is now transformed into a flat

fading channel, with which the transmit diversity method can be applied.

Conveniently, the transmit beamforming weights can be chosen by maximizing

the average transmit SINR functions:

o H
wi R, w Wy Ry W,

= J =
Ji(wm) ,(W) WzHRd,lwz

H
w' 'R, W
1 d,2""1 and

where

= Elh,,, OKLL, )= 30%14,0,)af 0.,) .

is the downlink channel covariance matrix of the mth path.

Preferably, the transmit beamforming weights can be chosen by maximizing

the average receive SINR at the mobile receiver, i.e.,
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The PAL net hod can al so be applied to the systens whose er of ysS is
grater than 2. In this case, it requires nore than 2 bra%gﬁggmgFr%%gce-tine
codi ng out puts, and each out put except the first one corresponds to one
delay. 29 29 Decenber 2006 If the nunber of space-tine coding outputs is
fixed, say 2, the two major rays can be selected in order to generate the
delay, Az, and the transmt beanform ng weights. The direct application of
this systemis to reduce inter- finger-interference in COVA as the total
nunber of fingers is reduced. Conventionally, when the physical channel

h(k) consists of nultigﬁﬁirﬁygwmktq) two major rays hl(k), h2(k) del ayed by
H 1

Ar, the beanform ng= = such that the del ayed signal only
goes through one ray LI oy hek et tHe, base station mul tipl@S)transmt
antennae and the receive antenna, whilst the undelayed signal only goes

t hrough another ray h2(k) between the base station nmultiple transmt
antennae and the receive antenna. Advantageously, when the physical channel
h(k) consi st sAdfantageoiglyethe dpasmit bhamforwingeyeights.alfs, ¢an(be) chopery #)thdel ayed by
Ar, the beanform ng weights are chosen such that the average transmt SINR
function at tb@n&p@%ig&haédt@rbfi%,mrmxi m zed for each ray. Preferably, when

t he physi cal channel h(k) consists of nultiple rays with two nmjor rays

hl (k), h2(k) delayed by Ar, the beanform ng weights are chosen such that

t he average receiv NR funct.i i).6:1efA [ i zed.
Anot her exanp§5m8fEFﬁ%mﬁ?ggéﬁpbﬁﬁeéhFﬁgﬁig? #fgéﬁgégkpak%ﬁﬁ%gggéﬁgh
beanf or m ng anOokAIMKS HehmEiriis irhathddyr fér eapiRitgyertahemidny einf adiefgs channel s

for two ray (TR) nodels. There is a direct use of del a% sgoread reducti on
in OFDM | n acanymigightiqorpiems”, Singapore Patent Application No. 9904733.4 is used

to estimate the DCCM from UCCM directly.

The above method for achieving combined beamforming and transmit diversity
gain is called pre-alignment (PAL) method. The purpose of delaying s(n) by
A7 is to make sure that the major components of the two sequences, s;(r) and
s,(n) arrive at the receiver at the same time. Therefore, the delay spread has
been reduced to zero. On the other hand, beamforming is used to minimize the
ISI effect as well as to artificially generate two uncorrelated channels, with

which the transmit diversity gain is achieved.

The PAL method requires the delay information, A7, which is embedded in
the downlink power-delay-DOA (PDD) profile. Even though the PDD profile
is time varying, it changes slowly in time. Also, downlink PDD profile is

almost the same as uplink PDD profile, which can be estimated from received

uplink signals.

The PAL method can also be applied to the systems whose number of rays is
grater than 2. In this case, it requires more than 2 branches of space-time

coding outputs, and each output except the first one corresponds to one delay.
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system a cyclic prefix is added in order to renove the | t

gﬁar antee the orthogonality between each sub-channel. Tﬁgqeé‘?@ieﬁ%&ﬁ t he
cyclic prefix should be greater than the maxi mumtinme del ay, which can be
as large as 40 JS 30 29 Decenber 2006 for a nobile wreless comunication
environment. The adding of the cyclic prefix not only degrades the
spectrum efficiency, but also occupies one portion of the transmt power.

The spectrum r fi t S an be
greatly inpr o?/f%%w& g{;ﬂﬁg}‘}%r% {n @ n';l‘()ii{?%}e/s t?)zee gla d2 % %ﬁ% q%ygl ning the
sane perfor mgge. beSUHRASE ﬁlhgrdépyt%' g&ierﬁl@%eehelwl AvSaRy TR RAGhitM th
parameters (ak, k' zk) , < z2 . s are statistically

i ndependent , peanaforming W:@gl}ﬂs eIZhé @m sp;ﬂwaMmoé&mesfstmt s tvaedwmadeek . | Sl

exi sts when ) ter erse, of ba dw dth. Figure
7 illustrat esﬁggeragﬁﬁege% gma%@ﬁﬁ?t%flg@éﬁfépﬁrﬁgﬂaﬂ&e transnmit
diversity for TR nodel s enbodying the present invention. The transmtted
signal at the kth tone of the nth block, S(n;k), is first coded using
space-ti ne cotlesventionalyi mhemvlcupleysial yhaaheli Al) towsidy afmiltipld gk syithSI (n; k)
and S2(n; k). Both branch out uts Si (b?y k) and S2(n;k) are passed into
respective dytﬂ\m@JPéF?é’Prﬁt(k}aﬁ érddayed by 47 yihe heumfomningrweights hiechpseaf i xes.

SI(n;k) is th del 4 b ieldin ichis
further passeﬁﬂ{l rtg%ganaXGr& %8{%' n%oregflimu%%/\ﬂe ra?z (éé’%gﬁ?}‘ﬁp‘\gﬁﬁsﬁ out put
S2(n; k) is digtgedl Mulﬂﬁﬁz&ﬁiﬂsﬁlﬁ antoRBadiithe Fdc@Re BhienRe WHiIRT M8 unddayddW2) . The
beamc orming outputs are then conbined and sent on the base statl on

transmt ant engiel @nlyagoes ghropgh apothey rast Bi(kgbativeert thenlsase tstatidn sigtiple as
fol |l ows: X(n’th k) (36) At the nobile termnal

si ngl e antenna ﬁmlt\%}%(en?é déidséﬁreézfﬁﬁﬁf’?gﬁére first passed

Advantageously, when the physical channel A(k) consists of multiple rays with
two major rays £,(k), (k) delayed by Az, the beamforming weights are chosen
such that the average transmit SINR function at the base station is maximized

for each ray.

Preferably, when the physical channel A(k) consists of multiple rays with two
major rays h,(k), hy(k) delayed by Az, the beamforming weights are chosen
such that the average receive SINR function at the mobile terminal is

maximized.

Another example of the present invention utlises OFDM with combined
beamforming and transmit diversity for frequency selective fading channels for

two ray (TR) models.

There is a direct use of delay spread reduction in OFDM. In a typical OFDM
system, a cyclic prefix is added in order to remove the ISI and to guarantee the
orthogonality between each sub-channel. The length of the cyclic prefix

should be greater than the maximum time delay, which can be as large as 40 45
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into a normal OFDM recei ve processor 10. The beanf or m nggwetdgites20@6€
chosen such that the first branch output, S1(n;k) or its inverse FFT
(IPFFT), sl(n;k), just goes through the first path, hl(n;k) between the
base station 31 29 Decenber 2006 antenna array and the receive antenna 4;
whil e the second branch output, S2(n;k) or its inverse FFT (IFFT), s2(n;
k), just goes through the second path, hl(n;k) between the base station

antenna array .and t ? receive antenna 4. Once the transmt. beant.orm ng
wei ghts are pifQ@pefedile HEekss compuptegiion, pryitongyent i e?@‘@@%\? PSEGHS at the

nmobi |l e statio : =W : K] ; okl + X
bt o o 5o preB ey Geftaltds (o Whadkifh ALY, Bhrdto leubies bheportiok] M
downl i nk  beasf trenraigmitt pewedi fTher potinah afifidésymdepdvee rffciendy o thel y

created which can be space-tine _decoded b rmdul.eﬂg%tio recover the
transnitted sOERM system:sierbe gisafyrimpioved hicotichg Hethee Ladeteedasi |y

applied if S1(h; h %t {(%n J%%en as follows. t=k t=k+1 SI(n;t)
s(n;k) /n s*(%?lﬁé aﬁq?fﬂnég ﬁe e?(egf;oé %7 -s*(n; k) / Wien PAL is applied to
an OFDM system wi th conbi ned beanforming and transmt diversity for TR
nodels, it is not necessary to add the cyclic prefix. Thus benefiting from

the advant agegyfose er%?ﬂbél_cﬁhﬁﬁ[ sditows BbPRAESRIeIWRE padiitiers &Md0is ROr eased
spectrum ef ficiency. hveniently, the transmt beanform ng wei ghts can be

chosen by maxjm zhngy fheraves agg.dARAMIy RUQRHIMCEr8NRean3omplex
Gaussian processes with variance @ ¢. ISI exists when A7 =7, ~%js greater

than the inverse of bandwidth.

Figure 7 illustrates an OFDM system with combined beamforming and
transmit diversity for TR models embodying the present invention. The
transmitted signal at the kth tone of the nth block, S(#;k), is first coded using
space-time codes in coding module 3, yielding two branch outputs, S1(»;k) and
S)(n;k). Both branch outputs Si(m;k) and S,(m;k) are passed into respective
OFDM transmit processors 8,9 without adding cyclic prefixes. Si(#;k) is then
delayed in delay 14 by Ar, yielding X;(#;k), which is further passed to transmit
beamformer 11, (w;). The second branch output Sy(7;k) is directly passed to
the other transmit beamformer 12, (w;). The beamforming outputs are then
combined and sent on the base station transmit antenna array 1A, 1B, 2,

yielding the transmitted signal as follows:

x(m k) = wi x, (m k) + wi's, (n; k) (36)
At the mobile terminal single antenna 4, the received signals are first passed
into a normal OFDM receive processor 10. The beamforming weights are
chosen such that the first branch output, Sj(n;k) or its inverse FFT (IFFT),

si(m;k), just goes through the first path, A;(m;k) between the base station
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29 Decenber 2006 Preferably, the transmt beanform ng wehghts,&fbydae
chosen by maxi m zing the average receive SINK at the nobile recelver.
Advant ageously, the transmt beanform ng weights, wn can be chosen as the
princi pal eigenvector of Rd, m Again, the frequency calibration nethod
disclosed in Y-C. Liang and F. Chin, "Downlink beanform ng nethods for
capacity enhancenent in wireless comunication systens", Singapore Patent
Application No., 9904733.4.is used tqg estimte the fr directly.
A conpari son BRI aLREApd Jﬁ‘? &P aeIna, ’dwéﬁﬁetﬁe S\ gbsrai%ﬂ using this
del ay spread gedusil a8 RO MIFET), L jistfdekd hebugdapRt@n@fpatthe

i nvention util gsgz OFDM wi t h cjév(nbi n?aggdngkgar]ﬁ orgg‘i ng and transm tp diversity
for frequencyhgelkpbetiveen flediasg stetiemmetmarapray ahd tHeyrecaye atitenng 4T Omgpdel s.

Even though the maxi mumtine delay.can be as |arge as 8 i reless
channel sati st tF?@lSWm{??B%‘PmE%Wﬁéhﬁﬁe%rﬁ PF??&%Y@O%&@W d?%’%a&ethecl ust er ed
pat hs, each Ofecmk&gﬁfgﬂﬁsatﬂleéﬂﬁiiies@ﬁioﬂ%eé&ﬁnﬁad- These clustered paths are

also spatially sepafated. For an OFDMw th typical HT power-delay profile
whose maxinmumtine delay is 20M and maxi num del ay spread for each
clustered path is 2 X, the mninumlength of cycli refix is 20 / in
order to renove tﬁ[@;k]SiwalcEmé\l(‘éfn;k]\lﬁwﬂffi[h;éf]@&ukh@f’ﬁﬁgfEM?{Q] cyclic prefix
duration can be reduced to 2 X. 33 29 Decenber 2006 Suppose the two
clustered paths are delayed by yr, and for sinplicity, assune the delay
spread for each cl(§§ ered path is Ayr . The inpul se response of the tine
varyi ng channel can ‘be descri bed as

Comparing equation (37) with equation (5), with the aid of downlink
beamforming, two different channels have been artificially created which can
be space-time decoded by module 5 to recover the transmitted signal. Further,
permutation decoding method can be easily applied if Sy(n;k) and Sy(n;k) are

chosen as follows.

t=k t=k+l
S1(m;7) s(nsk) /42 s*(n;k+1) /2
Sx(n;2) s(msk+1) / V2 s (k) 1 2

When PAL is applied to an OFDM system with combined beamforming and
transmit diversity for TR models, it is not necessary to add the cyclic prefix.
Thus benefiting from the advantages of: transmit diversity; beamforming gain;

and increased spectrum efficiency.

Conveniently, the transmit beamforming weights can be chosen by maximizing

the average transmit SINR functions.
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h(t;r) = h1l(t;z)[u(r)-u(z-Ayr)]+h2(t;z-yr)[u(r-yr)-u(z--yg+ 8)
where h, (t; r) and h2 (t; r) correspond to the channel %égé%e:]r%b%rszdg t he
first and second clustered paths, respectively; and u(x) is a unit step
function.. Figure 8 shows an OFDM system enbodyi ng the present invention
with conbined beanform ng and transmt diversity for hilly terrain (HT)
nodel in encoder nodule 3. The signal to be transmtted at the kth tone of
the nth block, S(n;k), is first coded using space-tinme codes in encoder
nodul e 3, vyielding two branch outputs, S1(n;k) and S2(n; k) which are
passed into i nor el %PM b cy . Daxihigige cyclic
prefix | engt hi)?ez&ﬁ%'/, Mll%n%"tégn %e yr +lfl Wﬁtsl’ﬁéerpgﬁﬁgﬁeﬁf}%omthe fgrst
branch is thethedebmypeechive SINRiantidahahilelBeeivdni | e t he output fromthe second
branch renmai ns unchanged. After that, the signals are passed into
respective transmt beanforners 11,12, (wl and w2), respectively. The
beanf orm ng outputs are then conbined in conbiner 13, and transmtted out
t hrough t he bAdeargageonsly, the sansmit beapforming veighty, |'a, canghe hosepas Beanf or ni ng
wei ghts are chosen such that the first branch input just goes through the
first cl usterpldnqipdllaigenbédt@dfh%,msecond branch input just goes through the
second clustered path - i.e. the beanform ng weights are chosen such that
the first branch output, sl(n), just goes through the first path,

hd, | bet ween t . tati N&_EeChl tepra 4, while
the second bgHon g B R e B e . hd, 2
between ''''“Pownlink /bkadforhidde eesthets 2806apdcite tEmeceent i ion varleshina ar r ay
and the receive antenna 4. The signals received at the ﬁl . term nal

si ngl e ant ennepramypigatiqny systems’s SepEapAted e SYDRHFASR, '9r9§% 3\7@3&38 essor 10,

fol Towed by & SRARSIBAATECERIE. Wihin the

A comparison of the spectrum efficiency and power savings by using this

delay spread reduction method will follow.

A further example of the invention utilises OFDM with combined
beamforming and transmit diversity for frequency selective fading channels for

hilly terrain (HT) models.

Even though the maximum time delay can be as large as 4045, a wireless
channel satisfying HT model can be described by several dominated clustered
paths, each of which has a small delay spread. These clustered paths are also
spatially separated. For an OFDM with typical HT power-delay profile whose
maximum time delay is 2045, and maximum delay spread for each clustered
path is 2 45, the minimum length of cyclic prefix is 2045 in order to remove

the ISI. However, with the PAL method, the cyclic prefix duration can be

reduced to 245,
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normal OFDM recei ve processor 10, the received signal aftgr T mes
Z[n; K] =wHH, [N, K] S, [ n: K] +w2 Hz[ n: k] SZ[ n: K] +W n: k+Lyf J] (%g)Degg%béafg&)%xJ
denotes the nmaxi numinteger which is not greater than x. Conparing
equation (39) with equation (5), with the aid of downlink beanformng, two
di fferent channels have been artificially generated, which are space-tine
decoded to recover the transmtted signal. Pernutation decoding nethods

b il lied jf S1(n; d S2(n: ; . foll .ot=k
veni , n | s gan. be.chosen Ximzin
t he aver ageyt F}?n‘gerlr% Spgfﬁgtof 8?‘]0?1[ glgﬁji%r'ed %Pt@i\lﬁé?%};tgl yfhet lﬁé"“%sﬁéﬁ%f’r‘r’ﬁe %feg%f orm ngg

wei ghts can bgneRags aniBdaAbe dBdribbdgs aver age receive SINR at the nobile
recei ver. Advantageously, the transmt beanform ng weights, wn can be

chosen as the principal eigenvector of Rd,m. 35 29 Decenber 2006 As
previously nmentioned, there follows a forrpari sgnh the spectrum gf ficiency

of a OFDM system mﬁ’(f5ﬁ)ﬁM¥@)[?éfﬂt“‘tﬁﬁélAiWé “p’i‘zé‘ﬁTYWPéﬁg‘t%‘.”(Tﬁé"p‘éﬁVgneters are
Bandwi dth B = 800 kHz, maximumtine delay = 40. For HT rmdgi@, t he maxi num
del ay spread for each clustered path is 5. To nake the tones orthogonal to
each other, the synbol duration is NB, where Nis the nunber of tones in
each OFDM synbol. The total block length is the summtion of the synbol
duration and whereddti®i maak, (GUabAedpohE kY &le, chahihel redpdnses of the first and

second clustered paths, respectively; and #(x) is a unit step function..

Figure 8 shows an OFDM system embodying the present invention with
combined beamforming and transmit diversity for hilly terrain (HT) model in
encoder module 3. The signal to be transmitted at the kth tone of the wnth
block, S(r:k), is first coded using space-time codes in encoder module 3,
yielding two branch outputs, Sy(m;k) and S,(m;k) which are passed into
respective normal OFDM transmit processors 8,9, whose cyclic prefix length is
Ay instead of ¥ +A¥ . The output from the first branch is then delayed by ¥
in delay 15, while the output from the second branch remains unchanged.
After that, the signals are passed into respective transmit beamformers 11,12,
(wy and w,), respectively. The beamforming outputs are then combined in
combiner 13, and transmitted out through the base station transmit antenna

array 1A, 1B, 2.

The beamforming weights are chosen such that the first branch input just goes
through the first clustered path, while the second branch input just goes
through the second clustered path - i.e. the beamforming weights are chosen
such that the first branch output, s;(#n), just goes through the first path,
hq between the base station antenna array and the receive antenna 4; while the

second branch output, s(r), just goes through the second path, /4, between
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40, 5, and 0 for OFDM wi t hout PAL, HT with PAL and TR with PAL
respectively. Table | illustrates the uncoded transmt d ge?eé?ber?()%
systens with different nunber of tones using QPSK nodulation. It is seen
that, for a given nodulation schene and with the same nunber of tones, the
transmt data rate can increase to 1.6Mps for TR environnments by using
PAL, i ndependent of the N value. For HT with PAL, the spectrumefficiency

is also incre co t T nsm t

data rate con%%&%%eosﬁatl\?:n %%m%%g% KIE%%@W% ‘E‘?%& ﬁL%Q%lt‘)aqs tefe%’[?&ll\/b s 800
kbps HT wi t hatRfb ndobde tdanal kirflple MitBgnald 47 MRDBassdRintd tafhoﬂtﬁlal @FDM\poS 1.6
Mops 1.6 Mops Here follows a conparison of the power savings for OFDM with

di fferent | eregeifie prfcessyr]Q, dolhovedd by a gBcetmpatserdieg mpdols 5. ENitindhe o t he
ddi f | th ff | th tual Eb
Craneit No - Yoipiaf ORERE sk dier st FEFoct R EPRACH T BRE™s nor o

efficiently used. Table Il illustrates the power savings for OFDM systens
with delay spread reduction using PAL for different nunber of tones in

each OFDM bl ock, As; kqemfamk;sqnmnmqg’lﬂzgfwzpyﬁ]tm kﬂ'@yﬂj} I'1: Power
savings N= 128 N=64 N=32 HI wth PAL 0.84 dB 1.5 dB 2. (39)

where Bl denotes the maximum integer which is not greater than x.
Comparing equation (39) with equation (5), with the aid of downlink
beamforming, two different channels have been artificially generated, which
are space-time decoded to recover the transmitted signal. Permutation
decoding methods can be easily applied if Sy(n;k) and Sy(n;k) are chosen as

follows.

t=k t=k+l1
S1(m;0) s(n;k) / V2 s*(n;k+- 1)/ V2
Sy(n;f) s(nk+1) /42 5" (k) /N2

Conveniently, the transmit beamforming weights can be chosen by maximizing

‘the average transmit SINR functions.

Preferably, the transmit beamforming weights can be chosen by maximizing

the average receive SINR at the mobile receiver.

Advantageously, the transmit beamforming weights, "=, can be chosen as the

principal eigenvector of Ram,

35



TRwith PAL 0.97 dB 1.76 dB 3.0 dB Beanform ng and di versit ai n. . Eb
Wth conbi ned beanform ng and diversity gain, it takes |é§!§e%o"%|ehéb8?der for
the systemto achieve a given bit-error-rate (BER) requirenent.
Alternatively, the beanform ng and diversity gain can be translated to

| arger spectrum efficiency using higher nodul ati on schene such as 128 QAM
or 256 QAM A further enbodi nent of the present invention relates to

adapti ve del ay i i i or.1mj di versity
Gai n:  The prosaet oty RRANEILE M BB bt Ml bl icteV one

envi ronnment s. of 8 ORI safiphiveied diffefent Eftic peasBl legighay- DOA (PDD) profile nmay
change with respect to tinme due to the notion of a vehicle, thus the del ay

spread reduction schene should follow this variation accordingly in order
to 37 29 Decgpber 2006 _achi eve L ectrum eftficiency., .Figure 9
shows an CFDNﬁsygggﬁF%??Wﬁ _ ﬂﬁ§§¥ﬁg§ﬁ#§£hPﬁﬁFmP?&théﬁﬁﬁiégr iy and
adaptive del apTsRb@asl thethaginm@n dERY spRWN Fdridacie oho@ydnt REs. PTEsRRE

i nvention. The OFDM system of Figure 9 conprises the systemof Figure 8

but suppl ementhedotsp aubopprs té pechi asherathd sypboleduratidnaiy NBBAWperef fscthe

timation. Th i n.addi t.i functj onal i i ded hy th t
of Fioure s, DHiersfs R vncFacheoF B SWRRGL ot tetabloy 1568 Fdhpr i i o
signal s recei ggsnatord ng%?ﬁ%b&t @rht®h ardd'@e llIBioRR! AMrPRErval, which is

direction-of-arrival information is estimated for each received

pat h, using t4Q&ihi gl 6eguedldddl withbiti RALY Ehwitu@dLl Babd®R ovitht RAL, est i mat ed
time-delay and DOA i.nformation, uplink power-delay-DOA (PDD) profile, and

each cl ust er eFSBEHKEE UcCM are estimated: Based on uplink PDD profile, the
foll owi ng paraneters are determ ned:

Table I illustrates the uncoded transmit data rate for OFDM systems with
different number of tones using QPSK modulation. It is seen that, for a given
modulation scheme and with the same number of tones, the transmit data rate
can increase to 1.6Mbps for TR environments by using PAL, independent of
the N value. For HT with PAL, the spectrum efficiency is also increased as

compared with that without PAL.

Table I: transmit data rate comparison

N=128 N =64 N=32
Without PAL 1.28 Mbps 1.07 Mbps 800 kbps
HT with PAL 1.55 Mbps 1.51 Mbps 1.42 Mbps
TR with PAL 1.6 Mbps 1.6 Mbps 1.6 Mbps

Here follows a comparison of the power savings for OFDM with different

lengths of cyclic prefix:
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diversity order, tine delays for each clustered path, ang bhem%g?(é-o%'m

del ay spread for the clustered paths. The uplink PDD pr ¥ PPEMPS 1198d to
design the adaptive delay reduction schene, thus the adaptive cyclic
prefi x adding schene; Each clustered path's DCCMis estimated fromits
correspondi ng UCCM using FC nmethod disclosed in Y-C. Liang and F. Chin
"Downl i nk beanform ng nethods for capacity enhancenent in wrel ess
comuni cati on systens”, Singapore Patent Application No. 9904733.4, then
applied, together with tine delay information, r constructing transmt
beanf or mi ng weh@ht ie adihig dFasgclsd getfinhe bffedtive Yhes dvmitdaehdnahgaduaf added
cyclic prefix; Adaptive nodulation is also used to further inprove the
spectrum effici enCéE_based on the diversity order/channel condition.
Specifically, . bas. n Link,.PDD profile. th X1 my hi
diversity or d SRUSHL ]ggt et%thedé?.layl Fprg?’fg r%\%%ltlgr\lia egﬁ Ve gl%fv;?r gérlglggrrgi s large,
a higher nodeffafidp@l usehermdld B idiBhics e fOWL kViSE, for OFMA k@teri®P@ithat i on
scheme is applied. 38 29 Decenber 2006 It should be noted that the nunber
of branch out geles sprbadredsgimoasingrile ftidifgerent numbgupEtogeciarcapleOfPd4At er t han
two, depending, on the diversit to be achieved. The above

descri ption cgwgﬁ’&éfgmpﬁfégé%ﬂ%ﬁgwﬁé"a‘ﬂsé?ﬂ%-ng, transnit diversity and

del ay spread reduction inplenmented at the base station. In fact, nultiple
di versity antennas can be added at the nobile termnal as well to achieve
recei ve di ver $ally II: Powehdasingase, | arger diversity gains can be achieved:
Even though OFDM i s used to show how the del ay spread can be reduced,

N=128 N =64 N=32
HT with PAL 0.84 dB 1.5dB 2.5dB
TR with PAL 0.97 dB 1.76 dB 3.0dB

Beamforming and diversity gain:

E
With combined beamforming and diversity gain, it takes less No in order for
the system to achieve a given bit-error-rate (BER) requirement. Alternatively,
the beamforming and diversity gain can be translated to larger spectrum

efficiency using higher modulation scheme such as 128 QAM or 256 QAM.

A further embodiment of the present invention relates to adaptive delay spread

reduction with combined beamforming and diversity gain:

The previously described embodiments are designed for different
environments. In real applications, the power-delay-DOA (PDD) profile may
change with respect to time due to the motion of a vehicle, thus the delay

spread reduction scheme should follow this variation accordingly in order to
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while yet maintaining beanform ng and transmt diversity gabBsenibBe2006
disclosure in this application can be applied to other nulti-carrier

nodul ati on schenes, such as MC-CDVA, MC-DS- CDVA and single carrier systens
with cyclic prefix. In a nultiuser environnment, the beanform ng weights
can be generated by considering all users' channel/DOA information
therefore, the disclosure in this application is applicable in different

mul tipl e acceggiseRFBRunYRbiran efﬁdléﬂ% d'FYgu% 9@h<5w4 i1 oFBMRGREsS WithDVA) ,
frequency-division-nultiple-access EW%
code- di vi si on-cmnbineqb besrsfocesg, (tGDBRA) dlvénsmyrmd &iange d@@na}readn@dlmﬂmng or

consi sting of The feat di.sclosed in the_for i n des n, or the
fol | owi ng cl alf‘?FBdo"‘Sllhnkf:Wg %@E%Wﬁ%?ﬁeﬂfg‘nﬁ?%ﬂlnai‘ Ogﬁﬁ}dé |1|:I Qgﬂ%?

f f ] d
Foncti on, o o HRHegMopRERE oL Bigu EEOR pppleRRRA e‘”‘%F%?F%%"e%ﬁbééﬁl t, as

appropri at e, pawaﬂkagaDGUebyﬁﬂammmnmamy Thmnbnnﬂﬂﬂmn1Dﬂhsdhmxbedﬁyres be

utilised for realjsing the invention in diverse ns .t hereof. .39 29
Decenber 2006Pr°®Ld&File%helSYS§&nh%ff1ﬁ8%Fec§F thagfyisteln bas the g)rlr]@ﬁ?‘%g fg‘i“(?é‘?né‘i‘fyy gain for

frequency selective fading channels in a cormunl cation systemthat is a
ti me-division duplex systemand has a base station with nmultiple transmt

antennae and a ROWrb& WSinK sighalniréddivall diehStbage Statigh,ethe @inei-Uelay and enna, the
met hod conprising the ste s of : providing a signal to be transmtted s(n);
space-ti me encodi riireetien-g gﬁlé(ﬁl @? Q) infopraingcis estimatedstor cogh rspiyedt e

2 anal o1 (0. 3L oS by ed SRAE bY o Pl g g P
estimated time-delay and DOA information, uplink power-delay-DOA
(PDD) profile, and each clustered path’s UCCM are estimated;

e Based on uplink PDD profile, the following parameters are determined:
diversity order, time delays for each clustered path, and the maximum
delay spread for the clustered paths.

e The uplink PDD profile is used to design the adaptive delay reduction
scheme, thus the adaptive cyclic prefix adding scheme;

e Fach clustered path’s DCCM is estimated from its corresponding
UCCM using FC method disclosed in Y-C. Liang and F. Chin
“Downlink beamforming methods for capacity enhancement in wireless
communication systems”, Singapore Patent Application No. 9904733 .4,
then applied, together with time delay information, for constructing
transmit beamforming weights; '

e The base station informs the MS the length of added cyclic prefix;

e Adaptive modulation is also used to further improve the spectrum
efficiency based on the diversity order/channel condition. Specifically,
based on uplink PDD profile, the maximum achievable diversity order
is determined. If the achievable diversity order is large, a higher

modulation scheme is applied; otherwise, a smaller modulation scheme

is applied.
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respective function gl (k), g2(k) to produce an out put sianal xj(n), x2(n);
feeding the output signal x j(n), x2(n) of each pre-equaF? 58FeMoE" 0Br ansni t
antenna; transmitting the output signals xj(n), x2(n) over respective
physi cal channels hl (k), h2(k); receiving the output signals xj(n), x2(n)
at at least a single receive antenna; and space-tine decoding the received
signals, wherein the functions gj(k), $2(k) of the zero-forcing
pre-equalisers are selected such that the channel responses gj (k) *h j(k),
g2(k) *h2(k) of the respective physical channels hl(k), h2(k) are flat

fadi ng channeftshodd¥e d6ich Yidd thd Rhbes B2BARLH t&&gﬁtfs'aﬁble Ee- Efn%reoa F"Hk channel

coefficients for use in selecting the func ns gj (k), t he

pre- equal i sermodde 3Acarebhqiederc taditmy, tdopddidaignod theuvkimemlty dirlder 8t bp of
deriving the real ghannel coefficients fromuplink channel coefficients
uses traini ng® ‘gyﬂﬁ |s fromthe uplink channel. 3. A nmethod according to
Claiml, wherein the step of deriving the real channel coefficients from
uplink channel coefficients uses blind techniques. 4. A nethod according to
Claiml, V\herﬁiemlxohedmripﬁmﬂ caisiderssthe yambined beanfofrhidgreasiniddivésiton dupl ex

systemand th hod | es the further step of deriving the real
channel coef fa%d n@ YSSPB‘V‘ ﬁlﬁfﬁuﬁﬁ igplegtentsd at thg h@sﬁ@t%lyﬁdbélliaq oMuipl¢ ecei ve

ant enna_of thﬁveréligr é&ﬁﬁ%e Coe%(?l il eg?lg rhgtaﬂ e%ﬂﬁ as G084 'Eg)t&lzljngv% erm nal

estimating the re channe S an bac channe
coefficient iradedvadiversity.tin this@adta@getddiciity. gas oénbaa@hlsxteatl on wth
multiple transmt antennae for conmunicating with a nobile term nal having
at |east a single receive antenna over physical channels hl(k), h2(k), the

base station L SN -t e [ vin n. 1 nput .of -a signal
to be tr ansm%ggﬁ%%n@g]r)l%[ g{)@feg atg)ts'ﬂgw R&W I dggy spI%a(f1 Lad BB reduced,
while yet maintaining beamforming and transmit diversity gain, the disclosure
in this application can be applied to other multi-carrier modulation schemes,
such as MC-CDMA, MC-DS-CDMA and single carrier systems with cyclic

prefix.

In a multiuser environment, the beamforming weights can be generated by
considering all users’ channel/DOA information; therefore, the disclosure in
this application is applicable in different multiple access schemes, such as
time-division-multiple-access (TDMA), frequency-division-multiple-access

(FDMA), and code-division-multiple-access (CDMA).
"comprising" means "including or consisting of".

The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, expressed in their specific forms or in terms of a
means for performing the disclosed function, or a method or process for
attaining the disclosed result, as appropriate, may, separately, or in any
combination of such features, be utilised for realising the invention in diverse

forms thereof.,
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two outputs each producing a separate signal sl(n),s2(n); at |east two
zero-forcing pre-equalisers, each fed by a respective out‘?B@Fceé‘i’t&ﬁ%(P% sl (n),
s2(n) and having a respective function gl (k), g2(k) to produce an out put
signal.xl (n), x2(n), wherein real channel coefficients are derived from
uplink channels coefficients for wuse in selecting the functions gl (k),
g2(k) of theLpiesequalisers; and at least two transmt antennae, each being
fed by the output signal xj(n), x2(n) of a respective one of the

pre-equal i sers, wherein the functions gl (k), g2(k) of the zero-forcing
pre-equal i sers af ey seligft &thcadtig tRaimit RR ARRARARI fof %%Q&%%%léﬂti%)fadﬁ (k).
g2(k) *h2(k) of the respective physical channels hl(k), h2(k) are flat
fadi ng chanthenssls ig.a RmugAaHPE sisteanidatsly & thiarer dvison idgplay syskan puklasathass on of
Gaims a.ndstﬁgm%xl rﬁuﬁiﬁlrerﬁgﬂﬁu'm ¥9aia Jnﬁé’i%tteﬁniﬁél {hfeat IGGE HRAALAEAN3 and
a space-tinme decoder 0 decode the signals recelve rom the base station.
7. A et hothntdnnacle eethodjcooprizingebke bganfor m ng and transmt diversity for
frequency sel ective, fadi ng channel s .i comuni cati on system having a base
station with mﬁr?‘flﬂ’ingats’rggﬁlstﬂgf gﬁmﬁﬁ%ag "and a rmobile termnal wit hgat

| east a single rpeRitite ambanpahe sifiRl s@RiNRIdIEeEPIhgitng séfaeatstigmss of7),
providing a signal to be transmtted S(n;k); space-tinme encodi ng the signal
S(n; k) to pr@Uced o reeestive WP Separate signals Sl (n; k), S2(n;k), each
on a respective - : f&-glqi' 0 [We) Sb (Re-Kdnalise (Has 0 a
transmt pr oces_sfgér&%%&bc;loducér&%r?gla%m’p%twgibga;g?%r(cﬁ% ‘%’ ;Kaufz(&gh;ﬂlgyi;ﬁéa%pl yi ng
respect i ve rseeededenctionggi g2(bdanfodpen angpuinsf gjbmad xt(v), 8#48h out put si gnal

Xl (n; k), X2(n;k)g s 6 i ng_ . ' el ght ed

i gnal &' 10 ‘si grie e pRERTREN 8008 bERth BT B Panal s
and produce a sitgnahitté(gnth&puthbatrsignakngim, sgmboever respective physical channels 4;(k),

ha(k),

receiving the output signals x;(n), x,(n) at at least a single receive antenna; and

space-time decoding the received signals, wherein

the functions g;(k), g2(k) of the zero-forcing pre-equalisers are selected such that
the channel responses g;(k)*h;(k), g.(k)*ha(k) of the respective physical channels #;(%k),
hy(k) are flat fading channels; and

deriving real channel coefficients from uplink channel coefficients for use in

selecting the functions g;(k), g2(k) of the pre-equalisers.

2. A method according to Claim 1, wherein the step of deriving the real channel
coefficients from uplink channel coefficients uses training symbols from the uplink

channel.

3. A method according to Claim 1, wherein the step of deriving the real channel

coefficients from uplink channel coefficients uses blind techniques.
4. A method according to Claim 1, wherein the communications system is a

frequency-division duplex system and the method includes the further step of deriving the

real channel coefficients by sending a set of training symbols to the receive antenna of the
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feeding the summed signal X(n;k) to each of the nultiple transmt t ennae
for transmission; transmtting the signals X(n;k) over 6%&?%&}6 %ﬁ) nnel
h(n; k) wherein the physical channel h(n;k) consists of two tine-del ayed
rays, hi(n; k), h2(n;k), with delay dz receiving the received signal Y(n;k)
at at least a single receive antenna; feeding the received signal Y(n;k) to
a receive pnmibstsmﬁnal Ohpnotilic eraimabestipating i gesd chanapldcos facatstanddeadegodi ng

the receiv erei.n th smt processor do not add cyclic
prefixes aﬁjd‘c ﬁ%nﬁ?lcf’%ﬁc%ﬂtﬁfﬁfm ioﬁﬁ%ﬁ‘g%la?er %r%ortlhe transnit processors is
del ayed by dz before the respective sel ected transmt beanf or m ng wei ght

is applied thereto. 8" A nethod according to Claim.y7, wherein. the
respective transhif bﬁ%’*’aﬁ‘f‘%?“mwﬁ@ midip5hiraisyite a‘ﬁ@né%tf%rdc‘ggm’t‘?féat’é‘gg\@%é‘ct ors

corres pond'rﬂ(galfe(%eltxﬂﬁaltﬁ@@mhaaﬁ g@a%{ a RrRNEBEWE anteina (Wé? p@géi‘é'hh ichkmeRanng!
covariance matrix (DCCM of the physical channels . A met hod of

achi evi ng dofibithelksbsiatirineomprigngnd transmt di verS| ty for frequency .
sel ective fadi ng SHANEL Shchfr Ao GiRETHN AN Wi B 'R Ma NP A) AR 18LAL T On

with nmultiple transm ennae nobi erm na ast a
si ngl e r ecewvseupntsendhaprodiimg arsepdratd sigoalprnssavg; t he steps of: providing a

o e o PFens i LB Pl ERSE R RO kP ity Syt o
respective squj Rk arkd@Rdinp g respedtive Wirktibn §)(®NA %) Ib prodkde axﬁ&(qsut lsl)gnilqu@z)
transmt processor to produce an . out put 1&lé(i;nal Xl ( appl yi ng

respect i ve *¢/@)ediesdn tehehepng cpehipents Aenlr Gﬂ‘Pélpﬂ‘Bk é]éﬁ?ﬁeléﬁ?‘ﬁg?m Xl

(n; k), X246 sléﬁectnfgecﬁéjhl'ﬂgnénggj(fc)eéﬂﬁ)%tf'tﬁé%r% @Nied ssignal s to a si gnal

conbi ner to performa sunm ng fuRction of the signals and produce a si gnal

X(n; k) for tranghiegstitoe fransmit antennae, each being fed by the output signal x;(n), xz(n) of a
respective one of the pre-equalisers, wherein the functions g;(k), g»(k) of the zero-forcing
pre-equalisers are selected such that the channel responses g;(k) *h;(k), g2(k)*h(k) of the

respective physical channels 4,(k), (k) are flat fading channels.

6. A communications system comprising the base station of Claim 5 and a
mobile terminal having at least a single receive antenna and a space-time decoder

to decode the signals received from the base station.

7. A method of achieving combined beamforming and transmit diversity for
frequency selective fading channels in a communication system having a base station with
multiple transmit antennae and a mobile terminal with at least a single receive antenna, the
method comprising the steps of:

providing a signal to be transmitted S(n,k);

space-time encoding the signal S(n;k) to produce at least two separate signals
Si(nk), S»(n;k), each on a respective output;

feeding each output signal S;(n;k), Sz(nk) to a transmit processor to produce an
output signal X;(n;k), Xz(nk);

applying respective selected transmit beamforming weights to each output signal

Xi(n:k), Xa(nk);
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feeding the summed signal X(n;k) to each of the nultiple transmt antennae
for transmssion; 42 29 Decenber 2006 transnitting the 28iDgeember X308; k)
over physical channel h(n;k); receiving the received signal Y(n;k) at at
| east a single receive antenna; feeding the received signal Y(n;k) to a
receive processor to produce an output signal; and space-tinme decoding the

recei ved si gnal feam@g @hmrésb@:tm@w?dlg]ﬂéd @igametb zh(signK]) c60BRES S peffolmVa
ti me-del ayed rays , and_ h2(n;k), with delay dz the beanformnm ng

wei ght's bei %@”&ﬁ%@@ﬁ“%ﬁh‘? %PIS@H%P@é}1Wi ey forgranpmigsipiiyer se f ast
Fourier transforgdiidH !ﬁDsuﬁ’iH{eM sEREIS X! Q4 R HONeHE RAARE tBndnliP antKanaD g veen

the base station nultiple transmt antennae and the receive antenna, whil st
t he undel ay@asmssigiial or its | FFT only goes through anot her channel h2(n; k)

between the bas %raﬁgrﬁlltt n%nthe ?‘%‘)}1 R’h?ke)r en{' S}stgaﬁcg} N Wﬁ 1? etnplre) tﬁ & e|s1\éaei

antenna, thereby cre annel's can ace-tine

decoded to0 h&GRYVARL @ﬁqs;s’fs‘%@% futng‘Ael% Nals, n %), ’% hﬂgui% szd' ng to daim
ok

7, wherein the physical channel conS|sts 't WO t| - del ayed rays,
hi (n; k) and h2( mc;dc)V,mg/ﬁw teccieéchsygldt Y(tntié abgdenkor mgigrewwgkﬁtwnabei ng chosen

h that th t t. SINB funct t th t
i mi 260 for oqRRTaye SFVOA SRt hEa aRet BERES plsecaol T o e e

physi cal chamnaehnd(n; k) consists of two tine-delayed rays, hi(n;k) and
h2(n; k), with del ay daﬁ%he be nforn%¥%8%$ hts being chosen such that the
aver age recei ve SEREMEATEQihG Feceiy fMWminal is naximzed. 12. A

nmet hod accor di Nghe Qardshl fFbokssopAB L Bdd Bﬁcl@'}ﬂ@ﬁ&@-lan@ Ras @?Itheh((dgpdf)m%‘(é’l@s' sts
of two time-delayed rays, h j(n; k) and h2(n; k), del ay

beanf or m ngroweitghdmmshrpro@sols fsajelske yhds eefoas the hESplaEth&CéeIIb@{ed&t@QﬁM ector

of the downlink channel covariance
beamforming weight is applied thereto.

8. A method according to Claim 7, wherein the respective transmit beamforming
weights are selected as the eigenvectors corresponding to the two largest eigenvalues of

the downlink channel covariance matrix (DCCM) of the physical channels A(n;k).

9. A method of achieving combined beamforming and transmit diversity for
frequency selective fading channels in a communication system having a base station with
multiple transmit antennae and a mobile terminal with at least a single receive antenna, the
method comprising the steps of:

providing a signal to be transmitted S(n,k);

space-time encoding the signal S(n;k) to produce at least two separate signals
Si(nk), S2(nk), each on a respective output;

feeding each output signal S;(nk), S>(n;k) to a transmit processor to produce an
output signal X;(n;k), Xo(n,k),

applying respective selected transmit beamforming weights to each output signal
Xi(n k), Xo(nk),

feeding the respective weighted signals to a signal combiner to perform a
summing function of the signals and produce a signal X(n;k) for transmission;

feeding the summed signal X(n;k) to each of the multiple transmit antennae for

transmission;

42



matrix (DCCM corresponding to that ray. 13. A nethod of @¢haL&vidgodsonbi ned
beanform ng and transmt diversity for frequency selective fading channels
in a conmunication system having a base station with nultiple transmt
antennae and a nobile terminal with at | east a single receive antenna, the
met hod conprising the steps o 43 29 Decenber 2006 providing a signal to be
transmtted S(n;&nsmgpacibe signas Engodverphykieal shgmal 2(8kh; k) to produce at

| east two separate.sigpals .S1(n;k).,. . n: K each on.a respective out put;
f eedi ng each out'5u 1v1r81$ {g}lﬁé?cegje%%lfg%i,ﬂ%@(za%?w)egs?8813g]tef%{3r‘?§vﬁ1'aflte IEacacessor to
produce an out pldédisd Geadecolyddnsigna) ,Y(XRX 1o; a kdceivaaRbaekddg t6 @sqaacd b @upal ect ed
transmt beanform ng weights to each output signal Xi(n;k), X2 (n; k);

f eedi ng the“g@gﬁég:ti ve weighted signals to a signal conbiner to performa
summ ng functi onspade-thdsb@inatie aiRflepkiRddce a signal X(n; k) for _

transm ssion; feeding the sumed signal” X(n;k) to each of the nultiple
transmit ant ennaghatgn themphasieatickannem{nk)y consipts ot iwegimheéclayegdmaisshX(#; k)d over
physi cal channel h(n, k)il receiving. the received signal Y(n;k) at at |east a
singl e recdi(felapteAray ~f dsdieagiaming edghty kangshgsen sudk thatdhe delayedsigaal ve
processor tg iREAANE fasPPouRidt Ritisford! (E1) on3 e SRARER bhdBhaflfs At A9bdth€en

recei ved signal wherein the physical channel h(njk) consists of two

ti me- del ayehe basy statipn {owltipke) trangmat anteRiae; doyl thepier¢ivelatenyna\vhidah dhenundelavedh excess

delay for tk : he ..t sm [ Ss0r.s hav i refix
| engt h of cf%ag!r)\}djﬁgoﬁ%ﬁok My réé)egh%%%? P %lﬁ% & ﬁ Fglo%?'%ﬁebeqvgeélﬁtggn%t% ée’pgt‘f:l)tgoélssor S
i s del ayed nnyltiMe btednsmé  ihennhe sypé cthe weces el entermd, tthadsncicatgan®or ditfergnt

channels which can be space-time decoded to recover the transmitted signal.

10. A method according to Claim 7, wherein the physical channel A(n;k) consists
of two time-delayed rays, /;(nk) and hy(n:k), with delay A7 the beamforming weights
being chosen such that the average transmit SINR function at the base station is

maximized for each ray.

11. A method according to Claim 7, wherein the physical channel 4(n;k) consists
of two time-delayed rays, A;(n/k) and hy(nk), with delay A7 the beamforming weights
being chosen such that the average receive SINR function at the mobile terminal is

maximized.

12. A method according to Claim 7, wherein the physical channel A(n;k) consists

of two time-delayed rays, 4;(n;k) and ha(n:k), with delay 47, the beamforming weights for
each ray are chosen as the principal eigenvector of the downlink channel covariance

matrix (DCCM) corresponding to that ray.

13. A method of achieving combined beamforming and transmit diversity for
frequency selective fading channels in a communication system having a base station with
multiple transmit antennae and a mobile terminal with at least a single receive antenna, the

method comprising the steps of:
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wei ght is applied thereto. 14. A nethod according to Caim 13, wherein the
beanfornmi ng weights are chosen such that the del ayed si ¢i9dleceirbdri2@06 nver se
fast Fourier transform (I FFT) only goes through one channel hl (n;k)

bet ween the base station nultiple transmt antennae and the receive
antenna, whilst the undel ayed signal or its |IFFT only goes through another
channel h2(n; k) fetidiagn signel tbds erasmattedsyzmyl ti ple transmt antennae and the

receive antenna, thereby creating t di fferent channels which can.be
Cpace- &1 o decodPate e hestiis Merer] Sk sttt ghareot o SRark REs
accordi ng tg(;@kpbﬁ;kﬁeadp{r&rﬁk%e&tn@ dagaff orm ng wei ghts being chosen such
that the average transmt SINR function at the base station is maxim zed

for each cl ust efeeding gach apipup sigpd iy SPBbkt0 2 BansmitRIPFRSHPT 4 EEIHF Y t o

daim13, wWaghRsBniingbeaR#»im ng weights being chosen such that the
aver age recel veS%’I]Nngnt’jb]ﬁbl?;{(dn}pat the nobile termnal is maximzed. 17. A

met hod accor di ngepplyin@ ménectl 8, seldated diansnih bedvefarrhiog verghtsneiegélt suthwrsigmak h
clustered r . hosen as the principal eigenvector of the downlink
channel cov’? 7’%%ﬁ’b(zatri x (DCCM corresponding to that clustered ray. 18.

A met hod accor difaglitig tkd adspectiSe weaghed Signglst toea fdigriaheombinep o qfetfomsta mat i ng
a power-del ay- DOA_profile for channel h(n;k); ng@ based. on the profile:
det er mi ni ng’ n%f}‘(‘,‘Fti“E“_ %frﬂéﬂl&‘}a?sl W PRogugs? %%‘%ﬂ%é’? f%@“ﬁ‘i‘l&ﬁ‘gﬂ’i t processors:;
determ ning the &y the bumeicd&igiat ¥(1o)ad6 leadN6lf 1K dkikiBH1e AAnSHiD @AFANAS TEK
determning the transmt beanform ng weights. 19. A nmethod according to

d aim 18, CEHRPPISEPHg the further step of estimating the downlink channel

o conatr uct i o e e B 1 accordi ng o O atm
19, conprising trheifing thhesceivedpgafl Yiuskat af lpdshysingle receive antenna;
feeding the received signal Y(n;k) to a receive processor to produce an output
signal; and
space-time decoding the received signal

wherein the physical channel A(n;k) consists of two time-delayed rays, 4;(n;k), and
hy(n:k), with delay ¥, and maximum excess delay for the clusters AV, the transmit
processors have a cyclic prefix length of AY and one of the output signals from the

transmit processors is delayed by ¥ before the respective selected transmit beamforming

weight is applied thereto.

14. A method according to Claim 13, wherein the beamforming weights are
chosen such that the delayed signal or its inverse fast Fourier transform (IFFT) only goes
through one channel %;(n;k) between the base station multiple transmit antennae and the
receive antenna, whilst the undelayed signal or its IFFT only goes through another
channel 4,(n;k) between the base station multiple transmit antennae and the receive
antenna, thereby creating two different channels which can be space-time decoded to

recover the transmitted signal.

15. A method according to Claim 13, wherein the beamforming weights being
chosen such that the average transmit SINR function at the base station is maximized for

each clustered ray.

44



the diversity order and nodul ati on scheme based on the profile. 21. A

met hod according to aim7, wherein the transnt and rec@iBeeephranéedsor s
are selected fromthe group consisting of. OFDM MC- CDVA MC- DS- CDVA and a
single carrier systemw th cyclic prefix. 22. A base station with nmultiple
transmt antennae for comrunicating with a nobile term nal having at | east

a single recei vejang %{Eﬂﬁad%&@&dﬁ@%ﬁi(ﬁﬂn eNanNedin Qﬂé<¥>earﬁf&?nin§)?a%fgg§shlzéiﬁgon

conprising: a space-tinme encoder having an 1 nput of a signa

transmi t t ecchasm sath thehide avevage roeiyruS BNRefuottiqurad theoholyledersapd iamexigizgdal ;  at

| east two transmt processors each receiving one of the outputs froma
respective space-tinme encoder; at least two transmt beanforners each

recei ving an outputA iethod accosbeotGlyien 13, rvéiesdin thePemasmolg edightafipleyihing a
transmt beanformn ight thereto; .45 29 Dec er 2006 . a signal conbiner
oot vi ng. STOHEFC SEIRG SOlPOR sl S EEEeOpGr MBIE BpSERBS SR SN g
function ofmihe (ISCONBlcsiéshermiide theankefaRsys and produce a signal for
transm ssion by the nultiple transnmt antennae; wherein the physical

channel h(n; k) consists of two time-delayed rays, h j(n; k) and h2(n;k),

W th delay dz f uft 1 Si lay, : kit t ween one of
the nmultiple aglgéggﬁ?fgégr?se%@hg?ooggggé?’ Cg%ggf%ma%r@rﬂ%?%ggsﬁr mer to del ay

t he signal out pustimitmgnm tpowet-delmsPOA prodide wochabyel dan fiif orde based oredpect i ve
selected transmt beanform ng weight is applied thereto, wherein the
transnmit proefdssdetenyaingdhe gyelicc Prefixe s 9 iBeeadded Dy epEansmit BIOFSHOIH t h
multiple transmt antennae for conmunicating with a nobile term nal having
at | east a dicHYIEe Bedclpy Grdissnly oiler a%?’é’&‘é‘éﬁ“’“c??é%ﬁﬁ%l angy gefermime thsase
station conphigi BemBmoiRaGeizhis™e encoder having an input of a signal to be
transmtted and at |east two

19. A method according to Claim 18, comprising the further step of estimating the

downlink channel covariance matrix (DCCM) from the uplink channel covariance matrix

(UCCM) to construct transmit beamforming weights.

20. A method according to Claim 19, comprising the further step of determining

the diversity order and modulation scheme based on the profile.

21. A method according to Claim 7, wherein the transmit and receive processors
are selected from the group consisting of: OFDM, MC-CDMA MC-DS-CDMA and a

single carrier system with cyclic prefix.

22. A base station with multiple transmit antennae for communicating with a
mobile terminal having at least a single receive antenna over physical channel A(k), the
base station comprising:

a space-time encoder having an input of a signal to be transmitted and at least two
outputs each producing a separate signal;

at least two transmit processors each receiving one of the outputs from a
respective space-time encoder;

at least two transmit beamformers each receiving an output from a respective

transmit processor and applying a transmit beamforming weight thereto;
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out puts each producing a separate signal; at least two transmt processors
each receiving one of the outputs froma respective space-idcBBb&nReeser; at
| east two transmt beanforners each receiving an output froma respective
transmt processor and applying a transmt beanform ng weight thereto; a

si gnal conbi ner receiving signals fromthe beanforners and operable to

erform a sunm L-on _of. the.:si r . R produce
2 signal for trﬂ%%ﬁﬁlygﬁ%ﬁaégeﬁ%%ﬁ%ag ir}gdlnzth%rb gér%%lﬁﬁerg%ﬁé%?taﬁgr el n the
physi cal chaswemitg fmkionc ohdliessignadf fiowo thtei bendeinzyednd pysiuchla( nigie) fand
h2(n; k), w.gt l.ay, Y% and.. I mum excess delay for the clusters AV,

fuﬁt hez, c&%ﬁﬁgflﬁébyaed@‘ﬁ%@ggﬁﬁn{ﬁ nY nél"rleposed bet ween one of the nultiple
access transm t lisode sgeqthyacd phdnsclafiak) eorseamst evdremedelagel ays, ke ksignal
output fromthe transmt processor by Vf before the respective selected
transmt beaftir withglelagidfhfurther epmppriset 4 HelnebH A7 tikterpbsedristiden oqoe of @ESOr S

having a cycl.i.c prefix length of dY! 24. A base stati wi.th.multiple
transnit ar{?‘élhﬁgeac?eg? tr?:’bsmlrﬁ P‘é‘%?fcirr?él%%tﬂldaa Wﬁ?ﬁr’?&ertt%ﬁaf‘%gfe P AYPYE | east
a singler i - s Gl - t ) tation
conpri si ng%of{%ﬁgg%@g 3@%&’%6’2 a eg(%gélg%]ﬁgﬁfg{“é%g%%%?d t?%‘&ﬁ“ﬂg"egrﬁ‘ﬁ“%% of a
signal to beeighténgplitd there@hdheatinl thasdnsinwprodessbpdosoeatitypliogtefitasg a
separate signal; at least two transmt processors each receiving one of the
outputs froma respective space-tinme encoder; at |least two transmt

beanf or mer s each3r acBisei sidiod NwietH hidittpld hamndt ERSRAE tbY BommuABAMHt wik @cessor
and applying a transmt beanform ng weight thereto; a si gnal conbi ner

recei vi ng SNOPHEETHRY haYiR ableasifoyiiele kecaing apisutaatyier Physioabelfagneh 28, §igni ng
function of,atchedh98@pssifd: om the beanforners and produce a signal for

a space-time encoder having an input of a signal to be transmitted and at least two
outputs each producing a separate signal,

at least two transmit processors each receiving one of the outputs from a
respective space-time encoder;

at least two transmit beamformers each receiving an output from a respective
transmit processor and applying a transmit beamforming weight thereto;

a signal combiner receiving signals from the beamformers and operable to perform
a summing function of the signals from the beamformers and produce a signal for
transmission by the multiple transmit antennae;

wherein the physical channel A(n;k) consists of two time-delayed rays, 4;(n,k) and
ha(n;k), with delay ¥, and maximum excess delay for the clusters 4V, further comprising
a delay of ¥ interposed between one of the multiple access transmit processor outputs and

a beamformer to delay the signal output from the transmit processor by ¥ before the

respective selected transmit beamforming weight is applied thereto, the transmit

processors having a cyclic prefix length of 4V
24. A base station with multiple transmit antennae for communicating with a

mobile terminal having at least a single receive antenna over physical channel A(k), the

base station comprising:
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transm ssion by the nultiple transmt antennae; and a finRsbepsraeesssr to
determ ne a power-del ay-DOA profile estimate for channel h(n;k) and based
on the profile, determ ned: the length, 4f, of the cyclic prefix to be
added by the transmt processors; the delay Y% diversity order and
nodul ati on schene; and the transmt beanform ng wei ghts"” 25" A base

st ati on accor di regspace-theaemoger, hating eheutofmyigsi rrgbedrapsnsied apt atdestoro t o
estimate a downlink channel covariance matrix (DCCM fromthe uplink
channel  coVHHRERP] ???&ai%ffﬁ%m?%fconstruct transnit beanformn ng

wei ghts. 26. A hasleassttabi famsakiC prodistds t @cll raceinidd  oneher gienoitpies tfreansami t and
receive processors are selected fromthe group consisting of. OFDM

MC- CDVA MC-TERBSCoORacsitinsT (o4 carrier systemwith cyclic prefix. 27. A
comuni cati ons sy§tLMwe kRSl Behnihendaseehstcadiliap Af ofghai o2 REécive Mobi | e
term nal having at |east a single receive antenna, a receive processor to
produce an teuspilprospyyeraind gaplyiag 8 pgaenit bepnfeiadagiweighigdhereode t he out put
signal, 28 A n%ti%n% A RER LU GOTRIARRHARD BAH I D hARMob 120 Bk frm
diversity for freguency selective Tading channels I n a conmuni cation

syst em haviangnmamingstansttoat ofothewsigials fraht thel eeatfamem tndaptadnerae sgml domobi | e

termnal wiith at .|east a Si e receive antenna, the nethod conprising the
steps of: WSW’&?I%g%a‘gf‘ﬁﬂt&?qgi%nSH’étafltegﬂasema?(fed s(n); space-tinme encoding a
signal to be transii ptoechss 13) ddt@mieosl poReradeldyePON fprofle Sepakabe chingdal s

sl (n), s2(n), each on a respective output; 47 29 Decenber 2006 del aying
one of the /gpacend baved enchxdpobfity tdptatmisedyribé &ngth, d¥, ap theyéystic pedipetottieve

sel ected transmt beanform ng weights to the del ayed and undel ayed

signal s; f eddidy thedransmsip ecadesserspdliegirlayd¥'s fligeraity ordgr ands mgdalptictosabeer t o
perform a

and the transmit beamforming weights.

25. A base station according to Claim 24, further comprising a second processor to
estimate a downlink channel covariance matrix (DCCM) from the uplink channel

covariance matrix (UCCM) to construct transmit beamforming weights.

26. A base station according to Claim 13, wherein the transmit and receive
processors are selected from the group consisting of: OFDM, MC-CDMA MC-DS-

CDMA and single carrier system with cyclic prefix.

27. A communications system comprising the base station of Claim 22 and a
mobile terminal having at least a single receive antenna, a receive processor to

produce an output signal and a space-time decoder to decode the output signal.

28. A method of achieving combined beamforming and transmit diversity for
frequency selective fading channels in a communication system having a base station with
multiple transmit antennae and a mobile terminal with at least a single receive antenna, the
method comprising the steps of:

providing a signal to be transmitted s(n);

space-time encoding a signal to be transmitted s(n) to produce at least two

separate signals s,(n), s;(n), each on a respective output;
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summ ng function of the signals and produce a signal for 2tbaasiHessiden;
feeding the sunmed signal to each of the nultiple transmt antennae for
transm ssion; transmtting the sumed signals over the physical channel
h(k); receiving the major conponents of the transmitted signals at at | east
a single receive antenna at substantially the sane tine; and space-tine

decodi ng the recRlaved ohb ONAk spadbeinRichcddee o ytsgig;ﬁislﬁhannel h(k) consists of
two tine-delayed rays hl (k), II)*|2(k) with delay dz the beanf or mi ng wei ghts
are chosen such aphlngt gepcdeyeaydestesl gpnamitdisrpiyoeng weighls g Hho delayegyand, (k)
between th i.on multiple transmt antennae and the receive

ant enna, vﬁlﬂggg}%d%@%ﬁﬁel ayed signal only goes through another ray h2(k)
bet ween t he basdeeditgatlicorespactivé presgittedanignals tand esignake cambintthé mpedeiny e
antenna. 29" A.nethod of tachi evin cgnbi ned gﬁam‘ orm ng and transmt

di versity FOP™RENETHALS hseeqll%léltsia{}gprfo HeAS ERAIAEFE I conmuni cat i on
system having a feaisf SeabihhmedV sighal ¥l dabipl & theanmmiple aRhaRnagteanst formobil e
terminal with at |east a single receive antenna, the nethod conprising the
steps o prdWMEYOR signal to be transnmitted s(n); space-tinme encoding a

signal to be trfﬁ@ﬁmimn%cihés(umméd%i@m%u&qh@ﬂg)sﬁals&haﬁmh(kiepar ate signals
sl (n), s2(n), each on a respective output; delaying one of the space-tine

encoded out put s¢agiviesthieymajor apippaienly of ébpdeniniged eigads et at teasisarisingle
beanf orm ngeéé@egpltegnataqsﬁgg ng%ihpﬁ{ggm%q e;ld%iel ayed signals; feeding the
e a

respective wei gh st gnal's st gnal conmbi ner, to performa sunmm ng
function of the spacgtialesicasttingthotheewedsignainal for transm ssion; feeding the

pumred. st onal {20836 Sl Do T LUPH® BRI N GRIRR s AR S O
with delay A7 the beamforming weights are chosen such that the delayed signal only goes
through one ray 4,(k) between the base station multiple transmit antennae and the receive
antenna, whilst the undelayed signal only goes through another ray 4.(k) between the base

station multiple transmit antennae and the receive antenna.

29. A method of achieving combined beamforming and transmit diversity for
frequency selective fading channels in a communication system having a base station with
multiple transmit antennae and a mobile terminal with at least a single receive antenna, the
method comprising the steps of:

providing a signal to be transmitted s(n);

space-time encoding a signal to be transmitted s(n) to produce at least two

separate signals s;(n), s2(n), each on a respective output;

delaying one of the space-time encoded output signals by Az,

applying respective selected transmit beamforming weights to the delayed and
undelayed signals;

feeding the respective weighted signals to a signal combiner to perform a
summing function of the signals and produce a signal for transmission;

feeding the summed signal to each of the multiple transmit antennae for
transmission;

transmitting the summed signals over the physical channel /(k);
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48 29 Decenber 2006 receiving the major conponents of the transmtted
signals at at least a single receive antenna at subst antidodldcymiben@o@cane
time; and space-tinme decoding the received signal wherein the physical
channel h(k) consists of nultiple rays with two major rays hj(k), h2(k)
del ayed by dz the beanform ng weights are chosen such that the del ayed
signal only goes

T Bnam ¢ ant annad anh S0P Bkl o B RIS 338 R AL R0 ©

only goes thtaugintanehhabstiraplinelsdme bmeymedn t he base station nultiple
transmt antennae andtg ' 30. A base station with nmultiple

e receive antenna,
transnit ant enna®f%Gime ﬁﬁﬁﬁggﬁFFﬁﬁwﬂfﬁﬂaa mobi |l e term nal having at | east
a single recei vewRditis TRApIONRE] (HaXSd] Gal) cohafael miltple RFY WG twbWaajor rays
ti me-del ayed rays, hl (k) and h2(k), the base station conprising: a
space-ti me pgokgr delyedgy &lT, tephtamdmingsivgights aro chaset sarhstnt thedehyel at
| east two outputs each producin separate signal; at |least two transmt
beanf or mer sS‘%é‘EPPIY 8o tehg! Ay r'em?@tbeweaﬁf%ﬁ’é%%%@wﬁ%e TR ERY
appl yi ng a ijsans petivO gl Whilg (el échﬁ%ﬂ?ai Bnly o8 &E@ighcaﬁaﬂaemg ny®Lei ving
signals fromthe beanforners and opepa%le o perform a sunmm ng function of
t he si gnal sbetwesmthehmsheatinonHipls tanunipaengaeand the rpaelve fennat r ansni ssi on by
each of the nultiple transmt antennae, wherein a delay of dl' is
i nt erposed between the space-tine encoder and one of the beanforners such
that the major Wonpbaenitsgionf withemtltipla smhinie dntshupeafos cameune@igvedhat  at
| east a single recei .antenna at .substantially the s t 1. A
comuni cat i %@les‘[%{l’é&}\ﬁ‘%‘f}%?ﬁgsﬁ@smﬁg1%5158a tflg}ai%' ‘B ys@gﬁl ﬁﬁnfgﬁ%gavéng nobi | e
term nal hawonneadeldyedsdys,a, &) ngl /8(k) ahebase stafidredongpriaind: a space-ti me decoder
to decode the received signal. 32. A ne%hod afcquing to C“?iq19 wherein
the respective t& SRACSRE f)‘é:giir‘fr(;’laﬁlinﬁ én input of a signal to be tranSmitted and at least two

outputs each producing a separate signal;

at least two transmit beamformers each receiving an output from the space-time
encoder and applying a transmit beamforming weight thereto;

a signal combiner receiving signals from the beamformers and operable to perform

a summing function of the signals from the beamformers and produce a signal for

transmission by each of the multiple transmit antennae, wherein a delay of AART
interposed between the space-time encoder and one of the beamformers such that the
major components of the transmitted signals are received at at least a single receive

antenna at substantially the same time.

31. A communications system comprising the base station of Claim 22 and a
mobile terminal having at least a single receive antenna and a space-time decoder to

decode the received signal.

32. A method according to Claim 9, wherein the respective transmit beamforming
weights are selected as the eigenvectors corresponding to the two largest eigenvalues of

the downlink channel covariance matrix (DCCM) of the physical channels A(n,%).
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wei ghts are selected as the eigenvectors corresponding to the two | argest
ei genval ues of the downlink channel covariance matrix (DSCHperofer LORS

physi cal channels h(n;k). 49 29 Decenber 2006 33, A nethod according to
Claim 13 wherein the respective transmt beanform ng weights are sel ected
as the eigenvectors corresponding to the two | argest eigenval ues of the

downl i nk Cha””e'339%%%&59&‘&%0&?@%5ék{imh]eg&%%%sgp&% Gihs 'f‘%@ﬂﬁ%rﬁ&‘ n ' k).

34., A conmuni cations system conprising t ase station o alm and a
a nobi | e t ewaigitalhrehmlected aathd @gsivedors icogespondiggeiovibe amo dangeal eigenvelnes v

Phe. ot put 0 RER3Ea R Eiilice Bl RaR IR B Tiwe i hase stati on

of Claim24 and a a nobile term nal having at |east a single receive
antenna, a receive processor to produce an_output sigpal and a space-tine
decoder to decod¥ {%ﬁ@ﬂ@ﬂ{n}gﬁgpongi sgﬁ%_zp compyising the base station 01 Claim 23 and a

a mobile terminal having at least a single receive antenna, a receive processor to

produce an output signal and a space-time decoder to decode the output signal.
35. A communications system comprising the base station of Claim 24 and a

a mobile terminal having at least a single receive antenna, a receive processor to

produce an output signal and a space-time decoder to decode the output signal.
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