;. pgrse3e/, $6T" ' " A Wrel ess Comuni cation Apparatus and Met hod" BACKGROUND
OF THE I NVENTI ON The present invention relates in general to wireless
conmuni cation systens and, nore particularly, to i m}ﬂﬂ j downl i nk
performance of w reless communication systens. Wr w”’mm (m

comuni cations suffer fromfour major inpairments: path)ass, | tipath
fading, inter-synbol interference (I1SlI) and co-channel interference
Adapti ve antennas can be used to suppress the effects of these Factors to

i nprove tike p EmPhuntiati j gon systens, There are two
types of adapt}ie\%ﬂélggggmas: ﬁa&@?ﬁ?&ﬁgﬁﬁgn@gﬁﬁgﬁd beanf orm ng antennas In
a diversity antenna systemnultiple low:.orrelatiot? or independent fading

channel s are acquired in order to Conpensate nultipath fading. thus
achieving diversity gain. Beanform ng antennas, on the other hank provide

beanf orm ng gai.n I. ' directivity, thus conpensating
for path | ossgﬁgégﬁtﬁéﬁgjgmmﬁquressi ng co-channe' interference,
In a diversity antenna system the antenna spacing is usually required to
bE | arge enough, e.g., 14~. in order to obtain |owcorrclation~i ndependent
fadi ng channefge pesRacirkehtiod ¢latesmin Igenerglitoamwimpese adnemuiicaomesysemsonever ,
beanf orm ng antennas need to achieve spatial difectivity, so the signals
received at aand, gnozer pardpletiBgtor Hraprosing &AMk REOBENES (P HERSS Thi s
means that for beanfor.m ng, antenna, the antenna spaci ng should usually be
small, e.g. h%lqrfl%}:éfl% "br a uniformlinear array (ULA). Because of
the conflict between the required antenna spacings for diversity antenna
syst ens and beanfonni ng systens) a prejudice exists that diversity gain
and beanf onni wrd&isnmebil @bmbiniahory euffal frott fsowromajoy . imBaitmeMARBaOF TFI E
II~"E~ITIQN It is an object of the present invention to seek to provide a
wirel ess commisss,canulgpady Sedingbdnersymbel dnieaderenseo(SY #bnspelidingl versity

gai n and beanf onni ng gai,n_ Accor di ngl ne aspect of the ese invention
provides a rre’t"'g‘?)rgerﬁlg‘“‘acﬁg_%?ﬁvﬁ _ ?gﬁyéﬂ %ai”%‘?@? f’"f/?pdssisné}'? r??f C%o%ﬁi’ccati on
system havi ngra;Rase fhatove Nt bearahtd! oF WRNSH dordheiRadsh aPstethsobi | e
termnal v,rith a single recelive antenna, the nethod conprising the steps
of providi ng Thedegmatws orpee of acapsint thednas( diversyanesrnasrend beadfompinge

signal s{n) io produce at least two separate signals s;(n),s~(n), earl: on
a respective GMERARS: fHedd ngivenih suewna gvyeml Bwftiple slopyryomefagon or

zero-forcing pre-equal i.sgr having a respecti.ve_function gl (k) to
produce an ou@’ﬂﬁ?e@‘éBLgﬁﬁﬁ (cﬁ ne%ﬁ.rﬁ)a;cqﬁg%%i.q.'évréﬂgoom%%xsétﬁlﬂgﬁé%w n),
x~(n) of eachgiu 6 agiahimelink YiveriARER { BABhRRA: bHAREAY tdni @ bhgr out put
signals xI(n), x:{n) over re3pectiVve physical channels h;(k), hi(k);

recei ~-i ng t heamytprovidsipamiferming rgain b (miking use sifngpadiak dwedtivatyanttenna; and
space-tine decoding the recejived signals, wherein the functions q%gg}()

g~(k) of the SUFBREANRE AGF Prbelish P SoFfdal SXIHF ARF HPRIFHIE A I channel
responses gj (ﬁ?térj?rf:K%e) gl(kj *h~(k) of the respective physical channels

hl (k)) h~(k) are at ' fadi ng channels. Preferably. the comrunications
systemis a tine-division duplex systemacid the nmethod includes the
further step of deriving the real cha.nz~;el coefricients fromuplink
channel coef f Ircaaliversinornteana isystem) thet dntenrahspacingds iusnallyyrgqjredge(® of the
pre-equalisers. Conveniently, the step of deriving the real channel
coefficients fargarenpighi gi.2104 in order to obtain low-correlation/independent fading

channels, especially for small apgular 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
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channel coefficients uses training synbols fromthe uplink channel,

Advant ageously, the step of deriving the real channel coeff cients frcm
upl ink channel coefficients uses blind techniques. Preferably, the

communi cations systemis a frequency-division duplex systemand the nethod
i ncludes the ether step of deriving ttxe roai channel coefficients by
sending a set - ahd! bgiffdihisg 19ARLS, |9 pRAAES xids 6P IRl ! BENTTRY! ©
terminal) the nobile termnal "estinmating the real c an.~eF Cr%l rci~nts and
f eedi ng back cheanfirminggainciaemit berahiered sinmitanedusly. base station, Anot her
aspect of the present invention provides a base station with nmultiple
transmt artenna~ for comrunicating with a nobile te.~rninal having a
single receive 4 Ar ' hannel s nJ(, k), ha~k~, the base
station conpri ?Wé‘g%’éﬁ W’@h@ﬁ@&f having an i nput of a signal to be
transmtted s(r.~ azct at Least two outputs each producing a separate
signal s!'(n),s~ ( r); at least t~~~0 zeroir~rcing pre-equalisers. each fed
by a respecti vét dutgutobfdcyrof de prdseit, dnvefition w-seekhayi p@vider @Speidsye
function g, (k), g~(kj to produce an output signal xl(n), x,(n); and at

| east two transeimmumgationsastcmeneiung sirfudignegustyh&omuhqthydiversityogaix laga) |

xi (n) of a resBect'EOve.one .of the pxe-equalisers, wherein the fsu~ctions

gl (k), g~(k) c “HREOTIRSEHEy ci ng pre-equalisers are selected such that the
ehanrel responses g, (k) *hl(k), g?(k)*hl(k} of the respectil~e physical
channels hl (k), h~;k) are flat fading channels. Preferably, the nobile
term nal has aAsicoglinglyecet vaspectt efinthe gedsent sipaanicn proviésodemetipddecode
the signals received fromthe base station. A farther aspect of the present
i n~~enti on provflieeing wanspdydiyersiy gafiimg eunpBHRicatione aysemn riving arfdse
transmt diversjt.y fox fr cy selective fading,3 channel.g in.a
communi cat i on §V§¥8rﬂ 'ﬁé\wtﬁgg@qﬁ%@@%?‘@ﬁ“@ﬁ W%[?m "g‘?ti‘ifl ‘tempf‘“?@hgrfﬁgle
artennaz and a jal M0 o 14\ ka8 IV <} ; hod
conprising t heré'slgtéglgsﬁlé%l:ﬁ{abr oVl S?Nﬁgr&é’ﬁ‘é’? ‘Sﬁ‘gﬁﬁ? Sﬁgg oif"ra%tﬁgﬁﬁél%? ﬁ[d”‘% :
space-ti me encadhsmitieies(s); gpade-tithe (cncoding tee pignaluge) &f ptodasé at Wassepar at e
signals SI{n; k),S;(n;, k), each on a .respective output; feeding eacbh~

out put signal SREF#Ee skgnats s, (mhsAe). eashrn p apspertiveorpeipuy feeding epelbdurpat an

nut put signal .x:. {r.; Kk X, (n; ...appl yi ng,.respective selected Lransmt
beat nr or m ng m‘éi“aﬁffé”)ﬁae”’ééer? 5%?';%:4”@8’%%“%&%?‘%&)“? BSERECHEC: TUERY ng t he
respective wei gh&g%@)%@r&d&e A c'iltﬁiﬂ%'igrfb?%ﬁ!%? )pfd%a{nfg%mﬁtﬁjt Yisari ng
function of the sigh |Is and produce a signal” ~"(n;k) for transm ssion;
feedi ng the sum{e) xsinyobleact prelgqublisee ax b mahshheantanht; pdrentiningibabtipant ennae
for transm ssiaon; txaqrg};rﬁ ttinQ the signals v?r respzetive the

s . X(n;~.) 0O\
physi cal chann&iEnalF2(8). X470 QVEy FBeANE é%@?l\ﬁgé“%ﬂi)hé{‘)a fratfehs rrGeiging shesi ngl e

. e faent, e ) e : e ve
oy ocescor 1o puliERek Mk o) 8FE ER Sral0E pordhth e e iR Gedine
recei ved si gnathe Reeivb®51 hm,a wkéreR mem%hy?,rm,% bF tfe RBEESCRINHBY

wei ghts are sele;.trd as the eigenvectors corresponding to the two | argest
ei genval ues of equatiserdcang b¢lacted sincinthet the chasndl acspenseatg: (A *A; BECBA 43R :(Ehe

physi cal chanr_g| h(n:K)., nveniently, fhe physigal, chanpel h(n;h )

cor~i sts of t-?f/g‘et'f('wpé‘e?gﬁﬁ apcbﬁ‘&e SI@’{"E;“@&)&Fﬁjﬁﬁsz ,“E)CB&%H‘F ‘the transnit
processors do not add cyclic prefi~c~s arid one of the output signals ixom
the transmt processors is delayed by n = before the respective sel ected
transmt beat nPestedably, Wed obimiusicaBiphs St ey @ttﬁne-ﬂh@si&ﬁ@h?ieicslyﬁﬂeﬂgm%i ghts
bei ng chosen such that the del ayed signal or its inverse fast fioarier
traps form (I tRTnethodyinglodes therfurther. stem of dheivingl the real (channel isoefiiséants b~. e

base station |tiple transnjt t.ennge and the receive anter ] st the
el e ni gt Beliak ik ostiSiCelader o4 g salechne in e SO e o
between the bageust a3t iple transmt antennae end the receive

ant enna, t|her§§§%é?éégpﬂ§¥#§o different channels which can | ae space-tine
decoded to 4 recover the transmtted signal. Ad~ antageously, the

physi cal channel h(n;k) consists of two time-delayed clustered rays, h~(n;
k) and hz(n; k) Fonwenienthnshe steprefcderiving theateal ghanpel iceefficientsx froghyplinkor ~' ~
and one of the output signals fromthe transmt processors is delayed by '~
before the respective selected transmt beanform ng weight is applied
thereto, the beanform ng wei ghts being chgosen such that the del ayed
sig~o,al or its inverse fast Fourier trandform (I FFT) only goes through one
channel hl (n; k) betwcez~ the base station nultiple transmt antennae a, nd
the receive antenna, whilst the undel ayed signal or its IFF C only goes

t hrough anot her channel hZ(n; k) between the base station nraltiple transmt
antennae and the receive antenna, thereby creating two diffcrcrat channels
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Preferably, tkie method conprises the further steps of: estimating a

power del ay- DOA profile for the channel h(n;k); and, based on the profile:
determ ning the cyclic prefix length, ~~", to be added by the transmt
processors; determning the delay ~'; and determ ning the transmt

beanf or mi ng wehghmel costfvaernts geentediyingtshmboty frost theuplink eharrdeg further step
of estimating the downlink channel co~~ariance matrix (DCCM fromthe

upl i nk channel covariance matrix (1°JCCM to construct transmt

beant orrni ng L ghts. nveni ent | t he t hod conprises the further steps
of : estimati n?&‘%@i%ﬂﬁﬁp’n C&‘%Pn?%qlerb‘%%g?ea‘f?@gcmi so¢iticmnis-frepoupline

upl i nk channc! ri o L d construct transmt beanform ng
wei ghts; esti r(r:wia1 I'ng CQQ%%@BE%%%%‘% e for ci~annel h(n;k); and,
based on the prarile: determining the length, ~ ~ , of the cyclic prefix
to be added by the transmt processors; determning the delay '~ ; and

det er mi ni ng t ifeeferabipnthe Gmmiriaatidnsraystem isea Gleyaenck-divisieduprestteaf the
present invention provides a base station with nultiple transmt antennae
for communi cagprdgths mrethodoisiciudes ethei Authenastepgof dermgng athe ersmil vehamekbnna
over physical channel n; k). havi ng .tyva tinme-del ayed rays, hl{n;k~ and
hz(n; k), the Sﬁggﬂé?}ﬁ E’&r?eﬁ & &6t %& ; a&*‘@&éb“é‘-"?ﬁut&éﬁéﬁﬁ‘ifdé? %mfhﬁf ;e i nput
of a signal t t sy t ¥ =Y: 153 Y Mo h cl a
epar at o oi gndebilg EPREL ¢mBOe SR8 s unarBeHE RN BRE0 BRIBSROTE e
out puts from anieeRfiff bick SRAME! ¢defiCieRInRHRatioAlto lIEABAselstRidn, ansmi t
bearnformers each receiving an output froma respective transmt processor
and applying a transmt beanform ng wei ght thereto; a signal conbiner
receiving signals fromthe_bheanforners and operable to performa summ ng
function of tHehefapect plothictpresaHt ACaHPADIQVidat agiase statioa withmanltply
transm ssion by the ltiple transm.,t antenpae. Preferabl a del ay of ar
5 1 nt er posed O TGAERAE R REIRcae Wil Ginabyls Eringl hetigRce Shele
beanforner to : | goad. , f e Ngm C or, ~'
before the r eé%gé(l:‘taél/vgeﬂg%@eé%d ? ?gﬁggrln tCBglgﬂa%?o?’%Ei ?\‘g\k&ﬁe%ﬁt 8?% apd 9ngd
thereto, wher@bmprfRRfhgiransmt processors do not add cyclic prefixes,
Conveniently, a delay of Y~ i5 interposed between one of thetransmt
processor out puipscertichcaetmdaf baving ahdnpigl afya sigeakioghairansminget sKroand he
transmt processor by ~' before {he respective selected transmt

beanf onni ng we$ahtWe UYL ¢854 r £ SEINERLE SEREHT AN hi-He 861528 HAZSHY a

cyclic prefixgl ek e A eqQusl V. ..a..p or to, det 1 a
power - del ay- Dg&r%br}rgé)g ﬁ)’éqlza’sl%sf"%te g&?gi@g%gnﬁeéﬁ c‘htﬁr? ; Jé(‘?ﬁl&t: a%&%\/ff e "g'{r?g%‘n]gas ed
on the profil t RridtRtive 4 > Tk} &dd €blput QiLa1 adgsd by
the transmt %?gg‘gssorr% ; tlFlfei}g?a(I£ ?}Qégk);’anggcf ttdr:]g tdrug?];%nft hetf)stf‘-,lar F\‘?%ﬁ m ng
weights. 6  Gamyemdat legst By ranssis antenfagreach deihg fedelsy thmbdetpat sligual i nk
channel covariance matrix (DCCM fromthe uplinh channel covariance matrix
(UCC~fi) to cendrufn) of snmspectiveapreophrithr preraualisersprdicseiaphy fonpdonsa” ~e
station further, tr, +.\n I Ses f.irst processor ta deterrmme

power - del ay- D@\(ké'r k) (%%4'{135?’1’0' BIg BFG'EMWE’TS e ﬁ&ﬁﬁ@éHff‘%&g&f dienpels
profile, deterg ~' 2091 ~ f 1 { % €. ded by
t:, he tran, szrrliégtﬁag?%s’cgg&rne@t R’ékjgéf(é?/ og ?Egﬁéﬁ%éﬁxe%fglgﬁgﬂ i& eaé) rfr] ning
wei g'xts; an(&zfgc')amﬂmfamr@mﬁgéls,to estimate a down3i nl ¢ channel
covariance matrix (DCC'M fromthe uplink el xgnnel covariance nxs.;rix

(UCCM to construct transmt benforn~uig weights. Conveniently, tlxe

transmt and recgir.~e processors are selected damthe gr oug .
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



eonsistir_g of: ~JFDM CDM .4 and Thi V' ~A processors. Adv~.zttagee~usiy,

t he communi cati ons system conprises the base station and a nobile term nal
having a single receive antenna, s receive pro~essvr to produce an out put
.signal end a spa~e~tirne decoder to decode the output signal. t~ further
aspect of the Ntp | j VidesSn i C 1:ned
bear nf or m ng ?in §§ngnm?{%§%%‘§{si?§{}ﬁf gr fr%ﬁ%yggfcegﬁ?§¥%$ %ggm%ﬁ%nnel S
Xn a communi cehhgit Srtéringed: aadnatholgiladrasealSivithi D Bingld PedBiNd aftefnh! ARSI t
antennae and a rnobilc tcnxinal with a single receive antenna, the nethod
conpri si ng t hmetitasieomprisipgathe ditapy of: prayidingt » signal tabs transedtted S(),k):
space-tinme encoding a signal to be transm ;~ted s(n) to produce. at |east
two separate Sa§Rdimae §n€(?f;u,1§I@%?‘@@a&ﬁ:@ﬁoé’m@%@ﬁe@ﬂ?% et ssaeraty sigaglsng one
of the space- ; ogded_out put  signal.g, by 4 z ;. applying respect.v

sel ect ed tran‘g‘i{’ﬁfk)’?eJ Br 732 ﬁﬁ ﬁef%ﬂ?céls'tco%{lw&%’déf% %ﬁ‘fg ﬁﬂﬁﬁﬁ?a%afﬁ

si gnal s; feedbpg. ke, (K BYZ=N ipﬁ&tcg Si -k Anast rybj,ner to
perform a sun';j'ﬁraﬁ'&)’l;?('{'%ﬁg?i g%ﬁﬁﬁ e s%n@?g?&ﬁaé %ﬁ‘oﬁﬁdgg??%ﬁgﬁg@%r
transni ssi on; xf{aeki ngphity sespeetve sgoetd trangathbedmidiming vidiphe dor edepm t
antennae for transmission; transmtting the summed signals over the

physi cal chanoeipuhsignaiiXtr, kwoX e fegding they sesheqtive, weighityd signeds W ag t he
maj or components of the transmgtted signals at a single receive agntenna at
Subst ant | al | ySIERE GHRNET HiPORAM S ueuTne:facton of dh Fenrbcnd Bdsry dal
Preferably, t]l.~ J i gh I . t e d
signal only g gﬁal%ggdgfgf gﬁ%g&%i@?ﬂx@@gggﬁ%ﬂ%@éﬁ{é‘{kgwgﬁ&wé%%pl e
transmt ant epR@glancadshfr LARRhNE feNtandissid! ithshitBngnde! sqgﬂds st@agl anly
goes through another ray hi (k) between the base statioh nultTple transmt
antennae and ¢Ver respedtive dnd phpsicalColmnms] éihjky, rdédeivinielthy rezeivsd dagnaled
from downl i nk_channel information. A further aspect oaf the present

i nvention pro¥indeks ah apsiseles reseivenamiprns; Migrding| Bet easiyad signml ol@de o
comuni cating With a nobi IE tew nal havin .aﬁ?_i ngl e receive a‘nt,enntalr over
physi cal chantW&FVR(RPCREOF Ay ARSI %989"&3&@ 'anj PR HmE deFodifgetig o g e
station corrpr}'eg'bﬂgas ace-tinme encoder having an input of a signal to be
transmtted and at I'east two out puts each producing a separate signal; at

| east two transmt beaiaiforrners each receiving au output fromthe
spare-tinme encoder and applying a transmt beanform ng weight thereto; a
si gnal conbi nRrzferabhbi, uhagesegtivé srahsoih bdeenfoeainzonaights aredselpeedisetheo

performa sunming function of {he signals fromthe beanforgers and produce
a signal for %Sﬁ%@ﬁ@éi%%?%%@ﬁ tﬁft%ﬁ’h‘é“?rt!ﬁfgi?ﬁl%g?ff’éﬁé?ﬁ?f e dRnading

of 1 he boant orire! &k imka RHRE AR R SRR AP B Tea™ ™

signals are received at a single receive antenna at substantially the sane
tinme. 8 Preferably, the conrtmunications system conprises the base
station and aConbédienterte ndiysicalvciagnal A(migl eonststeiof ewarimardeleed mays,
space-time devoder to decode the received signal. One aim of the present

i n~~ent i on i shE:4 el ok rndthe tansmiteraeashoms doaratigddicyclds PEFIEsSS R ai n,
beanformmg gain as well as

base station #%H g‘eﬁﬂt??‘pﬁiggégéémgg&ﬂ@?%g%@g@w#ﬁgg ufS |A¥wg¥0rlé5i "9 4
enbodi ment s ofyt &%pgétﬁ%egéleétga LA géa(f‘nt%?nﬁn%l WY@'R is applied thereto, the
beamforming weights being chosen such that the delayed signal or its inverse
fast Fourier transform (IFFT) only goes throughjone chanue! 4;(n;k) between
the base station multiple transmit antennae and the receive anterua, whilst the
urdelayed signal or its JFFT only goes through another channel ha(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



H éanform zg gain and transnit diversity are achieved sinultaneously; Based
on powez-del ay-DOA profile, delay spread is reduced adaptively. In two-ray
environnent, a frequEncy selective fading charnel is transferred into a
flat fading channel, yet the path diversity gain is maintained. 1In hilly
terrain (~1'f [ ; n transfer a long delay spread channel
into a shore ‘2?8%%‘@%?@? lgﬁa\aggﬁfﬂel , yet still rnaint<~in tile path
diversity gain. Wth delay spread reduction and conbi ned beanfonni ng and
cransmt diversify, the invented Systens §x~wi de hig ectrum

e}‘ fid ~e|ncs~, Aﬂé&“_tmﬂ)’uﬁhﬁs Phgealt ¢henae @ﬁ;lﬁnc?fﬂ%? Q’f : timpadgladsyst ens
e ey ol %f?@%fg??@(néﬁ}%?%ﬁﬁﬁgi |?€s§§ﬁst®§§§§;$'?%%§f9%e
nobi | e tex~a~jnal, i ua it e sical .sizg an tter ower .

i Bt A2ng e iy Slbl sfeni3 B i, Setie PRiskEOR I on,
At o g Gty
reduced. The en@egﬁsystem; are wel |l app icglg@ 1?eor tﬁg ppﬁ?l(’:ations
whi ch requi r eappled-therdtd, 2hd BednfopningoweighRkbeigolsotes sucinthal lieséelayed

appl acatiuns include, for 9 exanpl e, high speed downlink, packet access
(HSDPA) in 3 sigesleomits onverae tfassr Bourjer grasiskem (BEDP)onlyigoss dbrughtanenet, and

i | [ ti di i ti | d .hat t he, t i ti
e Mo o Hah i B8 Sk, HeBof SRR o ek MR B Lo oY
wey of  exanpl foeMhet dhediith & WRREE tHePud dbiayRE GHMARRY RO R BhRI8ecs! throMpnCh:

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-titne decoded to recover the transmitted signal,

Preferably, the method comprises the further steps of: estimating a power-
delay-DOA profile for the channel X(n;k); and, based on the profile:

determining the cyclic prefix length, ¥, 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 k(n;k); and, based on the

profile: determining the length, 4V, of the cyclic prefix to be added by the

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



Figure 1 (Prior Art) is a schematic diagramillustrating Al anouti's
permutation transmt diversity nethod; Figure 2 is a schematic di agram
illustrating a nethod enbodyi ng the present invention using transmt
diversity with pre-equalization For frequency sel ective fading channels;
Figure 3 (PriWanﬁbhhinsts’i mehematic diagramillustrating orthog~nnal
freduency division nmulti p%exi ng (OFDIvli] with txansmt diversiy at: (a) a
transmitter; and (b) a receiver; Figure 4 (Prior Art) is a schematic
diagramillustratjztg OF onbi ned bearnforni,ng and transmf diversity for
flat fading cfﬁéﬁﬁé?fsa,smt%tﬁe gresentinyention preyides;p hase-station with miliipls

nmet hod enbody, . sent. | ' S ' i ne

et hod o0y B BB b YA RE R BB SO e
zecei ver; Fi gik@ve dnfenfia SHVREPAYLiSalditRAR@MhIK) Yab IRt bt tielBAARA QYPodyi ng

t he present invention using comnbi ned beanformng and transmt” diversity for
two ray 10 KA (Rk) indy@eh) yhebdse statior comgtisingchannel s at (a) a transnmitter;
and (b) a receiver; Figure 7.is a schena%)iMc, di tgram illustrating a neta-~ad
embodyi ng t hed BRASHIRRe SHRPMRR haing e PUCRBRSIETEh bR te a0 B leatig and
transmt div | r . : ] r...and (b)
a receiver; E‘F‘Zduéagp t@ieg ﬁé\ﬁroggﬁlg%?eg&g%gsgé@ﬁ%llféghgtéél’ggﬁgﬁr%%ﬁ%ﬁ

enbodyi ng t hezRehagedlving " wRNbf @i baiple FHEM WedpbctpR il oedinke afdeder;Nitng and
transmt diversity for hilly-terrain (HR) nodels at (a) a transmtter; and
(b) a recei veleastadme Sammmit beainformess havhateceivitigaan autput | frosn raatdspeptvenet hod

enbodyi ng the present invention ysjing OFlaM wi th conbi ned beanforrning,
transmt di veF&isayt Brrecssds And, apriving 2 Sransmiy erRIpg : Weighy gherglo; a

transmiter; ﬁgﬁl(gamﬁnére?géem&g 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.

Preferably, a delay of Ar is interposed between one of the transmit processor
cutputs 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 &V

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

for channel /(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.



DETALLED r 7ESCRIP' | ' | ON OF THE 1INVENTTON The present invention revolves
around the use of nultiple antennas at the bass station to inprove the
downl i nk performance of a w reless comunication system Donlink
beanforniing is effective in limting interference pollution, which is of
critical inportance especially in nultinmedia conrr~unications. Transmt

diversity is a powerful techni que when receive djversi tq¥ is.inpractical)
especi al 1y forCanyehieatly.cBnBrREeEsoRi ish pagvidedsde etimatoed Aowmlink Bawrel| ¢ can

al so be used to further |pr | in er for e _ev N eive
diversity is W&M‘%Femahﬁpa@?ﬁ?%g@toﬁl p”&’é‘é‘?‘rgﬁg“élﬁgi ‘?@ﬁh@ﬁ%ﬁgh&ﬁgcei ver
acquires sever, ' , it BdatifsiSains ¥efght@nd direction of arrival
( DOA) dependenac\/déxrdzfgﬁdgggﬁgatr%r@ansm'a].ted sggneg?]. Whtn tht maxi mumtine
del ay between the first 11  arrived and | ast-arnved versions of a signal

along the various paths is smaller than the synbol izrterval, these paths
are not resol \Pibfegahly, thndasg statior further compeigesed &irst praeessorsar dpterapne

éfﬁ?'ev;é‘il;ﬁ AR P HaP R n%liigiﬂﬁﬁZfa{mcﬁs%i’eﬁ%&ﬁ@amﬁﬁﬂtﬁéé?%%{? SFhasng
ranem ¢ di verPl eubints L Betith T RERRCSH e Arrer 10 s gt By e
areater than b SiHbedsdrBl @ biol v 2add GOWRRGHBELERIIR! GeleAl B ghannel

i s observed. Frequency selectlvi i S benel;rcral tor achteving ezsity,
However, it Alseoond glodessbintteresinibizcd dowihienk effzanelecdvaihicewhieix (DEBEUS)t o be
suppressed a.t_tha receiver. This phenonenon becones nore and nare
preval ent as tiemdde auniinks ehasebrovariance maas@ICCH) ctonagnstacs tapsmits | S|
is to use equgli zq.ti an at.tine receiver. ')< he perfornmance of an
equal i zer, ho%é\?@r?%%@’ﬁ&@%n the fregncncy respnses of the wirel ess
channel s. Specifically) when the channel's frequency responses hare deep
nulls in a certain frequency band, the eqvalizatio:~ outpct yields noise
enhancem xa, tQenvehfeady, mé tahimh amdreckiey pdeecdsbrseardisvlecei thune diegrobpai ned
by the frequency selectivity. On the odrer hand, ~.n adaptive equali zer
of t en pronot escoasising pf SN CERVAr w16l BPY Anprosesdersi si on- di reot ed synbol s
are used as reference signals, and the conplexity of c~'~c equalizer is
further ~;onplieatod i~ the delay spread is large. |~nother method of
ryduci ng 1Sl igad T F‘n%{ SRS § ! ; i .S at
t he base stat i%:r‘]‘.aﬂngrg g‘éﬁg’%f Igsm?a t ﬁg%gfé?s%sn? g?@ggﬁa\é}.ﬁtﬁ%\?/\éé‘% ﬁgﬁ(gf ?gl;? i on- of
ac~ci val ( DOA)méemifeorsratinalnhafing ac vinfbe ayadve antinas, af récbiwer proeéssed tsi gnal ,
it can then forma beamto one path whilst arranging for nulls or small
ant enna gai ns RfdugganoUmYASigpl endka spasetimpedaredentn deends theanigpt sigkd. nobi | e
termnal only receives one path of each transmtted signal. This nethod,
t hough sinple in signal detection, sacrifices the diversity gay since use
i's only txing Aegenel aspeet RElthe pkdsent GRFRALE brbAdES aCinkthod! ¥ELSitVing
transmt diversity has received 'greater attention during the past décade.
Del ay di ver si topmidnell bednfordingnand triisntin dbersity"far deequernydsalattive dadingi ent
transmt antenna dul ation diversity schene, for |inear,di gvi’,%lal .

Aty Pultinlfs i ¢

d

modul ati on", PPgRnelyn| eogynusationgSsiery Jvingg g dasp Stginn

diversity techpi I LRL&.:tr ] t B t

tra~asforms a%@“ﬁta%;ﬁﬁg 3%%&“?‘?{!%@%%5@2‘@%?gé%‘?,% ac mI’n“gt;}echfannel
meki ng use of rﬁéfﬁ@&'%bﬁbrﬂin fhiel dt¥ps op mvﬁmgars_ig@mﬁ% dafsmittcd hgnyobi | e
termnal in order to conpensate for the artiticially induced rSI. The

per f or mance ofspabetimguaicoding alsipralito be ttanemittedqe(ehty produperat Jeast tvbe
channel s. Further, an adaptijyve equalizer often pronot ea error pr(gfp |gati on
probl ens when, SCRRAIS Fignals s (@biabe), £95hon S ESRCHYE Pulput, delaying qus i‘g als. In
fact, it is shown i.n Y.C Lian y..Li and KJ. R Liu _"Feasibil of
transnit di versﬁa?"y'h’fn&r ep@c{é%o%g}_{@lg% &#BQT’PPB%I?‘% TP 'V§8,Selﬁé)t.¥d

2321- 7324, 199BunshliChe MIBHIiCw ORI WTHEARRYES ahd BABARGA digndVfeediflgh 2.

this diversity nethod 1's everl wof'se than tk=at w thout” divérsity. In

Al anouti, "A p&lﬂﬁb%cbﬁ%wﬁ%htéﬂ viehslstty 4 sighali cpusbiher tovperédrass swnining
conmuni cati ons”, EE | ounal of Sel ected Areas in Conrnun~catioris, Vol.16,
No. B, pp. 1451-1458, COctober 1998) Al arr~outi proposed a perzz~utation

di versity net hod, whose perfotxnance is sjmlar to maximal-rati o conbining
(MLZC) receive diveairy. This nethod only' ' requires a sinple receiver
structure. Modre general transmt diversity nethods are referred to as
space-tine codi ng nethods as disclosed in V, Tarokh, N Seshadri and A R
Cal der bank, "Space-tinme codes for high data rate w rel ess conmuni cati on:
Performance anal ysis and node construction”, |EEE bans. On Inforntation
Theory, vol. 44, No. 3, pp. ''44-765, March 1998. Space-tinme codes include

g~ ——— ) o - N T N\ Y e




s an even integer, as follows. t=nt=n+1Silt)s(n) | ~s~(n+ 1) |

| ~.s~(t)s(n+l) / 1~2-s'(n) / At a single receive antenna 4 at the nobile
terrninal the signa;s received at tinme instants t=n and t=n+1 are gi ~~en by
-x(n) = a,s, (n) + a-s~ (n) + w(n) (l) x(n+1)=a~s, (n+1)+axs, (n+1) +w n+1)

where at and fgtidhCoft IR §igaAlS nidvgrodhen Bedigrat sfop nramsmissivm; taadinguhe r ansmi t
antennas 1, 2 to the recerver antenna 4) respectively; w(n) is additive

whi t e Gaussi anmnmidssigishieheach Toktheemaitipdel transmii| antennag Hoe draasmissiodecoded by
t he space-tinme decqoding nodul e as.foll ows. Specific equations {1) and
{2) can be w‘ﬁafl%l@m‘?&&%wdf HETALS °YF(‘25‘6 Rhylsgéfﬁ*jm@?ﬁ'(ﬁ T’";HS'Q J x(n +
1)~ ~s'(n + -5 () Zp% Fod) 14 Snbi 1) ~ -
ai a~ s(n) w(d %gay?ﬁré’?nh'galﬁf(kwﬂ\%fel‘(%%ﬂl%@?% collﬂg?r(ee?%sr 8? ﬁéeﬁg%x}]sgflﬂed*

coef fici ents spanlsha £shpletrecslvy nateafidat ubstahBdlly dengirie tme] agd syadeol s;

whil e equation (4) can be used for signal estirnation/detection. This

si gnal det ectimmdevedingdh¢ wcaived signbl. ed pernutation decoding, It is pointed

out that, as opposed to delay diversity techniques which require a
conplicated equalizer at the receiver, the channel estinmation and signa

Preferably, the beamforming weights are chosen such that the delayed signal
only goes through one ray hj(k) between the base station multiple transmit
antennae and the receive antenna, whilst the undelayed signal only goes
through another ray A,(k) between the base station multiple transmit antennae

and the receive antenna.

Conveniently, the delay 47 is derived from downlink channel information.

A further aspect of the present invention provides a base station with multiple
iransmit antennac for communicating with a mobile terminal having a single
receive antenna over physical channel h(k) having two time-delayed rays
hi(k). h£k), the base station comprising:

a space-time encoder having an input of a signal to be wansmitted 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.



detection for pernutation diversity involves very sinple nunerica
operations. Also, conpared to a one-transmtterltwo-receiver receive
diiversity techni que, even though the peznmutation diversity nmethod has a 3
"dB performance |l oss, it achieves the same order of diversity gain as

recei ve di verBicferablyc g gopsnuni¢atipns systemnapmpriséso theo bsenistatjop Naxd) a

appr oach. Pernuéﬁtion,di ersity ca be.extepded tﬁ spaceztingblqpk codes
(STBC) and sphekug fsringl diaving & sl readtyepnicpny apd aspaesHES decpdeie
transmt divegsi 1.2 oz ing environnent, One exanple of the

i nvention appé%@éggﬁgﬁgﬁ¥?§§E@ﬁVersity met hod to frequency sel ective fading
channel s. Wien the delay spread is greater than the synbol intcn~al
frequency sel ective fading channels are observed. Figure 2 illustrates the
syst em nodel @pphim of the presant inwntipn é ©i segk teativeve, at theemoleiectermsizisbet i ve
fadi ng channels. The transmtted signal, s(n i S st coded usi n

Al arnouti's cHIESIY nERife ??&?ftﬁﬁnwﬁd A As &W%Uh Q%eéeg% %?F%‘i‘?cﬁei‘tﬁ“gﬂt s as
sl (n) and s2( . ~] : L re-equali zers,
6. 7 havi ng. el STt A leiig § BBl 3ok PARRAN: biled Wp T S Clnces
y,(n) and y2(n)~ Yi(n) and y2(n) arc finally nodul ated and up-converted as
RF signals, 15 whi ch are sent out through the trax~.smt antennas 1) 2 as
physi cal chanhle¢ advianfagys efidie lenibioylimenitseof the prasomdnygniion asmas fpPews: of t he
pre-equalizers 6,7 are used to pre-equalize the two physical channels,
h~{k) and h2(k), respectively. 3y designing the preJ equalizers with

zero-forcing gri L : I LT S6Ss ki .* h, (k) ~d
0z (i + hofo Bedhiiiging PRt Ak SRR A€ AR ot - <

codi ng~decoding}3rage(p<§rhpay§radb1 DRSS I "spread i ; ol ution
operation. In order to desi gngfhe prgrg-leq’tjdg{alyzsgcsadé%j%,ag%ﬁmr%gg?ag'hanneI
coefficients, hk{Kh twokrd)2(cnyironmoent, ck Hfeeqosnmn salective Mading shainepnkuansmit
antennas |, 2. Tl.is can be done in two ways. Far tinme-division duplex
(TDD) systems, dodfansisrred nate, acilatctading ehasnels yst ghe meths diversity gaifti is ~k
channel coeff ci e%%‘ iu,ch are derivabie fromthe uplink using training
synbols or blind te Wﬁf es {up to a. constant staler). For

frequency-di vi S0 AN €% 4 Fﬁﬁ?. e . t) ] set of
training synbol s PSWe%%% e gmﬁnai : t’m‘%?éﬁ&?ﬁg%ﬁégtl?%ﬁégygéﬁg?eeds
back the downl ~r ~.charxehrintoed shori akelsst sposadt chanhel, ot silb nedih@in. thEhgatkbove
met hods are al so applicable for other space-tine codes. Othogonal
frequency di vi si ofIYRE$LEY gAixi ng (OFDM) is a | ai own and effective nmethod of
conbatting the el ay spread,.probl.em The,cotnhination of OFDMwith a
transmt diver s:‘\;}gg%ﬁ'gtvhﬁ%cﬂgtﬁ%ﬁf‘gn AR Frmkined &SPG&O‘H@P&MpFB&W“but al so
achi eves transm fvehsd t; L ouEtb Gk S i ds N i e = ystem
wi th two-ant enrr:gp‘/f%g%snﬂ?ét %\i’%({s]isggb%g %é’g]g?l % ?’i"i%m fﬁi&ﬁggyseﬁadri and
S. Ariyavi sit akaénsumethas rehsmssionpowen far OFDM systerns with transmitter
diversity in nopile wireless channels", |EEE Journal of Selected Areas in
Communi cat i orfs, Thefavented sygtermg algppempley adaptivevaediHatioo®. further kit to be
transmtted, S(p; k), is first.coded ugin acg-ti.ne cqdes i.n codi ng 16
modul e 3, vyi el diify SPHETUSR AHOGEGY pg‘i%aaggsﬁ{%n;dk‘)er%i% Q‘Eg?rn;@?. cgam(c k) and
S2(n; k) axe thepoggsRd i nto respective normal OFDMtransmit pracessers 8,
9, whose outputs are ftnally nodul ated and up-converted as RF signals,
rvhich are sent Theindbile atgdinklrignsmdlly 1aitad BRphylsical siAlandatehyngdwerant enna
receiver 4 at tlae nobile station, the recelved si~;zaali is passed into a
nor mal OFDM r ec&h¢ énysnisdesystemsiput, the sbmplicated precesyiag: at thienkesdetasitey nodul e

5. Specificall ytat}txeqeatf tﬁgtmggi'ller Iteer;ni;uﬁ.a nﬂu?sr {Re( tli'llfz)b}clg tgmugm' g]t complexity is
reduced.
¢ The invented systems are well applicable for the applications which require

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



beconmes X(ri;k)=H, (n;k)S, (n;k)+Hz(n; k}Sz(n; k)+~" (n; k) (5) X(n;k+1)=H, (n;
k+1) S, (r,; k+1) +HZ(n; k+1) SZ(n; k+1) +YY(rt; k+1) In (5) and (6), H 1(n;k) and
H2(.n; k} are, zespectively, the Fouricr transfornms of the channel inpulse
responses, h~(n;k) between transrnic antenna | and re~eine antenna 4, and
hz{n; k) between mmphamgm-pmmmandpameamsamﬁsnmyin 3N geadetiors t he
FFT out put of the addjtive noise received at the receive antenna
4. Fermutarion CSESEshp ﬁt@)%d@@dﬁ wr@% inferaglp| andd wixeless- (multinediad SZ{ n:
t) at tine |nstani\mm%g"f nd t=k+ 1, where k is an even integer, are chosen
as fol | ows: t=ktZRE" Qt 3S{n; k) I £S"(n;k+l) 1S2(n;t)s(n; k+ 1) ! ~-S~(n;
k) I 17 Prior ~4rt.~ C0an ned beanform ng and transmt diversity for
,flat fading channels. The above three nethods (Al anouti's pernutation
diversity nethod, a diversity method applied to frequency selective fading
channels and OFDMwith transmt diversity) achieve transmt diversity gain
for flat fadiHy @rﬁahﬁb@ts)th@rpmsmuéweyn@blre@xl&ee mondi mgadl:lblaﬂm&rstoocrhe

s arge, "o, gomopamenn dadrio ol Bk oF AREERRY b oA “ohe Wil
channel s as. i SoTRear Bt B the G ALY G ottt f 23132?. ve
antent zas for space-tine COdI ng over block invariant nultipath fading
channel s", Pragc. of | EEE . 70-74, 1999. The signal to be
transnuttcd, EEe!l K&ﬂf)ﬁﬁsﬂ l%srélamgp dipgeane PlskatingA lasesi' s pertutasics,

yi el ding two B‘a@?ﬂﬁ?gwg %Sﬁsﬂsun) and si(n). si(n) and s~(n) are then

passed into n== ‘onners 1 a, 12, w and wZ) respectively,

foll owed by a signal conbBincr I3 which peronns a sinple surnmn.g function
of the two inputs to producing a signal x(n) for transm ssion which, in
vector form Figuas 2fiplal whematiq djagramvilisirating a-method 2mbojlyifs)thd presbimi n
spatial seleetiv ity, .the antennpa spacing, d) is set to be small, e.g.,

hal f wavel engiwen%%“ﬁ’t‘%%"ﬁ%ﬁ%‘éﬁi“GfS“ﬁr%lﬂ‘sﬁﬁ%e%]ﬁh@ﬁwasfow fRequemyy seleqlivei s
greater than @%@ﬁ},ﬁ% .S a beanfornning antenna ancay, instead of a
diversity ant E‘/l Suppose the physical channel consists of L
spatially separated paths, whose fading coeft"~cients and DOAs are denoted
as ~a~ (t)!ee ), for k =1, ~~~ L, If the maxinumtine delay relativ a
to the first Brgure/éc(Ppm h{rr)sms 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 iflustrating OFDM combined

beamforming and transmit diversity for flat fading channels;
Figure 5 is a schematic diagram illustrating 2 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 iliustrating a method embodying the present

invention using combined beamforming and transmit diversity for two ray

10



18 smaller than the synbol interval, a flat fading channel is observed,
and t he instantaneous channel response, h~ (t) , can be expressed as
follows: ha (r) = ~ak it~d (ae ) (8) where ad t8x ) is the downlink
steerlng vector at DOA ek . The received signal (nl, at the pmobile
terminal is g{TRN &BﬂuM(Qy) selettive, fading tohynnels (&h)(a) &M&aﬂﬂn(ﬂtc)',sm‘{ {P) 8 w( n)
1,9) By denoting Q@ (~) =wXha (r) , ~2 (t) =wz h~ (t) , the transrnit
beanf or mi ng WEI§IYEE can be estinmated by maxinizing the cost furxction: ~ _
~lp~ (~>12 + ~lpz (t)!I" {10) s.t. ~~~It)!~z (t')~ =a ( 11 ) Maxinmum
average signal to noise ratio (SNF.) is obtained by maximsing ( 10); while

condi tion { 11’ 935 andcBeMali® Aagrar illhstiatinfd Methol Jensborlyiigathe préseat | y
uneorrel at ed, us maxi num di versity ggl n can be achi eved. Conparing (9)

with (1), \Mﬁvhmnmeuangi QRDMowith icotab dmwnfﬁmgng enbiransmit diversiy for
uncorrel ated fading, channels, -~~~ have been artificially
gener at ed, 19“”0\?6?)%@%\%5‘ l%ifa@é atqupémgge‘g Eé?Febvér’used to recover the
transmitted signal, s'{n), Por Alanouti's diversity nethod, pernutation
decoding is appli ed The optimal transmt beanform ng weight vectors are

the eigenvcct @E%%r@(srfsﬁswhéﬂx'aﬂ@ di@&hﬁllﬁsmnhgragﬁasﬁmdl@mmecﬁrcﬁche
downl i nk chann covariance matrix (
invention using OFDM with combined bcamformmg and transmit diversity for

hitly-terrain (HR) models at (a) a transmitter; and (b) a receiver; and

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 muitiple 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 dowrlink 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



~d"= E~hd (t)kd (t)~ (12) where the expectation is conducted over all
fading coefficients. Suppose all paths have the sane average power, or R~ak
{t=~T -1 ~r , the DCCMis given by _1 Rd'' ~ ad ~ek ~~d ~Bk L k.~ {13)
For TDD, DCCMis the sane as uplink channel covariance matrix (1JCCM. For
FDD) there ar L6 & BRidAarMonB W& vaious ety Rrsatleped on
the fact that %ﬁr&)‘?’%&nﬂ\gﬁﬁ%% "E‘B‘g‘fm‘ﬂ’ﬂﬁﬁ’g‘?%glé go tﬁ?ough thdgpsarre DOAs. The

first method egdy fRtSmboDentBNRs thbseagsthpatehsotf resoivalile in eheitimeddomainnk
signals first) then Constructs the downlink steering vectors, as ~e~ >'s,
and further DE3weRer, thesecppist arsrresalgable Théhasepsiati domainots B8y imay eOCCM

from~LICCM direct]y via frequency calibration processiztg as disclosed in

YC. Liang and from different BGIAM. i R‘cﬁe%a‘ &t H’@WF&EH%‘?‘%‘B?‘GF%&E% ﬁr@mg,

enhancenent | i,0 X i i t A ced 1
N@s%ﬁ%oﬁﬂx%’t&ﬁ% taﬁrg}& R HEing sevel IRpendat SRdnnels,

Appliestion S es not iInvolve DOA estimation and

its associ at egoavhgct Sarishet dversity ¢ applieaile i npl emaent. 20  This system
achi eves diversity gain and beanfurm ng gain sinultaneously for flat fading

environment but it is desirable to extend that systeminto a frequency
sel ective fadi envi ronpent . For. bjle wrele C ni i.Qn i 1 hout
beanf or mi ng, tWASH B¢ MAXITYR) r%‘d%qn%e@pﬁsc%ﬂeaﬁff E&H’ m}mﬁg}ﬁéﬁ%‘%&m hilly
terrain (HT) r e sed -d fd i’ n
A AU R N

downl i nk beanf’or ower € shoul d ‘be
consi dered. | mepefcigeltby dthivvoneldiversind howeweplit albé hyidlds nimketsynibiobre i s
| ess correlation between path delays and tl~e DOAs. r-lowever) in. .
xnacrocel | wi tintenferengadIPR whinh ficeds o goa 1suprresspd af dha Jeeqiysy.  This

tatisticall ependent. on the DOAs. il ] 0 hat . f I.f &

vai Ir ?)nlrrent s?/ P?‘ﬁg?‘&%‘;{‘i kgeogyes RS rﬁ“dsr\é\ﬁrgvr@gvatlgnqa%vhﬁi’g\%tacgg%sgdﬁge%g%g%%rf or mi ng
and transmt dj Lt i i iSREm Vet e .

Anot her exanpﬁléé/lg?é? 'hg)rigﬁ"\k’/ n‘foi %ﬁﬁp *ﬁ% Iksllzigé(g%g;é to obt a&{t‘éﬁ%;’éﬁ%livﬁiédmﬁ&/

beanf orr ni ng ghefokmameotandéqualisér; lowEenbispendheaathef Hequency eesgottsesiosmi t
diversity can be achieved by using O-DMfor frequency sel ective fading
channel s. Fi guhe vardsssvghanngls. CRmavifisably ewhep (the cbannichs drasuangyorasporfeand

transmt diversity, Even t.hough,K OF isS selec as. . e 1.0.5how how
he el ay  spr diaut sab el i St AReduRo St b TR Al AR g eE g
transmt di vergjidelerfighddmedt, MBE eﬁ?@wmﬁc}p@dnér%ﬁ%dé&he Abvkisity Qafd ohined

nodul ati on schenes, such as MC- CDMA, MC- DS- and single carrier systens
with cyclic priefthe.fréfuendy sehaotivity e O tignatherabartdh ik aduptive eqeslizeheften t h

bl ock, S(n;k), is first coded at the base statjon ysing, space-tinme ¢odes in
codi ng nodul e PEOMPICS|CHOR GrapREalReRpronleaist cCigiqmdikget haggyused 1 k)

ol oved by« TERier bR AFERE Sty o s il SRt SHRBFREE.” T
beanf onazi ng qghwﬂgayagﬁgeaajis larfé.nal Iy conbined in a combincr 13, and

transmtted out through the transmt antennas | A 1B, 2 ofthe base station
antenna array,

Another method of reducing ISI is to reduce the delay spread using adaptive
antennas at the base station. For example, if the basc statiors 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 smail
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.
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Wth the base station antenna array |A 1B, 2, the corrrplex baseband
representation of a wrel ess channel inpul se response can be described as
the follow ng vector form~d (t' 4) ~~~m~l (t)~~I~SMJ~(T -Tn) (14) where ~
~ is the delay of the nth path resolved in time, y~.~ (t ) and ad (Bn,,; )
~e the conpl ex ammplitude and downl i nk steering vector corresponding to Ith

DOA of the nth, del a . : ' g@@m i
rT.!1(t)'s ar e%W%%ﬁ’?%pﬁggﬁfgﬁ&y‘g%@@g‘%yf@x}‘vg) cé:%ﬁf@g npl %)?t%gﬂosnsi an
processes, whigghnghike Fk GediaN Dilay Givaisity s discloged trlAp &idtaebent SA ntivi f er ent

ms, or |'s. Suppose all Ym- (t ~"'s have tl'~e same normalized correlation
function, '' (andwidtpeffident-transmibartenng modulatien diversite pehgmepirdineary) — |

e bbb . OISR AED A S 7
e o R B0l i G S Ualeaoth, DEiptggt
(~~ ~la d ~~~leSforms"a fat Ysbihg (Oh&finet-idte| Briréquendy? selectivel fadimgs chiwee]
correlation function matrix of the frequency response for different timnes
and frequenci asakisg gse of finguency] diversity. -AE-equalizer 4s provided-at 81q mobilp; ki~ =
{he downl z2-. RemRiaRkiR| SRSy e AAEERRS for e atieialy (indleck” TSt The™ ) !

performance of the equalizer depends on the frequency property of the

channels. Further, an adaptive equalizer ofien promotes error propagation

problems when decision-directed symbols are 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 SM. Alamouti, “A

simple transmit diversity technique for wircless 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.
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corresponding to the nth delay path. Note for ~=0and ek =0, d~ ~ ~~ Z
yr 00fi 1 Quad~emJ~ad (8~.r)~~ 19 At the nobile termnal single

ant.enna 4, the received signals are first passed into n;oz~nal OFDM receive
processor 10, followed by a pcrnutatian decoder 5. Wthin tk~e normal OFDM

r~si ve processiiguret hexlEﬁﬁaﬁimg p‘\dﬁnbatitsnpsnﬂﬁt{iﬁnn Id]vcrsityl-lmﬂhdfd*nihk\}vs th{:n~ k] +
Xi h'd[n kIS2 [n~k] + ~ (n~ (2p) : k+1] = WNHA[ n: ?FL&HL

k+1] +wNHd[ n; km@zmc!a qumw Wem | With tyo m\BﬂBﬂ\PﬁmRaS 1,2 56 nuap BQUGN.

By denot ht

by aot it o0 PREARIIBRY s’?‘&%?% Y b ishemird 0T, U48 F Eh D1 > 02"
s.t. Eu ~ 1&8%&&@%&@1&@@1{@%&@@%& RO WairRemh ahamuﬁnng

maxi m zi ng equat I on ; while condition guar antees that ~~ and pz
are statisti cavhy Iurhamronelmptﬁcport hnd twamutpjmmmeﬂ'he tigpuggiont seepisethe
achieved. The optimal tiansmt beanform zxg wei~t vectors sre the

ei genvect ors cEansBEFRshendHeNEosChe (e - 4@?@%‘& OWPYort T defin desRponse
channel covar 'I%Q&%HUH E){ltlp{(lt él%:a(ﬂvk‘l(ﬁ%d 52(7) at time instants ¢=z and t=n+1, where n

is an even integer, as follows.

t=n t= ’l+l
si(?) s(n)/ V2 s(nt1)/ V2
52(7) s(i+1)/ V2 ')/ 2

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

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

x(n) = a5, (n) + @,8,(n) + win) (1)

x(n+)=as(n+l)+a,s5,(n+1)+wn+1) (2)

where @) and a; 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, cquations (1) and (2) can be written in matrix

forms:

[ x(n) } 1 [ s(n)  s(n+1) a,]{ w(n) "
2

xnel)| Z1SGrl) —se)]| ey |wnel)! 3)

14



R = EHI[n; kJHd [tt; k]~ (~4) Conparing equations (20) and (21 ) with
equations (5) and (6), with the aid of downlink beanform ng, two
uncorrel ated fading channels aze generated, w th which the space-tune
decodi ng can be used to recover the transmtted signal, Pernutation

decodi ng nmethod c pI|e ) are chosen as
fol l ows. t=kt=k+1 ﬁE))S & §‘ E’b j I %ﬁj‘ is(n k+1) | f-sl(n:k) |
f A frequency cali dzf@ii ) ’f’d for OFlg§) In order to

generate the downlink bearrform ng weights, it is first necessary to

construct the DCCM A frequency calibration (FC) nethod disclosed in Y-C.

Liang and F. Chin, "Downlink bearnfvrm ng nmet hods, f or cagam tgbenhancement
P

in wirel ess cahengfareatchannelyenedigients SFég o SEMaiGch Y2 AGHAGQM, (]
9904733.4 is applied. 24 Usi,n aS| Iar th show t he
correl ation f ﬁ@f’%n sympplsx oyh eeﬂB on_( &%g \éere onggr fé%ﬁgl fferent
E' meskia)zt d hr @&#ﬁ&?rﬁ&t@ctﬁhv%@hg&ﬂ ﬁetéétfbn meﬂﬁbd-ts Elsb'*ca[lé‘d ;:»e@tﬂ.l‘cathn"r ek) H~
rr = = m,a- (B ".,
aw (~~, .r ) decddireg.upl i nk crannel covar| ance matrl X correspondl ng to the

nt h dela;~ path. Note for do ~ 0 and Ok =0, a ~~e~~ - ~ ~ ~M'| aw ~~mJ
~au (eml )~v fi J (26) Conparing equations (19) and (26), the FC nethod

devi sed i d f
capacity Qnﬁaﬁve“ e PRCas o BoBosed (haee Ao SRR MACTELRRES LY
Appl i cat i, . mgx@a%w atizer Sat B0 rEiRS] KB cRarkree dREMibA ORISR Thi s

system provi des Iversity gain and beanformng gain for OO T~M sstens. In
this system udeectienfiripeahution idivepsityf inxolives wjeryesmxplneﬂmpyxcammmum
physical time delay, and is the sanme as that [n a norrr& stem Thus

OFDM
it is readilyAdpIGoRNArd 002 A% TARYTINGH RERHTCEIY ShRTEH & 8“5@“?"2'}/“‘1“

statistical |y VEr BREBREY pétmdallon’ d0ftsfirhibhod Wik 4 88 pitorfan e B K 2 )
one can not Oial:mcaé‘shh@éanée?d&wwvaﬁt)ﬂgmds ceive divetsifpieohrsiyiay dsazeous| y)

but also reduce the cyclic prefix, thus obtaining inproved spect~un
e~ci ency. a maximal ratio combining (MR(,) 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(n), is first coded
using Alamouti’s codes in the coding module 3, with the two branch outputs as
51(n) and sx(n). sy(n) and s,(n) are then passed into two pre-cqualizers, 6, 7
having functions gy(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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25" A further exanple of the present invention utilises conbined

beanform ng and transmt diversity for frequency selective fading channels
for two ray (TR) nodels, Suppose tlae physical channel follows a TR nodel.
Vi'ith the base station antenna array, the conpl ex baseband reprcscntation

of a wreless AT 'ﬁﬂjtﬂl'oﬁfggr RS gmg?d [ | owi ng
vector fornn Z&ﬁ%ﬂgg@éptg ~ = ﬂr??gr ~~zt[-&ﬁ2' 2179?9%11%&1?%@?% 1?45 ~yx., |
(~~ad (Bm: ) 4nd9here z~ is she delay of the rnth path resolved in tine,
y~,~ fit) a~~d ¢ (~.na ) are the conplex anplitude and downlink steering

vector corresponding to itlu DOAI .Of. the nth delay path. Because of tl-xe

nar row band colh BECtOis RN 2R s bt Tudbee alndlizel B es g iitatalize”
tatistically g i f : ' : =n, ~ (t

'Ssah:';t\slel tC ﬁe ga@r@ﬁ%%ﬁ?@e@%&?ﬁ@? ?ici)gl hgk‘%éteéli{)c%ﬁve?yrggwg%ﬁsr@%ap Fleposgi %)I y

di fferent averagelipayemwith--Zero-forcingercriferion, (e +owdralYnmthiannt) ~respendes, (~)
f~9" 1Sl exists when az ~ T~ "z~ is greater than the synbol interval. Vfith

conbi ned beant gi(k} rgUindndli 4kt A, Y0t egbrigitefati fadidie chihelsQVWitR! RpeRat i al |y
separated, it is possible to transfer a iiequency selectiveé fading charnrl
into .a flat fAblimaytidhaadiop/deyedinganethad rcaphlee usaths fildredt versidenates2 6

Figure 6 shows a conmuni cat,i on system w th conbi ned beanform n.g and
transmt di verSPVQIUHISR OPERBUPRy gcquency sel ective fading channels. The
signal to be transmtted, s(n), is First coded in a coding nodul e 3 using
spact-tine codes, with the two branch outputs as s~(n) and s2(n). s~(n) is

then fed throughorded®d dysidrt theopréedqunlizde )6, ) the teal Yohemshl R@efficiéhts, AUEICh s
further passed to transmt beanformer 11, (wt). The second branch out put

s~(n) is directidfRsshonldbe knnwoatibe basecstationrdngonitf antenmes 122, This)can The

bearnform ng qutputs.Ore then canbined,.in, conpbiner and sent, by _
t xaa-tsmit an?@nﬁ%e [ FWQ WaYSo 995 &F&r%@%%‘%éﬁbﬁ)eﬁswnéﬂo ol | ows:

chanpel coefficients are the same as uplink channel coefficients, which are
derivabie 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 muitiplexing (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 & prior art
OFDM system with two-antenna transmit diversity as described in Y. Li, N.
Seshadri and S. Ariyavisitakul, “Channe] 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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x(n) = wxx; (n) +w cz (n) (30) The received signal. y(n), at the nobile

term nal single ac~.tenna 4 is given by Y(n) = ~'x,h~ax~ (n) - yy'irh~, :x~
(n__ ez) +u~i ~t~,,s~(n)+~"i"he,ssi(n-;~ )+ u(n) (31 ) Denoting ran) = Y(n
-" azl , and considering the pre-alinLTnent of the tr~~o transmtted
signal's, givesyodild)s, yxwdmmo bsanchrx)utput- as $1(k) and Sy(nk). - Sréa)k) andi

halsz(n+,~t) ~- d."z~"z (n) (n , , The beanf orm ng
wei ghts are chféek) gucthcrtmsectiméo rqngqﬂvmn@ﬁa# Qﬁpb&ﬁl‘aﬂ%m‘ pracesicrses Hoes

recei ve ant enmhose PG SRRz wﬁﬂ%ﬁmﬂﬁ?xzﬁﬁ?@ oo 3 REG SIS ic sl

t hrough the seco base statlon antenna array and
t he receive anstegﬂﬁ%ﬂﬁ} rﬁﬁgt me’%{?l ca k y ha,z - 0 x Iw hall = max and

Hw ha,, w0 x wz ha,~ = max In thIS case the i SZ terns are suppressed
conpletely, and z(,rz) can be witten as z(rt) = wHhd.ss~ (rt) + w  ha, zsz
(n) + w(n + ~18) the~31)131e antenna receiver 4 at the mobile stanon, the received signal is

passed into a normal OFDM receive processor 10, followed by a space-time
decoder module 5. Specifically, the fast Fourier transform (FFT) output

becomes

X(nyk) = H(n k)8, (nuk) + H, (my k)8, (n; k) + W (m; k) (5)
Xmk+)=H(mk+)S{nk+1)+ Hy(mk+1)S,(mk+ D) +W(mk+1)
(6)

In (5) and (6), Hy(n;k) and Ho(n;k) are, respectively, the Fourier transforms of
the channel impulse responses, A;(n;k) between transmit antenna 1 and recejve
antenna 4, and Ay(n;k) between transmit antenna 2 and receive antenna 4,
W(nk) is the FFT output of the additivc noise, w(n;k), received at the receive

antenna 4.

Permutation decoding methods can be casily applied if Sy(n;f) and Sy(nyt) at

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

t=k t=k+]
Si(n;é) S(nyk) 1¥2 S(myk+1) / V2
Sa(nit) S(nik+1y/ V2 S (k) 1 2
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Thus the frequency selective fading cha~ncael is now transformed into a fat
fading channel, wth which the transmt diversity nethod can be appli ed.
Conveniently, the transmt beanform ng weights can be chosen by naxi m zi ng
t-he average transmt SINR functions: X /f ~i(w) =w Rd'W Jz w) - wz
Ra. x'"'. Wx wiPriaazdrt: abembined eamforming wret grarsmit~diversipidfor flet) feading- (t) ]
_ ~~m ad (ern,f d (8n,1 r (34) is the dowlink channel covariance
matri x of the ﬁf‘?f’ Zsrh. Prefezably, the transmt beanform ng wei ghts can be
chosen by maxim zing the average receive SI1VR at the nobile receiver,

i.e., 28 wxRd, Iwl +w2 R~,Zw; J w~ Rd,z w, + w2 Rd,, w + Q" , (35?

Advant ageous| y)Thehabévearnhneet mizeab o(Alanmutii geiraytationn divemitpemetpden as t he
princi pal eigenvector of Rd.m. Again, the frequency calibration nethod

di scl osed in vdiversihpethed gpplieshite freqpengy soidctive Hfadiog ndhagnels and FDM
capacity enhancepgent in wreless conmuni cat.ion.systeps” i ngapor e Pat ent
ApBI i ca%/i on Nc.w@'gtfﬂ{‘fg%t. ‘.ﬁn"?ré’ s”é"&‘etvs tfégfmﬁ&t"ér%éﬂﬁtghﬂ# M‘g&ﬁﬂ"ﬂﬂsect! y.
The above netheg ueﬁ‘{éh'sa‘ébtm %ﬁ%ﬁgﬁ%%ﬁ?%&%ﬂg? Befordl YT SI LY

gain is called pre-alidurent (P pur pose of del ag/l g sl (n)

by 0z is to nakivessityeantdnnbs,lileg thegrientaappeing ¥ lrgef clgheed HRes daveBeaR, sl (n)
and s2(n) arrifre at the receiver at the sane tinme. Theretbre, the del ay
spread has bee®Riedleed to zero. On the other hand, beam-.fozxni ng i s used
to mnimze the 1Sl effect as well as to artificially generate twa

uncorrel ated channels, wi~. h which the transmt diversity gain is achieved.

‘the PAL net hogjhgslud r h | Jodh LChad ded in
t he downl i nk poé\gel?-delsgl?%Dl\/% g@D‘%{ éﬂ?‘fgﬁ Ir%gﬂ{bggg% %%I}Jfgw\{\@he%%rpro ileis
time varying, idivecdiyrfgeflasfaditigycliannéls apdiscbsedin RoNegi, skMPIRhRin0bhd ¢, i S

al nost the sang, as ug’\i nk PDD profile, which can be estinmated fromreceived
upl i nk si gnal sCiatle PAdaptivenaafeansy £ spaes-timp| ceding oovere blogkt évvariantose

nunber of 1ays 4l Stipath fading channels”, Proc. of IEEE VIC, pp. 70-74, 1999. The signal

to be transmitted, s(x), is first coded using a space-time coder module 3,

yielding two branch outputs as s1(n) and s5(n). /() and s3(n) are then passed
into two transmit beamformers 11,12, w; and w,, respectively, followed by a
signal combiner 13 which performs a simple summing function of the two

inputs to producing a signal x(») for transmission which, in vector form, is as

follows:
x(n) =wis,(n)+wl's,(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 arxay, instead of a diversity

antenna array. Suppose the physical channel consists of L spatially separated

paths, whose fading coefficients and DOAs are denoted as (% ():61) | for

k=1--,L  If the maximum time delay relative to the first arrived path is
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grater than 2. In this case, it requires nore than 2 branches of space-tine
codi ng out puts, and each output except the first one corresponds to one
del.ay, 29 | f the nunber of space-time coding oucpufs is fixed, say 2, the
two mai or rays can be selected in order to generate the delay, as , and
the transmt bemaflezthiandhoeymbolsinterved, diftat fadimg phinnet isoobsefvedhand thest em i s
to reduce interfnger-interferen~cc in CDMA as the total nunmber of fingers

i s reduced. Comnstaritaroat thannehrespdrse, PHYscanbe elnoned abfdilowaon~, i sts of
multiple rays with t~cwo maj or rays h,(k), hz(k) delayed by a z , the
beat nf orm ng wei ghts are chosen such that the del ayed signal only goes

t hrough one ray hl (k) between the base station nultiple transmt antennae
and the receive antegn Al undel ayed signal only goes through

anot her ray h2(k) b?f@gﬁgﬁ?ﬁgﬁbggg station multiple transnrzngﬁntennae and
t he receive antenna, Advantageously) when the physical channel® h(k)
consists of nultiple rays with two major rays hl (k), h~(k) delayed by dr,

t he bearnform ng wei ghts are chosen such that the average transmt SINR
function at the base station is maxim zed for each ray. Preferably, when

t he physical channel h(k) consists of nultiple rays with two major rays h
J(k), h?(k) delayed by ~ z , the beanform ng weights are chosen such that

t he average receive SINR function at the nobile termnal is maxim zed.

Anot her exanpl e of the present invention utlises OFDIvl with conbi ned
beanform ng and transmt diversity for frequency sel ective fading channels
for two ray (TR) nodels. There is a direct use of delay spzead reduction in
OFDM In a typitete RHV is et @WnlmkGYseking VRERE bXDDA ad,deﬂxe'r%’ei@édj«ﬂ%nﬂp
rcn~ove the I'SI and to guarantee the orthogonality beiv~rec~n eac

sub- channel . Thé)] anlg mobile tamminaféd givempbef i x shoul d be greater than the
maxi mumti me del ay, which can be as |large as 40 ~ 30 for a nobile

Wi rel ess communi cation environnment. Tht adding of the cyclic prefix not
only degrades the s trum efficiengy, but al occupi es one portion of the
transmt power. Thegéééﬂﬁr 29%@5#6&3%@9“2“5*% r eff ciency %) the O ~' Dhi
systens can be greatly inproved if the cyclic prefix can be reduced while
mai nt ai ni ng the sane performance, Suppose the physical chan_nel follows a
TR rnodel with_paraneters r ~ ex ~ zk ,yk = 1,2and rl ~T7 . ~~'s are
statistically Budépmtﬂuntﬁ,'g'gér‘by’}%én Z’dd;ﬁ 'éx‘h(W)Gaﬂss transipit obexmsfosminigt h
bandw dih, | e e ified o) makimizing the SosPhingtian: | oo o O

J = BB () + Elg, ) (10)
st. Elp g m]=0 (11)

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

while condition (11) guarantees that F.() and Z.(1) are statistically

uncorrelated, thus maximum diversity gain can be achieved.

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

uncorrelated fading channels, £.(*) and 8:(*) have been artificially generated,
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Figure 7 illustrates an OF171vl system w th conbi ned bear: ~fernning and
transmt divezsity 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
usi ng space-tune codes in coding nodule 3) yielding two branch outputs,
Sr(n; k) and S¥ith whichBgeee-timerdsgoding canbs useq 10 tepovendhsransmdjted sgnglassed
into respecti - transmt pr.ocessors 8,9 w thout, addi ng,.cyclic
prefixes. S~( r'f(’z)) %EX‘WBH‘}“ ddiverity methady WTLPWBQ%S‘?OQ"’%S@&‘ Xl (n; k),
which is furrher passed to transmt beanformer 11, (wWl). The second branch
output SZ(n;k) is direr-tly passed tc> the other transmt beanforner 12,
(W2) . The bcanfer Bblighad Utdisinit deemtdiaiing owbighe dredtofs Seat theneigbpvdease
station Transmt antenna array |A 1B, 2, yielding the transmtted signal
as follows; x(orespondingcto the; twy larggst eigenvaluek)ofl 36y duwnlivk whbiwired
term nal single antenna 4 received signals are first passed into a
nor mal OFnM r&é’g%"ﬁ%&%&%@' The beanformi ng wei ghts axe chosen such
that the first branch output, Si(n;k) or its inverse FFT (IFFT), ~1(rt;Kk),
just goes through the firsi path, ht(n;k) between the base station 31
antenna array and tfe E&cgwﬂqr ntenna 4; while the second br a&gﬂ out put ,
S2(n; k) or its inverse = ("I T), s2(~; k), just goes through e second
pat h, hl (n;k) between the base station antenna array and the receive
antenna 4. Once the transmt beanform ng weights arc properly chosen, the
FFT out put of wheee thecexpeetition gn abnductedhavearail fadingt atefiicieme.c Supposé] i}
K] ~w~"H, [n; k]S, [n;k]twz Hz [n;K]SZ(n; k] +W-n; k:zl dzf~ j~ (37) Conparing
equation {37) ¥ ' j V' leSy elid ik . be rm ng,
two different pg grphagfWg%&géa%@gpﬁc#,%ﬂﬁ@ cr eat’ggﬁ%ml%%&%&
space-tisne decoded by nodule 5 tv recover the transmtted signal. Further,
permut ati on decodi ng nethod can be easily applied if S (rr;k) and SZ(n; k)
are chosen as follagws. Ikt =k+l,5={n;t)s(n; k) I~s~(n;k+1) Is(n;k+ 1) | ~
(..r (n=k) I yr VfHem PAL“ *)é‘pi')ed to an OFDM system with c(gggi ned
beanform ng and transmt diversity for TR nodels) it is not n ssary to
add the cyclic prefix, 'Thus benefiting fromflat advantages of; traz~srnit
di versity; bcaznfonni n~ ain;
For TDD DC% 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, % (%.)'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 implerment.
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and increased spectrum efficiency. Conveniently, the transmt

beam~onni ~rag wei ghts can be chosen by maxi m zing the average transmt SINR
functions, 32 Preferably, the transmt beanform ng wei ghts can be chosen
by mexi m zing the average receive SINR at the nobile receiver.

Advant ageous| y Thistsystemaachicvies ldeersifyogain agd beargfurmiing/\gain canulteneotiy for as t he
princi pal eigenvector of R~ A, Again, the frequency calibration nethod

di scl osed in Yil ftdla&gené[#&menbb“ﬁ,d is [imw?lﬁktobé’ﬁﬁm dhat sypterat IR f or

capacity enhangenent i L rel ess nmuni cation systens”, Singapore Patent
Appl i cation Nofrc%eg&yggl_eﬁ ‘fcséaﬁgl&f%tggmé@%?trmt e the DCCi vl from UCCM

directly, A conparison of the spectrumefficiency and power savings by
using this delay spread reduction nethod will follow A further exanple of
t he invention Hor liobde wireDids wiotrimuricdtions ditheat béam fonining, sl twa says (TR

el 5. Even t Fodgk DRRA FEBRArAR): FIASCHchd bUln i im SHIA el otrecs,

i rel h | STl - I d hbed. by . I

dor nat edci usceP BRI pOGskeihy Bl RoheR oK veBnophue Kiedn oo

clustered pathg Tpé%r—ﬁél%?-m,&ggréﬁFeYSh_éﬁll&aHeaéd?ﬁideFdaf 1f'piédeely! ?ﬁkiboku,%aa' HT
power-delay profile whale maximumtinme delay is 20 = , and nmaxi num del ay

spread for eacnactoosl! svithdl'Jamddel, shéte4s less toreelationi betwetiepgth ldelalys ayd thiec
prefix is 20 ~in orgder to renove the | SI. However, with the PAL nethod,

the cyclic prePOAYUFaWess, immageocet gith § & DR models gignathe delays exvo
cpread for " eache g sfBREE, QRpendent Wt BORY TG Wil ¥ho FIRHBr WlFerER 2 | e
varyi ng channeénvigimnitats &fere ExiDedifféfent 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-D8-CDMA and single carrier systems with cyelic prefix.

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

beamformers, 10,11, (wy and w,) respectively. The beamforming outputs are
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h(r~ T =ni (t ~T)~u(z) - u(r _ a~V)jy ~(r~2" ~Il~u(t ' I~ - u(=" W
-'""Y)~ r;3%) where hi (~~r) and ~T2 (t~ z) coaespond to the channel
re§potfses of the f~rst and second c lustered paths; respecci~rely; and
u(x) is aunit step fl:nction. . Figure R shows an OFDI ~I system enbodyi ng
the present inygsity eSmbined fin Gaedmhbiaer b¥adidofatisagtied Gut thassyhi thedtangidt ty for
hilly terrain (Ht) nodel in encoder nodule 3. The signal to be transmtted
at t:~e ~. ~th amaeenas’14,HB, ﬁtdfthﬂbaslesmﬁ@n&nkpnﬁsﬂa)ast coded usi ng space- nme
codes n encoder nod~!le ~, yielding tu~o branch outputs, S1(n;k) and S2(r.
k) which ~e passed ir:o respective normal OFDM transmt processors 8,9,

whose c5~ciic prg:ix i t - i,-3)8ad S~ Fo e Ty typut
fromthe fi rst%ﬁér@?‘l lfagg ﬂgtﬂbr{ glngmé'a @ ﬁ?\é gé @e CWIFX gﬁﬁe&gﬁt pea
&~m the secong, és%ﬁtaﬁbnb?%ﬁ'@leééﬂﬂﬂﬁﬂél #é}fsmsﬁoh% carf bs 8cs%h99@h§t}?ére
passed into respecti~~e tra~~smt bcanfor ?, (w~ and w).
respectively. Tdllowiegwvedtor fanmg out puts are t hen cornbi ne4 i n cornbiner 13,
and transmtted out through the base station transmt antenna arra~~ 1 A 1
B, 2. ih~ beanfcrm ng wei ghts are chosen. such that the first brsnch input
, ; ust goes through e th, while the second branch input
Just goes through t S:LCEZ&” edﬁeg‘sgatﬁ) i,t, the bearztf g mrzg

wei ghts are chosen such tHat’ the first branch out put, s, (n), (ﬁ goes

throegh the first path, h~, | between the base station antenna array r~.nd
the receive antenna 4; vc~ ~hi | e the second branch output, sz(n), just goes

th h th d t b t
an(rjo'tjﬁe regels\?(é' g’fﬁ Eﬁﬁa&ﬁdéﬁé)fg?edﬁmﬁﬁBatgé??@*‘@gdné‘?"sé:k@ ﬁ%ﬁi‘ e {yé' ngfr%a?”ay
si ngl e ant ennagh %rﬁFlfekrzﬁﬁdplﬁaaé%ﬂd' lﬁdcg%%% gén hgﬁg%ﬁ’oﬂdﬁ{% or

fol |l oned by a space- ecodi ng nodu recelve

oouo 1o (koSN SRR M aTBRh. BeSler Siier LR DG iV T Ll
integer which % &idlsedie %n%?ar A %S?n%lﬁgd é)p@ pgg?%laﬁ#g%s%%uatl on

(5), with the aid of dovvn eren ave

been artifi ci ahhmhgmezabﬂﬁhanvmidcktaﬁstibaﬁ}ﬂdﬁ@ﬁeﬂd@lt def Aieskeho £ CRVES. t he
transmtted signal. pernutation decoding nethods can be easily appli ed if

57 K) g0 Se S S NOea, U Lae il SR Sl i (T

k+1 j 1S2(n;tjs s"(n;k nvenlen

beanf orm ng we Spcan be 0 maxi m zi ng p:t he average transmt SZNR
fi,uictions. Agmréolﬁyqusﬁ‘g’?ﬁilgﬁﬁ#ﬁ VYIRS P M r'i@ t\‘?bé@ght s can be chosen by
maxi m zing the average receive SINR at the nobile receiver. Advantageously,
the transmt beanform ng weights, wl , can be chosen as the

Ely e+ &)y, (0= o2, r(A0) (15)
The Fourier transform (FT) of A(1;7) at time instant # is given by

Hyt.))= [ hen)e ™ dra Y3 7, (02,8, (16)

For an OFDM system with block length %, and tone spacing 1., the discrete
value of #(:/) is given by
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principal eigenvector of Rd, T . 35 As previously nentioned, there follows
a conparison the spectrumefficiency of a OFbM systemwi th different cyclic
prefix | engtkzs. The paraneters are Bandwi dth B = 800 kHz, ma~ci numtinge

delay - 40. For HT nodels, the maxi num del ay spread for each clustered path

is 5. To nale the HowkABK (WOgigN)at Y1 D 130T, Jat, (655 ) tHe symbol duration is
h~B, where N is the nunber of tones rn each OFDM synbol. The(i®Btal bl ock

l ength is the summati on of the synbol duration and the additional guard
interval, which is 40, S, and 0 for OFDM wi t hout PAL, FIT with PAL and TR
wi th PAL, respectjvely., Table |.ill ustr S tire uncoded tr.angm.t data rate
For CFOnT sy <Blhe, RpielanoR dfastion mHER bR bialendl e i on. It
i's seen that,Qks fnPfr¥ARnfRLW &LéPpy SChene and Wi th the same nunber of
tones, the transslrxc?t ﬁl{a&ta rat%1 calrs:yi ncrease to 1.6."'vlbps for TR
environments by using PAL, independent of the N value. For HT with PAL, the
spectrumefficiency is also.increased as conpared with that w thout PAL.
Tabl e 11 transrr diz{t Ak -aEHH Jomark 5 AR 10 Ba-@ARD WV YGUR,, PALL. 28
Mopsl. 07 Mops800 kbpsHT with PAL1.55 Mpsl. 51 Mpsl1. MopsTR wi th PALL. 6

Mopsl. 6 Mopsl. 6 Hi bps Here foll ows a conparison of the power (Is@vi ngs for
OFDM with different |lengths of cyclic prefix:

Rd,m = Z G:J ad (gm‘l )ay (gm,!)
{

where is the downlink channel covariance matrix

corresponding to the mth delay path, Note for A7 =0 and 4k =0,

rel00)= X208, 6n)a] Gn AR, (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 3.

Within the normal OFDM receive processor, the FET output becomes
X k) = wi H,[m K]S, [m k) +w, H,[n k1S, [m k] + W [n; k) (20)
Xk +1)=wl H, [nk +1)S,[m k 1)+ wi H [mk +1)S, [k +1)+ W[m;k +1]

h
where 77k} is zero mean AWGN.

By denoting /1 = W' Hylmkl, B, =w; Hy[mk]  the beamforming weights can

be estimated by maximizing the cost function:

J = Elﬁd2 + Elﬂ;lz (22)
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36 _'~6 Due to the adding of a cyclic prefix, the effective No is smaller
than the actual ~6 transmt No . Wth delay spread reduction, the transmt
power is nore efficiently used. Table Tl illustrates the power savings for
OFDM systens with delay spread reduction using PAL for different nunber of
tones in each CFDN%RI:Q: B, ps0 conpared to normal OFDM systens.gzfable ZI;
Power savi ngs N=128N=6 NES2HT with PALO. 84 dBL.5 dB2,5 dBTR wi th PALO. 97
d$1. 76 d133.0 dB Beanform ng and diversity gain: _'~b Wth conbi ned
beanform ng and diversity gain, it takes less ~"'a in order for the system
to achi eve a gigaim nximueny aweragatSNR BESYtained whnougle maximizingaaquation (2)he
beanform ng and diversity gain can be translated to | arger spectrum

ef Fci ency usi milei gnéitiomn@3) atirentess tawre? sanch faarg s@tisiivellyrunesgelaeds—~, A

further enbodi ment of the present inyentjon relates to adaptive del ay
spread r~eductSiNFIENIEGIYBISHE G2IEART Gr‘i‘ﬁh‘ﬁ{‘j"%nd diversity gain: The

previ ously descri bed enbodi nents are designed for different environnents.
In real applications, the power-del ay-DOA {PDD) profile may change with

respect to tirmpedygtihal ith@smat beAamfirmang eitighte vettorss akd1aetheletigynvectors

corresponding to the two largest eigenvalues of downlink channel covariance

matrix (DCCM) Ry,
R, = E[H (mk1H Y [, )] (24)

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(n;k) and Sy(n;k) are chosen

as follows.

t=k t=lk+l
S1(n;0) s(mk) IV2 s(nk+1) /2
S2(n;1) s(mk+1) 12 -5 (k) N2

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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spread reduction schene should follow this variation accordingly in order
to 37 achi eve maxi num spectrumeff eiency. Figure 9 shows an OFDM system
wi th conbi ned beanfozm~i z~g, transmt diversity and adaptive del ay spread
reduction for dowxxlink enbodying the present invention. The OFDM system of
Fig~.tre 9 conprises the systemof Figure 8 but supplenmented by UCCM
estimation angd .power.-del ay- rofile estination. Thus, in additiagn to the
T umcti onal | ISk BowRtl g mg{hadn s ecas, o Mk gt ¢ Sslatiom Riactia FRARIK AL | he
follow ng fungtiomal i J, Ree.S) [ « al. se

stati on. t he Gt RERRkirkguench Mttt Bfrb AR bl EEI iy BIGRAET": ¢
estimated for each received path, using training sequences or blind

techni ques. Based on. the estinmated tine-del and DOA information, uplink
power - del ay- DOA (qum;mefj[ ,gﬁaﬂﬁik@aﬂw‘ﬂ[kﬁ‘] Rdn P UB@AM ar e
estimated; Based on uptinl~ PDD profile, tk~e foll oW ng paraneters are
determ ned: diversity order, time delays for each clustered th, and the
maxi nrum del ay spread for the clustered paths. The uplink PDB"%gr ofile is
used to design the adaptive delay reduction schene, thus the adaptive
cyclic prefix adding schene; Each clustered path's bCCMis estimated from
its correspondi ng pCCVNDSRNY FC hod di sclosed in Y-C. Lung and F. Chin
"Downl i nk beagfgsm g et H'6d§ ki %Wﬁgaw the SR ERIMEE coVhrint & nfitsix

comuni cati on systetxrs") Singapore Patent Application No. 9904733.4, then
appl i ed, togQ;tohegpcm'dﬁrtg fol the e ety pathoN@E fenan £0randoflsE0yct i ng transnmit
beanf orm ng wei ghts; The bast station inforns the M5 the |ength of added
cyclic prefix; Adaptive nodulation is also used to further inprove the
spectrum effici ency bas% n,the diversity oxderlchannel c4nditiorx.
Specifically, based0éh= I}Sﬁk,mm,:kmdﬂ.l) R, the maxi mum achi eyabl e diversity
order is deternmined. If The achievable div ersity order is | e, a higher
nodul ati on schene is applied; otherwi se, a snaller nodul ati on scherzie is
applied. 38 It should be noted that the nunber of branch outputs after
space-time cqsbrﬂgmﬂg Hudlibes Q9¥and (%) dhe Fehethdanielived if¥PENDiaRg afd t he
diversity order to be achieved. The above description considers the

conbi ned bcark.ofhimg Downlirskri ieaniforerisg t wethods dfel agapagitye adharsdment dn

inpl emented at, the base statjion. In fact, . nultiple diversit~~ anten,zaas
can be added Y¥¢lfHe TRIBRMBICRE RSICTRS, wSEPEreachrtele ARRIRUR diNGer sxt y,

used to snow o e kRS extndR ERERMABREREAMET | U0 i e ning
beanform ng and transmt diversity gain, the disclosure in this application

can be applied to other nufti-carrier nodul ati on schemes, such as MC- CDVA,
MC- DS- CDM A, Emslsysienyiprovidesrdivsrsity gain nad hearnfarming gaip fesf QRDM systemaul ti uscr

environnment, .the. beanfozmn ights can iener at ed onsidering all
Goor 5°Channdi Bisy Wy it (k9 Oh ey e Peetis Fodeieanibed BietenTeiin
application i | & i L t Rl STheUgh as
ti me-divisi or@n\ﬁl‘aﬂ %rﬁg-gg@g’edshsdq%%ﬁ&ﬁé %%&%%&?ﬂg?ﬁ?%%ﬁﬁ EP§°~§ccess
(fDMA, ), and j¢adadiBi ¥pslicaBlemty tHePbsvicsnaams ib GMEh - the QVORY (sSbagsticaians
"including or consisting of'. The features disclosed in the foregoing
descri ption, independertaifitiedimg delaji ns, or the acconpanyi ng drawi ngs,

expressed in their specific forns or in terns of a neans for performng the
di scl osed function, ox a nethod or process for attaining the disclosed

result, as a j Ly : : Od]ad ' ken gfrguch

f eat ures, be%??&%@%ﬁ?gaﬁﬁgﬁsﬁﬁgkq g{/lgtlr??itgg%l Eagita\?e ée%?’olr ms t her eof,
and HR environments, one can not only achieve beamfonning gain and
diversity gain simultancously, but also reduce the cyclic prefix, thus obtaining

improved spectrum ¢fficiency.
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39 CL.A, ~M5 1. A nethod of achieving transmt diversity gain fur
frequency selective. fading channels in a comunieat:ion system having a
base station with nultiple transmt antennae and a nobile termnal with at
least a single receive antenna, the nethod conprising the steps of:
providing a signal to be transmitted s(n); space-tinme encoding the signal
s(n) to produceAdtrthesamplpobde Present isvgmrimndudisenyombined beamaionméng and

respective output; f.eeding each.output signal .sl(n),s?(n).to a zerq-forcing
pre-equal i ser hEHSHY gl‘reégﬁ'eg’t"i @%QUFB%P?%G%W&E%& @W{}t fpr W&dlﬂ?’egg{)

out put si gnal X}n%ﬁél xI (n); feeding the output signal xlI(n), x~{n) of each
pre-equaliser to a transmt antenna; transmtting the output signals xl(n),
x2(n) over respective physical channels hr(k)~ h~(k)~ receiving the output
signals xlI(n), x2(n) at at |east a si n(];I e receive antenna; and space-tine
decodi ng the reBupposd tht physisa! caanel follows & IR maedel gWith) thegbesk )stationt he
zero-forcing pre-equalisers are sel ected such that ,the _channel responses
gl (k) *h, (K), gRitRyna,oqIRY, ‘E%PIF’é}ﬁééFﬂaefeawswté‘a?n O h rwreless~ghanaely, (k)
are flat fading. i | wherein the
conmmuni cati ons %@?@rﬁ%@o nasigtc ?ﬁ‘ﬁgg%%ﬂg?%%scﬁég{)@gwﬁs‘gsﬁ%%¥ gan‘Jg‘ t he net hod

i ncludes the further step of deriving the real channel coefficients from
upl i nk channel coefficients for use in selectiztg the functions gl (k),
g~(k) of the pre-equal, ser 3. met hod according to Caim2, wherein the
step of deriving theﬁ1 '£1=§t.zé'\m{é\?(’cb@f)fi cients from uplink charzg,?l
coefficients uses training®3~nbols fromthe uplink channel. 44 )4, A

met hod according;4o Gaim2, wherein the step of deriving the real channel
coefficients fromuplink channel coefficients uses blind techniques. 5 A
met hod according to f,’;l a})rg%y V,"t??rf,‘%b”,)t he conmuni cations systemis a

f requency-di vi si on duplex stem‘and’t he met hod i ncl udes the f ypgher step
of deriving the zeal channel eoeff eients by sending a set of training

symbol s to the acgi#iant 8BAG Plnd b HRPHEESHLARL 74! (P, IP0LI&, ) grm nal

estimating the real channe cre eedung’ back channel

coefficient infgengdmsextanpliieddang dvallinknstefring\veade cofRépRding td jth
multiple transmt antennae for conmunicating with a nobile termnal having

at |east a singhe [ 6e@l Yrﬁma&‘élg‘gﬁpf"ﬁ%%a&’s@y@tﬁ@ FIAS ’Uf%éx@hijngi@ 7 htdk), the
a space-1l g an i npu

. € .
base station conpri sing: me encoder havin of a signal

to beI t ria?s ;n ttiﬂé wd)seBsy satiof LALW S YYonLtEW Hahd QIEdpIE GAUSH 4D pPoceeRar at e
signal sl (n),s~(n);
wh?ch are zero-mean and statistically independent for different m’s, or ’s.

Suppose all 7 »1@)'s have the same normalized comelation function, ()

2
(r(0; = 1), but possibly different average power, “»/, then

E[7m,( (t+At)}/;.,('t)]=o':',r(Ar) (29)

ISI exists when A7 =72 ~7i{s 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 channcl into 2 flat fading

channel, yet maintain the transmit diversity.
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at |least two zero-forcing pre-equalisers, each fed by a respective output
signal sl(n),s~(n) and having a respective function g!{k), gl(k) to produce
ar _ output signal x,(n); xa(n); and at least two transmt antennae, each
.being fed by the output signal xr(n), x~(n) of a respective one of the
pre-equalisers, wherein the functions gl (k), gz(k) of the zero-forcing

pre-equal isers gre selected such that, the channel responses a~(k) *hl (k),
92(k) *h~(k) of Figure Bcshaxss %€°W§1‘@£Pnc%¥éﬁﬂ’e|“éﬁhﬁ%§,eﬁi{e@‘%%f&’é‘%lgﬂé‘fi

fadi ng channel s : qafipy! i | Rk £S5 S at pjon of
Claim6 and a rrttr) |sfne1€?§?{r%%g? Pﬁ%@?ﬁzﬁ?ﬁ%@;&s‘?&g‘%%ﬁg c?%?é%e%%%‘%ﬁa and
a space-tine degopierahginitted ofR),tib €irsti @dad $n needingethodalen3 ub@zhpace-gimat | on.
8, A nethod of achieving conbi ned beanform ng and transmt diversity for
firequez~cy sel emteswith S twp braneheutputs ms &y (oandun(matsi(Ghisshen &d thearighg a 41

base station with nultiple transmt antennae and a nobile termnal with at
| east a single &delayvtt sadeiayas(nd by A8t Kisdding it s Which ist furthes passed: to
providing a sigpal t.o,be transm,tted Stn: k). cepti encadi ng. t he
signal S(n: k) Fﬁ“sﬁ‘}‘g&ﬁ%@%‘ﬁ{“ef dds % (@865%%‘1"285%5%?‘@5%; PR, sy Seel -y
each on a 1 espepldyPPitleRither FEARTINBeATORNALD thyt! FAGbendinidg ooipbft | «)
to a transm t pﬁéostb:ééssor to ep‘)rroducé al r out put Ls(i gzgf]al X,(en; K), IDI?R{I K) ;
appl yi ng respecirevihers ebmbined inrcantindgr Beard smmbegrassingtharsedras dachl Bu2,put
signal X~(n; k), X2(n; k); feeding the_ respective weighted signals to a

si gnal conbi neryighlipgthe Stansmitindipignabas ipHewson of the signals and produce a

signal X(n;k) for transm ssion; feeding the summed signal X(z~;k) to each o
the nultiple transmt antennae for transm ssion; transmtting the signals

X(n; k) over physical x(?'gannexl‘(ng(k%ﬁkc)(;n%r eceiv ing t<he received z%gnal Y(n; k)

at at least a single™YécelWe"ant"@n?\"a; feeding tre received si | Y(n; k)

to a receive processor to produce an output signal; and space-tune decoding
the received signal. 9. A nethod according to Caim8, wherein the

respective tzanyhfidceRearigAaIM (0, AehIRbBil®{eemiRl SietRAnAMnk BYs @iv@abyect or s
corresponding to the two l"argest ei genval ues of the downlink channel

covariance matri x {DCClvl~ of the physical channels h(n;k). 10. A nethod
according to O aim 8, vvherﬂei n the p”hysi cal cha_~nel h(n; k) consists of two
ti me-del ayed rays, hx(m=R¥% rapd(m20y:Hs)x, (k&1 delay 'r , the transzuit

processors do not add, aycli rafi xes apd one, of the outpu~ signals from
the transmt processgréxf'g’@ﬁg&é’ﬂﬁb@ Oé]gge%)?e t he respective sel ected

transmt beanfonning weight is applied thereto. (31)

Denoting #(n)=y(7+A7)  and considering the pre-alimnment of the two

transmitted signals, gives:

z(n)= lehd,lS‘. (n) + wluhd,zsl (n-A7)
+ Wi R, 8, (n+AT) + Wy By 48, (n) + win + A7)

(32)

The beamforming weights are chosen such that the first branch output. §,(#),
just goes through the first path, Ay between the base station antenna array and
the receive antenna 4; while the second branch output, sy(n), just goes through
the second path, /4, between the base station antenna array and the receive

antenna 4. Mathematically,
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42 11. A nmethod according to Claim8, wherein the physical channel h(n;k)
consists of two tine-delayed rays; h~(n; k) and h2(n;k), with delay er, the
beanf orm ng wei ghts bei ng chosen such that the del ayed signal or its
inverse fast Fourier transform (I FFT) only goes through one channel h~(n;k)
benveen the base station nultiple transmt antennae and the receive
antenna, whilst the undel ayed signal or its TFFT only goes thxough anot her
channel h2(n; k) be~.[veet,,k® bast station nultiple transnit antennae and
the receive anterm t,)l)‘eriepém(‘:r eating two different channels which can be
space-ti ne decoded th”l etlov the transmtted signal. 12, A nethod
according to Claim8, wherain the physical eha~~r-~el h(n;k) consists of tw
o time-del ayedadays, hl(n;k) and h2(n;k), witl~ delay ~ T, t~"~;,

bear af ormi ng wei ghts bei ng chosen such that the average transmt SINK
function at the base station is maxim zed for each ra~r. 13. A nethod
according to Caim§g, wh rgid1 t he physi cal ch~annal h(n; k) consists of t~vo
ti me-del ayed rays, hi( E’)‘"and h2(n; k), with delay .~ r , the beanfonning
wei ght s bei ng choseal:g"u;gw thalkk the average receive Sl:v'R function at the
mobile termnal is ximzed. 14. A r.zethod according to Caim8, wherein
t he physical charnel h(n;k) consists of two tinne-delayed rays, h 1{n; k)
and hz(n;k), with delay o r , the beanform ng weights for each ray are
chosen as the priheirsrgithe]lYdenmscare supriressad completdly,-ank zGhzan bk vadtearasance
matrix (1aCCM corresponding to that ray, 15. A nethod according to Claim
8, wherein the physical channel h(n;k) consists of two tinme-del ayed
clustered rays, ht(n;k) and h2(n; k), wth del w, and maxi num excess del ay
for the clusters o 5(”5ﬁ‘fb@-i"ﬂ&éﬁ?ﬁ%’t-lsp‘t”géé’&ﬁ%) have a cyclic @8gfix |ength
of D ~r and one of the output signals fromthe transmt 43 processors is
del ayed by ~ before the respective selected transmt beanform ng weight is

appl i ed theret d accordi tq Claim 15 ,wherein,the

beanf or mi ng \Aeﬁﬂgﬁ% S‘h%?g%%cgeﬁe?%c&é’ﬁ%ﬁgg %@n%e‘lsd'ﬂf’é% t, ﬂgT’c%l’“thas fatver se
fast Fourier tradifig emmn@i,Eﬁiﬁwﬁi&maeﬁﬁsn{ihmuanym&ct%nﬁ'apgrt&n; k) between
the base station nultiple transmt antennae and the receive antenna, whil st

t he undel ayed signal or its IFFT only goes through anot her channel h~(n;Kk)
bet ween the basge station multiplz transmt antennae, and the receive
antenna, ther eE%epné'P%‘S{“i?Xa 40 ansmit ?@F‘%ﬁf‘“@ﬁé‘?’ﬁ%&h@ Coh P AhossR %bé“aé‘ﬂ)‘&t?é“& i me
decoded to rec [ 3 gnal. 17. A nethod according to Claim
15, wherein th@{ég?é%ﬁwﬁ@ﬁ%ﬁﬂ@%%hg chosen such that the averaee
transmt SINK function at the base station is maxim zed for each clustered
ray. 18 A, netltc~d according to Clai,zn |5, wherein the beanforn~ing

wei ghts bei ng chosezt suclw;“;gl;’g& t he average recei wzeREWK function at the

mobi | e term zxal iscOrkxi . 19. A net hddwa *mg to C aim 15,
wherein the beanform ng weigh%”é fem each clustere? #y+are chosen as the
princi pal . ei genvector of the downlink channel covariance nma~i x (DCClvn
corresponding to that clustered ray,

where

Rd.m = E[hd.m (t)htfn (t)] = ; d:uad (Bm.l )a: (gn,l ) (34)

is the downlink channel covariance matrix of the mth path.

Preferably, the transmit beamforming weights can be chosen by maximiziog

the average receive SINR at the mobile receiver, i.e.,
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20. A nmethod according to Caim15, conprising the further steps of:
estimati ng a power-del ay. DOA profile for channel h{n;k); and, based on the
profile: determning the cyclic prefix, ,~ ~, to be added by the transmit
processors; determning the delay y~ ; diversity order aztd nodul ation
schene; and determning the transmt beanform ng weights. 44 21. A nethod
according to Caim20, cogprising the further step of estinmating the

downl i nk channel covari a@ic ,xWﬁﬂ'Mz)&é‘ECCRT) fromthe uplinh channel

covari ance matrix (U Rggvlc,ouazégﬁsyzt..roanMt bear nf ur m ng wei gﬁ%z 22. A
met hod according to Caim™21, conprising the further step of rm ni ng
the di~-ersity order and nodul ati an schene based on the profile. 23. A

nmet hod according to Claim@8, wherein the transnmt and receive processors

are selected fr LQUR..C, LS . wCDh, - and a
single carrier A ?;%‘ﬁtg%o%? B’f cc@%ﬁhg{ %%@&ﬁlng%gggagec@%%%e

mul tiple tzans~onit antennae fopp comunicating with s nobile term nal

havi ng at host PEnGPHAigeNveeler 0k “4ft enna over ph~~sical channel h(k), the
base station conprising: a space-tinme encoder having an input of s signal
to be transnitred and at :eas: r~ro outputs each producing a separate
signal; at | ealoalnyy frEGRALY Callr@ESS MRHRDIGAS0dBGR YO U.idH38ard F M5,
outpt!ts froma Trespective space-tinme encoder; at |least two transm

beanf or mer s eatBowabiek ~bsamformingumetitodsr fon capacity p ertidncementaivs nwirejgssocessor
and applying a transmt, beanfonning weight thzreto, a signal conbiner
recei vi ng si gnSPBIRIYSEHEN SYHERs pSf'EEaH@'Fgfbaé‘ﬁﬁ étb?TbNPog%%r"ﬁgﬂriﬁ #sedinmi ng

function of th§0 €§km%ﬁe{%¢gﬁﬂg%ém5{£&[. and produce a signal for

traranussi on by The nu ransm nténnae. 2~. A base station
according to C aim 24, wherein the physical channel h(n;k) consists of two
ti me-del ayed rays, hl(n;k) and h2(n;k), with delay ,5 z . further

conpri sing a déhewbave method fivreachieverg dombirahbeaneforminglaad mahsmpldévesdgess
transmt processor, ouﬁputs and a beanforner to _delay the signal ou~ut fiom

the transmit pe#adsssicdpresplicpment @AlNamekiode dhepirgese idelavingahCnihy 45
beantf i ight i | i t t wh int 1t d
ot add cyel i o At ke S o BE n ) caiine sl b Fetienen T diher o n
th hysi I : : ASd t IR . ,
1 G ) e - PR i i thd 0Vt e oo il TIRIGCIE MG o a BB C ol VS

clusters o ry bednuetibed toew. i Gn tg ahetdaad, Wdanotming iposddo hehingiga ttene of
the nmultiple access transmit processor outputs and a beanforrner to del ay
the signal out p¥h effechrastwiell g 4o antificipllp gensrete thip undomtelated channelss padt i ve

sel ected transmt .bez=-nform.n ight.is,a ied thereto, the transm.t
processors haviwﬁ’b‘:hatggyé‘f‘?%mﬁ%fﬁg é‘h’étaﬁh'c??g‘i ~ . 27. A base station
according to Clairn. 24, further conprising a first processor to determ ne

a power-del ay-DOA profile estizrate for channel h(n;k); and, based on the

profile, deterTha®All hetheh@quires tircldday infbrmétiong W04 | whiph &§ iebeaddieinadded
by the transmt processors; the delay y ; diversity order and :nodul aticn

scheme; and t hthetdowndinkipdearrdelaysDOd. (BDIghprofile. Even though the PDD profile
is time varying, it changes slowly in time. Also, downlink PDD profile s

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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2R. A base station according to Caizxi 27, further conprising a second

processor to estimate a downlink channel covariance rzaatrih (DCC T from

“. he uplink channel covariance matrix (UCCM to construct trd.nsmt

beanf ormi ng wei ghts. 29. , A base station according to Claim 15, wherein the
¢

t it d j , , t . ) . ¢
Cron VG- ot v-Ea o R R ARt Sodife SELER 1B 3 SR RERIRARIAD, ¥
30, A communi cahh oS saleetedMit UFBE % NSenlchfle PRSCdALAL AN afd Ghal fPhaddnipnd a

nobil e term nal having at |east a single recelive antenna, a recelve
processor to phbesmfmming oeights. Theglrect spplicaticrpef this systent écdebudetintiecode
the output signal. 46 31 . Anethod of achi evi n% conbi ned beal nf or mang
and transmit difingessinterfergnoerin (IMAcys e tdtaknupbar o fingershsreduced. i n s
comuni cati on system having a base station with nultiple transmt antennae
and a nmobile termnal with at |east a single receive antenna, the nethod
compri si ng t he cinepisidvally PRRYE tHeshyRica] StRhet GApp wi
space-tinme encoding a si )é’naﬁytoe[}g‘yslrcg!nsm t%leg(k?(ré?éi}l&?%%‘ggﬂgggﬁ WI“_leiast
two separate sik@smaforsaiih Bz bIk) dRRRA HINA R, hELREGFINHENOWe NS arllGhenng one
of the space-tine encoded output signals by ~z ; applying respective
sel ect ed t r anssuch thahshe-dedaved signahenlyhgoes ttiroupk ode lray &k pbetwean thealyed
signals; feeding.the respective rweighted signals to a signal conmbiner to
AR O i, hi

perfornl a su UplF Srangmit aRtengic,ang e sereivs antenna, whisst dheundelayied

antennas for t FEPTSTAYceo LHEoEn oMol P, ri R BERHRB md MBsab ™" ¢
physi c$l c: | aug@hsrhit KhtenhRCaidhe s=ce@ afBhgs, conponents of the transmitted

signals at at |east a single receive antenna at substantially the sane
time; and space-tinme decoding the received signal. 3~. A nnethod according

to Caim 31, erein the physical eh3nllel h ~On51St5 O t'W' O |

t ihrre- del ayﬁdt \ﬁ%fé’aﬁﬂ?@ulﬂyﬁ Y‘%{]ﬂ“gﬁ PTﬁsé‘@r &WF'P‘ };2‘?1 H’@nﬂﬁéﬁ’f FHIPIg gwkgnhs are
chosen suc a i.gnal o oe ro .one r ;

bet ween the baggo b'taiqrﬂ'g# 0 t%?)e&llq’)ﬁagﬁ gf’a‘ﬁ?i?ﬁ?‘fﬁg’ Wﬁ‘@ﬁ%é’é%&?fé)‘m
antenna, whil ssudihat'iHioherae inghR! SINN R8s af MebAR Bhionqk Bbarh P 12 (K)
etween die base station nulftiple transmt antennae and the réceive
antenna. 33, Aforembinebyaccording to C aim 31, wherein the pHysical channel

h(k) consists of two tine-del ayed rays h~(k), h~~{k) with delay .~ z , the
beanf onni ng ~7

Preferably, when the physical channe] (k) consists of multiple rays with two
major rays f,(k), A;(k) delayed by A7, 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 guarantse 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 /5
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wei ghts are chosen such that the average transmt SZNR function at the base
station is maximzed for oath ray, 34, A nethod according to C aim 31,
wherein the physical channel h(k) consists or two tine-delayed rays h j(Kk),
h~(k) wth delay ar, the beanform ng weights are chosen such that the

average receive_ SINK fwtction at the npbile, teznai i s..maxi.m zed. 35. A
met hod accor di n{j’rt%mé’ﬁel’ﬁ €55 \GREHIHCANR ehyirenment. cnﬂié'nﬂiqm&@ﬁg‘fc%“’sts of
two tine-del aye i , ] i.ghts
for each ray ar gregl %)é]s%teﬁﬂlg? e%%%%ﬁcns%%%lﬁgkgée(%@g&xgrﬁ sbof&t%ﬁéﬁé%g?ﬁ@h
channel covari ageen@drsinit p&¥&M) Tﬁ@"s%@ﬁﬂﬁﬂé‘ﬁftﬂen&? anfl Power e ffidBacy oNfechod
according to Caim31, wherein the physical channel h(k) corsiss of two

ti me-del ayed r a@FDN (syjtemhedrk be wgredtlydmbprgved if, theheyclie ipagfie can dedrediicedd from
dow i nk channel inforpatjon. 37. A thod according to Claim 31, wherein
the physical ch¥hHemaRINgthe sams petfomance, ne- del ayed rays h, (k)) h~(k)
wth delay O, the delay 'r is derived fromuplink channel information. 38.
A nmet hod according to Caim 31, wherein the physical channel h(k) consists

of multiple rayg with t maj or, ra ~(K) ,d1z del ayed r g Jthe
bcanf or m ng wei m@sa}l@%@?@ﬁC@&g#@ﬂ&&S PTQ{]H&‘&)EEIE{ ?gﬁ’ﬁéq?ééglaif gﬁ’gég

t hrough one ray hl ék) bet ween the base station nultiple transmt antennae
and the recei vekanidzand, " {1 | T s reee siadisticall¥dindenpndentorerp mows complexgh
another ray h2(k) between the base statiqn multiple transmt antennae and
the receive ant Gapgian3frocésse®withdvariancs i nglSlcexBtniwheR 187 Flier&iin grduer
physi cal channel h(k) consists of nultiple rays with two maj or rays h~(k),
hz(k} del ayed bthagthe inwersagf bansbidttor ni ng wei ghts are chosen such that the
average transmt SINR function at the base station is ma~cim zed for each
ray. 40. A nethod according to Caim 31, wherein the physical channel h{k)
consists of mul kiggke T ssuthdsnah WOFIM O9ysfety Swilk Tdolnbifie Isbarlflrbiedl dag 2 1

t he beanform ng ghts are chosen such”that the average receive

function at thetramdpit Qivesiop for TR madelsrembdddyidd . thé presdnodneaniondi thet o

Cl aim 31, wherein the (Eh'ysi cal channel h(k) consists of nultiple rays with
two major rays Ghismyittedhsigryl etcheddtopy of the nth blecka¥nkd.os dirstcaded wsingf or
each ray are chosen.as th rincipal .ejogenvector of the downlink ghannel
covari ance mat r {RECFHEN ?ﬂ@s @‘b??‘ﬁgg Wnggﬁty beﬁ'ﬁ‘ﬁttwf) 5’37‘.'"‘%2’.“?9&“%%5{; Wo@ ind
according to O gju3l B Ehdh bitBuRNYB:BRkn | A0RE dspediv
mul tiple rays w’git(h’k?vxo maj ér ray@ﬁﬁ'{g{ lg)é’?’k)?({l)s?(g’ém?aa;gy%sf aﬂgd ?@ ?ﬁe \gel ay
aT is derived fObDMasenbmitiproteasorei8,d withoutediding, cy¢Be petixes hSg(nagapthdnng t o
Claim 31, wherein the physical channel h(k) consists of multiple rays with

two maj or rays @elaxed intdeldy)lddet &g evielding X (ndhevitieh isyfucther passefidpitiaaamitr om
upl ink channel jnformation., 44. base station wt wltiple transnit

ant ennae for comﬁoﬁ‘aﬂ ﬁg @ar-t I:[ﬁﬁ ShgAmd) brancly GhtRuY En@% B ’é‘i“ﬂp/%steg'a“’si ngl e
recei ve anterui g.0 Q%ﬁ‘]' ly 5 W K i L ays,

hi (k) and h2(k) ,&‘et fier Bk sffg%?'g%?@gﬁégl “u’%‘gbﬂ’\aé Q‘%&’%‘e&-}?‘fnﬁ%ﬁ%%‘fgﬁ%i ng
an i nput of a stghbined andesdnt anSthet bad amibmtrahenit tantenda cartgyul s, €ad;he,
produci ng a separate signal; at |east two transmt beanfonners each

recei ving an ouylsing thefranpmitiassignal pndollowsoder and applying a transmit
beanf orm ng wei ght thereto; a signal conbiner receiving signals tomthe
beanforners and operable to performa sunm ng function of the signals from

t he heanformers and P{,,?ﬂu.-f:%f‘ﬁ?n;k)'*-Wf-’z(mk) (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, S;(n;k) or its inverse FFT (IFFT),
sy(n;k), just goes through the first path, hy(n;k) between the basc station

31



a signal for transm ssion by each of the nultiple transmt antennae,
wherein a delay of ~a is interposed between the space-tinme encoder and one
of the beanforn~ers such that the nmajor comuponents of the transmtted
signals d.re received at at |east a single receive antenna at substantl ally
the sanme tine. atfenna ywayand che ireerive paicans éoﬁ']i’lliesﬂwgsqqﬁ}é Buarchsoutphbn of

O a0 24 o0 o B & L D U o o B Sk BT =
2 KA A6 R S I A

AT A e AL ASRPIARGhIt beamEbrnding vﬁ’cxghts arc properly chosen, the FFT output of the
c| wgl fa[ V] caV] ca] caV] ca] caV] ca] ca cal caV] ca]Jca\/] ca] ca\/] ca] caV] ca] ca] ca] ca]
ca] cTa] ca ca] c alleceiyohjigngl @b theanobil esiafien kecomes
V)/=fl-:>~xsnmhc”YT] ca] ca] ca] ca] caV] ca] caV] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca
\/] caj ca\/] caj ca] ca] caj ca] ca] caV] ca] ca] caV] ca] caV]ca

"KM ]1gJR +gl " h!"~ys th ca caV]ca]ca

ca] c!ae/] ca] ga\/] ca] czl] i ﬂ%‘a@%gﬁ%iﬁaﬁg@ﬂgﬁéw\ﬂj&’aéfE@%J‘E] vicalcal

"UBHHEPWRRE\ ' ¢' ' ¥ 9+, ---.<.*0z000G113}xsnid_ZU]] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] caV] ca] ca] ca] ca] ca\/] ca] caV] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca
]caV]ca! 3 3l 3y34455.(6§6pv7788,;
;] <K<<<$=p==@>>>>*7?:"7?| ?} xsnmhc”Yi d_ZU]] ca] ca] ca] ca] caU] ca] ca] ca] ca]ca]ca]c
a] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca\/] ca] ca] caV] ca] ca] ca] caV] ca] caV] ca
| ???2@@ AgAi AABBBB+C] CdCr CCCv

EEEDFk FFGNGyt oj =R H& aﬁqclé‘]‘?,‘a ég c"a‘]ﬂc 239uaien foda it thy 2id) efadeupdak ca) cav
ol CA]colch] iAo ki 0 s ST b Sy R

] ] }] ] ] A/\/\/\/\/\/\/\

_{vpkf a[ V] 1] ca\jesdaeation] daviishby adhar] $®]z@@6@k‘€@ﬂrﬁﬂlﬂxﬁéﬂ ﬁgil\ala]m&he@] caj ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]cajcajcal _# HP
aaahaj aaaaaaaabpﬂrmlptettmh eepting [methdd cal bajeasily a:pglwd\lf Sddaland \Leed)ca¥] ca] ca

] ca] ca] ca] caV] cC osen sfa]u%a\/] cal caV] ca

1=k t=rk+l
Sy s(nk) 142 S'(mk+1)/ N2
Sx(n;) s(nk+1)/ V2 Sk V2

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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V]'c”aV] ca] ca] ca] caV] ca] caV] cabbxcdeggggg=hChhhh

aV] ca] caV] ca] caV] ca] ca] caV] ca] ca] ca] caV] ca] caV] ca] ca] ca] ca] ca] ca] ca
$prppp7qqgqqqqrrrrGfrnrrrrrrssos;

sqsys}sss|wngb\Wfa[ Vkfa[V]]]] ca\/] ca] caV] ca] ca] ca] caV] ca] caV] ca] caV] ca] ca]
caV] ca] ca] caV]

V] cMaV] caV] ca] g%i%\f@g»? éﬁla%\%%ggggga&@g@% ‘gFSgP t ?ﬂnt b/?/ CMWWWZ z{} xr

mhcAYTkKT af | ca] aV] ca] ca] ca] ca] caV]caV] ca]c
alcaVlcalca\/Jca % | ca Ca%l | a{Fﬁkfb{h{q{{{{{{{{ll
| -1 L] 1} X} a} }}~ ~9~ [~a~~~yt ojd _ZWkfa[]]ca]ca]caV]ca] ca] ca] ca] caV]ca]ca

] ca] ca] ca] caV] ca] caV] ca] ca] caV] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca] caV] ca] ca

T AR 11 Al 1o] W dafhioickFaith lcid. oo kol ambamkakeoal cal

cal] ca] caV] ca] ca] caV] ca

' R CJV9’> kf [V d_zZUkf

LaJ]\/]c;zLiJ} EZ] EJ?/]\/]c;]ééac}:%a\/inga R)%’C% cg\/] ca] cg} gg\/] cg] ca\/] ca] 22} L]aCELiJ]\/]ng/]\/]Cgllca] :
UV] ca] ca] ca] ca] ca] ca]ca() +: <>CEJOTU[ e & Lyzuoje_ XRkf [V]jd_ZUV]ca

WV] caV] ca] ca] cal] ca] ca] caV] ca] ca] ca] caV] ca] caV] ca] ca] cal] ca UV] ca UV] ca

W] caV] ca WV] caAksia] the fappnal faidbrdtion\fhethod/discipdedtiny ¥rC dLiawg @ad F. Chin,
UV] ca] ca] ca] caV] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca] ca] c&a] c&a] ca] caV] ca] c
a] ca] caV] ca] ca&] RBowaligk daeg@]f@@m ] seethads $fox capacity enhancement in ‘wireless

V] ca] call cal cef RpsRial bEGHES, SHuRRRaRaL fBapenion o PO S R8P

Q" nty4@ to estimate the DCCM from UCCM directly.,
%VvB\ ~xsni d_ZUkf a\ W] ] ca] ca] ca] ca] ca] ca] caV] ca] caV] ca] ca] ca] ca] caV]ca] ca] caV

] ca] caV] ca]ca] caV] ca W]caV]ca W] ca]ca]caV]ca
W] caV]ca\j & DV6[ " | {val f

V] ca] caV] ca] cM ]WM@&]Q?@’S@@&W&W@&F@@] aad/|roaves Mayings by esdpg dhiéa) ca ¢

ﬂqc?lqa\cfjal:g?lqa]cg ﬁﬁ%\qpﬁ%&%}jﬁ%\%ﬁ%é%@?fﬁmﬁ \égi gg} \é\gfj E:;-] cal ca]c”™a] ca]calc

a)J ca] ca
A further example of the invention wutilises OFDM with combined

beamforming and transmit diversity for frequency selective fading channels for
hitly 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 24, the minimoum length of cyclic prefix is 20/ in order to remove
the ISI. However, with the PAL method, the cyclic prefix duration can be
reduced to 2 45,
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W] caV] ca W]caV]ca W] caV]caj cDO 5/ 1gu{vpke ZWV]
Ul caV] ca] caV] ca] caV] ca] caV] ca] ca] ca] caV] ca] cal] ca] cal] ca] caV]ca] ca] ca]ca]ca
] ca] ca] ca] caV] ca] ca] ca] caV]ca] ca

v XY~yt oj d_YTV] ] caV] ca] caV] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] caV] ca] caV]ca] ca
V] ca] ca] ca] caV] ca] caV] ca] ca] caV] ca] caV] ca] caV] ca

&12W@V>} c] ~yt @uppbid the 2l alwedredpathb apd deldyed] tpal'cahddbe V!\%fh]titﬂ &’lma] ca] ca

] ca] ca] cal] ca] ca ca] ca] caV]ca] caV]ca] caV] ca]ca]ca! (. BM ++WOUsx{vpkfa[Vje [V

1] caV] ca] ca] caligaMtiaakprehe IbcedchaVisterk ¢ phihalscaY ¢ aTkalhpyhe adspadseadd] wal caVJ c

a] ca] ca] caV] ca] ca] caV]ca]caV]ca -;
) uhD+z_9zupkf a\tihéyarpingachenieal sir b$ degetidpd ag ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] c

a] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]caVlca! A I'{; R tzZEGIL
zuoj d_ZU] ] ca] ca] caU] ca] caU] ca] cal] ca] cal] ca] ca] ca] ca] ca] ca] ca]ca]ca]caJca]c
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109&' () - s510% &edpectftertaal DFPIM IR Sit(procersckdR00&whbse &dlic prefix lengtn is
Ay instead of ¥ T A¥ . The output from the first brancn is then delayed by ¥
in delay 13, while the output frem the second branch remains unchanged
After that, the signals are passed into respective transmit beamformers 11.12,
(w, and wy), respectively. The beamforming outputs are then combined in
combiner 13, and transmitted out through the base station transmit antenna

array 1A, 1B, 2.

The beamferming weights are chosen such that the first branch input just goes
through the first clustered path, while the second branch inpur just goes
through the second clustered path - i.¢. 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, s4(n), just goes through the second path, /iy, between
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normal OFDM receive processor 10, the received signal after FFT becomes

Zim k1= wi H,[m k]S, [n; k] + wi H,(m k]S, (mk]+Wnk+ iy, |]
(39)

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

follows.

t=k t=k+1
Si(n) s(n;k) V2 s.(n;k'l"l) N2
Sa(nse) s(mk+1) /2 5" (nik) 142

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 Rim
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The parameters are Bandwidth B = 800 kHz, maximum time delay = 40. For
HT models, the maximurn delay spread for each clustered path is 5. To make
the tones orthogonal to each other, the symbol duration is N/B, where N is the
number of tones in each OFDM symbol. The total block length is the
summation of the symbol duration and the additional guard interval, which is
40, 5, and 0 for OFDM without PAL, HT with PAL and TR with PAL,

respectively.

Table 1 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 environmems 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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transmit X’: . With delay spread reduction, the transmit power is more

cfficiently used. Table IT illustrates the power savings for OFDM svstems with

delay spread reduction using PAL for different number of tones in each OFDM

block, as compared to normal OFDM systems.

Table II; Power savings

N=128 N = 64 N=32
HT with PAL 0.84 dB 1.5dB 25dB
TR with PAL 0.97dB 1.76 dB 3.0dB

Beamforming and diversity gain:

Eb
With combined beamforming and diversity gain, it takes less -ﬁ: 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
cfficiency 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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for downlink embodying the preeent invention. The OFDM system of Figure 9
comprises the system of Figure 8 but supplemented by UCCM estimation and
power-delay-DOA profile estimation. Thus, in addition to the functionaliry

provided by the system of Figure 8, this system has the following functionality.

o From uplink signals received at the base station, the time-delay and
direction-of-arrival (DOA) information is estimated for each received
path, using training sequences or blind techniques. Based on the
estimated time-delay and DOA information, uplink power-delay-DOA
(PDD) profile, and each clustered path's UCCM are estimated;

¢ 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.

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

o Each clustered path’s DCCM is estimated from its correspending
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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Phe Ao depcrigtionsd@iiiety the @nibiged beamforming, transmit diversity
and delay spread reduction implemented at the base station. In fact, multiple
diversity antennas can be added at the mobile terminal as well to achieve

receive diversity, In this case, larger diversity gains can be achieved:

Even though OFDM is used to show how the delay spread can be 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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s1(n),s2(n), each on a respective output;
feeding each output signal s,(n),sxn) to a zero-forcing pre-equaliser having a
respective function g;(k), g2(k) to produce an output signal x;(n), x;(n);
feeding the output signal x,(n), xx(n) of each pre-equaliser to a transmit
antenns;
transmitting the output signals x)(n), xs(n) over respective physical channels
hi(k), halk); '
receiving the output signals x;(n), xz(n) at at least a single receive antenna; and
space-time decoding the received signals, wherein
the functions g,(k), gi(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 h;(k), h(k) are flat fading channels.

2. A method according to Claim 1, wherein 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 sclecting the functions (%), g2(k) of the pre-equalisers.
3. A method according to Claim 2, wherein the step of deriving the real

channel coefficients from uplink channel coefficients uses training symbols
from the uplink channel.
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6. A base station with multiple transmit antennae for communicating with a
mobile terminal having at least a single receive antenna over physical channels
h(k), hy(k), the base station comprising:

a space-time encoder having an input of a signal to be transmitted s(n) and at
least two outputs each producing a separate signal s;(n),s2(n);

at least two zero-forcing pre-equalisers, each fed by a respective output signal
s)(n),s;(n) and having a respective function g,(k), g:(k) to produce an output
signal x;(n), x2(n); and

at least two transmit antennae, each being fed by the output signal x(n), x2(n)
of a respective one of the pre-equalisers, wherein the functions g;(k), gz(k) of
the zero-forcing pre-equalisers are selected such that the channel responses
gi(k)*h(k), g:(k)*hy(k) of the respective physical channels h;(k), (k) are flat
fading channels.

7. A communications system comprising the base station of Claim 6 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.

8. A method of achieving combined beamforming and transmit diversity

for frequency selective fading channels in a communication system having a
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space-time encoding the signal S(n;k) to produce at least two separate signals

Sy(n;k),S3(nk), each on a respective output;

feeding each output signal S;(nk),Sxn,k) to a transmit processor to produce an

output signal X,(n; k), Xy(n k),

applying respective selected transmit beamforming weights to each output

signal X;(n;k), Xo(n; k),

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;

transmitting the signals X(n;k) over physical channel #(n;k),

receiving the received signal ¥(n;k) at at least a single 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.

9. A method according to Claim 8, wherein the respective transmit
beamforming weights are selected as the eigenvectors cotresponding to the two
largest eigenvalues of the downlink channel covariance matrix (DCCM) of the

physical channels h(n;k).

10. A method according to Claim §, wherein the physical channel A(n;k)
consists of two time-delayed rays, hj(n;k) and hy(n;k), with delay Az, the
transmit processors do not add cyclic prefixes and one of the output signals
from the transmit processors is delayed by Ar before the respective selected

transmit beamforming weight is applied thereto.
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11. A method according to Claim 8, wherein the physical channel A(n;k)
consists of two time-delayed rays, hy(m;k) and hy(n;k), with delay Az, the
beamforming weights being chosen such that the delayed signal or its inverse
fast Fourier transform (IFFT) only goes through one channel A;(n;t) between
the base station multiple transmit antennae and the receive antenna, whilst the
undelayed signal or its IFFT only goes through another channel A;(1;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.

12, A method according to Claim 8, wherein the physical channel A(n;k)
consists of two time-delayed rays, M (n;k) and hp(m;k), with delay Ar, the
beamforming weights being chosen such that the average transmit SINR

function at the base station is maximized for each ray.

13. A method according to Claim 8, wherein the physical channel A(n;k)
comsists of two ume-delayed rays, h;(’z;k) and Ax(m;k), with delay Az, the
beamforming weights being chosen such that the average receive SINR

function at the mobile terminal is maximized.

14. A method according to Claim 8, wherein the physical channel A(nk)
consists of two time-delayed rays, A (n;k) and hy(m;k), with delay Ar, the
beamforming weights for each ray are chosen as the principal eigenvector of

the downlink channel covariance matrix (DCCM) corresponding to that ray,

15. A method according to Claim 8, wherein the physical channel A(n;k)
consists of two time-delayed clustered rays, 7 (n;k) and hy(n;%), with delay v,
and maximum excess delay for the clusters Ay, the transmit processors have a

cyclic prefix length of Ay and one of the output signals from the wansmit
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processors is delayed by w before the respective  selected transmit

beamforming weight is applied thereto.

16. A method according to Claim 15, wherein the beamforming weights are
chosen such that the delayed signal or its inverse fast Fourier transform (IFFT)
only goes through one channel Aj(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 h;(n;k) between the base station
multiple transmit antennac and the receive antenna, thereby creating two
different channels which can be space-time decoded to recover the transmitted

signal.

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

max:mized for each clustered ray.

18 A method according to Claim 15, wherein the beamnforming weights
being chosen such that the average receive SINR function at the mobile

terminal is maximized.

19. A method according to Claim 15, wherein the beamforming weights for
each clustered ray are chosen as the principal eigenvector of the downlink

channel covariance matrix (DCCM) corresponding to that clustered ray.

20. A method according to Claim 15, comprising the further steps of:
estimating a power-delay-DOA profile for channel A(n;k); and, based on the
profile: determining the cyclic prefix, Ay, to be added by the transmit

processors; determining the delay y; diversity order and modulation scheimne;

and determining the transmit beamforming weights.
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channel covariance matrix (UCCM) to construct transmit bearnforming

weights.

22. A method according to Claim 21, comprising the further step of

determining the diversity order and modulation scheme based on the profile.

23. A method according to Claim 8, 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.

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

a space-time encoder having an input of a signal to be transmitted and at :eas:
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 froim a respective
transmit processor and applying a transmit beamforming weight thereto;

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

25. A base station according to Claim 24, whercin the physical channel
hin;k) consists of two time-delayed rays, A;(n;k) and hy(m;k), with delay Ar,
further comprising a delay of Ar interposed between one of the multiple access
transmmit processor outputs and a beamformer to delay the signal ourput from

the transmit processor by Ar before the respective selected wansmit
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processor by  before the respective selected transmit beamforming weight is

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

27. A base station according to Claim 24, further comprising a first
processor to determine a power-delay-DOA profile estimate for channel A(n;k);
and, based on the profile, determine: the length, Ay, of the cyclic prefix to be

added by the transmit processors; the delay y; diversity order and modulation

scheme; and the transmit beamforming weights.

28. A base station according to Claim 27, 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.

29, 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.

30. A communications system comprising the base station of Claim 24 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.
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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;

delaying one of the space-time encoded output signals by Ar;

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

transmitting the summed signals over the physical channel A(k);

receiving the major components of the transmitted signals at at least a single
receive antenna at substantially the same time; and

space-time decoding the received signal.

32. A method according to Claim 31, wherein the physical channel A(k)
consists of two time-delayed rays h,(%), h,(k) with delay Az, the beamforming
weights are chosen such that the delayed signal only goes through ons ray 4;(k)
between the base station multiple transmit antennae and the receive antenna,
whilst the undelayed signal only goes through another ray hy(k) between the

base station multiple transmit antennae and the receive antenna.

33. A method according to Claim 31, wherein the physical channel A(k)
consists of two time-delayed rays hy(k), A (k) with delay Az, the beamforming
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36. A method according to Claim 31, wherein the physical channe! A(k)
consisis of two time-delayed rays 4;(k), h;(k) with delay Az, the delay Ar is

derived from downlink channel information.

37. A method according to Claim 31, wherein the physical channel A(k)
consists of two time-delayed rays A,(k), h,(k) with delay Ar, the delay Ar is

derived from uplink channel information.

38. A method according to Claim 31, wherein the physical channel A(k)
consists of multiple rays with two major rays A,(k), k;(k) delayed by Ar, the
beamforming weights are chosen such that the delayed signal only goes through
one ray Ay(k) between the base station multiple transmit antennae and the
receive antenna, whilst the undelayed signal only goes through another ray #,(%)

between the base station multiple transmit antennae and the receive antenna.

39. A method according to Claim 31, wherein the physical channel h(k)
consists of multiple rays with two major rays A, (k), s (k) delayed by ar, the
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consists of multiple rays with two major rays k;(k), (k) delayed by Ar, the

bearnforming weights for each ray are chosen as the principal eigenvector of

the dowalink channe] covariance matrix (DCCM) corresponding to that ray.

42. A method according to Claim 31, wherein the physical channel #(k)
consists of multiple rays with two major rays 4,(k), h,(k) delayed by Ar, the

delay Ar is derived from downlink channel information.

43, A method according to Claim 31, wherein the physical channel A(k)
consists of multiple rays with two major rays A,(k), k;(k) delayed by Ar, the

delay Az is derived from uplink channel information.

44. 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) having two time-delayed rays, A;(k) and h,(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
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a signal for transmission by each of the multiple transmit antennae, wherein a
delay of Ar is interposed between the space-time encoder and one of the
beamformers such that the major components of the transmutted signals are

received at at least a single receive antenna at substantially the same time.
45. A communications system comprising the base station of Claim 24 and a

mobile terminal having at least a single receive antenna and a space-time

decoder to decode the received signal.
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