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WD 2004/ 077734 PCT/ US2004/ 005968 AN APPARATUS AND
ASSOCI ATED METHODS TO | NTRODUCE DI VERSI TY I N A
WORWINTARR ER COVMUNI CATI ON CHANNEL CROSS- REFBERENMCR2004005968
RELATED APPLI CATION 5 [0001] The present application
clainms the benefit of U S. Provisional Application
Serial No. 60/45 1,110 filed February 27, 2003,
AN ERARATUS RATEASSECIRAEDR METBNDEYORNIROD GOBERIVERSITY IN A
MAXI MUM DI VERSITCA FGdiER EORMUMBCRRPYIN GpASham. et al
and commonly owned by the assignee of the present
invention. The disclosure of which is expressly

CR 'El«%rmﬁ'bnqprﬂﬁﬁﬁi,ﬂpk,’&wﬁéﬂigﬂce for all purposes. 10

CAC 1 CED LUUULJ Enbodrrent s of the present

ntion are . ener ec rel es
10000 G R TR fam H@beﬂﬁﬁﬁfeodf&;gt o SW@APP%C%HH Serial
arat us_and assoc:| ated nethods to introduce
No. GDMBE 410 JilacHF chromay 27,081 Xt F BABBONE SPWINFERUFDRY BLOCK
system 15 BACKGROUND [0003] A nulticarrier
Copes WrDm MreIUN I3y Bremy SuohFasMIEGOFDMT by §baxglet al and
Frequency Division Miultiplexing (OFDM, Discrete

comMdnly owBEELY BYR3si@ied of b Pridedt inkentionPiTheldis¢losure of which is
characterized by a frequency band associated with a

o Qe B LR A R erey ry © ° "

Communi cation of information (e.g., data, audio,

video, etc.) between stations in a nulticarrier

communj cation systemis perforned by dividing the
TECHMGAEELRa| content into nultiple pieces (e.g.,

synbols), and then transmtting the pieces in
[000narfanboeilimmita05thn prdsent infentine asegracatly dvaticd ta waekss

When the synbol period transmtted through a
com$iniiarkibh €ystérBs @) g@ie pdrdcularlyrax amuppanathé abdsbodattdynhettbods to

introduce diversity in a multicarrier wireless communication system.

BACKGROUND

[0003] A multicarrier communication system such as, e.g., Orthogonal Frequency
Division Multiplexing (OFDM), Discrete Multi-tone (DMT) and the like, is typically
characterized by a frequency band associated with a communication channel being divided
into a number of smaller sub-bands (subcarriers herein). Communication of information
(e.g., data, audio, video, etc.) between stations in a multicarrier communication system is
performed by dividing the informational content into multiple pieces (e.g., symbols), and
then transmitting the pieces in parallel via a number of the separate subcarriers. When the

symbol period transmitted through a subcarrier is longer than a maximum multipath delay
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WO 2004/ 077734 PCT/ US2004/ 005968 in the channel, the
effect of intersynbol interference between the
w@wearisers may be significantly reduced. [ OROHEPSI8Y94/005968
simul taneously transmtting content through a nunber
of subcarriers within the channel, nulticarrier
~_comunication systens offer nuch prom se for |
in thtrphgimneln theeffepiaf isteray mbpbister SERRICe bakesh dhesiPparkers ngaygbe
wi rel ess personal area network, |ocal area network,
signifiedntiypedudedn area network, fixed broadband wi rel ess
access, and the |ike. Each of these networking

[0004F an ERMTRALSusRY ®aRRktthE eofte@hrob iR h hambesofstcartiers within the
such, a system designed to operate in one environnent

chanE@%tggg callfer SOhh Rl GribPE ffe)@ %C’h%&ﬁﬁ% Yor é&ggﬁlﬁué}fﬂ)m

S
and W reless access (BWA) networks (e.g., those

. fdescri.bed in the |EEE. 10 802, 1 st and er
wirelegs S jons Qe sidea iekys Beeu? Pl reBiRkued R itor
a significant, period of tinme. Further, such w de-ar.ea

metrwaﬁalg%@a eﬁ&wﬁéﬁ@eéﬁm 1, Wikelgssi AP esgarnd ‘fﬂ‘f Q‘&‘e rlgarc r?f%lese
due to nultipath propagation that limts the maxi num
netwadhngembitoanreatsasesesi theie owB\shallengehah deshichoa sysigpe lesigned to
wi th cabl e nodens and xDSL where the channel is static
oper@8th eNedvadnignt BHE HotheSuRablel Gsiogs envisénnuanislt er act
t hese key chal |l enges and provide 15 high data-rate

[00057C fifSSadand :WHFé?éss Widesd (BWAY E@t'vj’otrﬂs (e ], tHadeiescribed in the IEEE

conventional techniques such as space-tinme bl ock

802. gélag%?ni(#%dg r%%ﬁed Ioat;ello&)t? dgéﬁ%aés%é;h§%ﬁpﬁ{aﬂgaé{ 15346 stivk! £

e diversity “garn a e nu

. transmt ant.enna increase .past two (2 In this .
signifeggtiod QL Hmec SHUBH 1BRATITE Sl (UES ChBFer gyt ggnifiant
~ broadband wi rel ess access typically have to trade )
dispersion dnetempbipath prppaggtew that ﬁ@rts theqaprimyEarkifyable rates. Since
quality. 20 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0006]
BW Enbntinded tecafpatdeithcase ntodemy end kDSLavlerd thewbanmgl sdtatic
by way of exanple, and not by way of limtation, in
and AQL G E&h HtenRsBAS BRBEIdYhiReact ThiRvd Reschallenydel efid piokile

reference nunerals refer to simlar elements and in
highvgél[agﬁ;ce access at almost wireline quality. To date, conventional techniques such as
space-time block encoding, etc. fail to sustain the coding rate while providing the diversity
gain as the number of transmit antenna increase past two (2). In this regard, such

conventional techniques for providing broadband wireless access typically have to trade

data rate (or, throughput) for received channel quality.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Embodiments of the present invention are illustrated by way of example, and not
by way of limitation, in the figures of the accompanying drawings in which like reference

numerals refer to similar elements and in which:
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2 WO 2004/ 077734 PCT/ US2004/ 005968 Fig.1 is a block
di agram of an exanple nulticarrier wrel ess network
w0 p@enpoBat i ng the teachi ngs of the present i NRENUSING/005968
according to one exanple inplenmentation; Fig. 2 is a
bl ock di agram of an exanpl e transceiver architecture
i ncorporating the s teachings of the present
i nFian i iiombloak diagetinn gf 4roexanmplexalishwicr mpteésse netsorlon;
Fig. 3is aflowchart illustrating a nethod for
incofogAhi Mg @ecHRttsN tedpresant invefuny acionding ¢ omeexaxpip| e
enbodi nent of the invention; Fig. 4 is a graphi cal

impl%x{nlaﬁjté{i&@ti on of an exanple rate-one, space-frequency
ocC dode matrix, suitable for use in accordance

W t.h enbod; ts of the nr [ ian: - Fi
o EfksZF pPISUR Qi gh iRy Bosb A Rordy rcbdByetths the
per for mance advantage of. enbodi ments of .the present
teac gl NO e SRRt PORNTIPG AR P HEIRLY RRJGARaton
techni ques, according to enbodi nents of the
i Vi Biloa flowmilariidustigiing a medioddRr encagmgffespding cetetpl e
article of manufacture including content which, when
accoedfg td @t dxymple aiselbment@f edhientioncauses t he machi ne
to inplenment one or is nore aspects of enbodi nent(s)
of p{1g it B hicﬁﬁllu@?a-[iﬁhle@@n%gﬁb@fé%,[ @€/ frequency block
_Errboé]di &en?ga_@of an apparatus and associ atsgd_ nmet hods to
code Iitrr&dé'h‘fﬁt)ﬂ'f&eﬁ%'iﬁ Xc#o%a%c@wit‘ﬁ%'ﬂﬂoﬁﬁﬁéﬂtﬂif tfk E?séﬁsmvention;
conmuhi cat1 on channel are generally presented. More
pacticul arl 20, accor di Q. an, ex lL.e enbodi nent
0 Bierent ind Lieperee omgpiqed M iR B AR 4fe BRTTnahE Hgyontege
i nnovative coding scheme to inprove diversity %,ai nin,
of embogdimentepbiiesyetcahingerifon apibgOR¥GvBplhanye cefing feqbaiques,
whil e al so providing inproved space-nultipath
accotlliug tsermlyodimenth ofitherinventionsmd As will be devel oped
nmore fully below, the diversity agent enploys an
| NIy, &tik ¥ BldcRldergeait of PR eaniple auiecyf renadstiting imdediag carent
that is extensible to any nunber
which, when executed by an accessing machine, causes the machine to implement one or

more aspects of embodiment(s) of the invention.

DETAILED DESCRIPTION

[0007] Embodiments of an apparatus and associated methods to introduce diversity into a
multicarrier wireless communication channel are generally presented. More particularly,
according to an example embodiment, a diversity agent (DA) is introduced that utilizes an
innovative coding scheme to improve diversity gain in a MIMO-OFDM system over
frequency-selective channels, while also providing improved space-multipath diversity
without rate loss. As will be developed more fully below, the diversity agent employs an

innovative rate-one space-frequency encoding mechanism that is extensible to any number
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3 WO 2004/ 077734 PCT/ US2004/ 005968 of transmt
ant ennas, and does not require that the channel be
w@engHzis4 over multiple OFDM synbols. [00081 Ref/Esmno@5968
t hroughout this specification to "one enbodi nent"” or
"an enbodi nent” nmeans that a particular feature,
structure or characteristic described in connection.
of trgjsntit anennag, aadisioes masrequis thatdheeheanelpegonstanioreppgltiple
enbodi nent of the present invention. Thus, appearances
Cﬁﬁﬁﬂsyméobhrases "in one enbodi nent” or "in an
enbodi nent" in various places throughout this

(0008 P REKdrbfRth@Nglaf@ tHP§peBETessRtol loYie @mbodiafe@rr drign embbllienent”
same enbodi ment. Furthernore, the particul ar

meaL?t?%% gé‘tlclﬂgnr RGH @ﬁu&%ﬁe‘}ﬁl AR AGLUELURI deS& i8N BSnnection with the

Sui t e manner 1 n one or nore

rk ronne 9
cnbfigien; lflflaéﬁdrllalagﬁﬁ PonF stipoPicht Ehis PP Ao ugrgg rus,
communi cation environment wthin he teachi ngs
appegrancheoiipe BRiIses; Hy et sTRhpdivaents QT p’inai’@tqlrg@ e %S places
network 100 depicts two devices 102, 104, each
throughmut ihds spgcidicetiar arppptenegessatibysdl refetiegriotthe By ermberlimsnt.
receiver(s) (cumul atively, a transceiver) 108, 116,
Furthasehe it patlculgdieatufs cassteeydrichhracteNBSs npayosessntiged in any
capability 112, 114, and nenory 110, 118, each coupl ed
suitdble SERNE in 6% oUR6E iftolinentd he devices 102, 104
communi cate i nformati on between one another via a
multicarrier wireless communi cati on channel 106
establ i shed between the transceiver(s) 108, 116
t hroygh one or, nore antenna(e) associated with the
le Sebwork Knviggnment, one 20 enbodi nent, one of the
deV|ces 102 may be coupl ed to anot her netmork 120,
[0009) . Fig. & iHlpetries 2 Wnek dipgiany @ aovireless qoamawy caion cgyronment within
wi rel i ne communi cation medium In this regard,
whiénthe déackinps obihe phesentrimemtivn magdy pm:ltilcecb eAs atpjvmmnt\HHk 100
by a service provider to provide "last mle" BWA

depiBBARS el RePTIR, P04, BREILCAASHIHSLH R drinsrd REMdss @anghiftes(s) and
val ue added servi ces,

receiver(s) (cumulatively, a transceiver) 108, 116, baseband and media access control

(MAC) processing capability 112, 114, and memory 110, 118, each coupled as shown. As
used herein, the devices 102, 104 communicate information between one another via a
multicarrier wireless communication channel 106 established between the transceiver(s)
108, 116 through one or more antenna(e) associated with the devices. According to one
embodiment, one of the devices 102 may be coupled to another network 120, e.g., through
one or more of a wireless and/or wireline communication medium. In this regard,
embodiments of the invention may well be implemented by a service provider to provide
“last mile” BWA access to one or more end-users in support of other value added services,
e.g., voice-over-IP (VolP), internet access, bill-paying services, voice mail services, and

the like.
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e.g., voice-over-1P (VolP), internet access,
bill-paying services, voice mail services, and 25 the
WO 2008/0743dND 2004/ 077734 PCT/ US2004/ 005968 [ OOROI/US2004/005968

According to one exanpl e enbodi nent, one or nore of
the device(s) 102, 104 may wutilize a novel diversity
agent that enploys an innovative rate-one space

[0016 r dgoerding te woo dkangplenemhadiiment. 9ae eF meegiotbe device(msl 03s bt may
herein, the diversity agent may work wth(in) a

utilired ﬁc’b\&adivieﬁity tapansimt einployt en selogstiveneteyorrempacofit@rhcy
(e.qg., received froma host 5 device, application,

enco%ﬁ%ﬂhech@hfém) desEril¥AEhetin. ”PIE Bsclefd1n 06 Hivarity QbekdrhdM work
tones to generate a M MO-OFDM conmuni cati on channel

w1thg1gg al%%ﬁll A&ﬁ%ﬂge% §eﬂilc8{?flﬁ gﬁg%hteat o b AVENEDAS host

verS| y agen nove r'at e- one

o LB o S LR RS DR B

antenna(e) and N receive antenna(e) to inprove io the

a MBiQrpRIPMy¢apamynicgtiosrchaped d@dicy - sel ecti ve channel's. As
devel oped nore fully below, the rate-one SF code

(0018 Mplcogrdthgy onhesmicvelithé inyeatipen therdiversighageahmian finojude a novel
achi eve the maxi num diversity gain attainable over

rate-oh€ iR B qEIFIBF Y encoli@nuiitsle fdr@Qd AlthACL onutticagidro one
aspect of the invention, the SF code synbol may only

comfRARYAEN syRken Withtr4ahehe Entﬁl%ﬂ(‘é}rﬂnﬁ@y }RBivE RRRAR (e )b e&krove

uration ‘and, as such, has a smaller 15 processi'ng
t han i 0 [ [
the ?13%1? :cdbvl?rsny a?fl}re 40 :E% e;)lc\éﬂ{% ‘{Haiil%{l ﬁE gg%‘f%%dr}g%rﬁbﬁﬂ y belg)/w the
as or mnere n ocC i me
rate0Re SF 4pde eraﬁl@yg%ﬁxs therdig @ﬁ&;ﬂ@ﬁ%&é’ﬁta@ %m@ffﬂe maximum
di versity agent may vvel | maxi m ze channel diversity
diveygiily| seirpatiagrabld aigr ﬁﬁamﬂmey selettaghpuels n a
frequency-selective multicarrier channel, nmaking it
[oo1e A ccondirigetd one mspdatoBUAinvehtiwmr, Ikhee&ﬁ/d:crdmgmbbl m2P oflFGdBIume
In addition to the foregoing, the diversity agent may

one AfltEGHidrbdnkHk66E BharmBl blbe@Malidand, 6€ SuthIhie (sSeafler
decodi ng information froma received OFDM channe
processing delay than conventional multicarrier encoding techniques. Thus, for example,
the SF code symbol may last for merely one OFDM block time. In this regard, the rate-
one space-frequency encoder employed by diversity agent may well maximize channel
diversity while preserving channel throughput in a frequency-selective multicarrier
channel, making it well suited for the BWA network environment.
[0013] In addition to the foregoing, the diversity agent may selectively implement an
innovative technique(s) for decoding information from a received OFDM channel
processed as above, although the scope of the invention is not limited in this regard.
Accordingly, a receive diversity agent is introduced which may include one or more of a

combiner and a decoder to decode at least a subset of received signal elements encoded

with the code construction described herein. According to one embodiment, the diversity
5
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processed as above, although the scope of the
invention is not limted in this regard. Accordingly,
WwW@200e0%i79€£ di versity agent is introduced whi chPEEYS2004/005968
i nclude one or nore of a conbiner and a decoder to
decode at | east a subset of received signal elenents
encoded 25 with the code construction descri bed
agenhmag emploXccmaxiimmg tatiosnmbineh tadieasine 2 numbedlisignsi(s)ands
WD 2004/ 077734 PCT/ US2004/ 005968 agent may enpl oy a
genef@X h BlgiaInatiop, Damityeizetianiedss inelude awpheae dedoder, coupled with
signal (s) and generate a signal vector. Diversity

the ct@ﬂlgaﬂfgg,gg}de@dﬁ Phd REUHAESiBnal RBEOLr LGOI Bbm tHO UbIBRcME[Efent.

( |Per, to decode"the resultant signal vector
0014 A T A A A P B gomp e 14195 be

. 114 may be 5 inplenented in qne .or .nbre processors. ..

implpiged 1055 SHRTR@QSFBOESG - 2R RESEF OB ERGRY application
processor), although the invention is not limted in

processps, althguglithe Asventionis nat Hisijse e Bisisgarde | Asninivns the processor
114 may couple to nenory 110, 118, respectively, which

elemenlys)i ) Lidiemay odupld foemeraonyr iyl s Lidh rexpeddRAY, which may include
non-vol atile menory such as Flash menmory, or

volafiletrBSmMGY IsM&] &% DRAM, HohUaeatdé Refmoly RrRE a0 Fldsh dlickg®y saich
as a hard disk drive, although the Jo cope of the

ahesy KR e RSy el 6 sk Sheh RIREF Y ST MDA
t same package.as 1h rocessqr_elenment (s ,

copeg g Bulth S PUOLET AR FPET SPER For o Ak Hgpd 1o,
ot her medium external to elepent(s 112, 114.

118 may sredli hegligneseshwithing beisamspackageasy Os?ﬁaomé@nem(s) 112,114,
processing el ement(s) 112, 114 may inplenment at |east

or may beaksposedfontahdntegatadrarsubor simepthet pedigeraxteaslde clsamwnt(s)
bel ow, 15 and/or may provide control over a diversity

112,agentAceomaiee vhe dmbodikient, dascbasdandalVigdC plocedsipailataent(s) 112,
(108, 116), although the invention is not limted in

114 ﬁﬁg ?mgﬁ%ﬁfjat 16804 3lbsWhid iBe RAturERIiTer B/ dgénfl@Relvd telow,
Fig. 1, the diversity agent may well be 'inplenented
in_one_ oF r " he. . £SS| :

and/ Qy gy, H]io(\% enc}g)E%%I?JVfaE)%l\%gsﬁ]%%ggﬁtlﬂ@%n%%ﬂ%ﬁ%ﬁ a9ébciated

transcel ver
trangezlggigFmO%Zf]lﬁs,ﬁt%bug]hl&i)e ’invaeln%igr? Ps%t Eigl?teid e ﬁlrl]g J’e%grdi. S not
[0015] While not specifically denoted in Fig. 1, the diversity agent may well be
implemented in one or more of the baseband and MAC processing element(s) (112, 114)
and/or the transceiver element(s) (108, 116), although the invention is not so limited. As
used herein, but for the introduction of the diversity agent developed more fully below,
devices 102, 104 are intended to represent any of a wide range of electronic devices with
wireless communication capability including, for example, a laptop, palmtop or desktop
computer, a cellular telephone (e.g., a 2G, 2.5G, 3G or 4G handset), a personal digital

assistant, an WLAN access point (AP), a WLAN station (STA), and the like.
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20 used herein, but for the introduction of the
di versity agent devel oped nore fully bel ow, devices
waQm4/010484 are i ntended to represent any of a WCBEUSRNY@®5968

of electronic devices with wreless conmunication
capability including, for exanple, a |aptop, palntop

or desktop conputer, a cellular telephone (e.g., a

(00162 GAcédrGitg t&noemBddihamsetvprk H0pmay mpadsenti ghrbadband wireless

assi stant, an W.AN access point (AP), a W.LAN station

acces(sggw A) A8F ol Rhbkitone &r Wor@ 00devie(s§ 342, 104 may establish a
PCT/ US2004/ 005968 [0016] According to one enbodi nent,

. t . . AA >
i A O PR ERE B R A e T

e T e L P DU R S SPERShe foes

El ectrical and El ectroni cs Engi neers | EEE Sgg )

Standsud fard. oreband Metomslian epne ot o A A sy Rae S d irsk
Local and Metropolitan area networks Part 16: Air

Broatibdrelr Waekess Accdss SpslemBraoddbargeny imslusking, AgedEEE Std 802.16a-
Systens, and its progeny including, e.g., |IEEE Std

20038 ckRaren2QOBEEASTe 1802861200 D), hitdugbtite B0&ntih-i2A6K)mited in this
al t hough the invention is not Iimted in this regard.

regaI[dQO]'?] As used herein, network 120 is intended to
represent any of a broad range of Jo communi cation

etwor ks, 1 ncl udi ng, 0! . e i.0: I

oo Bt MU B R T SR et oy P A R
networ k (LA tro [

com G TR L OA" G el DaPeal YRR stem (POTS)
(Internet), cellular network, and the |jKke. AccordiEP

commupnigatéoreneivrptle aloss] arpepetaorlod; ANk metrpelian pegmetiek MAN),
an access point (AP), while device 104 represents a

widesdred hawoflSMRAN) eglobal afeawdeivedrk g Initérakt) eceflolar neteovki, hd the like.
an 15 IEEE 802.1 In wireless |ocal area network

Accdr¥¥tN) on@BehnBAE Mnplembhtaicl) detige 1 ONRYBIsEME an access point (AP),
space-frequency interleaving and transmt diversity

whil% g%@g\% %%R%ﬁ%e‘{t% gﬁﬁgn AN Z?%Sﬂr& wiQVEEAPR For e rittith by

Ite

IEEE 802.11n wireless local area network (WL AN), and each utilizing the innovative
space-frequency interleaving and transmit diversity techniques introduced above, and

developed more fully below.

Example Architecture(s)

[0018] Turning to Fig. 2, a block diagram of an example transmitter architecture and an
example receiver architecture are presented according to embodiments of the invention.
To illustrate these architectures within the context of a communication channel between
two devices, a transmitter from one device (e.g., 102) and a receiver from another device
(e.g., 104) associated with a communication link are depicted. Those skilled in the art will

appreciate that a transceiver in either device (102, 104) may well comprise the transmitter
7
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exanple transmtter architecture and an exanple
WO e@ei0vEB4 architecture are presented accor di ngp@€DUS2004/005968

enbodi nents of the invention. To illustrate these
architectures within the context of a conmunication
channel between two devices, a transmtter from one

archileoire and/er the recd®)y ashiteciuieas detaded frlig Zrabthbegh thev¢ape of the
(e.g., 104) associated with a comunication |ink are

invefi@dH i€ hedlimktbdHehiktidreditishodld @e apprevfatel 124 tappnrer add
that a transceiver in either device (102, 104) nay

recef]g%lér 1%1 A 0417 (Sf 5%%3611 33838 dohBllexity (NP RAQAERIS Ai3fement the

architecture’and/ or the receiver

1nn08?t1ve ﬁ]%’l%gl%lﬁ &é\fﬁt?ﬂé’d etd%r ﬁggce-f?er%ﬁk:&g ﬁteﬂ?%]\h%’ H&Qrﬁ) gﬁ? hﬁffglﬂ Rfe

shou] d be appreci at ed tha pnsmtter and recel ver
anticipaget Riethe spene apd spiit ehthec %meq? 855 % onpl exi ty t hat
nonet hel ess i nplement the innovative transm:t
[0015i Yeeailing ta thi ramplraeebddimeniof §ie. i2ntransnaition HL is depicted
descri bed herein are 5 anticipated by the scope and
compiidinig serfal-td-peraliélaomesdterBY20R, doersityGgd®]20Adnanpémtng elements
the exanpl e enbodi nent of Fig. 2, transmtter 200 is

of arg@l’ﬁb&ﬁﬁ@nt SR EhT, ﬁﬁréfséldrsbfété)ﬁ’dlﬁielr &hn oY elchR{($)206,
202, di ver sity agent 204 incorporati ng el enents of an

cyclfégpaﬁ‘% o,r oy glfg r%%&a%,{iﬂ%ﬁ%dﬁﬁemérﬁ’iﬁ?@ r ‘i‘feﬁh&c‘fﬁk‘f jer
procpiaE SJgméntlst A0L b s e eLie @%8%9?% aPf gyped as

antenna(e) 220A. ..M each coupl ed as  depicted.
depipied oAgragnEd0 one cEhedEicnt Frﬁnsmlﬁtﬁrn@ﬁhltch%re AP ARy &6t ur e

200 may be inplenented within transceiver 108 and/ or
implémentedAivti thougiimsdeiperctO8chndor 4 1 fuuAdtboughf depsuterbasent mumber of

functional elenents, those skilled in the art wll

sepafdPfigictiade eIeP@htsOtl@s@ﬂqulﬁ theedre Waih bsprodiafe tRn it bt Rlbre
architecture 200 may well be conbined into a

elen{gp{ stdf ’ttfaﬁﬁﬁkﬂep%%hlté&urg b@@ﬁﬁ& 'we@l% UV SRl ﬁlﬂﬁflﬁin@ﬂ&{al
e may be

enent s split into tlplefunctlona
i dev f h
cenfe LMoL b bl PRI R

receive inform
elemen%é without dev1at1ng tl;om the 1nvent10n

[0020] As used herein, serial-to-parallel (S/P) transform 202 may receive information
(e.g., bits, bytes, frames, symbols, etc.) from a host device (or, an application executing
thereon, e.g., email, audio, video, etc.) for processing and subsequent transmission via the
communication channel. According to one embodiment, the received information is in the
form of quadrature amplitude modulated (QAM) symbols (i.e., wherein each symbol
represents two bits, b; and b;). That is, according to one embodiment, the received content
is modulated into symbols (e.g., QAM, BPSK, QPSK, 8-PSK, 16-PSK, 128-PSK, 256-
PSK, and the like), and may be convolutionally encoded at a rate of one or more of e.g., /2,

%/3,%., 516, 7/8, 1, 4/3 and the like. According to an alternate embodiment, one or more of
8
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(e.qg., bits, bytes, franes, synbols, etc.) froma host
device (or, an application executing thereon, e.g.,
wepmitl7778udi o, vi deo, etc.) for processi ng andPCT/US2004/005968
subsequent transm ssion via the 20 comruni cati on
channel . According to one enbodi nent, the received
information is in the formof quadrature anplitude
the bitankppirtge@nd@ikbn sydonsolfitiomal enewidargsnay wel foe ppribohed within
represents two bits, b; and ba). That is, according to
transfHiRer@VBOSIBEY be pdtforinRE By \iRkbrsigtoent204 Untikduhat@Sentional
into synbols (e.qg., QAM BPSK, QPSK, 8-PSK, 16-PSK,
codix%aﬁfs{:) ’ W%él%ﬂlle Hhin Pt dﬁiﬂﬁ peirk@ked 8fhe TNBBEOS antenna(s)
vol utionalTy en ed at a rate of one or nore of
. e.9g., '‘lz, 25 2/[3, 3/4 /6, 7[8, . : h
increpidp e aisceatinge fstugokplosk faing ishadus dhstBRERbg has no
nore of 8 WD 2004/077734 PCT/ US2004/ 005968 the bit
suchdafatiqss-( modul ati on) and convol uti onal encodi ng may
well be performed within transmtter 200, and may be
[0021peAbonrding thynelébodingyt, thgeatialtoparaligl irasiere202 may generate a
conventional coding systens, where the coding rate
numbiSif phelleeRusedn’SIshabolsokich efe m@isdednoads pr morrcinstases of
the rate-one, space frequency bl ock codi ng techni que
diveR8$ %%%[9 084 "RNBHILHRPiIAY & addpitalel hdtRInhEmedtO#ik to parallel
Actordi ng to one enbodi nent, the serial-to-parall el
ran rm2 e al. r
s F B VERL S SRR S offog MRREor B RO S 204,00
i nstances_of diversj agent 204. Al though depicted
anOt]Ié%f e&%ﬁf%ﬁ@@ﬂﬂ%f%@%l el enent, serial to parallel
transform 202 may well be included w thin enbodinments
[0022f Davoysitysageyt 2ep demeiad compriging et fapowg of gane-cederldn. . .2
transmtter 200. [00221 Diversity agent 204 is
and glgpice fiequanoppnicier(g) Hdecawh coopled of depigedacodding to an example
212A...Z and a space frequency encoder(s) 214, each

embSAHRhEdItRSugHeR GiveetiaGS abdirBed @ tBi3 répaddPAEcording to one
enbodi nent,” al though the invention is not limted in

emb%(mr%n{ ?r%ﬁgrgscoéﬁ%ﬁgioﬂglitgl% elf ﬁé‘@%ﬁ@@ tyithid¥@e space-

re-co unctionality” may we e 1ntegrated within
veaihPRAGE: 1. T 80 RGP Dt sPRl
complexity that nonetheless generates a space-frequency matrix of encoded symbols are
anticipated by the disclosure herein.
[0023] As developed more fully below, diversity agent 204 generates an MxNc space-
frequency matrix, where M is the number of transmit antenna(e) and Nc is the number of
subcarriers of the multicarrier communication channel, using a rate-one space-frequency
coding mechanism described more fully below with reference to Fig. 3. It will be
appreciated that the rate-one space-frequency code applied to content received by diversity
agent 204 may substantially achieve the maximum diversity attainable over frequency-

selective channels. Moreover, since the code is transmitted in one OFDM block duration,
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conpl exity that nonethel ess generates a
space-frequency matri x of encoded synbols are
w@pioko7pat ed by the disclosure herein. [0023] BSI/US2004/005968
devel oped nore fully below, diversity agent 204
generates an MkNc space- frequency matrix, where Mis
the nunber of transmt antenna(e) and Nc is the nunber
it hapbmalk9 pseressing delny thah conventional eveadiigmedwnismsi(e.gt, ispave-time-
channel , using a rate-one space-frequency codi ng
ﬁeqmgﬁy@nn@nn&ﬁggmbged nor e fuIIy below with reference to
It WI|| be appreciated that the rate-one

[00242 p ?ﬁ@ e{cg g o tyce%g&leﬁ RBhiefGs %)QSSE@ Ao divERES hg/e%? 224’ to one or

|ver may substantially achieve

| I n f

morg R Rig Fi"gscre?(ﬁ bR et de FERH FAR o LS EbhA
one OFDM bl ock dura i on, WD 2004/ Q77734

frompiby fiogpensy Aot iEgto fﬁl@ tigigdoyain. | Aecasdigg é% gﬁl%@ﬂ‘&%?l@ﬁnt the
than conventional encodi ng nmechani sns %

IDFE(s72@6 maprbe ifveesgfasi @pul(lmpsf@rmdwc’m@)en (Eheithguehibe
space-frequency encoded content is passed from

invegiiotels Siot ¥magé it th0dgird. Areording toone embvdineat, dhesiometies of IDFT
Fourier transform el enent(s) 206, which transforns the

elenfeﬁﬁtz@atm Bd OMhORuiiSRHE RfeymEHER b trhikntt iﬂt@miaEmM) e.g., the
domai n. According to one enbodi nent, the |IDFT(s) 206

t f | FFT
fumg etﬁiélg?l t'};ﬁ&osffeq&@r?cgh(@#‘la [ nvcraﬁplso(r)]r |ms( not I)i mted in
d. .Acc
vl el 05 SRR PO iR o
nunber of transmt antenna(e) E$?’ t he nﬁ
elemeni{mHAS: whichi ey m@a@w&wemlp ¥ s ohdsd [es] inthesignal(s),
time domain content fromthe |IDFT el enent(s) 206 may

befobeit pezsed tba r@iib freghemy (RFsfrozedid 240ifoh ergayanipiificetiercand/or
a cyclical prefix, or a guard interval in the

ﬁlteﬁh%?ﬁdn( t8)subseg M t@ndrhisdion PRSBEGsdcint@l drdirendre agidandgy)
front-end 210 for, e.g., anplification and/or

22041 | VEAIHRG. R doHodirRertt YPEEAMERLer fcbﬁaﬁﬁjﬁ‘i&aﬁbﬂ Bhatind] BU% is
associ at ed one or nDre ant enna(e) .M Thus, an

gen@gt@&’ aCCOLQIng;O one examp £ refrn% d181%mg %}esgrp[ 11%%%58&' 106

[0026] To extract content processed by a remote transmitter (e.g., 200), an example
receiver architecture 250 is introduced. According to one example embodiment, receiver
250 is depicted comprising one or more of a radio frequency (RF) front end 254, cyclic
prefix (or, guard interval) removal element(s) 256, discrete Fourier transform element(s)
258, receive diversity agent 260 according to embodiments of the invention, and parallel-
to-serial transform element(s) 262, each coupled as depicted to generate a representation
(I’) of the originally transmitted information.

[0027] As shown, an RF front-end 254 receives a plurality of signals impinging on one or
more receive antennae 252A...N. According to one embodiment, each receive antenna

has a dedicated receive chain, where the number of receive front-end elements 254, CPR
10
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15 generated, according to one exanpl e enbodi nent of
the present invention. [0026] To extract content
whe@meessad by a renote transmitter (e.g., 200)PCHIS2004/005968

exanple receiver architecture 250 is introduced.

According to one exanpl e enbodi nent, receiver 250 is

.depi cted conprising one or nore of a radio frequency
elen(eﬂﬁ)ZSﬁ rand FF&reten2ds are gomimensyatefwith the numgem@) of receive

interval) renoval elenent(s) 256, discrete Fourier
anmﬁmﬁaﬁégrmnelenent(s) 20 258, receive diversity agent

260 according to enbodlnents of the invention, and

[Oozééfou pF IR%' fg%rft gné 854 g {p'é?srh? Q5 SISt s@ﬁeﬁd@) to a cyclic

epl cte O generate a representation

f the.oriqgin
prefGyysiif el HrketE) o Wb Fleltudt TB itled Mty
signal s inpinging on o nore regeive anten
AcconiE 1o ohe SRRt L R O ECHH I PG e h igrval that
antenna 25 has a dedi cated recejve chaln where t he
mayrhand beengitredused during brrsmihproeqsaing of theaseeivesrenal@)-wo
2004/ 077734 PCT/ US2004/ 005968 el enents 256 and FFT
[0029] dieobistertrfeor QIPREDIHILIS dica pmi)\tihed toenrassdeeated dfje @fmore of
receive antenna(e) (e.g., . [0028] The RF front end
dlsc%@élF&ﬁiér BassFodh (lbpﬁﬁélelﬁer&(é?Q% Atcdriiagh€6st ¥@bodiment, DFT
signal (s) to a cyclic refix renoval el ement(s) 256

I
elerfge cco?fﬂ? |y gw% g it ra%%nh égkﬁeggcél&kdtéﬂ $1d @BhFkrt the

one e rerm any

reflx .or ard rvaI
recer%ﬁ@ Beihfy ¢ Bty QPwalﬂgaﬁ}Uﬁea IR
nal(s) [ 0029] The content from CPR 256 i s then
freqmrwdaé@lrt 1§PEpRenaions ioh thegeemeedaignal{slarg presgited fafegeive
Fourier transform (DFT) elenent(s) 258. According to
diveosiy agatiOnent , DFT el enents 258 nmay enpl oy a fast
Fourier transformto the received signals to convert

[0038]N A deBrdirCieione esdcghieths pfdsa@mivention, rdasived divésity bgent 260 is
frequency domain. Thus, a plurality of frequency

presoREa l:@m%lgﬁfti% £ €5t BinkP E‘l%m@ﬁt 128 ot kY 81962(2140&6‘@ deSddedeRment(s)

present receive diversity agent
266A...Z. As developed more fully in Fig. 3, diversity agent 260 may receive one or

more signal vectors at a maximal ratio combiner (264). The maximal ratio combiner 264
may phase align the various signal vectors, apply appropriate weighting measures and sum
at least a subset of the various vectors. The output vector(s) are then applied to one or
more sphere decoder(s) 266A...Y.

[0031] As used herein, any of a number of sphere decoder’s may well be used as the
sphere decoder(s) 266A...Y. According to one embodiment, described more fully below,
the sphere decoder searches for the closest point among lattice points within a sphere of
given radius centered at the receive point. For example, in the case of a QAM
constellation, the sphere decoder may traverse the part of a lattice inside of a sphere (of

sufficient radius) to identify signal vectors, and then filter out any vectors that are too far
11
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[ 0030] According to one aspect of the present
i nvention, receive diversity agent 260 is presented
W@ wpnTEBEHg a conbi ner el enent 264 coupl ed t o PCEUS2004/005968

nore decoder elenent(s) 15 266A...Z. As devel oped
nore fully in Fig. 3, diversity agent 260 may receive
one or nore signal vectors at a maxinmal ratio conbiner

away £64)the Tveivedpoimb lalthaughshe seopi néthedsvention s i disaited|in gis
the various signal vectors, apply appropriate

regadi ghting neasures and sum at |east a subset of the
various vectors. The output vector(s) are then applied

[003212 OREe géﬂ'ode&[%rlﬁmﬁ)%p BV Lo fGREARL bR Iroa#RO4¥ the decodfd ERABA] are

used herein, any of a nunber of sphere decoder's

wel | be u r 1 Y.
proit s Brisy s S8 ERoliR IR ELSE FRAS dbnatPR i
bel ow, he her.e decoder searches for t cl osest
reprgsenAroRADIY hpeb AP L SR W gt ven
radius centered at the receive point. For exanple, in
the case of a QAM constellation, the sphere decoder
may traverse the part of a lattice inside of a sphere
Exafmple €bds Cohsteuetivn arabiDiveisityoA gehd@pdratien gnal vect or s,
and then filter out any vectors that-are too far 11

1003}\OTER48 Fig33, Rl b2OOnQR2RBR mehey of diveisith@gent operation

received point, although the scope of the invention is
. 3 . . r [ . .« .
to 111%?@136% f}l@ﬁ%}f&g%‘yr%gﬂ;gﬁpgl aqg)gjrgum&aqgﬁ%ll?ﬁﬂt%% gvlg%clﬁﬁﬁ%’mlﬁ‘g coding

_ bstreans o _ ecode
ot SRR 25 ogBh R Y S0 sRRA B Sl Ebolo A

~ representation (I1') of the originally processed .
invepignr Fertsasmed discyptiemand ot hm@émpﬁ@ b@?g @t@gH%ttW&ﬂileoﬂeSIgn
and Diversity Agent Operation [0033] Turning to Fig.
criteBia aad EbdacankiEmatioofis proviskd apheinfiodheonap thfi epsraionyof the
agent operation to inprove the diversity gain within
divessitQigeRtni cat i on channel, while maintaining coding to
rate and channel throughput is generally presented,
according to enbodi nents of the invention. For ease of
di scussion, and not limtation, the brief introduction

Codtc %ets{?z% Cdrﬁgtllag n

[0034] According to one example embodiment, the rate-one, space-frequency code
employed herein contemplate use within a MIMO-OFDM system with M transmit and N
receive antennas and Nc subcarriers, where Ne>>M, N, although the scope of the invention
is not limited to such systems and is, indeed, extensible to any multicarrier communication
system with any number of subcarriers, transmit antenna(e) and receive antenna(e). Let C
and E be two different space-frequency code words represented by matrices of size M x
Ne. Assuming that the MIMO channel consists of L (matrix) taps, an upper bound on the
expected pairwise error probability (averaged over the, e.g., general Rayleigh fading
channel realizations) was derived. For the special case of no spatial fading correlation and

a uniform power delay profile, the upper bound can be expressed as:
12
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criteria and code construction is provided as an
introduction to the operation of the diversity agent.
w0 200@0dBE3Desi gn Criteria [0034] Accordi ng to OPET/US2004/005968
exanpl e enbodi nent, the rate-one, space-frequency code
enpl oyed herein contenplate use within a M MO OFDM
systemwith Mtransmt and N receive antennas and Nc
su ri SP" e >>M_N, al though the scope of the
i n&%ﬁ{l —|jﬁﬁé@"ﬂitﬁi§ﬁj to such systens and is,
i ndeed, extenSible to any nulticarrier comrunication
20 syst W th any nunber of sub carriers, transmt
antenna? and receive antenna(e). Let C and E be two
di fferent space-frequency code words represented by
matwhiergsisshe sverageMignaNto-nolsssiatn @NRMaz(SIP iséhevi-tamonzero
channel consists of L (matrix) taps, an upper bound on
cigehhdue 6% SLHRT, DA NGB daedinensiph dleahive whyre(GEEpRg el Nc x ML
over the, e.g., general Rayleigh fading channe
realizations) was derived. For the spemnal case of no
matSPBY(CaE) =f jding DyorEg|. & o0 B dnd D & WM of . pRwaVe>ML, in
del ay profile, the upper bound can be expressed as:

ordeﬁfo X\glede%/]\PZ—Z(gﬁA' xg)rC;; U%%@ggl?r/l Ogc?%{gzts{gggsk %Sc)e.ﬁﬁ%gl t(o Znsire that
aver age signal-to-noise ratio (SNR), Z(S)

not pnly theYrz¥s grorangeinatiids of fuf rw@é@(ﬁ@:a \dEstinet {§ Elr}i agirs, but the
di mension Nc x Nc where QC E) is the Nc x ML z~-k 5

stackealt matxix G (CHY) enjysGuiyank HMEIIE)udt. suclbk cadeGidgign]is arigpdired
{e-~Nc}ko'. For Nc>M., in order to achieve M\L-fold

beloghi M&héta‘teﬁontﬂ @pﬁd@ﬁfdcﬂa&@md@de@ efipiiyel by NecEiseBity agant.

ensure that not only the Mk Nc error matrix (GE) is
100381 AdbldidARkone\eibodinhendifet laRCone paks- BRIy bREk cbiE, the
number of information symbols mapped into the space-frequency code matrix may be
equal to the number of subcarriers Ne. According to one example embodiment, Ne=M x L

x G, where G is the number of groups the subcarriers are divided into (i.e., the number of

groups of subcarriers) (see, e.g., Fig. 4).

Rate-one, Space-frequency Encoding

[0036] With that introduction to the development of the rate-one space-frequency block
code, we

turn to Fig. 3 where the method of space frequency encoding 300 begins with block 302,
wherein diversity agent 204 receives input (e.g., from a host device or application
executing thereon), block 302. According to one embodiment, the diversity agent receives

QAM symbols, although the invention is not limited in this regard.

13
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stacked matrix QCE) enjoys full rank as well. Just
such a code design is introduced belowin the
WO 21081001184 space-frequency encoder enpl oyed byPCTIES2004/005968

di versity agent. ro [0035] According to one
enbodi nent, for rate-one space-frequency bl ock codes,
the nunber of information synbols mapped into the

(0038 pAceorflingda ene ymbodimentthe conteniisyeceivagiyl onegrinpere pre-coders
nunber of subcarriers Nc. According to one exanple

2128006l dieatity MNeahR04, whiciGnaybegie 8 énsodihg procetsery diiding the
groups the subcarriers are divided into (i.e., the

receVdABEkte R intoH RMRer 0F) Sti6ass, bRER B04.SREc0r€ing.to ofi Bmbddiment,
1s Rate-one, Space-frequency Encoding [0036] Wth that

i.ntroduction to the development pf_ t.he rate-one .
the A d3OHPEOEBRRYBOISC ~ Bode. et (o st B C Bpeptize 12
t he net hod of space frequency encodi ng 300 begins with

x 1 WeRRK (8302 | alRduph iesintferdion es Botllimicgdenthi2bgard:cei ves
i nput (e g., froma host device or application

executing thereon), blo 302. Agcordin o one . ..

(0038 i BIORE A0S 3 Irastch SpEPeOf ?‘eé@%‘ﬁf of 0P W@&Oﬁws%@@, bya
al though the invention is not limted in this regard.
constelation-208us0ICR) e ot (520 04hgupgeRde] 1E3 B Aeesdige fryone

to one enbodi nent, the content is received by one or

emb0oBineenf tee LattatodsteRAtbA-Totafion® i appliad toyeaely efithe2@y / vector of
whi ch may begin the encodi ng process by dividing the

i 'E@?iﬁ!)' &6 sPRAeRlIHINIR: theReBBELbY (He)coRbteltHtRMAE atibh,Altkhough the
mpuS 4. Acc%l?}gi ng toipgsﬁgg er?bodi me}r,n, the Nc x 1 vector s

invelgﬁ?% ﬁ%%%liﬁﬂtg@ 9{{ @isztlegaethi%cﬁgrd)i(nglé-gne lmlagdi%rgengitﬁfé gcﬁfgte’llation

roups o vectors
al t hau the in ti is not limted.in this regard.
rotafs gt O irsieR 1506 M at MelSt sgedhSErobY: 1 issoct or
of input symbols, sgis multiplied by a
[0]epnsi@] kal’i, otheroodt depntes @R ittprosr efdder (e. g., within
pre-coder 212) 0. According to one enbodinent, the
[003%@211? R@%g%gg{/al(’gctagt? %ﬁgét%tflﬂ%r\fegtolr?xrgaig Alvi&d ihed E%}Q Iosfubvectors,

which are used to generate an M x M diagonal matrix

=di T A CH \for k= i
D, , =diag{®,g1yuSg> s @S, ) for k=1...L. According to one example

embodiment, L submatrices are regarded to be in the same group.
[0040] In block 310, the submatrices from the G groups (e.g., a total of G x L diagonal
matrices) are interleaved to generate the M x Nc space-frequency matrix:

C=[D,,,, D .,DSO’L,...’DSG_hL]

Sg.1,1?

)

as depicted in Fig. 4, where {f,}"" denote the Nc subcarriers. As a result, submatrices

corresponding to successive symbols in the same group are equi-spaced in the codeword,

C.

14
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i nput synbols SG by left-nmultiplying the vector by the
constellation rotation, although the Jo invention is
waoedo4bo7is4 ed in this regard. According to one PCT/US2004/005968

enbodi nent, the constellation rotation O is of

di mrension ML x M. to produce size M-vector vg

(r)(r)sg =[G sg, ,OMsg]T , where OI denotes the ith
[0041f oFhark sBillefl (D BR]art williporskiadoBat the ratease, spacsuyeqeney designed

the vectors vg is divided into L, Mk 1 subvectors,
descMbdCdborE Bodss&ds the pasyeesyahat sasvebdivddyaitagofad thasanexgrbbp

Dsc,rd = dia8{OlL~x(k-1)+1sgG A ks } for k = 1...L,
transRREG #bRGhS %&é‘&t&iﬁ%{% £ a FBSReslyeRiMdtanck” HAPEBhEIHBRS of MG

are regarded to be in the same group. [0040] In block

310 h Jb ' f. . G. .
Ty T

o TREITE i pBESE LRSS TRl iy Bt
depicted in Fig. 4, where If, } No 1 denote the Nc

frequenby sasporses on subcarriessipaecd & les e G arp ppeIpd¥ed-ng
to successive synbols in the same group are

Therefpué, thpAs@Ebols fiiohethe ealasgratp tra@smitted \WOn? e 4AME ABAna
PCT/ US2004/ 005968 [0041] Those skilled in the art

expeffehde @RBAEEIcARIAHAat the rate-one, space-frequency
desi gned descri bed above possesses the property that

[0042;1“ :J%‘rc‘:ng(?ra{él\éqo SHEBRbSaifdeAM Gt SRHEES E@%guénrc? RACBdet 8 cribed

same antenna are at a frequency "distance”

ot i T U 6 Rl oPBAHE e SISEHB U €T an,

channel's. 5 Accordingly, for known channel order and a
= @é#,runfdov M-RPYE Fhed@hBYp BRI e vEdier £hannel v frieduathitantially all

esponses 6n subcarriers spaced at® nmul fipl’es of MG are

uncorrelated. Therefore, the L synbols fromthe sang
nonzgrelpMeRtan Aaiatrewd, gensatingeDs antr & edniEomesp drandhe & diagonal
uncorrel ated fadi ng.

matrices (D, , — Dy ) have all diagonal elements that are nonzero. Accordingly, all

distinct pairs {s,, %, } give rise to L full-rank diagonal error matrices, which may be used

to prove that the space-frequency codes proposed herein can achieve the maximum
diversity gain of M N L. This proof is provided below.

[0043] Returning to Fig. 3, attention is directed to an example method 350 (on Fig. 3) of
decoding content encoded using the rate-one, space-frequency encoding technique
introduced above. According to one example embodiment, the decoding technique
employed by diversity agent 260 begins with block 352 wherein diversity agent receives a
number of signal vectors via the (N) receive processing chains. For ease of explanation,
let ¥/, w denote the size Nc x 1 received signal vector and noise vector at the jth receive
antenna, respectively. According to one embodiment, 1’ is divided into LG size M x 1

subvectors {r"*€} for g, k where the definition of g and k remain consistent with that
15



[0042] According to one enbodi nent, the rate-one,
space-frequency encoder described !0 above | everages
W@ b@40T17BHowW ng desirabl e property of O for al PCT/US2004/005968
di stinct pairs {sg, sg} and vg = Osg, and Vg = (r)ag,
the corresponding error vector eg = (vg - Vg) has
substantially all nonzero elenents. As a result,
introgaeesfat thegnBedsk, gbover Sikilprly, ¥ cfammdxgded e AGtsias A x 1
di agonal matrices (Ds,,,k - , k) have all diagona
sdm@b@ﬂfﬁ#§gﬁhat are nonzero. Accordingly, all distinct
pairs {sg jg } give rise to L full-rank diagonal error
[004@39\%58?&? A @m(]le%latew RAfrp&dnd 501&%11‘3{1813( Fotht H&tl?ﬁ 0, aﬁld H},
guency co de's proposed herein can achieve 't
maxi mum diversity gain of MNL. This proof is provided
dendbes tbevchdn@ U3 quRat urespange vhthEith traBsmitane thej jnreceive antenna pair
directed to an exanple nethod 350 (on Fig. 3) of
5 at thd @hashienAwordiefto @rcattdinsit e tiagotA et eay be defined as:
space-frequency encodi ng techni que introduced above.
According to on npl e enbopdi nent, the decodi ng
techni que 20 e Ioégﬂlﬁyﬂﬂlv rsity agent 260 begi ns
with block 35 d?ﬁbgmggyﬁr ity agent receives a
number d¥esT §HA vectors via(the (N) receive
processi ng chai For ease of explanation, let r',
wW denote the SIiéM&bﬁMﬂéﬂM& ei ved signal vector and
noi se vector at thejth receive antenna, respectively.

Accor di to one enbodinent, r' is divided into LG
size MX’1 subvectors {r"' 9} for g, k where the
efinitio r ema consi stent wi,th.that. 1
o0 sy Farn e ole e rebeny ST miishh g above,
encoder, above. Simlarly, w can be divided into LG

the r§peiecdyiienel vegionmay be gep{wméaq asi[ 0044] As above, OT
denotes the ith row of the constellation rotation
10 matrix @&=ght’ W1 .. detidted“thE channel frequency
response of the ith transmt and thejth receive
antenna(gair 5 at the Ith tone. According to one
enbodi ment, the diagonal matrix may be defined as: |

H1, (k- 1) Q\WM pi! b bi,L,G-I]T+ [Wi,z,o w! w62 “/',L,G-I]T

where
®(Tk—1)M+1
b7+ ZAJI;,g ®(Tk—})M+2 S,
©® s
15 (5

and /78 = ke 4 whhe,
[0046] In block 356, diversity agent combines appropriate sub-blocks of the subvectors.

According to one embodiment, combining the sub-blocks of the gth group, we get:

N
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H Ah,g = diag 2, (k-1) GugMtl HM (k-1) GW(g+l) M1 (3)

[ 0045] Accordingly, for the rate-one, space-frequency
waeeoaingr7aeechani sm def i ned above, the recei vedPGT/GszmD4/005968

vector may be represented as: 10 1J = [rU, 0 rt, 1,1 ...

tiL,G2 rjLG1]T (4) [b"I'o bl'1'1 ... bj'L'"G2

b/ .LGI]T + [wi,],0wW"1,1 ... whL.G2 W .L,GIJT

where M (r) T Ak I)I\/H bi k,g - A~ g (r)(k-1) M2

3g GAM 15 (5) andrl kg ,,gg+vvl kg[0046] In

bl ock 356, diversity "agen OW nes appropriate

sub- bl ocks of tjhe suvafgg rs. According to one

enbodi ment, co sub bl ocks of the gth group,

we get: 1J,g = [i i.®F,gri'2,g ... riL,g]T 16 W

2004/ 07(767)34 PCT/ US2004/ 005968 AAl, g

According to one embodiment, combining the information from the gth group over the N
receive antennas is performed using a maximal ratio combiner element(s) 264, which

yields:

-1/2

v, = {zmwf'gJ oy,
=

z

()

— w2
= 2,08, +17,

®)
[0047] In block 358, diversity agent may use a maximal likelihood (ML) decoding
technique of order 2 x L x M to decode s, from y,, although the invention is not limited in
this regard. According to one example implementation, introduced above, one or more
sphere decoder element(s) 266A...Y may well be employed in this regard.
[0048] Accordingly, example encoding and decoding techniques to implement the rate-
one, space-frequency code introduced herein have been described. It can be shown by the
proof (provided below) that the rate-one space-frequency block codes proposed herein can
achieve the maximum diversity gain of M N L.
[0049] Before delving into the supporting proof, attention is now difected to Fig. 4, which
provides a graphical representation of the structure of a rate-one, space-frequency code

matrix C, according to but one example embodiment of the invention. With reference to
17
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OSg + W'g AL, g A, (6) According to one enbodi nent,
conbining the information fromthe gth group over the
woRooreTEB4d/e antennas is performed using a naxi PEI/USHDI/@5968
conmbi ner el enent(s) 264, which 5 yields: -1/2 yg =
(Ag)HAg X[ (Alg)H. .. (Ag)Hrg 1. g (7) Y9 20Sg +77¢g
. (8) Jo 500471 In block 358, diversity agent nay use a
Fig.ifa mater 490G denisth hedenwr) cage ebdi antennge Chpitsagios grapaand L
X L x Mto decode g fromyg, although the invention is
matrinchérinel tapsl Matrixt 490sdeptraandexampbointfilergerttationeitle faum# etransmit
i npl ement ati on, introduced above, one or nore sphere

antcABs (M?,H@u@é@ﬂ%% ?é% b6 Mt two BRYIpYEAL sifvie il B ebr A the blocks

this regard. [ Accordi ngly, exanple encoding and
iJ&S AP ni RS MR AT Y rhBB(OTE Ble AE olLA bEEFtHARGer.
(S—l’j’pg@l-r{ér Iéquenchcogg |§)ynt r oéﬁce y er%rlonﬁhave %egﬁer
escribed. olt n_he .shown by, t.he r oof rovi ded
oosfle e RS g S s PRl BREH0TERIes
praoposed herein can _achieve the maxi mum diversity, )
COMPAFIFPTIT MRIPTOV GRSl SICORERS FReOFe GRS g %319[3 96 M%{laqhgwﬂl be
proof, attention is now directed to Fig. 4, which
addrspsediin dyna Ageergingdalong epbedimentaforgrrpdses dithssersimulatiens, an
of a rate-one, space-frequency code 20 matri x C,
OFRNlcys@im@nfanting toadhe 86X H6P Isean éart adhis need with FET&ize of 256.
invention. Wth reference to
Modulation symbols used were BPSK, 4QAM (or, 16QAM) where the total average
symbol energy on M transmit antennas E¢=1.
[0051] In Fig. 5, a graphical illustration of throughput quality (e.g., quantified as a bit
error rate (BER)) mapped against an signal-to-noise ratio (Es/No) for a number of system
models with 2 transmit antenna, 1 receive antenna and different channel taps (L=2, 3, 4).
In particular, Fig. 5 depicts that the more channel taps, the better the BER performance as
the Es/No figure increases.
[0052] In Fig. 6, a graphical illustration of an example performance comparison between
the proposed rate-one, space-frequency encoding technique and a number of conventional
techniques. Of particular interest is that the space-frequency coding scheme introduced
herein provides the best performance, and the only one that achieves M N L diversity gain.
[0053] In Fig. 7, a graphical illustration of an example performance comparison between
the space-frequency block code and another conventional technique (space-time-frequency
coding). As shown, the rate-one space-frequency coding technique described herein

performs on par with the STF coding technique, while enjoying reduced complexity in the

transmitter and the receiver.
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17 WD 2004/ 077734 PCT/ US2004/ 005968 Fig. 4, matrix
400 depicts the general case of Mantennae, G
waamsariser groups, and L matrix channel tapsPCIVES200X005968
420 depicts an exanple inplenentation with four (4)
transmt antenna (M, 16 subcarriers (L) split into
t wo groups As shomn the notatlon in the bl ocks
ProgfgRateione) Spaspifteg nsling asitpuvides OV I Biversityt(Gain
jth group of the |th Iayer 5 [0050] Turnlng to Figs.
[0054- Fromtlapéjuatibn (Bpkdsaptixt ippesbafndvwarthe uspgeeidfipairvaseceror
conparison's are provided, according to one exanple

profablRd iR BVERCBmalunMatisheitonndest, pAsldhems Ql‘iive'rﬁtyt glidlis

According to one enbodi ment, for purposes of these

sub Sy 24O tenal pe KNS Sh oy CONI0T 0001 61 ?2% (CE) and
rankip WFZ&@? Bedlbelate ik @W’ iR B ome . 1

ant enna =1. [0051] }n Fi a graphi cal
rank(((Gdy at%‘h V@#er? ﬁ;r(% his @t Efdyqliﬂ?tr’(xe g., quantified
as a bit error rate (BER)) mapped agai nst an
signal -to-noi se |rqCi-eEy Es/ No) for a nunber of system
nodels with 2 tra&? mghpantenna, 1 receive antenna and
di fferertt;(aclzgﬁraf ap g =2, 3, 4). In particular,
Fig. 5 depicts tihat the re channel taps, the better
the BER perfornmgnee mpiil5 the Es/No figure increases.
[0052] In Fig. 6, a graphical illustration of an
exanpl e 8erfor mance conpari son between the proposed
rat e- oné space-frequency encodi ng techni que and a
nunber of conventional techniques. O particular
i nt er est -£% &gat t he space- frequencg codi ng schenme .
and il Edggiced” ther e of the BrepH disis assamsd dhat fas Husnbes 9f Eaps Gl
the only one that achl eves MNL diversity gain. 20
knowR053] In Fig. 7, a graphical illustration of an
exanpl e perfornance conpari son between the

e fre ck ;Lcade and ranpt her ~cgayent i aralr
0 R B L P ST ten ey ot S E Lo il such that
t he rate-one space- frequency codi ng technlque
s # defocsimeg thee issinnelempeanrt o {Ors . .o G- Par Wiho it 1oéseof FEReralindi, feg
techni que, while enjoying reduced conplexity in the

So % 5.

[0056] Define the diagonal M x M matrix 4, 6, .. = D, , —-Ds , fork=l,...,L and

g=0,...,G-1.

[0057] Thus, C-E =[4; ...Agz). On the other hand, we can divide the diagonal matrix

D =diagle Nc }oF, into GL M x M diagonal sub-matrices {D,}%

[0058] As aresult, it can be shown:
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transmtter and the receiver. 25 18 WO 2004/ 077734
PCT/ US2004/ 005968 Proof Rate-one, Space-frequency
w@aitigr7Bechani sm provi des MNL Diversi Gain [POBU$2004/005968
Fromthe equation (1) defining the upper bound on the
expected pairwi se error probability for the BWA
conmuni cati on environment, proving the diversity gain
is substantially equivall¥ntOto-prpoving that Aan(k(S)--
M.. Sinc S CL_F[) GH( )Oand 5¢a kﬁl?) G B}
is equiv to rank CBT, itls flcééto show
t hat rank(G(C,E)T) = ML, Owher eD&(IC E) T is 4 M 'x M
mat ri x: (C-E) G C E) T = (C - E)D (C- D L-1 (9
-12-k aand D = diag{e Nc } k_o For the proof, it
IS assu d>that t he nunmber of taps (L) is 10 known.
[ 00551 Consider the Nc x 1 vectors s =[s 0s 1 s
sinag btl 4/rndaRy gre-dipgeyel mtricss- Therefgrowe pﬁaﬁho“s ~i for
some g that is an elemant of {0, ..., G1} . Wthout
| oss of generality, 90 o [100 6] Define the
di agonal Mx M gg’IXDkl)GﬂﬁLI- APs,0,k.-1Ds ,k for
=1, ... ¢ [1Pg=0D;. . ;" Gy 71 Thus| G E _
A@(}’% T he ot her hand, &an divide the
di agonal matrix ,kp—dlqg{e N} -Lkodpto G Mx
M di agonal sub- 1r| e,% D }

(11)

[0059] As previously shown, over all distinct pairs {s,,s,}, we have L full rank diagonal

error matrices Ay = (D, , — D5, ;) for k=1,..L. Thus, in G(C,E)", we can find a ML

x ML submatrix that is the product of two other ML x ML matrices, as follows:

[0060] Accordingly, it may be shown that the product of the full rank block Vandermonde
and full rank block diagonal matrix above has nonzero determinant and thus is of full rank
ML. Since in G(C,E)" of ML x Nc, we can find a submatrix of dimension ML x ML which
is of full rank, we conclude that rank(S) = rank(G(C,E)*) = ML is ensured, and the space-

frequency codes proposed herein can achieve the maximum diversity gain of M N L.

Alternate Embodiment(s)

[0061] Fig. 8 illustrates a block diagram of an example storage medium comprising
content which, when invoked, may cause an accessing machine to implement one or more
aspects of the diversity agent 204, 260 and/or associated methods 300. In this regard,

storage medium 800 includes content 802 (e.g., instructions, data, or any combination

20



10

15

25

[0058] As a result, it can be shown: 19 WD 2004/ 077734

PCT/ US2004/ 005968 D, 0 ... AL 0 ... (GCED

WEpM4/07778L1 0 O =[D;...DcL] 0 0O O ... DcL O PCT/USBR4/005968
(10) since both Aj and DI are diagonal matri ces.
Therefore we can show IMIM... IMA O GC BT _

DD%?)C DA x 0D -1 DL-1, L1 .. AGL
thereqf) ywhicly, @é@@]@xqsélte;sls BASBLAN %PCQSHWPP e t%umplam@m qpetor more
pairs {sO, so} , we have L full rank diagonal error
aspepds off tbeéwm(suylagw@ﬁzm,-Z@mrﬂoed abeve. k) for k=1, ...L.
Thus, in GQCE)T, we can find a M. xl\/Lsubrmtrix

[006R)n a[hei rﬁacﬂlh&-&adxmll@ (storhgel) wiedDini 800 May xndWdeBhy ik @6SlimA&d to,
follows: [0060] Accordingly, it may be shown that the

ﬂo;gw tt;%s‘rzf)%ﬁd&?dlsléé lc1s- R@‘Ms bh@ ala o NABARRRNGGs, ROMRAMS,

di'agonal matri x aboveé has nohzero

EPWW%H&%%%? L?\gca%arﬁglﬂaéﬁ %%1 o?ﬂerrl gfpe of media /

is of full rank, .me concl ud
e Rl B Seplege: g ecionicsnansioby, MRikeveh e
space- frequency codes proposed herein can achi eve t he
preseakinmenioainet dpq Ye dawnloadelies a comppier pragaane product, wherein the
Enbodi nent (s) [0061] Fig. 8 illustrates a bl ock

proginmghanbotrarsfereeddingh e rahote agmpmed touanregoegping computer by way of
content which, when invoked, nay cause an accessi ng

datdﬁ@ﬂhﬂsf@nﬁ&héd’ﬁﬂ' IR Ve of bth'éppl%pagh%i@ﬁ%&inﬁﬁ vid¥communication
di versity agent 204, 260 and/or associ ated net hods
1ink{0E;, aldodel, $adi€ 9Rhlwork connection). As used herein, all of such media is
broadly considered storage media.
[0063] It should be understood that embodiments of the present invention may be used in
a variety of applications. Although the present invention is not limited in this respect, the
circuits disclosed herein may be used in many apparatuses such as in the transmitters and
receivers of a radio system. Radio systems intended to be included within the scope of the
present invention include, by way of example only, wireless local area networks (WLAN)
devices and wireless wide area network (WWAN) devices including wireless network
interface devices and network interface cards (NICs), base stations, access points (APs),
gateways, bridges, hubs, cellular radiotelephone communication systems, satellite
communication systems, two-way radio communication systems, one-way pagers, two-
way pagers, personal communication systems (PCS), personal computers (PCs), personal
digital assistants (PDAs), sensor networks, personal area networks (PANs) and the like,
although the scope of the invention is not limited in this respect.

[0064] The types of wireless communication systems intended to be within the scope of

the present invention include, although not limited to, Wireless Local Area Network
21
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storage nedi um 800 includes content 802 (e.g.,

i nstructions, data, or any conbination 20 WO
wWQRMI0O73IZ34 PCT/ US2004/ 005968 t hereof) whi chPCTHIS2904/005968

execut ed, causes an accessing appliance to inplenment

one or nore aspects of the diversity agent 204, 260

descri bed above. [0062] The machi ne-readabl e (storage)
(WhAND.UPHislses Whde Areal Networlo(W W AN siodp Division Multiplef Aeqsps/

di skettes, optical disks, CD- ROV, and nagneto-optica
(Cavigh s¢llukgvbdiokRAdone BorRRGIvEL onEFRRANS GlabahBeterm for Mobile

optical cards, flash nenory, or other type of nedia /

Cof@hichords¢ GED) @11TRE k4ddtslepicrblsestéas, Néred ARrican Digital Cellular
el ectronic instructions. reover, the present

(NADEFHIIBR ¢ &e?ehﬁ%{%sfgﬁlwmg’i Mu‘f'tgﬂg?&tec@éss ?%ﬁn

product, ere program may be tr rre

r te e e St ofrput er b of .
syfabal P oM Dath SR K e AR b ePneration
ropagatij on nediumyvia a _communi cation io link (e.qg.
(33 syibaBnliks WaoDwI GRMb W RSNy 2008 and dis 1Hes itipnsh the
all of such nedia is broadly considered storage
scopreeli the 1{ve0B@] isinot Emdiad th thés resrdet st ood t hat enbodi nent s
of the present invention may be used in a variety of
[006ap [ mbadiments of Mlet greseghinybigtichresedlto benehided i insegiitd circuit
limted in this respect, the circuits disclosed
bloél@NrEfefe B asi@réigRtholy) HERMEGRRF! & HBESySHUT nfindrd) thdt Store
transmtters and is receivers of a radio system ~ Radio
' | NGl i t.hi S f
cloqH SRRl T B b e oBl el o O EREfathay be usea
. only,.wreless ] ocal area networks (WA devi ces. and.
in fihliip SR G ol nrral 6 DU Soits TS s ORI £
w reless network interface devices and network
accorqpraervaifithe slaimed pyhfeot maggsmay pravidsrisbengft@smicpauregessors, and
(APs), gateways, bridges, hubs, cellular
in peditiat,ehaphoineorporakdintedn aidresy d¢w@ider, fos atednhdry @e@i0e. Note that
communi cati on systens, two-way radi o conmuni cation

the 8MBbEARNts AN YRiitdRAIE Tto W sy¥@ihs PRESMEhelBoaMIB evices,
comuni cation systens (PCS), personal conputers (PCs),

o BENGE08 41 e R i S AR S
cellular radiotelephone communication systems, two-way radio communication systems,
one-way pagers, two-way pagers, personal communication systems (PCS), personal digital
assistants (PDA’s), cameras and other products are intended to be included within the
scope of the present invention.

[0066] The present invention includes various operations. The operations of the present
invention may be performed by hardware components, such as those shown in Figs. 1
and/or 2, or may be embodied in machine-executable content (e.g., instructions) 802,
which may be used to cause a general-purpose or special-purpose processor or logic

circuits programmed with the instructions to perform the operations. Alternatively, the

operations may be performed by a combination of hardware and software. Moreover,
22
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al t hough the scope of the inventionis not limted in
this respect. [0064] The types of wreless
W@ omnrizeat i on systens i ntended to be within tPET/ESWPE005968
of 25 the present invention include, although not
limted to, Wreless Local Area Network 21 WO
2004/ 077734 PCT/ US2004/ 005968 (W.AN), Wrel ess Wde
althppghethpiénvigotien haskery descoibied mi the eoriext vl latcopipeting appdiance, those
(CDVRA) cel lular radi otel ephone conmuni cati on systens,
skilledab &le aBywillappratiatdiifat sieh fGotionality atdyond] bé&SShpodied in any of
cel l ul ar radi otel ephone systens, North Anerican

nuniPed bf Aterkedd bMbadimea AR asC elrlesthdple! ﬂl@ég%t@& Gvﬁ’ﬂﬁﬁf‘@commumcatlon

systens, Tinme D vision Miultiple Access (TDVA

appﬁé@eggg], E‘Eﬁlﬁgtdt%%gg ., (E TDMA) cel | ular

one sy third generation (3C3 systens

W nd the lik .
0063} ¢ H&F@ﬂ%fﬁﬁ@%ﬂ%&m £ OB AT Lo PRy s T ltails
- this respect [ 0065] Enbodi nents of the present
are pei it inghiderdy PEMEEE Horqieh yaderstepding pég‘&eaftr@%nhmwwm It will
bl ocks referred to as core nenory, cache nmenory, or
be appirent, hywexerab ome whillpd irhthe agitloat ¢helifreseing itvientdrcmay be practiced
instructions to be executed by the m croprocessor or

witlfdu@énélat theddbpcifid Yefals. US ©ther indtadtds) WeRiknewaRahattednad
I'n general, an enbodi ment using nultistage dom no

devic@9iG sh&Nn ﬁ{:ﬁl%lg @f& BnVdr. PH‘?/ el B ey aiRioRs Bf iRt Rhtive

may provide a bene I't to mcroprocessors, and in
cong%r grlgcalﬁ ? ateHHv%thln theré(%j a%ﬁ%%ﬁb ewr?s%n?%d Eftfoh. In this regard,

nt s be _i nt ated into radio ) ) .

the FARG HoHY Stf?é&f %@ﬁ%@@emﬁ@reeg%geqvaﬁqc&EOﬁk?@ﬁ{@énY%gn but
depend on reduced power consunption. Thus, |apto

merglkyrip ilusirate it. cBhusmhﬁ iscopEdif dhecpregsing My ertinnmig mpt:‘@tbecfﬁtenmned by
systens, two-way radi o comruni cati on systenms, one-way

the gRgdicexampies wayvifalpose bpembobathepainiunigoagd afiths S loerisg
(PCS), personal digital assistants (FDA s), caneras

clajig@d ot her products are intended to be included within
the scope of the present invention, 20 [0066] The
present invention includes various operations. The
operations of the present
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i nvention may be perforned by hardware conponents,
such as those shown in Figs. 1 and/or 2, or may be
wepiediEes i N machi ne- execut abl e content (e.g.,PCT/US2004/005968
instructions) 802, which may be used to cause a
gener al - purpose or speci al - purpose processor or |ogic
circuits programmed with the instructions to perform
Qkéﬂﬁioperations. Alternatively, the 25 operations may
be perforned by a conbinati on of hardware and
sof Whatie clailbedsver, 22 WO 2004/ 077734
PCT/ US2004/ 005968 al t hough the i nvention has been
described in the context of a conputing appliance,
those skilled in the art will appreciate that such
1. Tungt e ddnprGe: Wel | be enbodi ed in any of number
of alternate enbodi nents such as, for exanple,
i nt =% ithin a comrunicatign .. i anc .g., a
co i AbE Eallehrtan i S R Dk SR P P b R
above, for the purposes of expl anation, numerous
s peRPPIaEng aTP108¢, SRACE-Sequensy ¢oleimatek diom the rpredxadenignt for
t hor ough understandi ng of the present invention. It
trangjniigsionyaa thgphurehity of onsrviéentenmreone skilled in the art
that the present invention may be practiced wthout
sone of these specific details. In other instances,
wel | - known structures and devices are shown in bl ock

2. di agmaAhddodcibrdibytoRIHHREY, whbrefdthle@bdePRd BhtechPR a vector of input
inventive to concept are anticipated within the scope

B QR L EBEORT NS BgyLy pe

exanpl e € S are no

. provided to lint the invention but nerely to
W“&FFJ@??%W¥F¥¥m%#ﬂE§P the scope of the present

invention is not to be determ ned by the specific
exanpl es provi ded above but only by the plain | anguage
of the followng clains. 23 WD 2004/ 077734

3. PCTA u82004co088380 cliinl2yBie dimadnt o gereaitingch iag:-one space

frequency code matrix comprising:

dividing the vector of input symbols into a number G of groups to generate
subgroups; and

multiplying at least a subset of the subgroups by a constellation rotation precoder

to produce a number G of pre-coded vectors (vy).

4. A method according to claim 3, further comprising:

dividing each of the pre-coded vectors into a number of LM x I subvectors; and

creating an M x M diagonal matrix D, .= diag{® ) e1ymS JICTON O ¢} » Where

k=1...L from the subvectors.
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1. A nmethod conprising: 5 receiving content for

transm ssion froma plurality of transmt antennae;
wW@ee4/0gERer ati ng a rate-one, space-frequency cPCBUS2004/005968

matrix fromthe received content for transm ssion via

the plurality of transmt antennae. 2. A nethod

according to claiml,, rein the received content is
5. a ve&ghodaccoiding to é@ﬂ%&”}ﬂ{%f"ﬁf’r@%e Nc x 1, wherein
Nc is the nunber of subcarriers of the nulticarrier
10 inferlepdsg thednsnbniatiges dienctharkngloupsto genaratchadl x Ne space-
according to claim2, the elenent of generating a
frequah®r mateixspace frequency code matri x conpri sing:
di vidi ng the vector of input synbols into a nunber G
of groups to generate subgroups; and 15 nultiplying
at | east a subset of the subgroups by a constellation

6. " Otﬁﬁﬁe%(d\%c;égﬁ%?tx c?re%{npjr %&Ce?n f ?ﬁ%&%ecﬁegéymﬁ%&fxcp%g\%ges MN

vectors hod “accofr

further conprising: dividi each of the pre-coded .
L gheigferite S mipainent CadbiE R i st e g ganemit
creating an Mk Mdiagonal matrix Dsg k =
antegnals) HvikqerLve pateaga(s) N et kkasnel tapsr & 20 k=1...L from
t he subvectors. 24 WD 2004/ 077734 PCT/ US2004/ 005968
5. A nethod according to claim4, further conprising:
interleaving the L submatrices fromthe G groups to

7. genghatl®darcdidinge cERade whefeaflithe RfaceMddukitoy Batri provides M N
nmet hod according to claim5, wherein the

L cRRACSHT - EaY \?\’h’lll?% g%%&rv'l PERMILARDF g/gorr a}g‘g% IZ%fjframsmit

di versity, presetving a co or any

anté;l#ggg{%l Qefce{v% %ﬁ%{mg%(slﬁ%g Qﬁ]a%(lgl) talla\fls) fece i ve antenna(s) N

nne

8. A storage medium comprising content which, when executed by an accessing
communications device causes the communications device to implement a method

according to claim 1.

0. An apparatus comprising:

a diversity agent to receive content for transmission via a multicarrier wireless
communication channel, and to generate a rate-one, space-frequency code matrix from the
received content for transmission on the multicarrier wireless communication channel

from a plurality of transmit antennae.

10.  An apparatus according to claim 9, wherein the received content is a vector of
input symbols (s) of size Nc x 1, wherein Nc is the number of subcarriers of the

multicarrier wireless communication channel.
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7. A nethod according to claiml1, wherein the

space-frequency matri x provides MN L channel
wa@lewensi7sd, whil e preserving a code rate of 1 POF/US20Y4/005968

nunber of transmt antenna(s) M receive antenna(s) N

and channel tap(s) L. 10 8. A storage nedi um

conprising content which, when executed by an

accessing comuni cations device causes the

conmuni cations device to inplenent a nethod according
11.t o #&napparatus gecophingispaaiat Uy theodipersisy agent furthiev eoraptiging:

agent to receive content for transmssion via a

mul 4 preaodéreslement loewidd hec@bint bf Bphi SMbLNARREL nuBbd ¢ of

generate a rate-one, space-frequency code matri x from

grobpto geREBIc\BEoORY &R tof RA1HPIAR IEHE5 §uBRet Wt tﬁ$§%b%o#Pg bya

mul ticarrier wreless communi cati on channel

con B B ORE  ASed ©o0 RAR AL v

a vector of input synbols (s) of size Nc x 1, wherein
Nc is the nunber of subcarriers of the 20 nulticarrier
W rel ess conmuni cation channel. 25 WO 2004/ 077734
12. pcRAyamoroes96ng tpiclaimnl laghsadiversisy 2geobfugihaycarprising: m
10, the diversity agent further conprising: a
pr ex spadefre@leany ecoding dénérderetgomsive ¢d thie poé-codep ¢tement, to divide
synbols into a nunber G of groups to generate

eacls ubgie PrpsodedRectb iftdl 4 mphber € LILRS kulvestdbs 8hd &F crleft€ an Mrx M
subgroups by a constellation rotation pre-coder to

. Dr ._a~nunber of pre-coded vectors ., (vg), .5 . An
dw@a%ﬂ#*% X Db ot @gw"omtslga'i' 'mgw;sg heerR fed stk ?0@;1@&
further conprising: a space-frequency encodi ng
subedceorent, responsive to the pre-coder elenent, to
di vide each of the pre-coded vectors into a nunber of
LM x 1 subvectors, and to create an M x M di agona
matri x DSS k = diag{ OW(k_1)+, sg, , (r)Mksg 1,

13, Wh %I?a];ki);ailatus a{fcc&rdﬂ{g th Q?aimslli?%%g}e?r{ fhe space-frequency encoding

element interleaves the L submatrices from the G groups to generate an M x Ne space-

frequency matrix.

14. An apparatus according to claim 13, wherein the space-frequency matrix provides
M N L channel diversity, while preserving a code rate of 1 for any number of transmit

antenna(s) M, receive antenna(s) N and channel tap(s) L.
15. An apparatus according to claim 9, wherein the space-frequency matrix provides M

N L channel diversity, while preserving a code rate of 1 for any number of transmit

antenna(s) M, receive antenna(s) N and channel tap(s) L.
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10 13. An apparatus according to claim12, wherein the

space-frequency encoding elenent interleaves the L
wauvamtrrsces fromthe G groups to generate an RCRUBD04/005968

space- frequency matrix. 14. An apparatus according to

claim 13, wherein the space-frequency matrix provides

MNL channel diversity, while preserving a code rate of
16.1 fé&sysiem compbisingof transmit 15 antenna(s) M receive

antenna(s) N and channel tap(s) L. 15. An apparatus

ac conuthbyg M of omaidineBtionahentennasf dnd space-frequency

matri x provides M NL channel diversity, while

pr e@@i&&ﬂsﬁg a%n‘t‘ 0 @ededfc®oRfent fol PandRi¥siOt FRQ mBfichirRP $ieless
ant enna(s recei ve antenna(s) N and channel tap(s)

) 6
corpuult) AORM OFHIFACREN y%@%g 092958cq oy O BYRLET srom the
rec%p%]%ﬂgéaxfr 5/ t ¥r51s %%Pttfl %gllfrlyegmw?%,]t g gommunlcatlon channel
conmuni cati on channel and to generate a rate-one,
frO@@akﬁéstfarS@éﬁréﬁégheé‘é@amh@chtlsznaflﬁ@meﬁe 5 recei ved
content for transm ssion on the nulticarrier wreless
conmuni cati on channel fromat | east a subset of the M
omi di rectional antennas. 17. A systemaccording to

17.cl ahgyském amﬂﬁ% o t1aBn 11 6CRheted (RORLERE] ESnténtNES V&dto10df input
input  synbols (s) of size Nc x 1, wherein Nc is the

syrrméﬁg Y ofizeSHbE 4T ‘&fh@xreﬁl o 1sttﬂ@mm-ﬂ!>ér'o‘f SiBchfiers ¥F (€ lnﬁﬁﬁcamer

ni cat i on channe A system accordi ng

iml7. .the dhver ity agent further conprising: a

ereClFseS C@én&%umc UOREAT™® o di vide the vector of | nput

synbol s into a nunber G of groups to generate
subgroups, and to multiply at |east a subset of the
ubgroups by a constellation rotation pre-coder to
18. profg

gE¥en apemdiag tarleim By ethe divetsity egend furtifey gpmptiging A
system according to claim18, the diversity agent
f urd prercodamgermeaitig divide the vector of input symbols into a number G of
groups to generate subgroups, and to multiply at least a subset of the subgroups by a

constellation rotation pre-coder to produce a number G of pre-coded vectors (v).

19. A system according to claim 18, the diversity agent further comprising:
a space-frequency encoding element, responsive to the pre-coder element, to divide

each of the pre-coded vectors into a number of LM x I subvectors, and to create an M x M

diagonal matrix D, , = diag{® s8> *»OjpS, } » Where k=1...L from the

subvectors.
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15 a space-frequency encodi ng el enent, responsive to

the pre-coder elenent, to divide each of the
w@e@4ooded vectors into a nunber of LM x 1 sSubRenUS2084/005968

and to create an Mx M diagonal matrix Dse k =

dlag{(r)MMk_1)+,sg, QV ~ksg}, where k=1...L fromthe

subvectors. 27 WD 2004/ 077734 PCT/ US2Q04/ 005968 20. A
20. sy <A systera @,Wdlﬁg tq glaip APvheyeinKhesnargritegeency encoding element

space-frequency encodi ng elenent interleaves the L
integladyreathd £ esbriiatoeastfiom thegr guopps togaperaty @t & aNc MpaceMeequency

space-frequency matrix. 21. A systemaccording to
mat€ilkai m 20, wherein the space-frequency matri x provi des

MN 5 L channel diversity, while preserving a code

rate of 1 for any nunber of transmt antenna(s) M

recei ve antenna(s) N and channel tap(s) L. 22. A

21.SYSk %9%@@ %g&éog@?g ﬁ%?laﬁlll % n\}Vﬂ' {ﬁ(ﬁ%c{fr%aueeﬁlﬁ% Ima‘crix provides M N

space- rFrx—pr OVI
di ve reserv de. rate of 1 for an

whi |
L Ch?aﬂﬂ&ﬁvea ity, P Servg?& %?ﬁ?%(rétf 0341 Fpreany; RpEnber of Hﬁ%se@{ N

and channel tap(s) L.
antenna(s) M, receive antenna(s) N and channel tap(s) L.

22. A system according to claim 16, wherein the space-frequency matrix provides M N

L channel diversity, while preserving a code rate of 1 for any number of transmit

antenna(s) M, receive antenna(s) N and channel tap(s) L.
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