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parti cul ar | ySSPAGEFEME 80 CKv€QDING ANoORTBEO& ON ALEREQUENE YN

mul tipl exi ng syst emshé 0003] Denmand for wrel ess diygi tal comruni cation and
dat a processing syst emDICISHONIEQNEMUNICATHONSYSTEMS: di gi t al

comuni cation channels are errors introduced when transferring franes,
packets or cells containing data over a channel that has sone
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(IFFT) to O generate a transforned synbol that contains N tinme-donmain
chi ps or sa’spitems.

[0003] Demand for wireless digital communication and data processing systems is on

15  the rise. Inherent in most digital communication channels are errors introduced when
transferring frames, packets or cells containing data over a channel that has some
characteristics. Such errors are often caused by interference or thermal noise. The bit
error rates of wireless transmission systems pose certain difficulties in designing
encoding and decoding schemes for data to be transmitted via such syétems. Partly

20  because of its mathematical tractability and partly because of its application to a broad
class of physical communication channels, the additive white Gaussian noise (AWGN)
model is often used to characterize the noise in most communication channels.

[0004] One type of wireless communication system is an Orthogonal Frequency
Division Multiplexed (OFDM) system. OFDM is a multi-carrier modulation technique

25 that partitions the overall system bandwidth into multiple (N) orthogonal frequency
subcarriers. These subcarriers may also be called tones, bins, and frequency channels.
Each subcarrier may be modulated with data. Up to N modulation symbols may be sent
on the N total subcarriers in each OFDM symbol period. These modulation symbols are
converted to the time-domain with an N-point inverse fast Fourier transform (IFFT) to

30  generate a transformed symbol that contains N time-domain chips or samples.

[0005] To improve transmission diversity, space-time block coding in each of the two

transmission paths has been developed, as described in Alamouti, “Space-Time Block



[ 0005] To inprove transm ssion diversity, space-tinme block coding in each of
the two transm ssion paths has been devel oped, as described in Al anouti,
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Sel ected Areas in Conmunications, Volu 16, pp. 1451-1458, Cctober 1998,

the content of which is incorporated herein by reference inits entirety.
The channel is assuned to be time/freguency invariant (flat) and is further

assumed to @dingrdi RirepadiransmibPaversity Teshsique for Wareese uigations’'s IEEB006]

I n accordan i

ori gi nal % fgré%geﬁceg })%%f%ﬁﬁ Coogmﬁ ﬁxﬁ?%ﬁ}n%fﬁ‘&@#ﬁ 36 ng N[ﬁgn%tg?ﬁe@él} l|)e\:/re
synmbol s Xk (1r9)98 gedadirtdrlt TOf which i4) inbargbiatedVRer¥inPBY Irefefendy roitss ent$rety The
subsequent |y mapped according to the following: 10 L xk ]=:>1 xk

_xk+l (1.1) “chrogellis @rsumaghter geftune/ﬁfpcmqﬂnpzumxanam Bat) reae xisi furtih§r asfumed clouded
i n expressiaqn and x re transmtted at tinme k
respecti vel §e?1§18rﬁ°%'ﬂéqfovfé?§§%ggv %Ogéﬁ%ltltvFg}qgﬁ?lf antennas. Synbols -xk+,
andxA ar e t reo0d]ith tagbradnceiviith Hl rankRsBRGscN@hy déscaibed it Aldn&iti, aidosgasand
transmt antennas. The corresponding received 15 signal |A, rk;, at times k
and k + 1 arsgmbel isaqueenbgxtheist dividedi mupo ellorks of otvenr coksecxting syknboks2 @ k
(1.2) 1k+1 =-'xk+l hl + 4172 +11k+1 where h, and h2 respectively represent
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where for simplicity, time-index 7 is not included in expression (1.1)
[0007] Symbols x, andx;,, are transmitted at time % respectively from the first and
second transmit antennas. Symbols -x,,, andx;, are transmitted at time k+1
respectively from the first and second transmit antennas. The corresponding received

15  signal ,, r,,,at times k and k +1 are defined by the following expressions:

v =X 0+ X b 0y 12)

T ==Xyl + X0y 11y,
where 1, and 7, respectively represent the channels associated with the first and second

transmission paths, and are further assumed to be constant over two symbol periods.

The received signals r,, r,,, may be written as follows:

BN
ok )] e

+0,

[0008] It is understood that the channel matrix H is orthogonal and that an optimum
receiver for this transmit diversity scheme multiplies r, by H’, which is the matched
25  filter receiver, to get two decision statistics for x,and x,,, i.e., to recover the

transmitted symbols. Using this method, a diversity order of two is achieved at a

receiver with a single receive antenna.



=Hi k+fik [0008] It is understood that the channel matrix His orthogonal and
that an optimum receiver for this transmt diversity schene multiplies rk

by H4, whi gl @S/Lﬁgzonatched 25 filter receiver, to get t@ﬁ%ﬁ@%&z Usi ng

statistics for xk and xk+l, i.e., to recover the transnit

this method, a diversity order of two i's achieved at a receiver with a
single receive antenna. WO 2005/117320 PCT/ US2005/014852 3 [0009] The

nmet hod descri bed above may be adapted for use in_ OFDM systens by replacing

the time- doriﬁf?f}? M@@pd&%crwhedhawéqu@héy %ﬁtﬁdrfow%uné@‘ﬂa% Sysiemag by Xn
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frequency- dQRDM s J@Qﬁpqhaaﬁuma, forhch eefinviednehgnat as@ahetheeangspending to
sub-carriers nand is + 1 may be witten as: 10 1Rk H -H2 Xk + Vk (1.5)

Rk 0 Rk+P Hzomftantiover tyjo«donsecytise subh¢asui¢ragiet & versity of 2. [0011] Fig. 1 is
a bl ock di a%m a poytion of an OFDM tr?k]limtter 10 described 15 above.
Each OFDM s n+s| ' N is divided intd 2 gr oups of synbol pairs [X"

Each such p Is i s then encoded spac ency encoder 12
to generat e%@dﬁ A%t é‘? NG ait 15% SmesIoRYR s %l 1on§ wgﬁdqf?ggu_g &dﬁma@ynbol
pairs [X' %%)?ﬁi)llta%ﬁs WOHREed glgﬁalaxrécwr ot Eéim %ts\% cﬁr@ﬁ?s h anBWRRl kg t

an inverse t Fourier trans I FFT) 1 k whi ch i n response,
gener at es ameaa#itniaat ed ti me 20 dOfTB.I n vector x1 that is transmtted from

antenna 14. Simlarly, synbol pairs [Xi+] X;, | are grouped into another N
- synbollovect or that is supplied to I FFT 20

R, O], +| (1.5)
‘Rk+l H H Xl.+1 Vk+l

thus achieving a diversity of 2.
[0011] Fig. 1 is a block diagram of a portion of an OFDM transmitter 10 described
15 above. Each OFDM symbol of size N is divided into N/2 groups of symbol pairs

[X“ X ] Each such pair of symbols is then encoded by the space-frequency encoder
12 to generate two different pairs of symbols [¥, -X,,,] and [ X, X ] Symbol

pairs [X , —A ,,+l] are grouped into an N - symbol vector that is supplied to an inverse

fast Fourier transform (IFFT) 18 block, which in response, generates an associated time-
20 domain vector x; that is transmitted from antenna 14. Similarly, symbol pairs
,:X,,+l X;] are grouped into another N - symbol vector that is supplied to IFFT 20
block, which in response, generates an associated time-domain vector x; that is
transmitted from antenna 16.
[0012] As is seen from Fig. 1 and described above, the space-frequency encoding is
25  performed on the input symbols, i.e., in the frequency domain. Accordingly, space-
encoder 12 is required to generate two different streams and hence two separate IFFT
blocks 18, 20, each associated with a different transmit antenna, are required for every

transmitted OFDM symbol.



bl ock, which in response, generates an associated tinme-domain vector x3 that
Is transmtted fromantenna 16. [0012] As is seen fromFig. 1 and descri bed
above, the space-frequency encoding is 25 perforned on the input synbols,
i.e., in tWéP?OP%!hUéch domai n. Accordi ngly, space- encoddtCTIRS2085/01d8f2i r ed t 0
generate two different streans and hende two separate | FFT bl ocks 18, 20,
each associated with a different transmt antenna, are required for every
transmtted OFDM synbol. WD 2005/117320 PCT/ US2005/014852 4 BRI EF SUMVARY
OF THE DI SCLOSURE [ 0013] |BREF SUMMARSOF THE DARSHOSURE conpri ses at | east
two antennas _and a processor. The processor causes a reversed_ conpl ex

conj ugat e of(0813da3pambodinent. BRNSTIEG CAMPEISE atdgaghivp antennas apd 8 RFRSCHOFi ng a
first tine t | LSt ] f .ant enna
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DRAWNGS  followed by the first block for transmission from a first antenna, and providing the

reversed complex conjugate of the first block followed by the second block for
15  transmission from a second antenna.

[0015] In a further embodiment, a method of generating blocks for transmission

comprises generating a first block, generating a second block, forming a complex

conjugate of the second block, and providing the complex conjugate of the second block

in an inverse of the first order followed by the first block for transmission from a first

20 antenna.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] Fig. 1 is a simplified high-level block diagram of some blocks of an OFDM
transmitter, as known in the prior art.
25 [0017] Fig. 2 is a simplified high-level block diagram of a transmitter system and a
receiver system in a MIMO system in accordance with one embodiment.
{0018] Fig. 3 is a simplified high-level block diagram of a transmitter in accordance
with one embodiment.
[0019] Fig. 4 shows symbols with respective cyclic prefixes for transmission in
30 accordance with one embodiment.
[0020] Fig. 5 is a simplified high-level block diagram of some blocks of an OFDM

receiver, in accordance with one embodiment.



[0016] Fig. 1 is a sinplified high-level block diagram of sonme bl ocks of an
OFDM transmtter, as known in the prior art. 25 [0017] Fig. 2 is a

sinplifiedhigh- | block diagramof a transmitter systemand a receiver
systemin W%@?@tem in accordance with one enbodi mentPCHBEYOIHEY 3 is

a sinplified high-level block diagramof a transmtter in accordance wth
one enbodi nent. [0019] Fig. 4 shows synbols with respective cyclic prefixes
for transmission in 30 accordance with one enbodinent. [0020] Fig. 5is a
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an enbodi ment]00dndaa kdceiefsdteh HOSIEAMIMO s3Eenial 0 &eilkefratdy st Antrddathiftet a
M MO system 100 is illustrated. At transmtter system 110, traffic data for

a nunber of system 140 @afie datn f9r e vivedar oF datg stragmsds pryided fram aslatagsograerlddsmi t
(TX) data processor ll4..ln_an_enbodi t,each data stream.i transmtted
bver ardspdbtt ventplnan daf BRGSO I hat 1F ARoctBhdret 48, fur sHRBcks
and i nter| eam@smithd dverh rbspebtidbertrimmitafidhnd AKX FhfagRoedsser 40frmatdaéddes,ul ar
codi ng schene selected for that data streamto provide coded data. 10022]

The coded dand ifterleayas thedeaffic detadoneach dataesstnearn thapddeorea poitichlaproding shieme
using, 10 for e e, b division muy ti.plexing (TDM or code division
mul ti pl exi ngse_{eeﬁﬁ/?‘%hﬁtﬁjégﬁoﬁqﬁ%{n t8§i’f%"1ﬁi%c‘f({7éflgt§| ly a known data pattern that

i s processeqopin]arHenusd ARANBF ehdh dat@btréink maydimiRpIdRd HﬁiﬁgFﬂét ddieudiggei ver
systemto estimate the channel response. The” nultipl exed pilot and coded
dat a f orlOeadhr ceameplsttireaudivision martiploxing 4TBYI) or. eode dyision multiplsping)(BAIdd on
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provi ded by a processor 130. 10023] The nodul ation synbols for all data
streans ar e mtléplepedypiloteahd ecodad TtaMomeach data stream is then modulated (i.e., symbol
mapped) based on a particular modulation scheme (e.g., BPSK, QSPK, M-PSK, or M-
15 QAM) selected for that data stream to provide modulation symbols. The data rate,
coding, and modulation for each data stream may be determined by controls provided by
a processor 130,
[0023] The modulation symbols for all data streams are then provided to a TX MIMO
processor 120, which may further process the modulation symbols (e.g., for OFDM).
20 TX MIMO processor 120 then provides Nr modulation symbol streams to Nr
transmitters (TMTR) 122a through 122t. In an embodiment, TX MIMO processor 120
may provide the modulation symbols so that transmission symbols are arragned to be
transmitted in pairs, where each pair is transmitted from at least two antennas and with
each symbol being a sequentially reversed complex conjugate version of a symbol that is
25  transmitted from another antenna as part of a same pair.
[0024] Each transmitter 122 receives and processes symbol pairs in the form of symbol
streams and provides one or more analog signals, and further conditions (e.g., amplifies,
filters, and upconverts) the analog signals to provide a modulated signal suitable for
transmission over the MIMO channel. Nr modulated signals from transmitters 122a
30 through 122t are then transmitted from Ny antennas 124a through 124t, respectively.
[0025] At receiver system 150, the transmitted modulated signals are received by Ng
antennas 152a through 152r, and the received signal from each antenna 152 is provided

to a respective receiver (RCVR) 154. Each receiver 154 conditions (e.g., filters,



processor 120, which may further process the nodul ati on synbols (e.g., for
OFDM). 20 TX M MO processor 120 then provides NT nodul ati on synbol streans

to NT tranﬁgg' TMIR) 122a through 122t. In an enbodi X M MO
processor 1 Oiosér?m{el?/”g)r ovi de the nodul ation synbols so that%%%’@ggsan
synbol s are arragned to be transm’tteg In pairs, where each pair is

transmtted fromat |east two antennas and with each synbol being a

sequentially reversed conpl exﬁgﬁgnj ugat e version of a synbol that is. 23
transmitt ed FPHIERThEQWRGINKRHE hgcspastiveotece ved fignghi Hisitize e caiitpne
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nodul at ed signal sujtable for transm ssion over the, M MO channel . NI
modul ated s i@m ATy B&ngﬁtatwmsoz 488 then FasFiyEY AR QE%C‘?%SF%%E%&RI received
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recei vergsys',S eﬁqmlg%?ﬁ%yg ?Zvrf%%%’t%%"lee? ﬂg%é‘ég‘g nsfagaé}ﬁgﬁlg%r/ g&%éé\éeéi[@gé%%‘?éNR

ant ennas 153¢chhiyue t@ proliddr N1 ‘Gletectdde symbel stedmsi Qhalprdoessingby RXMIBIOdatd52 i s
provided to a respective recejver (RCVR) 154. Each receiver 154 conditions

(e.g., filt®recesspp oy daspubed profinttegrodesnib hetpye  Bachngptested ssymbgy stream
downconvert g} g rses;vﬂﬁa%}lé Yifat ra?gee%t\fﬁ?tﬁ?oq'nt%le’m%xﬂéﬁc{rﬁ@}s{nf)&g t?é?l@?nlitrtédoﬁﬁ‘fjt e
signal to provi de anples, and Turther processes e  sanples to provide a
correspondi r@rrespoadiapvdats syedol SRXeaMMOQAR6pravesdsX Mod/Ohdat derpodulatss or
160 then receives and processes the NR received 5 synbol strea fromNR
recei vel8 15eintEleavese And dpeades eaghadetecieds pyrabol strsam e ragpver &enmf%z elatapfor

provi de NT “de 'S ,TF[)[?I '

processor 1é€e ‘?agg%tgésj‘lg}'i Eggs%oﬁ%sgn e}r{‘X e aﬁ/gﬁgﬁgdﬁegggggﬁge%ﬁﬂ%y t%l
stream i ncliydgsrsphddbs TOHMIMOD er&bdond2eunafTX atanmdedsadr DI stytrdpemsiter
transmtted for the corresponding data stream RX M M) data processor 160

t hen dem)dulsmté@,llﬁlo_ deinterl eaves, and decodes each detected synbol stream
P Sor” A B ey e Al e Rl & RSBy R
processqs 12@tvaded tHeXMataasiitasdS¥PrecdiVé adtenhisa RN bdsed on3ké pHOY thtliplexed
with the traffic data. The channel response estimate may be used to perform space or
space/time processing at the receiver. RX MIMO processor 160 may further estimate
the signal-to-noise-and-interference ratios (SNRs) of the detected symbol streams, and
possibly other channel characteristics, and provides these quantities to a processor 170.
20  RX MIMO/data processor 160 or processor 170 may further derive an estimate of the
“operating” SNR for the system, which is indicative of the conditions of the
-communication link. Processor 170 then provides channel state information (CSI),
which may comprise various types of information regarding the communication link
and/or the received data stream. For example, the CSI may comprise only the operating
25 SNR. The CSIis then processed by a TX data processor 178, modulated by a modulator
180, conditioned by transmitters 154a through 154r, and transmitted back to transmitter
system 110.
[0028] At transmitter system 110, the modulated signals from receiver system 150 are
received by antennas 124, conditioned by receivers 122, demodulated by a demodulator
30 140, and processed by a RX data processor 142 to recover the CSI reported by the
receiver system. The reported CSI is then provided to processor 130 and used to (1)

determine the data rates and coding and modulation schemes to be used for the data



[0027] RX M MO processor 160 may derive an estimate of the channel response
15 between the NT transmt and NR receive antennas, e.g., based on the pilot

nul tipl exeg z%st/ﬂﬁzlae traffic data. The channel responseé,e,vcgl{”b/%?(]ﬁsg%ggéI E/g

used to perform space or space/tine pgocessi ng at the r
processor 160 may further estimate the signal-to-noise-and-interference
rati os (SNRs) of the detected synbol streans, and possibly other channel

characteristics, an rovi des these quaptjiti to a proce r

VNG Gt o pPBEas B1S (B0 s SEassgrontsh byt deenapbise b and 4%k MRIQ of
the "operatifgssopgd.for the system which is indicative of the conditions
of the -co nication |ink. Processor 170 then provides channel state

i nf or mat i on [@@29] Procesdor< i 3freandcbpdirset thar omeuationy pie theofransmiigemmand ageceiver
regardi ng the co%i cation |lin recei ved data.stream.
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conditioned by transmtters 154a through 154r7 fransmtted back t
transm tter preygssoesi 301dnd 70028 ecAvelyr ansmitter system 110, the nodul ated

signals fromreceiver, system 15Q are  received by antennas 124, condi.ti oned
by recei veriom%egeé'ﬁ%ﬁlﬁ? g’cgea’ %g%tla%%lr&&?ﬁﬁl%ﬁramﬁ RS SYTERALLRY DBy a
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The reporte is then provided to processor 130 and used to (1)

det er mi ne t lembddingent,at scparatel data date gnd rnddimgdandahbdulatiarh srhemetmaybbe usaldior or
t he data WO 200511&117320 PCT/ US2005/ 014852 . 7 gtr ans and ieéé g@nerate
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[0029] Pr OC%ﬁ?iﬂ%ﬁ%n%%Qod% ioh ‘dA Qbérgﬁﬁ?rﬁlg%aﬁgﬁr #hd ?ﬁkg?ﬁc Mlﬁ rdté ARG %&ihgran&md
recei ver syste hat ey are coupl'ed wth including the appropriate
transm t anehgdatation acliaha toDeprsod dascuch tradamiv mhteand B2ydreddetetphipadobaset on

storage for program codes and data_used b processors 130 and 170,
respecti vel VPHt[‘g@BU]Vlfh‘éfléf PIORESSPIa #?%.?Fls- 1)a 2h, fie; S ERCIY e g’?‘&&PHW@ 3 a
transmtter i el uding nultiple transmt antennas according to one
enbodi nent idgycﬁ%ﬁ%l?%f ed. In one enbodinent, a separate data rate and
codi ng afd 6Bl drarmsmisehaiie] Ovayclbdesy irche embodiment, a transmit data processor 202

that receives, codes, and modulates each data stream in accordance with a separate
coding and modulation scheme to provide modulation symbols and transmit MIMO
Transmit data processor 202 and transmit processor 204 are one embodiment of transmit
data processor 114 and transmit processor 120, respectively, of FIG. 1.

20  [0032] In one embodiment, as shown in FIG. 2, transmit data processor 202 includes
demultiplexer 210, Ny encoders 212a through 212t, and Nr channel interleavers 214a
through 214t (i.e., one set of demultiplexers, encoders, and channel interleavers for each
transmit antenna). Demultiplexer 210 demultiplexes data (i.e., the information bits) into
Nr data streams for the Ny transmit antennas to be used for data transmission. The Ny

25  data streams may be associated with different data rates, as determined by rate control
functionality, which in one embodiment may be provided by processor 130 or 170 (FIG.
1). Each data stream is provided to a respective encoder 212a through 212t.

[0033] Each encoder 212a through 212t receives and codes a respective data stream
based on the specific coding scheme selected for that data stream to provide coded bits.

30 In one embodiment, the coding may be used to increase the reliability of data
transmission. The coding scheme may include in one embodiment any combination of
cyclic redundancy check (CRC) coding, convolutional coding, Turbo coding, block
coding, or the like. The coded bits from each encoder 212a through 212t are then



10 each of the NT data streans to be transmtted on the NT transmt antennas
(i.e., separate coding and nodul ation on a per-antenna basis). The specific
data rate and coding and nodul ati on schenes to be used for each transmt
ant enna mayY OHYEE0ri ned based on controls provi ded by REuU$06w14852130
(Fig. 1), and the data rates may be deBernmined as described above. 15
[0031] Transmtter unit 100 includes, in one enbodinent, a transmt data
processor 202 that receives, codes, and nodul ates each data streamin
accordance wptdvided teepagspéative ahdimed interdeaver @l &t thoougc hbtte whichpineeriedees the

nodul ati on synbols and transmt M M) Transmt data processor 202 and
transnit pr Sededbifs basad aneh BRECwAL BUSTHRENS b e snohhet integlgpyng PEEdESHMY 14

and transm HQ@@‘?{?&% rg:%é?dé)i'is‘; PBGGH (HE lira ébee rafRmitted %Qse%l%g?a’r] axJepaé@rS‘NR

enbodi nment , transmt data processor I ncl udes

denul ti pl exdsr theOranithigivnocenacl? hidad tfhr diegtat2 sPeamancmbéts cdadinpebnd further

I nterl eavers 214a through 214t (j.e,, one set of denultjplexers, encoders,
and chanfel T§RYVES cREcianan bpegnedied bits Hesdite form eachay THJ"E%}P&ISW‘&P xer 210

demul ti pl ex | the J nf oratd ' | ot 3 or
the NT v ando i 0 Ebadtend Bferell VTR 48 cple Sk Brerihvionhe BepRgCmADY
streans nmay akepasiledi tat £ despiettivedsyrhtss] embppdiag dlockt 222a thsoupht 2221 ofdrabymit at e
control functionality, which in one enbodi nent may be provided by processor
130 or 170 pracessor 3§4, vhighhmang tesa bitsdeniors medulatimsyebols.r espect i ve encoder

a 7 especti VAT Toe Al sRRRARA Yiim e e e RO 8. ok S B Ty

a respectiv stream base peci for

t hat dafl@ SbloeRIZ2LtHRowsH 22t dndeetntihdédsby thd@nddulnive centiotprovided by peocessd ng
may be used to increase the reliability of data transm ssion. The coding
scheme may ilA@(Kigel)i fashsyrabeldaanpina black 2% tbiongk 284 spupssygtsaf g ¢adeddBdncy

check (CRO) . ' Y t10on [0} 1.0g, SE | or
tho 1 ke, THECREIR biP I Rt AGRSa Ak, 1] SR0EP Bl cacH BER, b0l
2005/ 117320 tPETHpLISAO Yok A8 Bignfl qneteilatish tar@poRENEES ite selévash alodulation

I nterl eaver 214a through 214t, which interleaves the coded bits based on a
particul ar iSeheEle a&i ré SKo hMRSKTE QAMe OF ssaviengther siadgiation sehemel v Bagh t y

par ti cul ar FAEI Gesi (S |
SR {0t St nEt e SRR BhhE oRRar e bh ML Moo R R o e PG,

and further corresponds to the specific modulation scheme selected for the j-th transmit antenna and
M; =2% . Symbol mapping blocks 422a through 222t then provide N streams of

modulation symbols.
[0036] In the specific embodiment illustrated in FIG. 3, transmit processor 304 also
20  includes a modulator 224 and inverse Fast Fourier transform (IFFT) block 226a through
226t, along with symbol mapping blocks 222a through 222t. Modulator 224 modulates
the samples to form the modulation symbols for the N7 streams on the proper subbands
and transmit antennas. In addition modulator 224 provides each of the N7 symbol
streams at a proscribed power level. In one embodiment, modulator 224 may modulate
25  symbols according to a FH sequence controlled by a processor, e.g. processor 130 or
170. In such an embodiment, the frequencies with which the Nr symbol streams are
modulated may vary for each group or block of symbols, frame, or portion of a frame of
a transmission cycle.
[0037] Each IFFT block 226a through 226t receives a respective modulation symbol
30  stream from modulator 224, Each IFFT block 226a through 226t groups sets of Nr
modulation symbols to form corresponding modulation symbol vectors, and converts
each modulation symbol vector into its time-domain representation (which is referred to

as an OFDM symbol) using the inverse fast Fourier transform. IFFT blocks 226a



5 renoves correlation between coded bits used to form each nodul ati on
synbol . [0034] The coded and interleaved bits fromeach channel interleaver

214a thro re provided to a respective synbol napping bl ock 222a
t hr ough 228ta,2%é§ht7?2§nsrrit processor 2Q4, which maps the eﬂpw%oﬁﬂa"%sarm

nodul ati on synbols. [0035] The particul"ar nodul ati on schene to be

i npl emented by each synbol mapping 10 bl ock 222a through 222t is determ ned
by the nodul ati on control provided by processor 130 (Fig. 1). Each synbol
nmappi ng bl o8kogsin324thmayidie designed rtgugsstosmt Bieoinverse deasforndon apy ewrdsy e bit s
to form nonxhi nar I andqf ur ther Sy e - bi . a
specific poﬁ%h&?‘ﬁygﬁ%’{ﬁgﬁ%ﬁs (L;eggs%g bﬁ’at‘r O'n%r P’es p‘g}hgﬁﬁgﬂn@ﬁ{'%@éﬁ%@? %59?

nodul ation tiechedEatich §mbolReifor Miliited by AV blvkks 0P6 tiduph 2086 wrolided
schene). Each 15 na7ppe signal point corresponds to an M -ary nodul ati on

synmbol , wheteengmierc@sr esponds to the specific nodul ati on schene sel ected for

the j-thet ' t d = 2" | i h
225" theh pROpPE R EPRARt: O Egud 2o SRl BT BRI JROER PRERSRALTT P
enmbodi ment 'gfdvﬂfehriﬁtaeé}nib'al Ek&am, .. lsyRBERI X, ,PXocessyr BOA slbsle 2349 thidapwdes a
modul ator 224 and invérse Fast Fourier transférm (I']:FT) bl ock 226a through

226t, al ongawkit ﬁc&yf’tgg tsﬁﬁ@cﬂ' Qal QGHBoR2%a Khr oughk 22 prdVidtutiste Aonddd

modul ates the sanp o formthé modul ati’on™synmbol’s for the NI streams on

the proper sabadtdDf eddtsynis1 Hiit CoRepBRd &Sthe lsBmPRE iof lefidh syRHH]a. Orseddechce

provi des each of the NT synbol streanms at a proscribed power |evel. In one
enbodi nent , xpodiot aymbol’R4 segyenceduyafoe sgmbelXhol mdassyoentieny, far syniHdl Rquence
controlled by a processor, e.g. processor 130 or 170. In such an

enbodi mkdit , Enbadef 228usimgi the reveivied wbquehcdshg, XN, syxmbgdnesttesesqsemsee X, moxiyl, at ed
may vary for each group or block of synbols, frame, or portion of a frane of
a transm ssi.onagycWhere[sé@RTte Badh a IréfeTseld| conipl@2@mjugdatosegheR26if seqracey gs a
respective nodul ati on synbol 30 stream from nodul ator 224. Each | FFT bl ock
226a t hr ougkeq2nite §J,plps reetsdabmjiex conflightet sequensy mksvkcmtadowitio sequence x4,
correspondi ng nodul ati on synbol vectors, and converts each nodul ation
synbol vect efc. i Ertcodént 228t prowidde spnbolmaps ¢s &anamitters 230aithiougk 2324 eo thatiany as
an OFDM synbol

an OFDM symbol 3 using the | nver 9% £a5% Sou Sl L ans! B EFT, Bhdsks 7202

15 -%,,,, x; from a first antenna, e.g. antenna 232a, in first and second time slots and is
transmitted in the form of X,, x;+; from a second antenna, e.g. antenna 232b, in the first
and second time slots. In other words, during time slot 7, sequence -X,,, is transmitted
from transmit antenna 232a and sequence X, is transmitted from transmit antenna 232b.
At time slot i+, sequence X, is transmitted from transmit antenna 232a and sequence

20  x,,, is transmitted from transmit antenna 232a.
[0039] For a symbol stream or group of symbols X,(n) = X,(n), n=0,1,---,N -1, is the
n-th information symbol in the i-th OFDM symbol. The sequence for the i-th OFDM

symbol may be defined, in vector format, as
X, =[X0) X0 - X®-1] 2.1)
25 [0040] Let x;(k),k =0,1,---,N —1 represent the corresponding IFFT output (i.e. the time
domain samples of the symbol X)), and let the symbol energy E, = E {X,.(n)X . (n)} be

1, i.e. the maximum energy allotted for transmission of the symbol. Further, let

sequences x, and x,,, represent corresponding IFFT of consecutive OFDM symbols

X, and X, ,. Using X, and x,,,, sequences X, and —X,,, are defined as below:



9 through 226t may be designed to performthe inverse transformon any
nunber of frequency subchannels (e.g., 8, 16, 32, ... , NF, ). Each

ti me-domain representation of the nodul ati on synbol vector generated by
| FFT bl ock¥O¥8H1¥Bough 226t is provided to encoder 225PCHBUSDOB@KsI 2N t he
enbodi ment of Fig. 2, nodul ated data i A&l udes synbols which may provided in
a synbol stream e.g. synbols X,, X +" ... X 1FFT blocks 226a through 226t
receive the synbol stream synbols X, ., X +" ... X' and provide tine domain
sequences of each synbol that correspond to the sanples of each synmbol, e.g.
sequence x; for synmbol_ X ,_sequence xi+i for synbol X +, , and sequence
x,, for symbol X. 10 Enk&kletr X£28- Kdsing @6é& ¥ ¥cel ved sequ&m{)es Xi, Xx1+1,

X" generates sequencesgi (r)=%l (&-k) -ZNo\Wed & spquence i;7T's a reversed
conpl ex conjugate sequefice of *Sequence x"  sequence z,+, is a reversed

conpl ex conjugate sequence associated with sequence xi+i, etc. Encoder 228
provi des synbol pairs to transmtters 230a through 232t, so that any synbol

pair that i %h%{ea(g?nrﬂehbt%jaEéﬂB]e&%n}%@at@%@raﬁBﬁ fRaS alsantl RS bY eRndeht t he
g

formof 15 xi r a first antenna, e.qg. antenna 232a, in first and second

time slogs @mtgf-eﬁ coﬁ%@é}% g%rfx;eﬁg)ré ﬁhéf élﬁmfc@sr Wcﬁ%rd-isng(%)ﬁ.ﬁﬂd f—ri%"}al% crnang

antenna, e.g. nten Int I rst a nd tine ots. In other

words, duri Bgcldefen®tineht t;gﬁégﬁk%f?&%myrlﬁ*%og@%ﬁeﬁ%@@%Eé@& xf 4t ransm t

ant enna 232a and sequence I's tran romtransmt ‘ant enfis 232b. At
time slot ifknegREYence i, is transmtted fromtransmt antenna 232a and
sequence 20 Q +, I's transmtted fromtransmt antenna 232a. [0039] For a
synbol st refifiddi The outpudof syedsler 22K ig nguptedXto( eyclic prefix0 gdneratorsN30a thiosgh he

CFOM ' oynboR> iy THR CHUFRTER EEREroiR: o0a BIdHER. 2305 PRe-adiinios ropx 9 & Hxed
X (N1 RF ( %uﬂqi)elzq?f s%ﬁ?f’e@,] wfzil%ﬁ gi‘e %ér%ra%l? a"_nugl(?ellof samplbs florh $1 &RIETthd OFDM

correspondi ng | FFT out put me omai n sanpl es of the synbol X ),
and | et theswybdlpto dreNgyarhples thaf cyngtipte in QREPM lpmbd], toi foem 4 herrespridmgn

RGO SN T A T
X,y s+ Usingphth Afdts¥uch as chif 8pERidn caBfd by frequelySsefililOpdigs bel ow
[0042] The symbols output by cyclic prefix generators 230a through 230t are provided
15 to an associated transmitter 232a through 232t which causes the symbols to be
transmitted by antennas 234a through 234t.
[0043] It should be noted that while the above discussion refers to X, and X, as
symbols and x; and x,,, as time domain sequences of symbols X, and X,,,, that the
same approach may be applied to blocks of symbols or sequences. For example, X, and
20 X, may each represent N symbols, where N may greater than or less than 1. In such a
case, x, and x,,, would represent time-domain sequences of NV symbols and X,and X,,,
are reversed complex conjugates of /V symbols.
[0044] While the above discussion relates to an embodiment utilizing two symbols
transmitted over two time-slots, a greater number of symbols over a larger number of
25  time slots may also be utilized in accordance with the embodiments described herein. In
such embodiments, the matrix, which is defined by the number of transmission symbols
and the number of antennas, is a unitary matrix. This allows for different rates to be
utilized for transmission, i.e. n fransmit symbols per m transmit antennas where n > m.
For example, a three antenna system consisting of antennas a,, a;, and a3 may transmit

30 symbols x;, x;, x; , and x4 may utilize the following transmission scheme which is

defined by an x by a matrix M;



WD 2005/ 117320 PCT/ US2005/ 014852 10 i; (k).=x,(N-K) O5k5N-1

X, +1 (K)=Xr+i (N-K) 0<_k<N-1 (2.2) where () denotes a conpl ex conjugate
operation for scalars and el ement by elenment 5 conpl ex conjugate for vectors
and matri cWO2RME Wi ngly, i, and -i,+, are ordinally rREHERYHIMSB enent
by el ement conpl ex conjugated sequencedl of x, and x,+, , respectively.

[ 0041] The output of encoder 228 is coupled to cyclic prefix generators 230a
through 230t. The cyclic prefix generators 230a through 230t pre-pending a
prefix of a fixed 10 nunber Eﬁsarrpl es, Wwhich.ar® generally a nunber of
sanples fromthe end of the Isynbol™,2to the’ N§ sanples that constitute
an OFDM synbol to forma correspgr}di ng x;trans-n‘ixssi on synbol. The prefix is
designed to i nprove performance adai nst del eterioys path effects such as
channel dispersion caused by [f requency %gl ectixg fladi ng. [0042] The synbol s
out put by cyclic prefix generjfators 230a through 230t are provided 15 to an
associated transmtter 232a tlhrodgh 232 mhi ch zadses the synbols to be
transmtted by antennas 234a |t hrough 234t. [0Q43] |It shoul d be noted that
whil e the above discussion refers to X*and X3 gs Msynbol s and x, and x, +,
as time domain sequences of synbpls X sand X 7 that the sane approach may
be applied to blocks of synbols o sequéehces. Iz—cd‘r exanple, A, and 20 X +,
may each represent N synbols,| whgre N @%/ gredfer {than or less than 1. In
such a case, x, and x,+, would Lépreserl ti me-dormai n sequences of N synbols
and i, and z,+, are reversed compl ex €anj ugates ?f N synbol s. [0044] While
t he above di scussion relates to an enbodinent utilizing two synbol s

transm ttedyquely I WO, i RSt OhR tirfe 96VRALE complEReonfiigafeX HIGLMbENSY,, B, k@l ger
nunber of 25 tife slot's may al so be utilized in accordance with the

enbodi ment s oeSCr 'r&z;@ct'ﬂ%lﬁ' Oy, | D xSUGHd €IPOGKTBRSted! BANBBIE M, X x;WiaBll 15
defined by the nunbér of ‘transnisdion syrnbols and the nunmber of antennas,
is a unitar Ls al3 owsy Lor 4dizh hhdi1ged Lf or
transim s, on D e B A o aled o b2 27Y
For exanpl eandix} Risp&ctaBlyenna system consisting of antennas a,, a2, and a3

may transmt . o
The order of the symbols may be provided by encoder 228 in the order specified in M, or

any other scheme based upon a unitary matrix.

In some embodiments, encoder 228 may comprise a memory, €.g. one or more buffers,

that stores the time domain symbols, their complex conjugates, their inverses, and
10  inverted complex conjugates, and then may output them based upon a scheme based

upon a unitary matrix to a plurality of transmit antennas.

[0045] Referring to Fig. 4, symbols with respective cyclic prefixes for transmission in

accordance with one embodiment are illustrated. At time slot f, time-domain

sequence x;, is appended with its cyclic prefix and transmitted from a first transmit
15  antenna, and time-domain sequence -X,,, is appended with its cyclic prefix and
transmitted from a second transmit antenna. At time slot 7+, time-domain sequence
X,,; is appended with its cyclic prefix and transmitted from the fist transmit antenna,
and time-domain sequence X, is appended with its cyclic prefix and transmitted from

the second transmit antenna.

20 [0046] Referring to Fig. 5, a simplified high-level block diagram of some blocks of an
OFDM receiver, in accordance with one embodiment is illustrated. Receiver 400 is
adapted to receive sequences y, and y,,, via receive antenna 402 and to demodulate

and decode the sequences. As seen from Fig. 5, receiver 400 is shown as including, in

part, a discrete Fourier transform block 404, processing blocks 406 and 408, each of



30 synbols x3, x2, x3 , and x4 may utilize the follow ng transm ssion schene
which is defined by an x by a matrix M WD 2005/ 117320 PCT/ US2005/ 014852
11 xI x2 X&OZOQ%\IAI,?;ZO-XA' -X3 X4 X, -x4 -x3 x2 XI x2 x3 M__-x2 x1 -x4 -x3
x4 x| x4 -Xx3 X erex" x2, x3, and x4 are tine reversed ToHPPOG VR P2ugat es
of synbols xi, x2, x3 and x4, respectively, -x2, -x3, and -x4 are inverted
synbol s x2, x3 , and x4, respectively, and -x2, -x3 , and -x4 are inverted
conpl ex conjugates of synbols x2, x3 , 5 and x4, respectively. The order of
the synbol s MG BEOVifesv? FodRisx sARivawE Bpetiom of Hie oﬁla%tkonsﬁ@cib{qqédrchm or
any other s uni . g OB | . ~encoder
228 may con%?‘%sqgrlgﬁﬁeﬁgn%lr@@eﬁgf Q[tl)&n@B%lkr Hﬁjo\?léfégll}k 81?15, fg E%?ggse@rglggo?'he tinme

donai n sy mbedor7) b @lahisrfi@sTBh ®F thO B MBIk &F blédke] 1 (K)Yesrefnts hRGymbl] ispacedt ed
conpl ex conjugates, and then may output them based upon a schenme based upon

a unitary nmehdnngl infulsefrksponke foy twd thansmis ahten@Rt:eNnas], 2| OBbk] thRfke tahagitt o
Fig. 4, synbols with respective cyclic prefixes for transm ssion in

accor danfe wntetna e rapndsontiedent raré add thet seadmtl trafsmit i amtermb af represdéntad Hpmai n
sequencex, i s appended with its cyclic prefix and transmtted froma first
transmt 15 "afttenidiisgase, o, (0 Tawnks defivedatnce x, +, is appended with its
cyclic prefix and transmtted froma second transmt antenna. At tinme sl ot

i +], tinme-domain sequence r_ RS, a ngled wi {ts cyclic prefix and
transmitted fromthe fist tﬁl’ig@s - h"dgpgnﬁa, a&%}ﬂ[i me- domai n sequence i, is
appended with its cyclic prefix and transmtted from the second transmt

ant enna. [0048] At the receiver of the blocks or symbols, sequences y, and y, , represent the

received time-domain sequences corresponding to time slots i and i+1, respectively, that

10  are transmitted sequences x; and x,,, with their respective cyclic prefixes removed.

[0049] Sequences y; and y,,, received by receive antenna 402 are shown below:
¥ =[O y® - y@W-DJ
Yia =[a(0) Y@ -y -D] 24)

and may be expressed as shown below:
y;=H,-x,—H, X, +v,

i+1

15 N (2.5)
Yiu =Hp X +H, X + v,
where both sequences v, and v,,, are white independent identically distributed (i.i.d.)
Gaussian random noise vectors with covariance ¢° xI'. Accordingly, the signal to
noise ratio SNR is:
1
20 SNR=p=— (2.6)
o

where H, ,m =1,2 is the channel matrix corresponding to transmit antenna m and is

m?

given by:



20 [0046] Referring to Fig. 5, a sinplified high-level block diagramof sone
bl ocks of an CFDM receiver, in accordance with one enbodinent is

il lustrateg, gg;ﬁr 400 is adapted to receive sequences y, and y;4, via
receive antenna and to denodul ate ﬁnd decode the se %%mﬂﬂé&éeen
fromFig. 5 receiver 400 is shown as t cluding, in part, a discrete
Fourier transform bl ock 404, processing bl ocks 406 and 408, each of WD

2005/ 117320 PCTI US2005/ 014852 12 which provides a conpl ex conjugate
function of the function hﬂ,bhppk recdi,yes,0 decod@r/equal i zer block 410,
and bl ock 412 which perfofng &ne revejse operation [0047] In transm ssion
of the synbols or bl ocks, hnt( )°repres@hts the synbol spaced channel

i mpul se response for two r@nsni-t ahtenras m. in-=19 2, where the first
transmt 5 antenna isygjepfegented by meL ang the.sgcond {5 psnlt antenna is
represented by n?=2. I'h hIS case, hm (R) nﬁybe deff ped‘as® L hm (k) _ | hm
,6(k - 1) (2.3) r=0 [0048) LAI Yhe recel'ver 'bf the’bt bcks or synbol s,
sequences y, and y;+, represent.the. reteived ti.ne-domai n sequences

corresponding to tinme slo i and |+, respectlvel that 10 are
transmtted sequences X, a x,’+, Wt h their e t: »Ve cyclic prefixes
renoved. [0049) Sequences y, and y, +, recei ved by recei ve antenna 402 are
shown below Y; =[yr(0) Y;(l) ... y;(N1)]r Y+t [Y;+t(0) Y;+t(l) ... Y;
+t (N -1)] T (0050) Thenchthe ¥ ﬁ@cﬂ‘@ﬁﬂﬁtﬁ&ﬁ@ﬁaﬁﬂieWWnQ@ig@Waer deebiip¥sitiold, ' X, +t +vr
15 =Hx i+1 z +v (2.5) Y, "+to- Yo+t V\/nere both sequences v, and v, +,
are white independent | de t{tﬁl I y d| stri but Zf Gaussi an random

noi se vectors with c u2 x 1. Accor ﬁbly, the signal to noise

ratio SNR i %hex%OQSNﬁte-pr R disctete Eburier transform matrix (DFT) as shown below:
Q(k 11) —'\/—]V— -jZ;tkn/N (29)

and A, is the diagonal eigenvalue matrix whose diagonal is the N point DFT of

10 h, 00,50, .

mO’ 12

[0051] Using the DFT property that
DFT(%,) =DFT(x,[-], ) =X,
where by definition:
15 X, =DFT(x,)=Q"x,
V, =DFT(v;)=Q-v,
the following expression (2.7) is attained. FFT block 402 receives symbol (signal
vector) y, and, in response, generates signal vector ¥,. FFT block 402 also receives

signal vector y,,, and, in response, generates signal vector ¥,,,. Signal vectors ¥,and

20 Y, are expressed as shown below:



where H,,,,)?: = 1,2 is the channel matrix corresponding to transmt antenna
inand is given by: WO 2005/117320 PCT/ US2005/014852 13 11m 0 Jim

I1,+ L O ,,othlI—mL..OOO Hn =0 OJlmI...
hnal (2. 7)" R Mgty - 0 PO L L | ... J=",,L 0. PC(S”"?FF?,@%%SO] The
matrix Hmnis circulant and has the fO|1OWI ng ei genval ue deconposition: H.
QAM (2.8) 5 where Qis the N x N discrete Fourier transformmatrix (DFT)
as shown bel ow. Qk n)‘% 1. e i27kl1 /N and Amis the diagonal eigenval ue

[

matri x whose di agonal i%U0t®eY:N poi nt DFT of 10 hmo, h,,,,l ..1I=,,,L [0051]

USI ng the DFT property t N Y y\,here by def|n|t|on 15
=DFT(x, )=, V DFT(thQ @F tt%e fq Q X’éxpressmn (2.7) is attained.

FFT bl ock 402 receives swvbd( —(Itj‘énaﬂV, vector) y, and, |ra LEsponse,

gener ates signal vect g gFT bl ock 402 al so receives &ilBhal vector y, +,

and, in response, gener*a e(g i‘gnal vector Y,,,. Signal vectors Y, and 20 1

~" are expressed as shows QeQowQ WD 2QORAJQ3R0- QGT/,US2005/ 014852 14 Y,
QY =QQAQG-QA2QE ;. & 10)

1+1

[0052] Signal vector ¥, is delivered to decoder/equalizer block 410. Signal Y, is
delivered to processing block 104, which in response, generates and delivers to
5  decoder/equalizer block 410, complex conjugate vector signal ¥, .

[0053] Expression (2.10) may be written as:

Y, A=A X Vi
1’1, =1 _ = . . —_ +
Yi+1 A2 Al Xi+1 Vi+1 (21 1)

=H -X,+V,

where ¥, isa 2V x 1 vector. Since the DFT matrix @ is an orthogonal matrix, the

noise vector ¥, is also white. Hence decoder/equalizer block 410, which is adapted to

10 perform a minimum mean-squared error (MMSE) as well as decoding/equalizing filter

operation, is characterized by the following matrix filter W :

W =[H 'H'+l-IJ IH (2.12)
p
[0054] Assume that the channel impulse response associated with the first and second
transmission channels is respectively represented by A, and A, . Matrix D is defined as
15 follows:

D=AA +AA;
Matrix D is an N x N diagonal matrix whose (r,n) element d,, is shown below:
|A GO +]A, G0
Matrix D is defined as:

1

20 D=D+—I
Yol

where p is the SNR. Accordingly:



i+ 1) Qi+ = QQAXi++QQA2Q xI + Q v, + = ALXi+, - A2X1 + V, +,

|
[ 0052] Signal vector I, is delivered to decoder/equalizer block 410. Signal
li+r is dglg 0 processing block 104, which in res tes and
delivers tglld %ﬁiggg% er/equal i zer bl ock;410, conplex conj ufgﬁafgsz\(/)g@géﬁsi gnal
|, +t [0053] Expression (2.10) maybe witten as: _ Y A -AZ Xi]+ Y. Y.+
A2 A Xi+, +V+1 (2.11) =H X;+V. where 17 is a 2N x 1 vector. Since the DFT
matrix Qis an,orthogonal trix, .tzhe noise vector P, is also white. Hence
decoder/equaﬁi é@r’:ﬁ}nﬂc a"illg?’ Téll's adapted to 10 perform a mi ni num
mean-squared error (MVSE) as well as decoding/equalizing filter operation,
is characterized by the followwng matrix filter W W=LH H +L, H (2.12) P
[0054] Assunmetdfede, BixCHANRMEY bé BBNitlcdts kESPPPSIswassoci ated with the first
and second transm ssion channels is respectively represented by A, and A2 .
Matrix Dis defined as 15 follows: D=A A +A2A; Mtrix Dis an N x N
di agonal matrix whose (n, n) elenmpnt d,, -is shown below 1A (i, i)l2
+HA2(i, )12 Matrix Dys_pofimek @B~ 20 [D=D+ 1 | P where p is the SNR
Accor di ngly: WD 2005/ 1173pR: PCR} UB2005§;6114852 (2537 ND-' and f)-" A = A'D-".
Therefore, matrix W nay bwéle\g‘vir\ as sh bel ow:
=W,

[

[0055] As seen from expression (2.13), the matrix filter W includes two parts. The first

part, W, represents the decoding operation of the space-time block code. The second
part, W,_, represents the MMSE frequency domain equalizer part. Applying matrix filter

10 W to the received signal vector Y, provides the following:

Z, . - | AY.+AY
i D W y'Yl — D—l . l}ll + A-"I_IH
zZ ~ALY,+AY,

I+1
- X. V.
=D'D.|_" |+ ~V f
Xl'+l \7i+1

[0056] Vectors Z, and Z

i+l

(2.14)

. are generated by decoder/equalizer block 410.. Expression

15 (2.14) may be rewritten as shown below:

Zx‘ | Xi Vi
_ ' |=D'D:| 7 |+ = (2.15)
Zi+1 B‘Hl ‘fm

It is thus seen that matrix D™'D is a diagonal matrix whose (n,n) element g, is shown
below:

2 2

IA,(n,n)| +|A2(n,n)l

- 2.16
A (n,m) +|A,(nm)| +1/ p
p (2.16)

gllll =

20 It is also seen that the following expression applies:

BV} =E{V.¥

L]

i+] 7 i+l v

}:R

where R, is an (n,n) diagonal matrix (n,n), whose element ¢, is provided by the

following expression:



Al -AZD'" 05Ws [AZA ] 0OD"' (2.13) =W.W [0055] As seen from
expression (2.13), the matrix filter Wincludes two parts. The first part,
Wi, represents the decoding operation of the space-tinme bl ock code. The
second panEB,ZOW1,17?7@pr esents the MVBE frequency domain edRE/VREP5/H48%.
Applying matrix filter 10 Wto the rec# ved signal vector Y. provides the
followng: AY +AY Z +, -A* Y, +A Y.+, 1r 1 (2.14) f)-'D X [0056]
Vectors Z, and Z;+, are generated by decoder/equalizer bl ock 410. Expression
15 (2.14) may be rewitten as thomz) allmg\(n,[z)zz' ]=DD [ X 1+ 7'1] (2.15)
Z,+, X;+, V. It is thus.Seenth i D% a d#4ddbnal matrix whose (n,
n) element g,n is shown Hel(pW(nnl +(M,(nmL2 4o A2 (' 111012 (2.16) IA, (n,'
)1 Z +1A2(n," )I1? +1/p 20 It is also seen that the foll owi ng expression
applies: E{ /,~. & =.E{ +V + 5 re.R is. n. .n)_di.agonal
o (¢, e S 5 and Vit Fiafheioch Beieallidisfieied &4 89 tlpsl wifs  on:
WD 2005/ 11732Q PCT/ 1JS2005/ 014552 16 1 1A, (n,n) 2+ A2(11,n)12 (2.17) Snn
=. 2P (IA,Vf (,)rr§)l2 +I A2(n,n)12 +1/P) where both and V,,, are independent

| denti cal | y[&dSﬂ 'ijsmét g)ﬂ)résj;sicjns Ct2.)1Sfa&.Sﬁii),agncf %ﬁ??)’,nthe decision statistic .’A(,.('n) for
5 symbol X,(n), which is the n-th information symbol transmitted in the i-th OFDM

block, may be expressed as shown below:

Si(n') =&un 'JY,-(II)'I‘V,-(VZ) (218)

and the corresponding signal-to-noise ratio (SNR) SNR,(r) may be expressed as shown
below:

2
SNR,(n) = Em p .(|A1 (n,n)l2 + |A2(n,n)|2)
10 (2.19)

= SNR '(|A1 (n, n)l2 +|A, (n, ”)|2)

[0058] Similarly, the decision statistic X () for symbol X, ,(n), which is the n-th

information symbol transmitted in the i+1 OFDM block, may be expressed as shown
below:

Sin(M) =g, Xi (W) +v,, (n) (2.20)

15  and the corresponding signal to noise ration SNR,,,(n) may be expressed as shown
below:

SNR,,,(n) = i’z"'— =p .(lA1 (n, n)l2 + IA2 (n, 12)]2 )
Con - (2.21)

= SNR -(IA1 (n, 11),2 + IA2 (n, IZ)IZ)

Thus a diversity gain of order 2 is achieved.

[0059] In those cases, where more than two transmit antennas are utilized and more
20  than two transmit symbols are grouped together, receiver includes additional outputs

from decoder/equalizer block 410 which each provide the appropriate inversion and

complex conjugation functions based upon the number of transmit antennas at the

transmitter.

[0060] The functionality described with respect to Fig. 5 may be implemented in

25  receive processor 142 and processor 130 and receive processor 160 and processor 170.



vectors. [00571 Using expressions (2.15), (2.16), and (2.17), the decision
statistic Jf,(n) for 5 synbol X, (it), whichis the it -th information
synbol tra{;ﬁm j.n the i -th OFDM bl ock, may be expressed as shown

bel ow. s1(n) :é)tplgr{ﬁd/#o( n)+v, (n) (2.18) angd the correspondi NS Y8R 08320 0i se
ratio (SNR) SNR, (n) may be expressed ad’ shown bel ow: SNR, (n)=/"2"

=P(1 A (n,n)12+1 A2(n,n)12 ) 10 b nn (2.19) =SNR(IA (n,n)l2+l A2(n,12 )12)

0058] Simlarly, th | Si tafisticg f. mbol X, +, (jt ilgh is th
e o oo ha Akt LS4 B s 4 g 16 e
expressed a%n§|a%ayl?,$(l)\,q&\éd_ ke plogdsse@n’ X, +i (n)+v, +1 (n) (2.20) 15 and the

correspondi ng signal 'to noise ration SNR, +, (n) nmay be expressed as shown
bel ow. SNR, {0061} Ehgemskillgal inaie art milh ppireciate(that 1he varjous 2lstptive-logidal blotks, (n,
77)12 +1 A2 (n, 1 2.) .Thus i versit in of order. 2 i hi eved. [00591
In those cag'%%d,u?‘%ﬁhé}')@u%r@d?ﬁg?ﬁ”ﬁ%s td)réﬁ‘%@ t Mg YRS %na"_?”?-.\h in?'qn} RS mor e
20 than 5o didcfRed hbrehy HR9! 5e ﬂﬁﬁl/eﬁh%ﬁt%ﬁ’% dQGRLRERard Bk ic¥BipuicP GbEHER, or

addi tional outputs from decoder/equalizer block 410 V\f‘II.C_h each provide the
appr opri at e comberasipnn ofibdth. ¢ divptlearly diiystrgtet thim irftenabarigeatsilitya o £ handware ahé

nimher of LLaRSMLL AnLonRe, ot Lhe SSIeTLST LODSOL, TUE TuRclionall Y
Le2 126858 Sk SRS BR YngUNS ARG ISR LSRRG Vi R
descri bed wiftirtioasljigcis inplehentedhtas hddhyard 06, sefoBare AdePpends upon the particular
10  application and design constraints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for each particular application,
but such implementation decisions should not be interpreted as causing a departure from
the scope of the present invention.
{0062} The various illustrative logical blocks, processors, modules, and circuits
15  described in connection with the embodiments disclosed herein may be implemented or
performed with a general purpose processor, a digital signal processor (DSP), circuits,
an application specific integrated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed to perform the functions
20  described herein. A general purpose processor may be a microprocessor, but in the
alternative, the processor may be any conventional processor, processor,
microprocessor, or state machine. A processor may also be implemented as a
combination of devices, e.g., a combination of a DSP and a microprocessor, a plurality
of microprocessors, one or more microprocessors in conjunction with a DSP core,
25  multiple logic elements, multiple circuits, or any other such configuration.
[0063] The methods or algorithms described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed
by a processor, or in a combination of the two. A software module may reside in RAM
memory, flash memory, ROM memory, EPROM memory, EEPROM memory,
30 registers, hard disk, a removable disk, a CD-ROM, or any other form of storage medium
known in the art. An exemplary storage medium is coupled to the processor such the
processor can read information from, and write information to, the storage medium. In

the alternative, the storage medium may be integral to the processor. The processor and



and 412 may provided in the processors. [0061] Those skilled in the art wll
appreciate that the various illustrative |ogical blocks, nodules, circuits,
and aIgorL&ﬁgﬁ,ﬁ§§cribed in connection with the enbodinents 5 disclosed
herein may P/ E¥%nt ed as el ectronic hardware, conput FCTEF005E852 or
conbi nations of both. To clearly illustrate this i nterchangeability of
hardware and software, various illustrative conponents, blocks, nodul es,

circuits, and algorithms have .been descri bed above generally in terns of
their funct fSrAMTRES Metiet ey rstidnin prASLy ordiei 431G may fptidariht BeFrdemHBtldvar e
or softwar ehﬂ%ﬂ@%ﬂgm‘dw@ frhe 1%@5%3{)1‘: UhaT thd O t@a% b A" nAYredRE! AN discrete
constraints | nposed on t’he obera system artisans nay i nplenent

t he descrlbednﬁmnm&unmakeﬁ&nnmwkary|ng ways for each particular application
but such i Ienen ation dECISJOHS ul,.d not be interpreted as cau |ng a
departure fI0f] ThePEVigys dempﬁenﬁ é{ﬁcquﬁ@/@ﬁ péimen saeerzqwdrﬁéo gatle
illustrativ d i ri bed
in connebti B PRIThE BE R0 BRABTRTRL Be JTAH) Ben ity Vink @.%ﬁléﬁlﬁ??

per f or med witebe amyediatents will o saadily apgaemrto thosdi syilled| inghe an) amrthe@ﬁenic
(DSP), circuits,, an_application specific integrated circuit (ASI.C), a field

pr ogr ammabl engcapl@s gefingfl hereipangy by applisd to prhsy P@hﬁéﬂme@ta wiheut departing figmscr et e
gate or trapsi ijpation
Pher co dee Bt ey B8¢ of MRk, P BCHERIE ARERIS: i Pho iésEaR 2

pur pose pr Oﬁﬁﬁﬁ:@rtonﬂ& éaﬂbcﬁhnmﬂe@tsoshbweﬁaam b&tUIs tonbt heecordbd ehd atitsse, scopee
processor may' be any conventjonal process processor, mcroprocessor, or
state nd&hi ﬁ@‘SISAF%N@ée@%B’fmﬁﬂlﬁs andpovsd qaﬁwed%ﬁqi@@é h§eelny  conbi nation of
devices, e.g., a conbination of a DSP and a m croprocessor, a plurality of
nicroprocessors, one or nore mcroprocessors in conjunction with a DSP core,
25 multiple logic elenments, nultiple circuits, or any other such
configuration. [0063] The methods or al gorithns described in connection with
t he enbodi nents disclosed herein may be enbodied directly in hardware, in a
sof tware nodul e executed by a processor, or in a conbination of the two. A
software nodule may reside in RAM nenory, flash nenory, ROM nenory, EPROM
menory, EEPROM nenory, 30 registers, hard disk, a renpovable disk, a CD ROV
or any other formof storage medium known in the art. An exenplary storage
mediumis coupled to the processor such the



processor can read information from and wite information to, the storage
medium In the alternative, the storage nediumnay be integral to the
processor. The processor and WO 2005/ 117320 PCT/ US2005/ 014852 18 the
storage nmedium may reside in an ASI Cg The ASIC may reside in a user
termnal. |In the alternative, the processor and the storage nedi um may
reside as discrete conponents in a user termnal. [0064] The previous
descri ptHRPCLATMSBERININGIHE BOVENTION AREAPFOULERYSt 0 enabl e any 5 person
skilled in the art to make or use the present invention. Various

nodi fications to these enbodinments will be readily apparent to those
skilled in the art, and_the generic principles defined herein may be

appl i ed-to & Wansmaiiesincleding’ wi t hout departing from the spirit or scope of
t he inventioE Thus tthe %r.esint invention is not intended to be Ilimted to
the enbodi mBhle@SHEFNERNA% Ayt is to be accorded the widest scope 10

consi stent wi WeTay : | S . 19 THE
CLAI NS DEFI \Iélﬂlﬁl{'l%céfaé %PWE&?@%@%%W@&% rgﬁa?%gtrt@gr%&ncl udi ng:
at | easoniplex édtijegutasf a éinst blodk sivkasiverted kbmplex @hjugateobesdcaad Fouri er
transformt:pgenerate a reversed conplex conjugate of a first block and an

i nver t ddodoapd exuses theigaerted fcomplexceomjugae otthe seeandchlacleto bée i nvert ed

conpl ex conj.u e of .the secon |l ock to be transmitted.frama, first
ot AT TLHES BOnE & St AT 1 s S e ER Gt i Shringaitsf e Sty t he

reverse ' ful : LEt fr.omthe
(iret EngiHRe ke b UifRk oRugh@oe thd st BLFR o bP paReiP ol G kO, ¢
causes Friiénrid diiingdh 9édontdtim&slot ARESHRE Firstdirhé 16t andeanssd thatiestblockftot he at

| east two antennas during the first tinme slot and the second bl ock to be

t r ansmi bet teahsimitted fiom s second anterranef the at legstttive andemasaluringethslfisst. 2. The
transmtter of claim1l, erein the first ti slot and the_ second tine slot
are corrsr@ealp.’%&fhmecg%%ckép beteang ropgthe gecandarntenna dpragtlie the first
bl ock CS%QOSrildS .seosiota first synbol

2. The transmitter of claim 1, wherein the first time slot and the second time slot

are consecutive time slots.

3. The transmitter of claim 1, wherein the first block consists of a first symbol

and the second block consists of a second symbol.

4. The transmitter of claim 3, wherein the first symbol and the second symbol are

consecutive symbols of a symbol stream.

5. The transmitter of claim 4, wherein the first symbol and the second symbol are

non-consecutive symbols of a symbol stream.

6. The transmitter of claim 4, further including a memory that stores the first
block, second block, reversed complex conjugate of the first block, and inverted
complex conjugate of the second block, the processor further for retrieving and
providing the first block, second block, reversed complex conjugate of the first block,
and inverted complex conjugate of the second block to two or more antennas basgd

on a unitary matrix scheme.



and the second bl ock consists of a second synbol. 4. The transmtter of
claim3, wherein the first synbol and the second synbol are consecutive
synbols of a synbol stream 5. The transmitter of claim4, wherein the first
synbol and the second synbol are nomgconsecutive synbols of a synbo

stream 6. The transmitter of claim4, further including a nenory that
stores the first block, second bl ock, reversed conpl ex conjugate of the

first bfock,p Whéwuﬁgé&daﬁﬁ@%wswﬂrmw@ﬁ iddhediggeond bl ock, the
I evi'ng

processor further for retr and providing the frrst block, second

bl ock, revergeadrating first binckincdadingfa fifsesdquence; bl ock, and inverted conpl ex
conjugate of the second block to tw or nore antennas based on a unitary
matri x schergeneraginga sesondbinsk ineludinge SeCPRE SequeBEtis for transni ssi on

including: generating a first block includi figyst sequence; generating
a second bl 38?“%? ieﬁsgfdacomgﬁﬁm'ﬂ‘é%ﬁ&%ﬂggfer}gfsg‘?lﬁflﬁg a reversed conpl ex

conj ugat e Offoh it d frvert@iQblipled Qirfi e Bt {HRUELIRALIGERD! ©x conj ugate of the

second bl ock; pr g the I'nvert conpl ex conjugate of the second bl ock
fol l oned by proeidingvies Bwdrted aomplexconjugatd ¢f thé sédondiblock folloael Hyahe

transm ssion froma first antenna; ~and providing the first block followed
by the versed complex danjugate af thefirsioblogk tontransmdssinmifram afirshan@nnghe et hod
of claimy, wherein the first block consists of a first synbol and the
second #Mbck consists of a second symbol. 9. The method of claim8, wherein

St eam 10, HRCISAR G AR BRFRTUGHETRY U RcoRd BREE Kb dinanliohTraf a° S ona

synbol &icend RAfRnaanNsecuti ve synbols of a synbol stream 11. A receiver
i ncluding: a receive antenna adapted to receive sequences; and
8. The method of claim 7, wherein the first block consists of a first symbol and

the second block consists of a second symbol.

9. The method of claim 8, wherein the first symbol and the second symbol are

consecutive symbols of a symbol stream.

10.  The method of claim 7, wherein the first symbol and the second symbol are

non-consecutive symbols of a symbol stream.

11. A receiver including;

a receive antenna adapted to receive sequences; and

a processor configured to generate complex conjugates of sequences received
during a first time slot, to process sequences received during a second time slot
following the first time slot without generating complex conjugates, and to combine
the complex conjugates of sequences received during the first time slot and the

sequences received during the second time slot to generate decoded symbols.

12.  The receiver of claim 11, wherein the first time slot and the second time slot

are consecutive time slots,



a processor configured to generate conpl ex conjugates of sequences received
during a first tine slot, to process sequences received during a second tine
slot following the first tinme slot 2Lthout generating conpl ex conjugates,
and to conbi ne the conpl ex conjugat of sequences received during the
first tinme slot and the sequences received during the second tine slot to

gener atsg deggded synbgl s. ol r ipver of clajm1l rein the first
The o1 Bt e W ol e e BabeEs ¥on s SrRbBls i iR BB, 15 e
recei Veﬁro@éss&x' 3t thdr cdn'ﬂ%ﬁ&ﬂ&ﬁ@@@x%e QRTRASISST af JEEBOScEBHth@hBilek t he
processor 1s further configured to reverse an order of at |east sone of the

conpl exconfupatasadtiessagfuehbes. sequences. 14. The receiver of claim 11, wherein
a first received sequence and a second received sequence are represented by
vectors Y; and Y;+i where Y, _ A -A21 X Il V, [Yr+]) ~-[A A J 7?s,,,

+[ V1+,]. wherein A, is the ijjpulse response associated with the first

(r ansm W chATiRapceiveRtclaim Hpwherqina Hisijereived saaysnceandadesoided with second

transim . G0AN0S)ventiek restlied B viciors VAHREFLI WRkY T ePr esent compl ex

conj ugates o erei , represents noi se associated with
first and second transmt_channels, wherein X, corresponds to an estimte

of Xi, and 87 i AK A cﬁr efppnds to an estimate of X I. 15. The
recei ver of c¢ai 13(44&:4”\ rei mtipe |processor is further configured to
? d

generat e veckHn X4l EVom Y; and defined by: LZi+i] [-A Y, +A i ., 1]

wherein f) = D+ 1, wherein | is an identity matrix, wherein D= A A + A A
, d i t i l.-1 Q- i jo. 106. ,A t itt

ol & med erer &t feh€ BBRERrRpRnRs Abcinkrart BeR asmitcnanddl or ence to the
acconmpagyédeth §£e %"ft\\n@tgﬁpuﬁz resﬁoﬂ?@é@@gci%d%iﬂ‘n E&RAnd trdstiftantel $hRdihal |y as

herein descri
A, and A; ; respectively represent complex conjugates of A1, A2, and wherein

\Y

4
[ N }represents noise associated with first and second transmit channels, wherein
153}

X, , corresponds to an estimate of Xi, and wherein X,,,, corresponds to an estimate

of Xis.

15.  The receiver of claim 14, wherein the processor is further configured to

generate vectors Z;, and Zi+1 from Yi and ¥,,,, defined by:

Z, 0D-. A;Yi""\zilu
Z,, —AY +AY,

.- 1 .1 . . . . . .
wherein D =D +—I, wherein I is an identity matrix, wherein D = A A, + A,A;, and
P ’
wherein p represents a signal-to-noise ratio.

16. A transmitter as claimed in claim 1 substantially as herein described with

reference to the accompanying drawings.

17. A method as claimed in claim 7 substantially as herein described with

reference to the accompanying drawings.



reference to the acconpanying drawings: 22 18, A receiver as clainmed in
claim 1l substantially as herein described with reference to the
acconpanyi ng drawings. 19. Atransnmitter substantially as herein described
with reference to any one of the enbodinents of the invention illustrated
in the acconpanying drawi ngs. 20. A #&thod substantially as herein described
with reference to any one of the enbodinments of the invention illustrated
in the gcconpan

' d i . 21, ' bst.angi al.| h [
doscr B wiAk FESPbIRBASFAINER i lgiri AL SUPStEpRATY RS AR CreRd DB | nvent i on
1T USt 1 Akgghido'the AGHAPRFIG Bektigai nos.

19. - A transmitter substantially as herein described with reference to any one of

the embodiments of the invention illustrated in the accompanying drawings.

20. A method substantially as herein described with reference to any one of the

embodiments of the invention illustrated in the accompanying drawings.

21. A receiver substantially as herein described with reference to any one of the

embodiments of the invention illustrated in the accompanying drawings.



